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Abstract

1,12-Dodecanediol is a high-value chemical widely used in the polymer and fine chemical industries. However, its
industrial production is currently based on petroleum-derived processes associated with high energy consumption
and environmental concerns. To address these limitations, microbial bioconversion of 1,12-dodecanedioic acid (C12
diacid) to 1,12-dodecanediol (C12 diol) has been investigated as a sustainable production route. In this pathway,
carboxylic acid reductase (CAR) requires ATP and NADPH as essential cofactors, making efficient cofactor supply
an important factor for achieving high conversion efficiency. In this study, a recombinant Escherichia coli-based
biocatalytic system was developed to enhance C12 diol production through ATP regeneration. ATP availability

was identified as an important factor for whole-cell bioconversion, and a polyphosphate kinase 2 (PPK2) from
Erysipelotrichaceae bacterium was introduced to regenerate ATP from AMP, increasing the conversion yield from
22.0% to 31.8% at 40 mM substrate. Supplementation with sodium hexametaphosphate (SHMP, polyP) further
improved diol production, reaching 19.5 mM C12 diol with a conversion yield of 48.8%. In the cell-lysate-based
conversion, NADPH and NADH exhibited comparable conversion efficiencies up to 70 mM MgCl,. Diol production
was influenced by MgCl, concentration, with the highest conversion obtained at 100 mM MgCl, in the presence
of NADPH, yielding approximately 28 mM C12 diol (~70% conversion) within 1 h. Overall, this study highlights the
importance of ATP regeneration and cofactor supply for improving C12 diol production.

Keywords 1,12-Dodecanediol, Biocatalytic conversion, Carboxylic acid reductase, ATP regeneration, Polyphosphate
kinase (PPK2)
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Introduction

1,12-Dodecanediol is a valuable long-chain aliphatic
diol consisting of a linear twelve-carbon backbone with
terminal hydroxyl groups. Due to its unique molecular
structure, it serves as an important building block and
versatile chemical intermediate for synthesizing high-
performance polymers, particularly polyesters and poly-
urethanes (Ahsan et al. 2018; Hsieh et al. 2018). The
elongated and flexible aliphatic chain of 1,12-dodecane-
diol provides enhanced thermo-mechanical properties,
improved chemical resistance, and lower water absorp-
tion to the resulting materials compared to those derived
from short-chain diols (Stempfle et al. 2016). Addition-
ally, its notable latent heat and phase transition charac-
teristics near 80 °C ‘C have attracted interest for its use
as a phase-change material (PCM) in thermal energy
storage systems, such as solar harvesting and waste-
heat recovery (Ensari and Alkan 2025). Medium- and
long-chain o,w-alkanediols, including 1,12-dodecanediol,
are used in personal care formulations, industrial lubri-
cants, and specialty polymer precursors for medical and
high-value applications (Hsieh et al. 2018).

Currently, industrial production of 1,12-dodecanediol
primarily relies on petroleum-derived chemical pro-
cesses. These conventional methods typically require
multi-step oxidation and reduction sequences con-
ducted under demanding conditions, such as elevated

temperatures and pressures, often mediated by metal
catalysts. Although these processes allow for large-scale
production, they are often associated with high energy
intensity, reliance on fossil feedstocks, and significant
environmental impacts from catalyst-related waste and
byproduct formation. In response to these sustainabil-
ity challenges, there is a growing interest in developing
robust biocatalytic frameworks as eco-friendly alterna-
tives to traditional chemical synthesis (Ahsan et al. 2018;
Lu et al. 2024; Schaffer and Haas 2014).

Various biocatalytic strategies for 1,12-dodecane-
diol production have been explored using diverse sub-
strates such as omega-hydroxy fatty acids, fatty acids,
and dicarboxylic acids (Lu et al. 2024; Lu and Weusthuis
2025). Among these, multi-enzyme cascades integrating
CYP153 monooxygenases with carboxylic acid reduc-
tase (CAR) have emerged as widely used bioconversion
pathways (Ahsan et al. 2018; Hsieh et al. 2018; Park et al.
2022). Specifically, the CAR derived from Mycobacterium
abscessus (Mab4714) has demonstrated superior catalytic
performance and broad substrate specificity toward long-
chain aliphatic dicarboxylic acids, making it an effective
candidate for producing terminal diols (Cha et al. 2021;
Khusnutdinova et al. 2017). For the subsequent reduction
step, YqghD was selected based on our previously pub-
lished comparative evaluation of aldehyde reductases,
in which YqghD showed robust performance relative to



Jung et al. Bioresources and Bioprocessing (2026) 13:74

alternative candidates (e.g., YahK and YihU) under ATP-
demanding whole-cell bioconversion conditions (Lee et
al. 2025). Previous laboratory-scale studies using whole-
cell platforms have generally reported 1,12-dodecane-
diol titers within a limited range of low to several tens
of millimolar (Ahsan et al. 2018; Kim et al. 2025). While
higher titers have been achieved through fed-batch fer-
mentation, such processes typically require cultivation
periods exceeding 48 h, which lowers volumetric produc-
tivity and complicates process intensification (Hsieh et al.
2018; Park et al. 2025).

A major challenge in these biocatalytic processes is
the significant difference in reported productivities
across studies, even when using similar CAR-medi-
ated pathways (Hsieh et al. 2018; Khusnutdinova et al.
2017). Recent evidence suggests that these variations
are more closely linked to the efficiency of cofactor sup-
ply and regeneration rather than to the basic design of
the metabolic pathways (Akhtar et al. 2013 a; Kramer et
al. 2020). The catalytic activity of CAR is highly depen-
dent on the availability of both ATP and NADPH (Hor-
vat and Winkler 2020; Karava et al. 2025; Strohmeier et
al. 2020). Given the high cost and continuous consump-
tion of these cofactors, considerable research efforts
have been directed toward the development of efficient
ATP and NADPH regeneration systems to enhance both
the economic viability and overall productivity of CAR-
mediated bioprocesses (Chen and Zhang 2021; Horvat
and Winkler 2020; Strohmeier et al. 2020). Furthermore,
the CAR-mediated reaction involves an ATP-dependent
adenylation step that requires divalent metal ions, spe-
cifically Mg?*, to stabilize the enzyme-bound ATP com-
plex and facilitate catalysis (Basri et al. 2023 a; Cha et al.
2021). This requirement for Mg?* is also shared by ATP
regeneration enzymes such as polyphosphate kinase 2
(PPK2), which uses the metal ion to facilitate the trans-
fer of phosphoryl groups from polyphosphate to nucleo-
tides (Cao et al. 2018; Motomura et al. 2014; Neville et
al. 2022). Despite the importance of these cofactors and
metal ions, systematic evaluations of different reaction
environments, specific regeneration systems, and the
optimization of magnesium concentrations remain rela-
tively limited for 1,12-dodecanediol production. More-
over, most existing studies rely on whole-cell platforms
that face inherent mass transfer limitations of long-chain
substrates (Ahsan et al. 2018; Cha et al. 2021). These
limitations often result in prolonged reaction times and
limited volumetric productivities, posing a significant
bottleneck for industrial feasibility. Thus, optimizing the
reaction environment to both ensure efficient cofactor
regeneration and overcome cell membrane barriers is
crucial for achieving high-rate bioconversion.

In this study, we developed a high-rate biocatalytic
platform designed to overcome the kinetic and economic
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bottlenecks of 1,12-dodecanediol production using engi-
neered Escherichia coli. While the individual enzymes for
this pathway have been previously reported, their system-
atic integration into a cascade specifically optimized with
a PPK2-based ATP regeneration loop provides a practical
process-level strategy for overcoming energetic bottle-
necks. An ATP regeneration system was introduced to
support the energy demand of the reaction, and whole-
cell and cell-lysate formats were compared to establish
a rapid format for diol production. Crucially, the system
was optimized not only for metal ion conditions but also
for the utilization of NADH as a more cost-effective and
stable alternative to NADPH, thereby enhancing the
economic viability of the process. Under the optimized
conditions, a conversion of 69.4% was achieved within
a shortened reaction time, resulting in a productivity of
5.60 g/L/h, among the highest values reported for flask-
scale 1,12-dodecanediol bioconversion. Overall, this
work presents an accelerated route for 1,12-dodecanediol
production and provides practical guidance for improv-
ing cofactor-dependent long-chain diol bioconversion.

Materials and methods

Chemicals

Chemicals used in this study included dodecanedioic acid
(99%), ammonium hydroxide solution, P-nicotinamide
adenine dinucleotide phosphate (NADPH; >93%),
B-nicotinamide adenine dinucleotide (NADH; 98%),
potassium phosphate dibasic (>98.0%), potassium phos-
phate monobasic (>98.0%), sodium hexametaphos-
phate (96%), isopropyl p-D-1-thiogalactopyranoside
(IPTG; = 99%), kanamycin, BugBuster® Master Mix,
N,  O-bis(trimethylsilyl)trifluoroacetamide =~ (BSTFA;
> 99.0%), 12-hydroxydodecanoic acid (97%) and
1,12-dodecanediol, which were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Spectinomycin was
purchased from BioShop (Burlington, ON, Canada).
Tris—HCI buffer (pH 8.5) was obtained from LPS Solu-
tions (Daejeon, Republic of Korea). Adenosine 5'-tri-
phosphate disodium salt hydrate (ATP; >98.0%) was
purchased from Tokyo Chemical Industry (Tokyo, Japan).
Dextrose anhydrous (99.5%) and magnesium chloride
hexahydrate (98%) were obtained from Samchun Chemi-
cals (Seoul, Republic of Korea). Pyridine (99.5%) was pur-
chased from Duksan Chemicals (Republic of Korea).

Plasmids and bacterial strains

Escherichia coli DH5a was used for genetic manipula-
tion, including plasmid construction and cloning pro-
cedures, whereas E. coli BL21(DE3) was employed for
protein expression and preparation of whole-cell and
cell-lysate biocatalysts. E. coli BL21(DE3) carrying pET-
30a(+):car:sfp::yghD was used as the biocatalyst in this
study. For ATP regeneration, the ppk2 gene was cloned
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into the pCDFDuet-1 vector. The pCDFDuet-1 vector
was specifically selected to ensure plasmid compatibil-
ity with the pET-30a(+) vector; its CloDF13 replicon is
fully compatible with the pBR322 origin of pET-30a(+),
unlike other vectors such as pETDuet-1 that share the
same origin. The pCDFDuet-1::ppk2 construct was gen-
erated by restriction enzyme—-based cloning using prim-
ers designed for this study. The ppk2 gene was inserted
into the multiple cloning site 2 (MCS-2) for expres-
sion, while the multiple cloning site 1 (MCS-1) was left
vacant for potential future insertion of additional genes.
The nucleotide sequence of the ppk2 gene and all primer
sequences used for cloning in this study are provided in
Supplementary Table S1 (Additional file 1). The result-
ing plasmids were transformed into E. coli BL21(DE3) for
subsequent whole-cell and cell-lysate-based bioconver-
sion experiments.

Cell cultivation and preparation for bioconversion

For enzyme expression and biocatalyst preparation,
Escherichia coli strains listed in Table 1 were used. Pre-
cultures were prepared by inoculating single colonies
into 4 mL of LB medium and incubating at 37 °C with
shaking at 200 rpm for 12—13 h. The pre-cultures were
then inoculated into 100 mL of fresh LB medium at an
inoculation ratio of 4% (v/v). Cells were cultivated for
approximately 24 h at 200 rpm, with incubation at 37
°C until IPTG induction (ODg,,=0.6-0.8), followed by
continued cultivation at 30 °C after induction. Protein
expression was induced by the addition of isopropyl f-D-
1-thiogalactopyranoside (IPTG) to a final concentration
of 0.05 mM. Cells were harvested by centrifugation at 4
°C and 4,000 rpm for 20 min using 50 mL Falcon conical
tubes and subsequently processed for whole-cell or cell-
lysate-based bioconversion as described below. Reaction
mixtures for bioconversion contained 100 mM potassium
phosphate buffer (pH 7.5), dodecanedioic acid (10 or 40
mM), MgCl, (0-130 mM), ATP (0-20 mM), NAD(P)H
(0-8 mM), sodium hexametaphosphate (SHMP; 0-30
mM), and glucose (1%, w/v). The pH of the reaction mix-
ture was adjusted to 7.5 using 5 N HCI or 5 N NaOH,

Table 1 List of strains and plasmids used in this study
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and the final reaction volume was adjusted with distilled
deionized water (DDW).

Analysis of protein expression and solubility

To analyze protein expression and solubility, cells
adjusted to an ODy, of 20 were harvested, washed, and
resuspended in 1 M Tris buffer. Cell disruption was per-
formed using an Ultrasonic Processor (VC 505, Sonics,
USA) at 40% amplitude for 2 min on ice. Following lysis,
a 20 pL aliquot was collected as the total protein frac-
tion. The remaining lysate was centrifuged (13,000 rpm,
1 min, 4 °C) to separate the soluble and insoluble protein
fractions. The pellet was resuspended in an equal vol-
ume of Tris buffer for the insoluble fraction. All samples
were mixed with 5X Blue SDS Loading Buffer and dena-
tured at 95 °C for 5 min. SDS-PAGE was conducted using
10% Mini-PROTEAN TGX Gels (Bio-Rad, USA), NEW-
Run SDS Run Buffer (Jubiotech, Korea), and a Color
Prestained Protein Standard (10-250 kDa, New England
Biolabs, USA). Samples were run at 20—-30 mA using a
Mini-PROTEAN Tetra Cell (Bio-Rad, USA). Gels were
stained with Coomassie Brilliant Blue R-250 (Bio-Rad,
USA) for 1 h and destained for 2 h. Finally, the gels were
immersed in distilled water overnight for visualization
and analysis.

Whole-cell bioconversion

For whole-cell bioconversion, harvested cell pellets were
washed twice with 1 M Tris buffer (pH 8.0) and resus-
pended in the prepared reaction mixture (Lee et al.
2025). The reactions were carried out at 30 °C with shak-
ing at 200 rpm for 24 h, corresponding to a cell density
of ODg, =20. Samples were collected at 6 h intervals for
subsequent analysis.

Cell-lysate-based bioconversion

For cell-lysate preparation, harvested cells were washed
once with 1 M Tris buffer (pH 8.0) and centrifuged
again to remove the supernatant. The wet cell weight
was measured, and cell disruption was performed using
BugBuster® Master Mix according to the manufacturer’s
protocol. Briefly, 500 puL of BugBuster® Master Mix was

Strains and plasmids Genotype of strain and plasmid

Reference or source

Strains

E.coli DH5a F- ©80lacZAM15 A(lacZYA-argF)U169 deoR recAl endAT hsdR17(r,”m,)phoAsupE44thi-1gyrA96relAT  Enzynomics

E.coli BL21(DE3) F-dcm ompT hsdS(rB- mB-) gal (DE3) Enzynomics

E.coliC E.coli BL21(DE3) harboring pET-30a(+):car:sfp:yghD This study

E.coli CP E.coli BL21(DE3) harboring pET-30a(+):car:sfp:yqhD This study
and pCDFDuet-1:ppk2(MCS2)

Plasmids

pET30a(+):car:sfpzyghD  pET30a derivative; car, sfp, yghD, Km* This study

pCDFDuet-1:ppk2(MCS2)  pCDFDuet-1 derivative; ppk2, Sm® This study
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added per 0.1 g of wet cell weight, followed by resuspen-
sion and incubation at 20 °C for 15-20 min to achieve cell
lysis. For cell-lysate-based bioconversion, the prepared
reaction mixture was adjusted to pH 7.5 prior to the addi-
tion of the cell lysate. After addition of the lysate, the pH
was readjusted if necessary, and the final reaction volume
was adjusted with DDW. The reactions were conducted
in 50 mL Falcon conical tubes with a working volume of 5
mL at 30 °C and 200 rpm, corresponding to an equivalent
cell density of ODg,,=20. Samples were collected at 0, 1,
2, 4, and 6 h for analysis.

Sample preparation and GC analysis

To ensure analytical accuracy, tetradecane was added as
an internal standard.Samples were dried using a Speed-
Vac (CVE-2000, EYELA, Tokyo Rikakikai Co., Tokyo,
Japan) concentrator and derivatized as described previ-
ously with minor modifications (Cha et al. 2021). Briefly,
dried samples were treated with a 1:1 (v/v) mixture of
N,  O-bis(trimethylsilyl)trifluoroacetamide ~ (BSTFA)
and pyridine and incubated at 70 °C with shaking at
1,050 rpm for 1 h. Derivatized samples were filtered and
analyzed by GC FID (Shimadzu, Japan) using an HP-5ms
capillary column (30 m x 0.25 mm x 0.25 um, Agilent
Technologies) with helium as the carrier gas. The injector
and detector temperatures were set to 260 °C and 350 °C,
respectively. The oven temperature was initially held at
40 °C for 2 min, increased to 70 °C at a rate of 20 °C/min
with a 1 min hold, and subsequently ramped to 320 °C at
10 °C/min with a final hold of 5 min.

a)
NADPH NADP*
NAD(P)H  NAD(P)*
O
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Statistical analysis

All experiments were performed in at least three inde-
pendent experiments (n=3), and the results are pre-
sented as the mean *standard deviation (SD). Statistical
analyses were conducted using SigmaPlot 15.0 (Systat
Software, Inc., San Jose, CA, USA). For Fig. 3a, a two-
tailed Student’s t-test was used to compare the means
of two groups. For Figs. 3b, and 5a, b a two-way analy-
sis of variance (ANOVA) was performed to evaluate the
effects of independent variables and their interactions,
followed by the Holm-Sidak post-hoc test for multiple
pairwise comparisons. A P-value of less than 0.05 was
considered statistically significant (*P<0.05, **P<0.01,
and ***P<0.001). To maintain visual clarity, non-signifi-
cant differences (P>0.05) are not explicitly indicated in
the figures.

Results and discussion

Establishment of the biocatalytic pathway and evaluation
of ATP availability

To develop an efficient bioconversion route for
1,12-dodecanediol, a biocatalytic cascade was designed
to convert 1,12-dodecanedioic acid to 1,12-dodecane-
diol through sequential reduction reactions mediated by
carboxylic acid reductase (CAR) from Mycobacterium
abscessus (Mab4714) and NADPH-dependent alcohol
dehydrogenase (YqhD) from Escherichia coli (Fig. 1la).
The soluble expression of CAR, Sfp, YqhD, and PPK2 in
the recombinant E. coli strains was confirmed by SDS-
PAGE analysis (Supplementary Figure S2). Although
preliminary screening of three different CAR candidates

NADPH NADP*

\ 4
OH

NAD(P)H NAD(P)*
CAR,

\ 4
H  caR, on \ 4 OH \ 4
sf YgqhD sf YqhD
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Fig. 1 Biocatalytic conversion of 1,12-dodecanedioic acid to 1,12-dodecanediol. a The biocatalytic pathway for the step-wise reduction of 1,12-dodec-
anedioic acid to 1,12-dodecanediol. The E. coli NADPH-dependent alcohol dehydrogenase YghD was employed for the aldehyde reduction step. Abbrevi-
ations: CAR, carboxylic acid reductase; Sfp, phosphopantetheinyl transferase. b Schematic representation of the recombinant E. coli BL21(DE3) whole-cell
system. The host strain harbors two plasmids: pET30a-expressing car, sfp, and yghD, and pCDF Duet-1-expressing ppk2 for cofactor regeneration
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(Mab2962, Mab4714, and MsCAR) showed comparable
catalytic performance toward the Dodecanedioic acid
(Supplementary Figure S3, Supplementary Table S2),
Mab4714 was prioritized due to its well-documented
reliability for long-chain substrates and its robust expres-
sion stability in our platform (Cha et al. 2021; Khusnut-
dinova et al. 2017). Additionally, YqghD was employed as
the aldehyde reduction enzyme based on our previously
published reductase comparison (Lee et al. 2025). The
recombinant E. coli system used to implement this path-
way is shown in Fig. 1b. In this four-step pathway, CAR
catalyzes the ATP-dependent reduction of carboxylic
acids to aldehydes, with NAD(P)H serving as the essen-
tial reducing equivalent for the overall process. Notably,
CAR is a complex multi-domain enzyme that requires a
specific post-translational modification to become cata-
lytically active. This activation is mediated by a phos-
phopantetheinyl transferase (Sfp), which catalyzes the
covalent attachment of a 4’-phosphopantetheine pros-
thetic group from coenzyme A to a conserved serine resi-
due within the peptidyl carrier protein (PCP) domain of
the CAR (Basri et al. 2023 b; Butler and Kunjapur 2020).
This modification converts the inactive apo-CAR into its
functional holo-form, enabling the tethering and subse-
quent reduction of the acyl-adenylate intermediate. To
ensure this essential transition, Sfp was co-expressed in
our engineered platform, establishing a functional bio-
catalytic system for efficient C12 diol production.

Given the ATP requirement of the CAR-catalyzed step,
whole-cell bioconversion experiments were conducted
using 10 mM of initial substrate under varying ATP con-
centrations to evaluate the effect of external ATP supply
on C12 diol production. (Fig. 2). In the absence of exog-
enous ATP, substrate consumption and diol formation
were relatively low, with the 1,12-dodecanediol concen-
tration reaching only 4.8 mM after 24 h (Fig. 2a). In con-
trast, supplementation with 10 mM ATP increased diol
production, reaching about 5 mM after 12 h and approxi-
mately 6.8 mM after 24 h (Fig. 2b). Further increasing the

b)
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ATP concentration to 20 mM resulted in a final titer of
7.6 mM, representing a 1.5-fold increase compared to the
condition without ATP supplementation (Fig. 2c).

These results demonstrate that ATP availability is a key
factor influencing the efficiency of the CAR-mediated
conversion step in whole-cell systems. The observed
increase in diol titers with higher ATP concentrations
confirms that sufficient energy supply is necessary to
achieve improved productivity. This is consistent with
the catalytic mechanism of CAR, which requires the
stoichiometric consumption of ATP to activate the car-
boxylic acid substrate via an acyl-adenylate intermedi-
ate (Akhtar et al. 2013 b). However, since continuous
external supplementation of expensive cofactors is not
economically feasible for large-scale applications, these
findings highlighted the need for an integrated ATP
regeneration system to sustain the bioconversion process
efficiently (Andexer and Richter 2015).

Enhancement of 1,12-dodecanediol production via ATP
regeneration using polyphosphate kinase 2

To overcome the limitations of external ATP supplemen-
tation, a whole-cell bioconversion system was established
using an Escherichia coli strain expressing polyphosphate
kinase 2 (PPK2) from Erysipelotrichaceae bacterium. This
specific PPK2 was chosen based on prior reports and our
comparative evaluation of PPK2-based ATP regenera-
tion under high substrate loading and optimized metal-
ion conditions (Tavanti et al. 2021; Yu et al. 2026). The
introduction of PPK2 aimed to facilitate the internal
regeneration of ATP from AMP, which is generated as a
byproduct during the CAR-catalyzed adenylation step.
The impact of the ATP regeneration system was first
evaluated by comparing diol production in the presence
and absence of PPK2 at various ATP concentrations with
an increased initial substrate concentration of 40 mM
(Fig. 3a). In the absence of PPK2, increasing the exter-
nal ATP concentration led to a modest improvement in
productivity. In particular, the 1,12-dodecanediol titers
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Fig. 2 Effect of ATP concentration on whole-cell bioconversion of 1,12-dodecanediol. Time-course profiles of whole-cell bioconversion were monitored
using 10 mM of initial substrate in the a absence of ATP and in the b presence of 10 mM or € 20 mM ATP
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(b). Asterisks indicate significant differences (*P <0.05)

reached 8.2, 10.1, and 11.2 mM after 12 h for 0, 10, and
20 mM ATP supplementation, respectively (Fig. 3a). This
relatively limited increase in productivity likely stems
from the low permeability of the E. coli cell membrane to
phosphorylated cofactors, a well-documented constraint
in whole-cell biocatalysis (Heuser et al. 2007; Richter et
al. 2010). In contrast, the strain expressing PPK2 exhib-
ited consistently higher diol titers under identical condi-
tions, yielding approximately 12.3 mM with 10 mM ATP
and 12.8 mM with 20 mM ATP at the same time point
(Fig. 3a). This represented a 20—30% increase in produc-
tivity, suggesting that PPK2 effectively regenerates ATP
from the AMP byproduct. In this study, the PPK2 system
was specifically introduced to address the accumulation
of AMP during the CAR reaction. By directly recycling
the AMP byproduct, this targeted strategy provides a
more controllable and efficient energy supply compared
to relying on the cell's complex central metabolism. From
a mechanistic standpoint, the Class III PPK2 from Ery-
sipelotrichaceae was selected because it can phosphory-
late AMP to ATP using polyphosphate, whereas Class I/1I
PPK2 enzymes are typically reported to primarily utilize
ADP (Tavanti et al. 2021). This AMP-recycling activity is
relevant to our system because the CAR-mediated step
continuously generates AMP, and recycling AMP helps
sustain the adenylate pool and ATP availability during
bioconversion. The efficiency of this regeneration system
is highly dependent on the availability of polyphosphate
as a phosphoryl donor (Motomura et al. 2014). There-
fore, diol production was examined at varying concen-
trations of sodium hexametaphosphate (SHMP; polyPy),
the substrate for PPK2 (Yu et al. 2026) (Fig. 3b). In the

absence of exogenous ATDP, increasing the SHMP concen-
tration significantly improved bioconversion efficiency.
The highest diol titer of 20.2 mM was achieved at 20 mM
SHMP, which was approximately 1.4-fold higher than the
titer obtained without SHMP supplementation (Fig. 3b).
This improvement confirms that polyphosphate serves
as a cost-effective and efficient energy source for driving
ATP-demanding biocatalytic processes.

Notably, further increasing the SHMP concentration to
30 mM did not lead to additional improvements in diol
production, and the titers remained stagnant or slightly
decreased (Fig. 3b). This plateau effect may be attributed
to the sequestration of divalent metal ions, particularly
Mg?*, by high concentrations of polyphosphate. Both
CAR and PPK2 generally require divalent metal ions for
their catalytic activity, with Mg>" typically serving as the
most effective cofactor (Basri et al. 2023 a; Cha et al. 2021;
Neville et al. 2022). As reported previously, long-chain
polyphosphates can act as potent chelating agents that
bind to essential metal ions, which can lead to reduced
enzymatic activity (Maier et al. 1999). Consequently, an
excessive supply of SHMP can reduce the availability of
free Mg?* ions in the reaction medium, thereby negat-
ing the benefits of increased phosphoryl donor levels
(Kameda et al. 2001; Sun et al. 2021). While some poly-
phosphate-dependent systems have been reported to
tolerate concentrations up to 100 mM (Ding et al. 2024),
the optimal concentration is highly dependent on the
specific enzyme’s sensitivity to Mg?* availability and the
overall reaction conditions. In this study, 30 mM SHMP
may represent a range where Mg®" chelation begins to
outweigh the benefit of increased phosphoryl donor
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concentration under our reaction conditions. Overall,
these findings demonstrate that the PPK2-based sys-
tem provides a more efficient and sustainable strategy
for ATP supply than direct supplementation, highlight-
ing the importance of precisely optimizing the balance
between polyphosphate and essential metal ions to maxi-
mize bioconversion efficiency.

Comparison of whole-cell and cell-lysate biocatalysis for
1,12-dodecanediol production

Following the evaluation of the ATP regeneration mod-
ule, the performance of 1,12-dodecanediol production
was compared between whole-cell and cell-lysate-based
systems to determine the most efficient reaction envi-
ronment (Fig. 4). Both systems utilized the same enzyme
cascade (CAR and YqhD) and ATP regeneration module
(PPK2), with substrate consumption and product forma-
tion monitored over a 24 h period.

Under whole-cell bioconversion conditions (Fig. 4a),
the substrate was gradually consumed, and 1,12-dodec-
anediol accumulated to 14.8 mM after 24 h of reaction.
Throughout the process, the intermediate 12-hydroxy-
dodecanoic acid (12-HDA) remained at a consistently
low concentration (approximately 4.1-4.4 mM). A molar
deficiency of approximately 15% was observed in the
total mass balance. This discrepancy may be attributed
to the transient nature of the 12-hydroxydodecanal inter-
mediate; as aldehydes are readily consumed by numerous
endogenous alcohol dehydrogenases in E. coli (Richard-
son et al. 2020), this intermediate likely maintains trace
levels that elude standard quantification. Additionally,
the inherent hydrophobicity of C12 chains may lead to
partial adsorption to the cell membrane or reaction ves-
sel, further contributing to the missing substrate fraction.
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This slow but steady conversion profile suggests that
the overall reaction rate in whole-cell systems is likely
constrained due to mass transfer limitations. Mecha-
nistically, the transport of long-chain dicarboxylic acids
across the E. coli cell membrane often represents a major
bottleneck in biocatalysis (Hsieh et al. 2018). The hydro-
phobicity of the C12 substrate and the limited cell mem-
brane permeability can restrict substrate accessibility to
the intracellular enzymes, thereby limiting the effective
catalytic rate.

In contrast, the cell-lysate-based system demon-
strated a significantly enhanced bioconversion rate dur-
ing the initial stages of the reaction (Fig. 4b). The system
achieved a maximum diol titer of 14.9 mM within just
2 h. This performance is comparable to the titer obtained
only after 24 h in the whole-cell system, representing a
12-fold increase in initial volumetric productivity. The
elimination of the cell membrane barrier in the lysate
system allows for direct interaction between substrates,
cofactors, and enzymes, effectively overcoming the mass
transfer resistance typical of whole-cell systems.

Furthermore, the cell-lysate system allows for the pre-
cise adjustment of ATP and NADPH levels, bypassing
the metabolic and transport constraints of whole cells
(Hodgman and Jewett 2012). This control is essential for
satisfying the high energy demands of the CAR-mediated
pathway through direct optimization of the reaction
medium (Ling et al. 2025). These results indicate that
while whole-cell biocatalysis offers simplicity in terms
of process preparation, the cell-lysate-based approach is
a more advantageous and efficient platform for the high-
rate production of 1,12-dodecanediol. Consequently, the
cell-lysate system was adopted as the main platform for
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Fig. 4 Comparison of whole-cell and cell-lysate biocatalysis for 1,12-dodecanediol production. Time-course profiles of 1,12-dodecanediol production
were compared between a whole-cell bioconversion and b cell-lysate-based enzyme conversion. The concentrations of 1,12-dodecanedioic acid, 12-hy-

droxydodecanoic acid, and 1,12-dodecanediol were monitored over time
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subsequent optimization of reducing equivalents and
metal ion concentrations.

Optimization of Mg?* and redox cofactor supply in ATP
regeneration-driven biocatalysis
Since both CAR and PPK2 require divalent metal ions
to maintain their catalytic architecture and stability, the
concentration of Mg>* was systematically optimized
under the established ATP regeneration conditions
(Fig. 5). The 1-hour conversion rate was selected for
optimization to evaluate the impact of different param-
eters during the initial high-activity phase of the multi-
enzyme cascade. Product formation typically approached
a plateau within ~2 h, which is consistent with time-
dependent limitations in the crude lysate environment,
including gradual activity loss and/or changes in effective
cofactor or metal-ion availability. In this optimization,
the Mg?* concentration was prioritized to establish the
baseline requirement for enzymatic activity under fixed
phosphoryl donor levels. Furthermore, to enhance the
economic viability of the process, the feasibility of using
NADH was evaluated as a more affordable and stable
alternative to NADPH. Although CAR is conventionally
classified as an NADPH-dependent enzyme, recent stud-
ies have demonstrated its capacity to utilize NADH as an
alternative cofactor with comparable conversion levels
(Horvat and Winkler 2020; Ling et al. 2025). These find-
ings led to an evaluation of different redox cofactor types
and concentrations to maximize conversion efficiency.
The effect of redox cofactor supply was first evalu-
ated by comparing the conversion rates without exter-
nal supplementation and with varying concentrations of
NADPH or NADH (Fig. 5a). In the absence of an external
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redox cofactor, a baseline conversion rate of approxi-
mately 33% was observed, likely supported by endoge-
nous cofactors present in the cell lysate. Supplementation
with 2 mM NADPH improved the conversion rate to
approximately 41%, while 2 mM NADH yielded a com-
parable level of around 40% (Fig. 5a). This indicates that
YqhD (the NADPH-dependent alcohol dehydrogenase)
can utilize both cofactors to facilitate the final reduc-
tion step in the lysate system. Since the entire conver-
sion pathway from dodecanoic acid to 1,12-dodecanediol
requires a continuous supply of reducing equivalents for
both CAR and YqhD, it is important to further consider
how the added NADH supports the upstream enzymatic
steps, particularly those catalyzed by CAR. Recent struc-
tural studies suggest that many CAR enzymes, especially
those in the Type I family such as MAB4714, possess a
conserved Rossmann-fold domain that provides the
structural plasticity to utilize both NADPH and NADH
(Horvat and Winkler 2020; Ling et al. 2025). This implies
that MAB4714 may directly utilize NADH to facilitate
the reduction of the acid substrate, even though NADPH
is the conventionally preferred cofactor.

Data represent the mean+SD (n=3). Statistical sig-
nificance was determined by two-way ANOVA followed
by Holm-Sidak post-hoc test. Significant differences are
indicated by asterisks (*P<0.05, **P<0.01, ***P<0.001).
Non-significant differences (P>0.05) are not explicitly
shown for visual clarity.

Furthermore, the comparable performance observed
with NADH in the crude lysate system may also reflect
the action of endogenous pyridine nucleotide transhy-
drogenases, such as UdhA and PntAB, which facilitate
cofactor redistribution between NADH and NADPH
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Fig. 5 Effect of redox cofactor type and MgCl, concentration on ATP regeneration—driven 1,12-dodecanediol production in enzyme-based conversion.
a Effect of reducing cofactor type and concentration on 1,12-dodecanediol production was evaluated under ATP regeneration conditions. Bioconversion
reactions were performed with either NADPH or NADH supplied at indicated concentrations, while MgCl, concentration was fixed at 10 mM. A control
reaction without added NAD(P)H was included for comparison. C12 diol conversion was determined after 1 h of reaction. b Comparison of NADPH and
NADH as redox cofactors for 1,12-dodecanediol production at various MgCl, concentrations, with the cofactor concentration fixed at 2 mM
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within the E. coli metabolic network (Clarke et al., 1986
and Sauer et al. 2004). This metabolic interplay likely
enables the system to effectively utilize NADH as an
indirect reducing equivalent source by channeling reduc-
ing power into the NADPH-dependent catalytic steps.
Therefore, the high efficiency observed with NADH likely
arises from a synergistic effect between possible enzyme-
level cofactor flexibility and the metabolic capacity of the
host lysate, providing a robust and cost-effective route
for long-chain diol production. Nevertheless, increas-
ing the cofactor concentration to 4 mM or 8 mM did not
lead to further improvements. Instead, a slight decline
was observed, suggesting that excessive concentrations of
reducing equivalents may cause inhibitory effects or non-
specific interactions that limit the overall flux.

The role of Mg®" was then examined under both
NADPH and NADH conditions to address the metal ion
demands of the system (Fig. 5b). In the absence of addi-
tional MgCl,, the conversion rate remained between
33% and 37%. As the MgCl, concentration increased, the
conversion rate improved significantly for both cofac-
tors, with a marked increase observed in the 40-70 mM
range. The highest conversion level for NADPH (69.4%)
was achieved at 100 mM MgCl,, while the conversion
for NADH reached approximately 60% at 70 mM and
remained stable up to 130 mM (Fig. 5b). One possible
explanation for the relatively high Mg®" requirement is
the sequestration of divalent cations by polyphosphate,
which is known to bind metal ions and may decrease the
effective concentration of free Mg®* available for PPK2-
mediated catalysis (Klompmaker et al. 2017; Nocek et al.
2018). By providing Mg* in excess of the binding capac-
ity of the polyphosphate (SHMP), sufficient free ions are
made available to stabilize the enzyme-ATP complexes
of both CAR and PPK2 (Neville et al. 2022). Notably, at
130 mM MgCl,, the conversion rate for NADPH showed
a slight decline to 59%, possibly due to increased ionic
strength or the inhibition of CAR by excessive divalent
cations (Miiller et al. 2019; Strohmeier et al. 2020).

The efficient production of diol despite low exogenous
NAD(P)H supplementation (2 mM) further highlights the
significant role of endogenous metabolism in this plat-
form. Control experiments showed that the addition of
1% (w/v) glucose is essential for providing the necessary
reducing equivalents (Supplementary Figure S1). While
endogenous glucose metabolism provides a baseline
NAD(P)H supply, the intentionally designed ATP regen-
eration system remains a key regulator for optimizing the
overall reaction rate (Tang et al. 2021). This metabolic
synergy is further enhanced by Mg®" supplementation,
which likely accelerates both the target enzymatic activity
and the endogenous glycolytic flux by serving as an indis-
pensable cofactor for key enzymes such as hexokinase
(Garfinkel and Garfinkel 1985).
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Comparing the two cofactors, the Mg?**-dependent
conversion profiles showed that although NADPH gen-
erally provides higher peak conversion, NADH remains
a highly effective alternative across a wide range of Mg*"*
concentrations. From an industrial perspective, the
ability to use NADH, which is recognized for its supe-
rior stability and significantly lower cost compared to
NADPH(Cheng et al. 2025), represents a major advan-
tage for large-scale production.

To compare the performance of the optimized plat-
form, the 1,12-dodecanediol production parameters
achieved in this study were compared with previously
reported biocatalytic routes (Table 2). Various Esch-
erichia coli-based platforms have been developed using
substrates such as dodecanoic acid or w-hydroxy fatty
acids. However, most reported systems rely on whole-
cell bioconversion and require extended reaction times
of 24-48 h to achieve comparable titers (Ahsan et al.
2018; Hsieh et al. 2018). In contrast, the cell-lysate system
developed here achieved high-rate bioconversion and
reached significant diol concentrations within just 1-2 h.
This substantial improvement in volumetric productiv-
ity is primarily due to the elimination of mass transfer
limitations and the precise optimization of cofactor and
metal ion availability. These findings demonstrate that
balancing ATP regeneration with optimized Mg** levels
and utilizing NADH-based strategies provide a practical
and cost-effective framework for efficient 1,12-dodecane-
diol production.

However, several challenges remain for scale-up of the
cell-lysate platform. The primary limitation is the need
for exogenous supplementation of costly cofactors such
as NAD(P)H, ATP, and SHMP, and future work should
incorporate dedicated cofactor recycling modules (e.g.,
GDH or FDH-based NAD(P)H regeneration) to improve
controllability and reduce cofactor-related costs. Addi-
tionally, while wild-type enzymes provided a solid foun-
dation for system-level optimization, future engineering
of MabCAR and YqhD to enhance substrate specific-
ity and catalytic efficiency may further improve overall
productivity. Catalyst stability and reusability will also
be important considerations for extended operation,
motivating strategies such as immobilization or contin-
uous-flow implementation. By addressing these scaling
challenges, the high-rate platform developed in this study
could provide a practical and economically feasible route
for the rapid production of bio-based long-chain diols.

Conclusion

In this study, the effects of ATP regeneration strate-
gies, reaction system selection, and cofactor supply
conditions on conversion efficiency were systematically
investigated for the CAR-based biocatalytic production
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Table 2 Comparison of biocatalytic production of C12 diols
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Substrate Product Genes Yield Reac- Produc- Conversion Reactor Refer-
(Initial conc., mM) (Final conc., (g/L) tion tivity rate (%) ence
mM) time (g/L/h)*®
(h)
w- 1,12-Dodecane- MmCAR+Sfp+endog- 197g/L 15h 0.131° 97% Flask (Ahsan et
Hydroxydodecanoic acid (10 mM)  diol (9.7 mM) enous ALRs al.2018)
w- 1,12-Dodecane-  MmCAR+ Sfp+GDH 50g/L  24h 0.208° 82% Flask (Ahsan et
Hydroxydodecanoic acid (30 mM)  diol (24.7 mM) al. 2018)
Dodecanoic acid 1,12-Dodecane- CYP153A33+CamAB 140g/L 15h 0.093° 96% Flask (Ahsan et
— W-OHDDA (7mM) diol (6.7 mM) — MmCAR+ Sfp + GDH al.2018)
Dodecane + 1-dodecanol (fed- 1,12-Dodecane-  Reconstituted 376g/L 715h 0.055° N.R. (Not 5L (Hsieh et
batch, 120 g/L broth) diol (=186 mM)  CYP153A(M.aq) operon Reported) bioreactor al.2018)
+ AlkL
1-Dodecanol (10 mM) 1,12-Dodecane-  CYP153A33 144g/L 5h 0.288° 71.2% Flask (Park et
diol (7.12 mM) P136A+CamA/ al. 2022)
CamB+FadL
a,w-Dodecanedioic acid (10 mM) 1,12-Dodecane- CAR-Sfp cell+ ADH2- 138g/L 24h  0.058° 68.2% Flask (Cha et
diol (6.82 mM) GroES/EL-DnaK/J/E cell al. 2021)
w- 1,12-Dodecane- MAB4714 198g/L 17h 0.116° 97.7% Flask (Chaet
Hydroxydodecanoic acid (10 mM)  diol (9.77 mM) CAR+ Sfp+endog- al. 2021)
enous ADH
Dodecanoic acid methyl ester (100 1,12-Dodecane-  PpAIkB+AIkG/T+FadlL 546g/L 48h 0.114° 27.0% Flask (Yoo et
mM) diol (27.0 mM) +MmCAR+ Sfp al. 2022)
Bio-based 1,12-diacid (fed-batch, 1,12-Dodecane- MmCAR+Sfp+endog- 680g/L 48h 1.42° =~100% 5L (Park et
150 g/L broth) diol (=336 MM)  enous ADH/AKR fermenter  al. 2025)
1,12-Dodecanedioic acid (40mM) 1,12-Dodecane- MAB4714 560g/L 1h 56° 69.4% Flask This
diol 27.7mM) CAR+ Sfp+yghD+PPK2 study

CAR, carboxylic acid reductase; Sfp, phosphopantetheinyl transferase; ALRs, aldehyde reductases; GDH, glucose dehydrogenase; CYP153A33, cytochrome P450
monooxygenase; CamAB, camphor 5-monooxygenase system (CamA: reductase, CamB: ferredoxin); AlkL, outer membrane protein; FadL, long-chain fatty acid
transporter; ADH, alcohol dehydrogenase; AKR, aldo-keto reductase; GroES/EL and DnaK/J/E, molecular chaperones; PpAlkB, alkane hydroxylase; AIkG/T, rubredoxin/

rubredoxin reductase system; PPK2, polyphosphate kinase 2

2 Whole-cell system: Productivity calculated based on the bioconversion time (reaction period only, excluding cultivation)

b Fermentation system: Overall process productivity calculated based on the entire duration, including cell cultivation and product accumulation

¢ Cell-lysate system: Productivity calculated based on the total bioconversion time

of 1,12-dodecanediol from 1,12-dodecanedioic acid.
Whole-cell bioconversion experiments demonstrated
that ATP availability is an important factor for C12 diol
production, and the introduction of a PPK2-based ATP
regeneration system enabled more efficient and sustained
ATP supply compared with simple external ATP supple-
mentation. Comparison of whole-cell and cell-lysate-
based biocatalysis showed that both systems achieved
similar final product titers. However, the cell-lysate sys-
tem reached these titers much faster, resulting in higher
time-based productivity. This acceleration may be attrib-
uted to the elimination of mass transfer limitations and
the bypassing of cell membrane barriers, enabling high-
rate bioconversion within 1-2 h compared to the 24—48 h
typically required in whole-cell systems. Based on this
result, subsequent cofactor effect analyses were con-
ducted using the cell-lysate system. Under ATP regenera-
tion conditions, Mg?* concentration and redox cofactor
supply were identified as key factors influencing conver-
sion efficiency. When sufficient Mg?* supply and ATP
regeneration were ensured, NADPH and NADH resulted
in comparable conversion efficiencies. This finding

indicates that NADH, which is more favorable in terms
of cost and availability, can serve as an effective alterna-
tive to NADPH in CAR-based C12 diol biocatalysis. This
compatibility with NADH is particularly significant from
an industrial perspective, as it allows for a substantial
reduction in operating expenses and enhances the eco-
nomic competitiveness of large-scale bio-based C12 diol
production. These results provide a practical strategy for
reducing cofactor related costs and improving the eco-
nomic feasibility of C12 diol production processes. Spe-
cifically, a productivity of 5.60 g/L/h was achieved under
optimized conditions, representing one of the highest
reported values for flask-scale 1,12-dodecanediol pro-
duction. Overall, this study highlights the importance of
balancing ATP regeneration, reaction system selection,
and cofactor supply conditions for achieving efficient
C12 diol production. While further optimization regard-
ing cofactor recycling and enzyme stability is required
for successful industrial scale-up, our current expression
system, based on the pCDFDuet-1::ppk2 vector, was pre-
designed with an additional multiple cloning site (MCS)
to accommodate a NAD(P)H regeneration module.
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Future efforts will concentrate on the co-expression of a
redox-regenerating enzyme, such as glucose dehydroge-
nase (GDH), within this vacant MCS to establish a more
controllable and economically feasible dual-regeneration
platform. These findings provide a promising foundation
for the practical and economically feasible production of
bio-based diols.
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