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ABSTRACT

Biocatalytic cascades offer a promising route for CO,-fixation into valuable chemicals, addressing the urgent need for efficient,
sustainable technologies to reduce CO, emissions. This paper describes an enzymatic route converting gaseous CO, and acetal-
dehyde into enantiopure lactic acid, widely used in diverse industries. A newly characterized pyruvate decarboxylase from Neoasia
chiangmaiensis (NcPDC) enabled acetaldehyde carboxylation to pyruvate. To suppress the competing carboligation to acetoin,
acetaldehyde was reversibly trapped with Tris. Pyruvate was reduced to lactate by lactate dehydrogenase, coupled with glucose
dehydrogenase for NADH regeneration via D-glucose oxidation to D-gluconic acid. Up to 65% lactate yield was achieved. Repeated
acetaldehyde dosing resulted in a 27 mM titer, representing a >100-fold improvement over previous reports. At 0.5 L scale, using a
gas mixture mimicking industrial-grade CO,, we obtained 21 mM D-(-)-lactic acid, 42% yield and >98% e.e., demonstrating scal-
ability and robustness. Finally, replacing the D-(-)-selective lactate dehydrogenase with an L-(+)-selective variant at small scale
enabled production of L-(+)-lactic acid at 41% yield and >93% e.e, allowing switchable access to either enantiomer. A volumetric
productivity of 1.1 x 107> g L™* h™" ranks among the most efficient minimal enzymatic routes developed to date for CO,-to-lactate
conversion.

1 | Introduction pathway. Importantly, CO, can be regarded as an inexpensive

and renewable carbon source that can be harnessed as a building

Reducing greenhouse gas emissions is a global priority in
addressing the climate crisis. Carbon dioxide (CO,) is the primary
contributor to global emissions, primarily originating from fossil
fuel combustion, deforestation, and industrial processes. In 2019,
the European Commission introduced the European Green Deal
[1], outlining a pathway for the EU to achieve climate neutrality
by 2050 while promoting sustainability and economic growth.
Significant reduction of CO, emissions is a crucial part of this

block for the synthesis of added-value chemicals [2-4]. Such
utilization supports both sustainable chemistry and carbon
recycling.

A variety of catalytic methods have been explored for the
conversion of CO, into economically viable chemicals. These
strategies typically involve either the reduction of CO, (e.g. to
methanol) [5-8] or its incorporation into organic molecules
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[9-11]. While CO, reduction mainly yields fuels and simple bulk
chemicals, the latter process, known as synthetic CO, fixation,
offers a complementary route, employing CO, as a renewable
C, building block for the sustainable synthesis of more complex,
high-value industrial products [10]. In practice, however, effi-
cient synthetic CO, fixation routes remain limited, as CO, is a
highly stable molecule and its conversion is thermodynamically
challenging [12].

a-hydroxy acids (AHAs) are chemicals that can potentially be pro-
duced from CO,. They are highly significant compounds in the
pharmaceutical, cosmetic, and polymer industries [13, 14].
Lactic acid is one of the simplest AHAs and has a wide range
of applications in food, pharmaceuticals, and cosmetics [15].
The global market size of lactic acid has been estimated at $3.1 bil-
lion by 2022, with a compound annual growth rate of 8.1% from
2023 to 2030 [16]. Enantiopurity is essential for use of lactic acid as
feedstock in further syntheses, for instance, for producing poly
(lactic acid) (PLA), a renewable alternative to fossil-based plastics
with promising applications in food packaging. The enantiopurity
of D-(-)/L-(+)-lactic acid plays a crucial role in determining the
thermal and mechanical properties of the synthesized PLA [17].
The stereocomplexation of poly-L-lactic acid and poly-D-lactic acid
results in a PLA with superior physicochemical properties suitable
for use as high-performance engineering plastic [18, 19].

The conventional synthesis of AHAs from aldehydes by cyana-
tion followed by acid hydrolysis uses toxic cyanide and yields
a racemic product. Recent, greener approaches focusing on
the carboxylation of aldehydes through photocatalysis [20], het-
erogeneous catalysis [21] or electrocatalysis [22] still suffer from
limited control over enantioselectivity. In contrast, enzymatic
catalysis is often highly (enantio)selective and occurs under mild
conditions [23]. Chemo-enzymatic synthesis of enantiopure lac-
tic acid from CO, has been demonstrated recently but required
energy-intensive chemocatalytic CO, hydrogenation to metha-
nol, followed by complex systems comprising at least eight
enzymes [16]. Enzymatic carboxylation of aldehydes offers a sim-
pler, potentially equally selective synthesis route.

Current research has increasingly focused on the development
and application of decarboxylases, which catalyze reversible
decarboxylation reactions within microbial biosynthetic and deg-
radation pathways [3, 24, 25]. Since the carboxylation reaction is
often thermodynamically unfavorable under standard condi-
tions, elevated CO, pressure and/or coupling to thermodynami-
cally favorable reactions is required. For instance, prenylated
flavin mononucleotide-dependent decarboxylases have been
shown to catalyze carboxylation reactions under elevated CO,
levels in vitro [26]. In a foundational study, the synthesis of
the essential amino acid L-methionine via carboxylation cata-
lyzed by branched-chain 2-keto acid decarboxylase (KdcA)
was reported under the incorporation of gaseous CO, and a
reductive amination, which was sufficient to shift the chemical
equilibrium [27]. Notably, a pyruvate decarboxylase (PDC) from
yeast was reported to catalyze the carboxylation of acetaldehyde
to pyruvate in aqueous (bi)carbonate under strongly alkaline
conditions (pH > 9) [28]. This reaction was later coupled to pyru-
vate reduction by lactate dehydrogenase (LDH) to produce
L-(+)-lactic acid [29]. Subsequently, the cascade was integrated into
an ethanol-dependent system in which an alcohol dehydrogenase

(ADH) oxidized ethanol to acetaldehyde, thereby providing the
reducing equivalents required for cofactor regeneration [30].
However, product formation in these early systems remained lim-
ited to micromolar titers, reflecting their limited overall efficiency.
In a more recent example, the same cascade was reported at neutral
pH and using a synthetic gas mimicking industrial blast furnace
off-gas compositions as the CO, source; similarly, only micromolar
titers were obtained, and reaction volumes were limited to 20 mL,
highlighting both limited efficiency and scalability [31].

In this study, we established the production of enantiopure lactic
acid through a carboxylation approach employing a simple three-
enzyme system comprised of PDC, LDH, and glucose dehydro-
genase (GDH) and validated its operational performance at
0.5 L scale. In contrast to previously reported ethanol-dependent
cascades that required an additional alcohol oxidation step, our
system operates directly from acetaldehyde and CO,, eliminating
the need for ethanol oxidation, although an additional step for
cofactor regeneration is needed. Importantly, the substrate acet-
aldehyde can be produced from biobased feedstocks [32] and is
already commercially available (e.g. Sekab Bioacetaldehyde),
meaning that lactic acid obtained via this route can be derived
entirely from renewable resources.

Since previously used PDCs proved poor carboxylation catalysts,
we explored novel PDCs as potential candidates for acetaldehyde
carboxylation. Among PDCs, bacterial PDCs are of high interest
for chemoenzymatic synthesis due to their relative stability and
Michaelis-Menten kinetics, unlike yeast PDCs, which are subject
to homotropic substrate activation. Six bacterial PDCs have been
characterized to date, originating from the gram-negative bacte-
ria Zymomonas mobilis (ZmPDC) [33-37], Zymobacter palmae
(ZpPDC) [38, 39], Acetobacter pasteurianus (ApPDC) [40, 41],
Gluconacetobacter diazotrophicus (GAPDC) [42], Gluconobacter
oxydans (GoPDC) [43], and the gram-positive bacterium
Sarcina ventriculi (SVPDC) [44, 45]. None of these PDCs have
been successfully employed in multienzymatic cascades for
CO, fixation to produce lactic acid. In particular, ZpPDC was
tested for this purpose but was found to be unsuitable [31].
Through screening both characterized and unexplored PDCs,
we identified and characterized a novel bacterial PDC from
the acetic acid-producing gram-negative bacterium Neoasaia
chiangmaiensis (NcPDC), which demonstrated the ability to car-
boxylate acetaldehyde. Then, we successfully integrated NcPDC
into the multienzymatic cascade, which included a D- or
L-lactate dehydrogenase (LDH) for precise stereocontrol and GDH
for efficient regeneration of the NADH cofactor (Figure 1A).
Following reaction optimization and scale-up, the cascade consis-
tently yielded enantiopure lactic acid at millimolar concentrations
using industrial-grade CO, gas.

2 | Results and Discussion

2.1 | Acetaldehyde Carboxylation Is
Thermodynamically Unfavorable and
ScPDC Is an Ineffective Carboxylase

Acetaldehyde carboxylation is thermodynamically unfavorable
at standard physiological conditions (pH 7.0, 25°C), having an
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FIGURE1 | Enzymatic carboxylation of acetaldehyde and subsequent reduction to lactate. (A) The envisioned reaction scheme, also including the

carboligation side-reaction producing acetoin, and cofactor regeneration by GDH. The reaction step catalyzed by PDC, highlighted in the blue box, is

hypothesized to be the thermodynamic bottleneck and rate-limiting step of the cascade. (B) Equilibrium constants at 1 atm CO,(g) and different pH

values, assuming a pMg (negative logarithm of the free magnesium ion concentration in M) of 3, ionic strength of 0.25 M, a temperature of 25°C, a CO,
solubility of 34 mM, and a bicarbonate salt saturation concentration of 1.5 M. Overall equilibrium constants were calculated with eQuilibrator [46]. The
equilibria of the total dissolved inorganic carbon pool (CO,, carbonic acid, bicarbonate, carbonate) were taken from Alberty (1995) [47].

equilibrium constant (K’,;) of 1.3x10°M™" (calculated with
eQuilibrator) [46]. Although an increased pH leads to a higher
K’.q, in practice this advantage would be largely negated by a
decreasing availability of the reactant dissolved CO, (Figure 1)
[48, 49], that is rapidly converted to bicarbonate (HCO;") in aque-
ous, alkaline conditions (apparent pK, = 6.4). Coupling the car-
boxylation reaction to the enzymatic reduction of pyruvate to
lactate results in a more favorable overall K’,, of 7x 10" M,
effectively driving the carboxylation reaction (Figure 1). Adding
enzymatic NADH regeneration through oxidation of D-glucose
further increases the K’,, to 6.5x 10" M.

This coupling approach requires a lactate dehydrogenase (LDH)
tolerant to acetaldehyde and with a high affinity for pyruvate.
Therefore, we selected a Johnson Matthey (JM) proprietary
LDH producing D-(-)-lactate (LDH-10) with activity of at least
1.2 Umg ™ at pH 7.0-9.0 (Figure S1) and investigated these prop-
erties. The LDH was found to be tolerant towards reaction con-
ditions, with no loss of activity after 5h of exposure to 10 mM
acetaldehyde and 0.5 M sodium bicarbonate at ambient temper-
ature (Figure S2). Enzyme kinetics at pH 7.0 and 8.0 revealed
substrate inhibition and a high affinity for pyruvate, with K,
and K; values of 0.09 and 3.6mM at pH 7.0 and 0.05 and
5.9mM at pH 8.0, respectively (Figure S3). Compatibility with
NADH regeneration by commercially available GDH-101 (JM,
proprietary) was demonstrated by full conversion of 0.4 M pyru-
vate to lactate at 30°C and pH 8.0 within 24h by applying
0.1gL™ LDH-10, 0.2gL™ GDH-101 and 1 mM sodium NADH
(Figures S4 and S5).

In line with the poor thermodynamics, we were unable to repro-
duce the carboxylation of acetaldehyde using Saccharomyces
cerevisiae PDC (ScPDC) at pH 9.5 or 11 with sodium bicarbonate
as carbon source as reported previously [28], nor with the addi-
tion of CO, at 1 atm. No detectable lactate was produced in the
coupled reaction catalyzed by 0.25gL™" ScPDC and 0.25gL™
LDH-10 from 1 mM acetaldehyde, 1 mM NADH, 0.5M sodium
bicarbonate (pH 9.5) and optionally 1atm CO, within 96 h.
ScPDC is thus a poor acetaldehyde carboxylation biocatalyst,
which is supported by low lactate titers (<250 pM) over long
timescales (96-120 h) previously reported [30, 31]. Possibly, its
poor performance is related to the allosteric activation kinetics,
which are characteristic for yeast PDCs [50]. Therefore, we set

out to investigate the potential for other PDCs to act as acetalde-
hyde carboxylases.

2.2 | A Novel Putative PDC with Improved
Carboxylase Activity was Discovered using JM
SmartScaffold

To identify PDCs capable of more efficient acetaldehyde carbox-
ylation, 16 PDCs from various organisms (Table S1, Figure S6)
were expressed in E. coli, purified (Figure S7) and evaluated for
their ability to carboxylate acetaldehyde at pH 8 or 9 in the pres-
ence of LDH. Although low quantities of pyruvate (up to 23 pM)
were detected for many of the enzymes (Figure S8), indicating
possible acetaldehyde carboxylation activity, lactate was not
detected (limit of quantification 0.1 mM). Therefore, we set
out to screen a further set of PDCs for acetaldehyde carboxylation
using a new HPLC method with an improved detection limit
(0.02 mM).

To this end, we selected the three PDCs which had produced the
highest pyruvate concentrations together with low production of
the acetaldehyde carboligation product acetoin (Figure S9), that
is, the bacterial Acetobacter pasteurianus PDC (ApPDC), fungal
Aspergillus oryzae PDC and Neurospora crassa PDC. They were
used as templates for a second round of recruitment using the
proprietary JM SmartScaffold tool [51], aiming to identify a novel
PDC with enhanced carboxylase activity and improved soluble
expression in E. coli. This approach enabled rational database
mining based on the active site of the selected PDCs, leading
to the recruitment of 15 additional putative PDCs (Table S2,
Figure S10), five from bacteria and ten from fungi. First, their
soluble expression was assessed by SDS-PAGE (Figure S11),
highlighting that bacterial PDCs exhibited significantly higher
solubility compared to fungal PDCs. We then assessed their acet-
aldehyde carboxylase activity in the coupled reaction, utilizing
cell lysates directly to facilitate rapid screening. Most PDCs
exhibited minimal or no lactate production or showed inconsis-
tent product concentrations across triplicate tests, likely due to
background lactate and pyruvate present in cell extracts.
However, one novel PDC from the acetic acid-producing gram-
negative bacterium Neoasaia chiangmaiensis (NcPDC) consis-
tently produced lactate, reaching up to 73+3pM, that is,
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0.73£0.03% yield (from 10mM acetaldehyde; Table S2).
This reproducible activity suggested genuine acetaldehyde
carboxylase activity, prompting further characterization of
NcPDC to assess its potential application in the proposed enzy-
matic cascade.

2.3 | Biochemical Characterization of NcPDC

The NcPDC amino acid sequence was first aligned using Clustal
Omega with the six known gram-negative bacterial PDCs, the
thoroughly characterized gram-positive bacterium SvPDC and
ScPDC (Supporting Information and Figure S12). As expected,
NcPDC retains conserved residues for substrate binding and
catalysis. NcPDC has high sequence identity to the gram-negative
bacterial PDCs (78.8%-64.7%), showing the highest similarity
with ZpPDC, while low similarity was found with SvPDC
(SVPDC, 29.6%) and ScPDC (29.9%).

To perform a comprehensive characterization, NcPDC was puri-
fied to homogeneity by immobilized metal affinity chromatogra-
phy as shown by SDS-PAGE analysis (Figure S13). Cofactors
thiamin diphosphate (ThDP) and Mg** (as MgCl,) were added
to ensure enzyme stability. High concentrations of imidazole
(30-50 mM) were used in the washing steps to remove E. coli
alcohol dehydrogenase. First, its decarboxylase activity was

T T T T T T

0 20 40 60 80 100
[Pyruvate] (mM)

investigated. NcPDC displayed Michaelis-Menten kinetics with
the natural substrate pyruvate (Figure 2A) and was not subject
to allosteric substrate activation. The kinetic parameters were
found to be in the range of those determined for other PDCs
from gram-negative bacteria assayed under similar conditions
(Table S3), indicating strong selective pressure to maintain their
biochemical properties in a narrow range. Notably, the
Michaelis-Menten constant (K,,) indicating affinity for pyruvate
was 2.2+0.5mM, approximately 20 times higher than that
of the LDH used in this study, which is a potentially helpful
feature in directing pyruvate conversion towards lactic acid.
NcPDC showed an optimal pH of 6.5 (Figure S14A), similar to
ZpPDC and ZmPDC but higher than GAPDC and GoPDC, indi-
cating variations in active-site charge or conformation. The
NcPDC temperature optimum was 45°C (Figure S14B), one of
the lowest for gram-negative bacterial PDCs apart from
GdPDC and in line with the one demonstrated for ScPDC
(Table S3). Thermal inactivation studies showed that NcPDC
retained only 12% of its initial activity after 30 min at 60°C
(Figure S14C). This behavior is similar to that of GdPDC but con-
trasts with most Gram-negative PDCs, which remain active for
hours at 50°C-60°C, demonstrating that NcPDC has reduced
thermostability [38, 40, 42, 43]. The proposed link between
PDC thermostability and amino acid content, that is, high ala-
nine and cysteine amounts and low phenylalanine content, is
not supported by this study (Table S4).

B PYR-domain

?r?&)\(}» (

> 4\ Acetaldehydéaf'

FIGURE 2 | Characterization of NcPDC. (A) Initial velocity kinetics showing the dependence of the pyruvate decarboxylation reaction rate on the

concentration of the substrate pyruvate. (B) Cartoon representation of the monomer of NcPDC, showing the PYR-domain in red, R-domain in green and

the PP-domain in blue. Cofactors ThDP and Mg>" are included as stick and sphere models respectively. (C,D) Docked poses for (C) pyruvate and

(D) acetaldehyde in the NcPDC active site. Key residues that form the active site are displayed in the stick representation (pink). The ThDP cofactor

is shown in stick representation (green) and the active site magnesium ion (magenta) as a sphere. The figures were generated with Pymol (Schrodinger).
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PDCs are known to catalyze carboligation as side activity
[40, 41, 52-54]. NcPDC also catalyzed carboligation of acetalde-
hyde, leading to the accumulation of acetoin when acetaldehyde,
pyruvate, or a mixture of the two compounds were used as sub-
strates (Table S5). Reactions with acetaldehyde alone led to the
lowest conversions (Table S5). Although this observation may
indicate a preference for pyruvate as a substrate for carboligation,
other factors, such as acetaldehyde loss via evaporation or
enzyme inactivation by acetaldehyde, may also contribute to
the lower yield. These results are nevertheless consistent with
previous reports on ZmPDC [52] and suggest the application
of NcPDC for broader biocatalytic applications such as in flavors
and fragrances. In comparison, acetaldehyde alone is a very poor
substrate for acetoin production by ScPDC [52, 55]. This could be
a consequence of the need of ScPDC to be activated by the sub-
strate pyruvate or a structural analog, such as pyruvamide, a fea-
ture not present in bacterial PDCs such as NcPDC.

Lastly, to fully understand the unique features of NcPDC in com-
parison to previously characterized PDCs, the structure of
NcPDC was determined to 2.9 A by cryo-EM single particle anal-
ysis (PDB ID: 9S7J) (Figure S15 and Table S6). NcPDC is a homo-
tetramer and shares a conserved overall fold with other bacterial
PDCs. Each monomer can be divided into three defined domains,
denoted as pyrimidine-binding domain (PYR, residues 1-187),
regulatory domain (R, residues 188-348), and pyrophosphate-
binding domain (PP, residues 349-558), each with a Rossman-
like fold (Figure 2B). NcPDC showed the characteristics of a
canonical bacterial PDC. However, a comparison of bacterial
PDC structures revealed a few structural differences, primarily
involving variations in the R domain, linker regions, and
dimer-dimer interfaces, which may influence enzyme stability
and function, potentially accounting for the observed differences
in thermostability among bacterial PDCs (see Supporting
Information for detailed description, Figures S15—S17 and
Table S7). Differences in key linker regions, where flexibility
and proline content vary among species, could potentially affect
domain interactions. Additionally, interface interactions, while
largely conserved, exhibit subtle distinctions that may contribute
to functional diversity among PDCs (see Supporting Information
for detailed description). Taken together, these features are likely
to affect the overall rigidity of the tetramer, thereby altering inter-
domain flexibility and communication. From a functional per-
spective, such changes may modulate active-site dynamics and
facilitate faster conformational exchange at the active site, influ-
encing substrate access and catalytic turnover.

Moreover, differences in the active-site architecture, including
the positioning of key residues like Trp388 and Glu469, suggest
variations in substrate binding and specificity (Figure S17).
Following the reverse of the mechanism described for pyruvate
decarboxylation, acetaldehyde carboxylation is expected to
involve a series of reaction intermediates that are covalently
bound to the ThDP cofactor. First, the reactive C2 atom of the
ThDP thiazolium attacks the carbonyl carbon of acetaldehyde.
The resulting adduct is deprotonated to yield the highly reactive
intermediate C2-a carbanion/enamine. This nucleophilic species
then reacts with CO,, following which the pyruvate product is
released from the enzyme [54, 56]. Since carboligation and car-
boxylation occur at the same active site and are influenced by
similar steric and electronic factors, it is most likely that first

acetaldehyde, serving as the donor aldehyde in enzyme-catalyzed
carboligation reactions and in carboxylation reactions, binds to
the C2 atom of ThDP in the active centre. Subtle positional shifts
of Trp388 and Glu469 are mechanistically meaningful: the orien-
tation of Trp388 helps define the steric environment of the donor
substrate during carboligation, whereas Glu469 participates in
ThDP activation and stabilization of the carbanion/enamine
intermediate. Such small structural adjustments in NcPDC could
thus influence intermediate stabilization and aldehyde accom-
modation, providing a plausible structural basis for the distinct
catalytic behavior observed. Interestingly, docking analysis
revealed some differences in how NcPDC binds pyruvate and
acetaldehyde (Figure 2C,D and Table S8), with key residues play-
ing distinct roles in each case. Trp388 is involved in binding to
pyruvate but not to acetaldehyde, while Leu30 and Tyr466 con-
tribute only to acetaldehyde binding, indicating slightly separate
binding regions for the two substrates. Further studies, including
molecular dynamics simulations and site-directed mutagenesis,
could provide deeper mechanistic insights.

2.4 | Cascade Reaction Engineering Improved
Lactate Yields

To confirm the results obtained in the preliminary screening, we
retested the carboxylation of acetaldehyde with purified NcPDC,
in presence of 0.5M sodium bicarbonate (pH 9), 0.1 mM ThDP,
1 mM MgCl,, 10 mM acetaldehyde, 1 mM NADH, 0.5 g L™* puri-
fied NcPDC,and 1 g L' of LDH-10 for 24 h. The resulting lactate
yield was 3.0% + 0.1%. No lactate was detected when acetalde-
hyde, NcPDC, or LDH were omitted. In addition, a UV spectro-
photometric assay was used, monitoring carboxylation activity at
pH 7.5-8.5 by the linear depletion of NADH over time, which was
not observed in controls omitting NcPDC (Figure 3A). The car-
boxylation activity at pH 7.5 was considerably higher than at pH
8.5 (7 versus 0.5 mU mg™), which could be either a direct effect
of pH on acetaldehyde carboxylase activity or due to higher avail-
ability of dissolved CO, at lower pH.

Next, we investigated the effect of CO, pressure on the complete
reaction cascade, including enzymatic NADH recycling by GDH-
101 and D-glucose. Added gaseous CO, greatly improved the lac-
tate titer to 1.6 mM at 1 bar of CO, and 2.6 mM at 3 bar of CO,
(Figures 3B and S18). Negative controls omitting individual
enzymes showed no lactate production. The acetoin titer as result
of acetaldehyde carboligation was not influenced by CO, pres-
sure or the presence of LDH.

The ratio of lactate to acetoin produced could be improved by
lowering the starting acetaldehyde concentration (Figure S19).
This indicates that in comparison with acetaldehyde carboxyla-
tion, the carboligation reaction producing acetoin was more
kinetically limited by the acetaldehyde concentration. This is
consistent with the low affinity for acetaldehyde measured in
ScPDC (K,,, =1M) when the substrate is used for carboligation
into acetoin [55]. Furthermore, whereas enzymatic acetaldehyde
carboxylation is expected to follow Michaelis-Menten kinetics,
the enzymatic carboligation of two identical aldehydes such as
observed here was proposed to proceed via an ordered bi-uni
mechanism [57]. This mechanism is better described by a more
complex kinetic model including a squared acetaldehyde
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FIGURE 3 | Biocatalytic carboxylation results. Error bars indicate standard deviation. (A) Absorption at 340 nm monitoring NADH depletion over
time during acetaldehyde carboxylation assays in sealed cuvettes containing 0.4 M sodium bicarbonate (pH 7.5), 10 mM acetaldehyde, 0.5 mM ThDP,
2.5mM MgCl,, 0.2 mM sodium NADH, 0.4 g L™' LDH and 0.1 g L™" NcPDC. The inset photo shows the gas-tight cuvettes used. (B) Representative HPLC
chromatogram with refractive index (RI) detection of lactate and pyruvate standards, along with negative control reaction samples lacking either PDC or
LDH-10, and a reaction sample containing biocatalytically produced lactate. Reactions contained 0.35 M sodium bicarbonate pH 8.5, 10 mM acetalde-
hyde, 5 mM sodium NAD+, 50 mM D-glucose, 0.5 mM ThDP, 2.5 mM MgCl,, 0.25gL™" NcPDC, 0.4gL™" LDH-10 and 0.2g L™~ GDH-101 and were
incubated for 22 h at room temperature with 0, 1 or 3 bar CO,. (C) Lactate and acetoin titers produced in reactions with aforementioned composition
modified to 0.5 M sodium bicarbonate, 0.21 gL~ NcPDC, 4 bar CO, and at different Tris concentrations after 24 h. (D) Lactate and acetoin titers in
reactions with doubled NcPDC loading (0.42 g L™") and 0.25 M Tris at different CO, pressures after 24 h, and a photo inset of a 70-mL pressure reactor.
(E) Lactate and acetoin formation over time at optimized conditions, that is, containing 0.5 M sodium bicarbonate, 0.25 M Tris, 10 mM acetaldehyde,
5mM sodium NAD*, 50 mM D-glucose, 0.5 mM ThDP, 2.5 mM MgCl,, 0.4 g L™ LDH-10, 0.2 g L' GDH-101 and 0.42 g L' NcPDC and at a CO, pres-
sure of 8 bar. (F) Lactate and acetoin concentrations over time in 5-mL reactions at optimized conditions with NcPDC loading increased to 0.5 g L™ and
D-glucose concentration increased to 0.2 M, with repeated acetaldehyde dosing.

concentration factor [57], possibly further differentiating the almost complete disappearance of the aldehyde C=O stretch
effect of acetaldehyde concentration on carboxylation and carbo- peak at 1716 cm™ upon introduction of an equimolar amount
ligation rate. In order to increase selectivity for lactate while not of Tris (Figure S20). Proton nucleic magnetic resonance
diminishing the titer, we investigated whether it was possible to (*H-NMR) demonstrated that acetaldehyde in a 0.4 M aqueous
decrease free acetaldehyde availability through reversible con- solution at room temperature is predominantly present as
densation with Tris as reported previously [58]. A reaction hydrate (64%-69%) and to a lesser extent as free acetaldehyde
between Tris and acetaldehyde in water was confirmed by (31%-36%, Figure S21). It was previously hypothesized that an
Fourier transform infrared (FTIR) spectroscopy, demonstrating imine, or Schiff base, would spontaneously form upon addition
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of Tris [58]. Our "H-NMR and "*C-NMR analyses of an equimolar
solution of acetaldehyde and Tris did not provide evidence for
imine formation (Figures S22 and S23), but instead indicated for-
mation of (hemi)acetal, hemiaminal, and/or cyclic hemiaminal
ether species based on multiple shifts of the "H-NMR doublet
peak originating from methyl-bound protons (Figure S22). The
quantity of free acetaldehyde was reduced to 9% of the total pool
by equimolar Tris and can be expected to be reduced further in
the reaction mixtures containing a 25-fold excess of Tris.

The selectivity of the reaction cascade toward lactate formation
could indeed be improved by adding Tris to the reaction mixture.
Using 0.21 g L™ NcPDC in 0.5M sodium bicarbonate with 4 bar
CO, and a range of Tris concentrations between 0 and 1M, the
lactate:acetoin ratio increased from 0.9 to 4.3 (Figure 3C). The lac-
tate yield also improved from 24% to up to 34% by addition of 0.1 M
Tris. The yield was improved further to 50% by doubling the
NcPDC loading to 0.42 g L™ and increasing the CO, partial pres-
sure to 8 bar using 0.25M Tris (Figure S24). Raising the Tris con-
centration to 1.0 M increased the lactate:acetoin ratio from 2.2 to
3.7, but lowered the lactate yield to 31%. In subsequent experi-
ments, a Tris concentration of 0.25M and a NcPDC concentration
of 0.42gL™" were used as a trade-off between lactate yield and
selectivity. Although direct quantification of the free acetaldehyde
under the actual reaction conditions is challenging, NMR
data combined with literature estimates allow a reasonable
approximation. Considering the reported equilibrium constant for
acetaldehyde-Tris adduct formation at pH 8 (K'eq =343 £20 M
[59] and the 25-fold excess of Tris in the reaction mixture, the non-
adducted acetaldehyde fraction is expected to be ~0.1 mM (1% of
the total). Accounting for the aldehyde-hydrate equilibrium,
supported by both literature and NMR results, only 31%-36% of
this fraction is present as free aldehyde, giving an estimated free
acetaldehyde concentration in the low-micromolar range
(~30 pM). While broadly approximate, these values are fully con-
sistent with the strong suppression of carboligation observed
experimentally, further supporting the conclusion that the
improved lactate selectivity arises from a Tris-specific interaction
rather than a general ionic strength or buffering effect.

Using these conditions, the effect of CO, pressure was investi-
gated again at up to 12.4 bar (Figure 3D), corresponding to an

—_ —_ N N
o [6)] o ]

concentration (mM)

[¢)]

estimated dissolved CO, concentration of up to 306 mM. This
estimation was based on Henry’s law, with the Henry’s constant
corrected using a modified Setschenow equation to account for
the ionic strength of the reaction medium and the resulting
salting-out effect that reduces CO, solubility (Supporting
Information Materials and Methods) [60, 61]. The highest CO,
pressure resulted in the highest lactate yield (54%) and lactate:
acetoin ratio (3.3), although yield and selectivity leveled off from
7.6 bar. As such, a CO, pressure of 8 bar (~197 mM CO, dissolved
in the medium) was maintained as optimized condition. The
dependence of lactate concentration on CO, pressure is consis-
tent with typical enzymatic saturation behavior rather than a
transport limitation, suggesting that the enzyme is operating
under saturating conditions and that the observed plateau
reflects enzyme turnover limitations rather than constraints from
mass transfer or substrate availability. This interpretation is fur-
ther supported by the observation that increasing the NcPDC
loading at a ‘saturating’ CO, pressure (8 bar) led to a higher lac-
tate titer, consistent with enzyme-limited kinetics. Although car-
boxylation kinetics cannot be derived from these results, the
relation between CO, pressure and product titer is similar to that
previously observed at shorter timescales for carboxylation of
methional by branched-chain decarboxylase KdcA, indicating
NcPDC may have a similar CO, affinity (K,,, = 3.3 £ 0.4 bar) [27].

Next, the formation of lactate and acetoin was followed over time
for 48h (Figure 3E). This showed that acetoin formation
occurred in the first 6 h and then nearly halted. Carboxylation
on the other hand proceeded over the complete reaction dura-
tion, although slowing down from 0.8mMh™ (t=0-2h) to
0.05mMh™ (t=24-48h). After 48h, the lactate yield was
65% * 2%, the lactate-acetoin ratio was 5.2% and 89% of the car-
bon introduced as acetaldehyde was recovered as products. Thus,
extending the reaction time further increased lactate titer and
lactate:acetoin ratio, consistent with overall sufficient NcPDC
stability over the course of the reaction, yet reflecting its intrin-
sically slow kinetics. These observations further support that
under optimized operational conditions, NcPDC turnover (kc,()
likely constitutes the rate-limiting step of the cascade. It is also
noteworthy that acetaldehyde availability could influence the
observed kinetics; therefore, its tight control, while necessary
to limit the carboligation side reaction, may indirectly impose

—— [lactate] (mM)
—e— [acetoin] (mM)

24 48 72 96 168
time (h)

FIGURE4 | The scaled up 0.5 L reaction with industrial-grade CO, gas as sole CO, source. (A) The experimental setup. (B) Product titers over time.
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a kinetic limitation on the carboxylation reaction. Overall, these
results are more favorable than those reported for methional car-
boxylation by KdcA, which was rapidly inactivated at >2 bar
CO, and required an enzyme loading of 1.8 gL™" to attain 40%
yield after 48 h [27]. Finally, a substrate dosing strategy was
implemented to further increase the lactate titer. Duplicate
5mL reactions containing 10 mM acetaldehyde and 200 mM
D-glucose were dosed with 10 mM acetaldehyde at 24-h intervals,
and two 72-h intervals after the fourth and ninth dosing,
until 100 mM acetaldehyde had been added (Figure 3F). This
strategy increased the obtained lactate titer to 27+ 6 mM,
comparable to lactic acid titers previously reported using a dif-
ferent multienzyme cascade for synthesis from methanol,
H,0, and polyphosphate [16]. Products increased linearly up
to the fifth dosing (t=168h, 5x10mM acetaldehyde added,
[lactate] = 23.5 £ 1.4 mM, 47% = 3% yield, 80% product recovery,
lactate:acetoin ratio=2.8). Considering the dissolved CO,
concentration at the operating pressure and buffer composi-
tion, these results are supported by the calculated Gibbs free
energy, with eQuilibrator indicating an apparent ArG’ of
-22+9kJmol™. This confirms that the overall cascade is
thermodynamically favourable, despite the NcPDC-catalyzed
carboxylation step remaining the main kinetic limitation.
After this point, lactate production slowed down while acetoin
formation increased (Figure 3F). Likely causes of this behavior
are that either LDH-10 and/or GDH-101 were inactivated, or
NAD*/NADH was degraded, eliminating the pathway toward
lactate, while the formation of acetoin catalyzed by NcPDC con-
tinued. To assess whether enzyme instability contributed to this
shift, we measured the residual activity of LDH-10 at the end of
the experiment. LDH-10 exhibited a marked loss of activity
(87.5% = 17.7%), in line with the observed decline in lactate for-
mation. Although residual GDH-101 activity was not assessed,
these results indicate that LDH-10 inactivation is a major contrib-
uting factor to the reduced lactate productivity.

2.5 | Robustness and Scale-up

To evaluate the robustness and scalability of our process, we
investigated the use of “industrial-grade” CO, gas containing
traces of NO, (9.7 ppm) and O, (35.1 ppm). Small-scale (0.5 mL)
triplicate reactions with 8bar of either pure or industrial-
grade CO, as gas phase revealed no difference in average
lactate titer after 48 h (5.6 mM), indicating no negative effects
from the NO, or O, and highlighting the compatibility of the sys-
tem with industrial gas impurities. Reaction volume was then
scaled up to 10 mL without decrease in lactate titer (5.8 mM).
Gaseous CO, could also be used as sole carbon source by substi-
tuting the added 0.5 M sodium bicarbonate with 0.5 M NaOH and
allowing dissolved Tris-HCl and NaOH to equilibrate with 10 bar
CO, for 24 h, resulting in a pH of 7.1 prior to adding the other
reaction components to start the reaction (5.5mM lactate).
Finally, the cascade reaction was performed at 0.5L scale in a
2L pressure reactor (Figure 4A) using industrial-grade CO, as
sole carbon source. The reaction was incubated for a total
of 7 days, employing a substrate dosing strategy of 5x 10 mM
acetaldehyde at 0, 24, 48, 72, and 96h. A linear increase in
product titer over time was observed (Figure 4B), finally resulting
in the formation of 21.0 mM lactate (42% yield) and 11.3 mM
acetoin. Production of lactate was confirmed by liquid

chromatography-mass spectrometry (LC-MS) (Figure S25). The
42% lactate yield was similar to the 47% + 3% yield obtained pre-
viously by fivefold dosing of acetaldehyde at 5-mL scale. The lac-
tate:acetoin ratio was somewhat impaired (1.9) due to unknown
causes, possibly due in part to a minor CO, leakage from the pres-
sure reactor. Only D-(-)-lactic acid and no L-(+)-lactic acid was
detected by enantiomeric HPLC analysis (Figure S26), indicating
an enantiomeric excess (e.e.) of >98%.

Lastly, we demonstrated the production of L-(+)-lactic acid by
substituting the D-(-)-selective LDH-10 with an L-(+)-selective
LDH-17 (JM, proprietary) in small-scale reactions at optimized
conditions with a single 10 mM acetaldehyde dose. A lactate yield
of 41%+1% was achieved, and only L-(+)-lactic acid was
detected by enantiomeric HPLC analysis (>93% e.e.; Figure S27).

As summarized in Table 1, our enzymatic system achieves a vol-
umetric productivity of 1.1 x107>g L™ h™" at 0.5 L scale using
synthetic, industrial-grade CO,. This value remains below those
reached by conventional fermentative lactic acid processes,
which are well-established technologies typically operating at
1-2gL™" h™"' and using biomass as carbon source (examples
in Table 1). In comparison, our system exhibits modest kinetics
over multiday timescales and does not offer immediate industrial
applicability. However, despite the current kinetic limitations,
the overall enzymatic system already demonstrates several key
advantages that distinguish it from previously reported biocata-
lytic platforms for synthesis of lactic acid from CO,, including
both enzyme-based and whole-cell systems. Compared to earlier
ethanol-dependent enzymatic cascades containing PDC-LDH,
our system displayed a 130-230-fold higher productivity
(Table 1, 4.7-8.2x10°gL™"h™"), while operating at similar
enzyme loadings and larger working volumes (0.5 L vs. <0.02 L).
It also enables modular stereocontrol, allowing enantiomeric
switching without redesigning the cascade, which was not dem-
onstrated in prior ethanol-driven systems. Relative to a more
elaborate eight-enzyme methanol-to-lactate platform employing
methanol derived from CO,, our system showed roughly 30-fold
lower productivity yet achieved with eight-fold lower total
enzyme loading and demonstrated operation at 0.5L scale
(Table 1). Moreover, whereas our system directly uses CO,,
the methanol-based platform relies on an initial, energy- and
cost-intensive chemocatalytic CO, hydrogenation step to gener-
ate methanol. Finally, the achieved productivity compares favor-
ably with engineered biocatalytic systems based on bacterial or
algal CO, fixation (Table 1), which typically fall within the same
order of magnitude but lack straightforward stereochemical
exchangeability and have not been demonstrated with industrial-
grade CO, conditions. NcPDC thus represents a valuable
first-generation platform catalyst with strong potential for opti-
mization through enzyme engineering, forming a solid founda-
tion for the development of more robust and efficient CO,-fixing
biocatalytic cascades for synthesis of a-hydroxy acids.

3 | Conclusions

In summary, this work establishes a scalable, three-enzyme cas-
cade that converts acetaldehyde and synthetic, industrial-grade
CO, into enantiopure lactic acid under mild aqueous conditions.
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The proposed system combines enzyme minimality, tolerance
to industrial gas impurities, and tunable stereocontrol, achieving
higher productivity than previously reported comparable three-
enzyme platforms.

A novel bacterial pyruvate decarboxylase (NcPDC) was identified
as the key cascade catalyst, outperforming 30 other PDCs in acet-
aldehyde carboxylation. The enzyme was kinetically and struc-
turally characterized, showing reduced thermostability and
structural differences in key active-site residues, which may
influence substrate binding and specificity. Upon integrating
NcPDC into the cascade reaction, several parameters were opti-
mized to enhance lactate yield and selectivity (Table S9). The
competing carboligation reaction was suppressed by reversible
acetaldehyde-Tris condensation, achieving a 65% lactate yield
in single-dose reactions and 47% with repeated acetaldehyde dos-
ing. The obtained titer (27 mM lactate) is comparable to more
complex eight-enzyme systems and exceeds similar ethanol-
dependent cascades by >100-fold. The reaction scaled to 0.5L
using an industrial-grade synthetic gas mixture as sole CO,
source produced 21 mM D-(-)-lactic acid (42% yield, >98%
e.e.), demonstrating scalability and enantioselectivity, with
stereocontrol switchable to L-(+)-lactate (>93% e.e.) by employ-
ing an L-(+)-selective LDH. The volumetric productivity of
11x1072 g L™ h™! places this among the best-performing
CO,-to-lactate systems and provides a platform for extension
to other enantiopure, CO,-derived a-hydroxyacids.
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