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Abstract

This thesis focuses on the characterization of Coniferyl aldehyde dehydrogenase (CALDH) and
cofactor regeneration involved in the biotransformation process from 5-Formyl-2-furancarboxylic
Acid (FFCA) to 2,5-furandicarboxylic acid (FDCA) using NADH oxidases. FDCA is a building
block of bio-based polymers like polyethylene furanoate (PEF), which serves as a sustainable
alternative to traditional Polyethylene terephthalate (PET) plastics. However, the biocatalytic
process faces efficiency challenges due to, for example, the limited availability of cofactors like
NAD", which are essential for the catalytic activity of enzymes involved in this conversion. In
this study, the enzyme CALDH (previously characterized from Gluconobacter oxydans
DSM50049 genome) was purified and characterized to determine its cofactor and substrate
specificity. CALDH was characterized to use HMF, FFCA, and furfural as substrates. The
conversion of FFCA to FDCA and the catalytic ability of CALDH were assessed at different
enzyme and substrate concentrations. Additionally, a system for NAD+ regeneration with Nox
(NADH oxidase) was assayed, which improved FDCA yield threefold. The results demonstrated
that the cofactor regeneration system significantly improved the yield of FDCA, offering a

potential solution for the production of bio-based plastics.

Keywords
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Popular Abstract

The environmental impact of fossil-based plastics has become increasingly alarming, with global
plastic production climbing from 370 million tonnes in 2018 to 400 million tonnes in 2022.
Despite the urgent need for change, fossil-based plastics still dominate the market, accounting for
90.6% of total production in 2022, while bio-based plastics represent only a tiny fraction at 0.5%.
The small amount of bioplastics highlights the vast potential and necessity for expanding the
development of sustainable alternatives. One particularly promising biobased material is
polyethylene furanoate (PEF), which is produced from 2,5-furandicarboxylic acid (FDCA).
Unlike traditional PET, PEF offers better barrier properties and is recyclable, making it an ideal

candidate for the next generation of sustainable plastics.

The parent molecule for FDCA is 5-hydroxymethylfurfural (HMF), which is obtained by
dehydration of fructose or glucose, the components of sugar. Transformation of HMF to FDCA
requires a series of 3 oxidation reactions that can be achieved by chemical or enzymatic catalysis.
Chemical catalysis using noble metal catalysts is not environment friendly. On the other hand,
enzymatic catalysis occurs under mild conditions but needs help of cofactors for transfer of
electrons. The cofactor needs to be regenerated for its repeated use. A commonly used cofactor
in living systems is Nicotinamide adenine dinucleotide (Phosphate) oxidized form (NAD(P)+)
that is reduced to Nicotinamide adenine dinucleotide (Phosphate) reduced form (NAD(P)H)

during electron transfer.

Earlier research at Division of Biotechnology, Lund University has shown that bacteria called
Gluconobacter oxydans catalyses two of the three oxidation steps from HMF to FDCA. This
thesis focuses on characterizing the enzyme Coniferyl Aldehyde Dehydrogenase (CALDH) from
Gluconobacter oxydans that catalyses the last oxidation step for transforming 5-formyl-2-
furancarboxylic acid (FFCA) to FDCA and studying the effect of cofactor regeneration using
another enzyme NADH oxidase. The enzyme was purified and its activity with different
substrates and cofactors (NAD+/NADP+) studied. Additionally, a new system was developed to
recycle NAD+ and improved FDCA vyield threefold. The results are promising, showing that this
cofactor regeneration system could greatly enhance the efficiency of producing FDCA on a larger

scale.
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List of acronyms and abbreviations
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FFCA 5-Formyl-2-furancarboxylic Acid
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HMFCA 5-hydroxymethyl-2-furancarboxylic acid

NADH Nicotinamide adenine dinucleotide (reduced form)

NAD* Nicotinamide adenine dinucleotide (oxidized form)

NADPH Nicotinamide adenine dinucleotide phosphate (reduced form)
NADP* Nicotinamide adenine dinucleotide phosphate (oxidized form)
NOX NADH oxidase

PCR Polymerase chain reaction

PEF polyethylene furanoate

PET polyethylene terephthalate

SUMO Small Ubiquitin-like Modifier



1 Introduction

1.1 From biomass to plastic Background

Plastic is an indispensable material widely used across various fields. Global plastic production
has skyrocketed in recent decades and reaches approximately 400.3 million tons in 2022 [1].
However, only about 9% of all plastic ever produced has been recycled, with the vast majority—
nearly 79%—ending up in landfills, incineration, or the environment as waste. The total plastic
production in Europe is 58.7 million tons, 47.8 million tons were based on fossil fuels, which
contributes significantly to greenhouse gas emissions [2]. Based on current trends, greenhouse
gas emissions from plastic production and disposal are estimated to reach 1.34 Gt annually by
2030 [3]. Using bio-based materials as the feedstock for plastic production facilitates the
industrial transition from fossil fuel dependence to more sustainable practices. Biomass is a rich
and sustainable source of hexose including glucose and fructose, which can be further converted

to building blocks of biopolymers through biotechnology methods [4].
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Scheme 1. Different routes for FDCA production. HMF: 5-hydroxymethylfurfural. DFF: 2,5-
diformylfuran. HMFCA: 5-hydroxymethyl-2-furancarboxylic acid. FFCA: 5-Formyl-2-furancarboxylic
Acid. FDCA: 2,5-furandicarboxylic acid.

5-hydroxymethylfurfural (5-HMF) which is obtained by the dehydration of hexose has a potential
as a platform molecule for production of 2,5-furandicarboxylic acid (FDCA), 2,5-diformylfuran
(DFF), levulinic acid, furfuryl alcohol and other chemicals [5]. Considering the policies on the
limitation of plastic consumption along with carbon footprint and the transition to sustainable
economy and industries, the FDCA was ranked by the U. S. Department of Energy (DOE) as the

second bio-based compound with high future capacity. Hence, expected FDCA market potential



is high and the market value is estimated to grow from $441.5 million in 2020 to $857.3 million
by 2028 [6, 7]. FDCA is an essential bio-based chemical which can be used to produce
polyethylene furanoate (PEF). PEF is a bio-based plastic with better thermal and mechanical
properties than polyethylene terephthalate (PET) [8]. It has placed PEF in a strategic position to

offer more sustainable solutions to industries.

5-HMF consists of a furan ring with an aldehyde group at the 2-position and a hydroxymethyl
group at the 5-position. The conversion of HMF to FDCA involves a series of oxidation reactions,
with two different strategies based on the oxidation order of functional groups (Scheme 1). In the
first strategy, the hydroxymethyl group of 5-HMF is initially oxidized to an aldehyde group which
forms DFF. Then each aldehyde group on DFF is oxidized to carboxylic acid groups, first
generates 5-Formyl-2-furancarboxylic Acid (FFCA) and eventually results in FDCA. In another
approach, the aldehyde group of 5-HMF is oxidized to form 5-hydroxymethyl-2-furancarboxylic
acid (HMFCA), followed by the oxidation of the hydroxyl group to yield FFCA which is
subsequently oxidized to FDCA [9].

5-HMF can be oxidized to FDCA using noble metal catalysts such as gold (Au), platinum (Pt),
palladium (Pd), and ruthenium (Ru) under alkaline conditions [10]. However, this process
presents several significant challenges. The addition of a base leads to the formation of byproduct
salts, necessitating subsequent separation steps. The reaction also requires high temperatures and
the use of costly noble metal catalysts, which collectively elevate the operational costs and
complicate the downstream process [11]. Biocatalysis with whole cells or enzymes can address

these shortcomings, providing another potential solution.

1.2 Related work on FDCA production and Problems

Koopman et al. identified a AmfH gene that encodes an oxidoreductase from Cupriavidus
basilensis HMF 14, which can catalyze all three oxidation steps from HMF to FDCA [12]. Then
to achieve whole cell catalysis, the smfH gene was introduced into Pseudomonas putida S12, a
strain that is known for its tolerance to toxic substrates[13]. FDCA production through
biotransformation has been achieved, however, the process is inefficient. Fed-batch fermentation
experiments showed a 97% FDCA vyield from HMF after 117.4 hours of cultivation [14]. To
further enhance efficiency of whole cell catalysis, Yuan et al. overexpressed amfH in Raoultella
ornithinolytica BF60 and reached 93.6% FDCA yield from HMF in 120 hours. Results showed
the accumulation of HMFCA and FFCA during the fermentation, suggesting that the two



reactions involved in the oxidation of HMFCA and FFCA are rate-limiting steps in FDCA
production [15, 16].

Due to the toxicity of HMF to enzymes, reports on enzymatic catalysis for the production of
FDCA are relatively limited. Since the conversion of HMF to FDCA requires a series of oxidation
reactions, it is typically catalyzed with enzyme cascades [11]. For example, Krysof reported a
method that use a combination of lipases and a silica-based immobilized TEMPO (2,2,6,6-
tetramethylpiperidine-1-oxyl) catalyst. TEMPO first oxidized the aldehyde groups in HMF to
yield 2,5-diformylfuran (DFF). Then, lipases are used to generate organic peracids in situ, which
then selectively oxidized DFF to FDCA [17]. McKenna used galactose oxidase and aldehyde
oxidase PaoABC achieved one-pot conversion from HMF to FDCA and had a 97% conversion
rate of 10mM HMF in 1 hour [18]. In addition, Karich et al. achieved a biotransformation of HMF
to FDCA by utilizing aryl alcohol oxidase, peroxygenase, and galactose oxidase from different

sources [19].

Sayed et al. utilized Gluconobacter oxydans DSM 50049 as whole cell catalyst for the conversion
of HMF to HMFCA. Under optimized conditions at pH 7 and 30 °C, a 100% conversion of HMF
was achieved in 12 hours of reaction time [20]. The subsequent work identified a novel Coniferyl
Aldehyde Dehydrogenase (CALDH) from Gluconobacter oxydans DSM 50049, which is
responsible for the oxidation of HMF. Additionally, CALDH has been found to have the
capability to oxidize FFCA to FDCA, a process significantly enhanced by the addition of the
cofactor Nicotinamide adenine dinucleotide (NAD"), which can be a potential solution of the
speed-limiting step of FDCA production. However, due to the inability to purify CALDH in the
pervious study, crude lysate was used for research, which introduces certain limitations to the

experimental results.

1.3 Aldehyde dehydrogenase and Coniferyl aldehyde dehydrogenase

Aldehyde dehydrogenases (ALDHs) (EC 1.2.1.3, EC 1.2.1.4) are a family of enzymes that catalyze
the oxidation of aldehydes to their corresponding carboxylic acids. ALDHs act on a wide range of
substrates, including aliphatic and aromatic aldehyde. ALDHs have diverse physiological roles and
have been extensively studied in human models. ALDHs oxidize aldehydes to less toxic carboxylic
acids, thereby playing a critical role in detoxification [21]. Additionally, ALDHs are involved in
biosynthesis, such as converting retinaldehyde to retinoic acid, a hormone crucial for regulating
embryonic development, inducing cell differentiation, and exerting anti-tumor effects [22]. Moreover,
ALDHs may also protect cells from oxidative damage [23]. Mutations or knockouts of ALDHs in

humans are often associated with various diseases [24].



The catalytic activity of ALDHs relies on NAD* or NADP* as cofactors which is converted NADH or
NADPH in the process. NAD* or NADP" serves as the electron acceptor during the oxidation of
aldehydes (-CHO) to carboxylic acids (-COOH), receiving a proton (H") and two electrons (2¢°) from
the aldehyde. Due to the increased availability of these cofactors as electron acceptors, higher cofactor
concentrations can accelerate ALDH oxidation catalyzed by ALDHs. Conversely, elevated levels of

NADH or NADPH may inhibit ALDH activity through feedback inhibition mechanisms [24] .

Additionally, there are reports showing that ALDHs can catalyze other reactions. Hong observed that
an ALDH from Bacillus cereus could oxidize retinal to retinoic acid in the presence of high NADP*
concentrations. However, as the ratio of NADPH to NADP" increased, the ALDH also exhibited the
ability to reduce retinal to retinol [18]. Byers discovered an ALDH from Vibrio harveyi that, in
addition to oxidizing aliphatic aldehydes, could also reduce acyl-CoA and catalyze the cleavage of

thioester bonds [19].

Coniferyl aldehyde dehydrogenase (1.2.1.68) is a specific enzyme belonging to the aldehyde
dehydrogenases (ALDH) family. There are not many reports on CALDH, with the first instance of its
purification and characterization being from Pseudomonas sp. HR199. The natural substrate of
coniferyl aldehyde dehydrogenase is coniferyl aldehyde, which is oxidized to ferulic acid in the
presence of NAD™ or NADP* as cofactor [25]. Like other ALDHs, CALDH can also catalyze aromatic
aldehydes, there are reports that CALDH can oxidize benzaldehyde, cinnamaldehyde, vanillin and
sinapyl aldehyde. However, it is important to note that aliphatic aldehydes cannot serve as substrates

for CALDH [25, 26].

1.4 NADH oxidase for cofactor regeneration

Notably, NAD" is a costly chemical, with prices reaching approximately €80 per gram [27], which
could substantially increase production costs, especially in large-scale processes. To address this
challenge, one potential solution is the introduction of a cofactor regeneration system (Scheme 2).
Such a system would continuously recycle NAD", thereby reducing the need for constant resupply

and creating a more efficient and cost-effective biocatalytic system.
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Scheme 2. The cofactor regeneration system in the production of FDCA
Write the cofactor regeneration in the scheme with NAD(P)+ and NAD(P)H



NADH oxidases (Nox) are found across a wide range of organisms, including bacteria, archaea,
and eukaryotes. (E.C. 1.6.3.3 and E.C. 1.6.3.4), which can catalyze the oxidation of NADH to
NAD", with the reduction of O; to either H>O, or H,O. The generation of NAD* by NOX is crucial
as NAD" serves as a vital cofactor in numerous metabolic pathways, including ATP production
through oxidative phosphorylation, as well as glycolysis [28]. By oxidizing NADH to NAD",
NADH oxidase helps protect some acrotolerant anaerobes from the potentially harmful effects of
an oxygen-rich environment. This protective mechanism allows these organisms to tolerate and

survive in environments where oxygen presents [29].

The activity of Nox is dependent on flavin adenine dinucleotide (FAD) as cofactor. Cysteine 44
is highly conservative in the NADH binding site, which is essential to the formation of water
during the oxidation of NADH [30]. The thiol group (-SH) in cysteine can be oxidized to sulfenic
acid (-SOH) state and then be reduced back to the thiol form, facilitating the formation of water
through the redox cycling (Scheme 3). In this process, the reaction between NADH and oxygen
produces hydrogen peroxide, which is reduced by Cys, forming Cys-SOH and water. Then the
intermediate Cys-SOH is then further reduced by NADH back to Cys-SH and produces water. As
a result, the oxidation of two equivalents of NADH leads to the formation of two equivalents of

water [31].
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Scheme 3. Illustration of the conservative cysteine function in NADH oxidase [31].

Many researchers have utilized Nox to enhance cofactor regeneration in the biotransformation
process that required NAD" as cofactor. For example, in the oxidation of 1-methionine, a process
catalyzed by l-phenylalanine dehydrogenase from Rhodococcus sp., the introduction of NADH

oxidase from Lactococcus lactis for NAD" regeneration resulted in a significant increase in the



conversion rate of L-methionine from 28% to 100% [32]. Similarly, in another research, Nox
from Streptococcus mutans was introduced into E. coli combined with xylitol-4-dehydrogenase
for the conversion of xylitol to L-xylulose. The presence of Nox not only increased the
concentration and productivity of L-xylulose but also led to a rise in intracellular NAD"
concentration [33]. Moreover, the expression of Nox from Streptococcus pyogenes in E. coli
resulted in a twofold increase in the yield of L-xylulose from L-arabinitol [34]. These examples
collectively illustrate the versatility and effectiveness of Nox in improving cofactor regeneration

and enhancing productivity in various biotransformation systems.

1.5 Goals

The overall goal of the Master’s project is to evaluate the potential of NAD(P)H oxidase in
recycling of the cofactor and in turn improve the efficiency of the CALDH catalyzed oxidation

of FFCA to FDCA.
The specific goals of the project are:

e  Purification of CALDH and NOx

e Characterization of CALDH with respect to cofactor specificity and substrate specificity, and the
effect of varying substrate and enzyme concentrations

e  Coupling the CALDH catalyzed FFCA to FDCA reaction with cofactor regeneration by Nox

e  Construct co-expression vector for NOX and mbp-CALDH.

2 Materials and Methods

2.1 Materials

The E. coli BL21 (DE3) used in experiments was from Sigma-Aldrich (Burlington, USA). The
plasmid pET28-a (+), pMAL-c5E and pRSFDuet-1 was from Novagen (Madison, WI, USA). The
Luria-Bertani (LB) broth was prepared with 10 g peptone, 5 g sodium chloride and 5 g yeast
extract suspended in 1-liter Mili-Q water. The equipment and analysis were specified when

mentioned.
2.2 Bacteria cultivation, proteins expression and purification

2.2.1  Cultivation and induction of protein expression

The enzymes in this study were all expressed in the E. coli BL21. Four genes encoding for
coniferyl aldehyde dehydrogenase were expressed (Table 1): one with the native codon sequence

from G. oxydans DSM50049 and another with a codon-optimized sequence for E. coli. To
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increase the solubility of CALDH, the recombinant protein was fused with either Small Ubiquitin-
like Modifier (SUMO) or large maltose binding protein (MBP).

To cultivate bacteria and produce the target enzymes listed in Table 1, the preculture of E. coli
BL21 was cultivated overnight in LB broth with the appropriate antibiotic (50 ug/mL kanamycin
or 100 pg/mL Ampicillin (Table 1) at 37°C and 220 RPM. The preculture was then used as an
inoculum in a larger volume of LB media with appropriate antibiotic to a starting optical density
(ODgoonm) of 0.1 and cultivated under the same conditions until the ODsoonm reached 0.6. The
incubator temperature is lowered to 16°C before starting the induction with isopropyl B-d-1-
thiogalactopyranoside addition according to the Table 1. Induction was carried out at 16°C and
180 RPM for 24 hours in orbital Shaker (Kuhner, Switzerland). Cells were harvested by
centrifugation at 6,000 RPM (4,307 RCF) for 30 minutes at 4°C with Sorvall Lynx 4000
superspeed centrifuge (Thermo Scientific™, USA) for subsequent protein purification and other

purposes.

Table 1. Proteins that expressed in this study, its host cell and expression condition

Enzymes Expression Host Antibiotics Medium Expression
NADH oxidase E. coli BL21 (DE3)  Kanamycin L““a'%‘;gglm (@B) " ).10 mM IPTG, 16 °C, 24 hours
Coniferyl aldehyde . .
dehydrogenase E. coli BL21 (DE3)  Kanamycin Lurla-]iergt;lm (LB) 0.15 mM IPTG, 16 °C, 24 hours
(Non-optimized)
Coniferyl aldehyde . .
dehydrogenase E. coli BL21 (DE3)  Kanamycin Luria-Bertani (LB) 0.15 mM IPTG, 16 °C, 24 hours
. broth
(Optimized)
SUMO-Coniferyl aldehyde E. coli BL21 (DE3)  Kanamycin -Uria-Bertani(LB) o 15\ \11p1G, 16 °C, 24 hours
dehydrogenase broth
MBP-Coniferyl aldchyde E. coliBL21 (DE3)  Ampicilin  -oria-Bertani(LB) o 15 \11p1G, 16 °C, 24 hours

dehydrogenase

broth

2.2.2  Protein Purification

Akta start protein purification system (Cytiva, USA) was used for enzyme purification. The
purification of all proteins in this study is based on the affinity method. The MBPTrap™ HP 1mL
(Cytiva, USA) column was used to purify MBP-CALDH. The binding buffer contained 20 mM
Tris-HCI, 200 mM NaCl, pH 7.4. The elution buffer was the binding buffer supplemented with
10mM Maltose. First, cells were resuspended in 15mL binding buffer and sonicated with pulse 1

second on and 1 second off, 20% amplitude for 20 minutes with sonicator Fisherbrand™ Model



120 Sonic Dismembrator (Thermo Scientific™, USA). Total lysate was centrifuged at 13,000
RPM (20,217 RCF) for 30 minutes at 4°C with Sorvall Lynx 4000 superspeed centrifuge (Thermo
Scientific™, USA). The soluble fraction was collected and filtered with 0.45um filter. The flow
rate for purification was 1mL/min, and after all the soluble fraction flowed through the column,
the column was washed with 6 column volume of binding buffer and the isocratic elution with 6
column volume of elution buffer. Five fractions were collected, the volume of each fraction was

1.5 mL.

For the purification of the other enzymes (spNox, CALDH optimized, CALDH non-optimized
and SUMO-CALDH), HisTrap™ HP 1mL was used based on the immobilized metal ion affinity
chromatography (IMAC). The binding buffer consisted of 20 mM sodium phosphate, 0.5 M NaCl,
20mM imidazole at pH 7.4. The elution buffer was composed of 20 mM sodium phosphate, 0.5
M NaCl and 500 mM imidazole at pH 7.4. The sonication procedure and the settings on Akta start

remained the same as previously described.

After the purification, SDS-PAGE analysis of the purified fractions, soluble fractions, and
insoluble fractions was performed using 10% Mini-PROTEAN TGX Stain-Free Precast Gels
(BioRad, USA) and a Mini-PROTEAN Tetra Vertical Electrophoresis Cell (BioRad, USA).
Electrophoresis was conducted at 80V for 15 minutes, followed by 160V for 45 minutes. The dye
solution was prepared by mixing 2-mercaptoethanol and bromophenol blue in a 3:1 ratio with the
sample. NanoDrop 1000 Spectrophotometer (Thermo Scientific™, USA) was used to determine
the protein concentration based on the absorbance at 280 nm with the molecular weight and

extinction coefficient of the corresponding protein.

2.3 Characterization of enzymes and cofactor regeneration with purified enzyme
2.3.1 Characterization of CALDH

The reaction was carried out in a 24-well deep well plate with a reaction volume of 1.5 mL at
30°C and 700 RPM. The deep well plate was incubated in Eppendorf Plate Shaker (Eppendorf,
USA). Initially, 5 mM FFCA was used with same concentration of NAD* or NADP" to testify the
cofactor specificity. The pH was adjusted to 7.0 using 2M potassium hydroxide, followed by the
addition of 150 uM mbp-CALDH, and the volume was adjusted to 1.5 mL with 50mM potassium
phosphate buffer (pH 7.0). Next, reactions with different concentrations of FFCA (1 mM, 5 mM,
10 mM, 14 mM, 20 mM, and 50 mM) fixed enzyme concentration of 150 uM; reaction with a
fixed substrate concentration (5 mM FFCA) and varying enzyme concentrations (50 uM, 100 uM,
300 uM, 600 uM, and 1.5 mM) were conducted, with the same concentration of NAD" and the



[13

volume adjusted similarly. Different substrates (5 mM HMF, HMFCA, FFCA, FDCA, furfural,

hydroxybenzaldehyde, benzaldehyde) were also tested under the same conditions.

Samples (20 pL) were taken periodically, mixed with 40 pL of 10% sulfuric acid, diluted to 2 mL
with Milli-Q water, filtered through a 0.2 um filter, and transferred to autosampler vials for HPLC
analysis. HPLC was performed using a Bio-Rad fast acid analysis column (100 x 7.8 mm) with a
mobile phase of 0.5 mM sulfuric acid at 65°C, with 20 minutes acquisition time and detection at

245 nm UV.

2.3.2  Activity assay for Nox

The activity assay was conducted in a 96-well plate with a total volume of 100 uL per well. The
reaction mixture contained 20 uM NADH, 0.050 uM SpNox, and 50 mM potassium phosphate
buffer (pH 7.0). The positive control included 1 uM FAD, while the negative controls were: 1)
20 uM NADH, elution buffer and 50 mM potassium phosphate buffer (pH 7.0), 2) a mixture of
20 uM NADH and 50 mM potassium phosphate buffer (pH 7.0), and 3) a mixture of 20 upM
NADH, 1 uM FAD, and 50 mM potassium phosphate buffer (pH 7.0). The change in NADH
concentration was measured as increase in absorbance at 340 nm using a UV spectrophotometer

with a plate reader (BioTek Synergy, Agilent).

2.3.3  Cofactor regeneration assay

In this experiment, FFCA was used as a substrate and FDCA as the expected product catalyzed
by mbp-CALDH, limited amount of NAD* was added with or without Nox to compare the
difference in CALDH reaction rate. The cofactor regeneration in a 24-deep well plate was carried
out with a total reaction volume of 1.5 mL per well. The concentration of FFCA was 2mg/mL
(14mM), CALDH-mbp 300 uM, Nox 0.15 uM, 0.05 uM NAD" in S0mM Potassium Phosphate
buffer pH7.0. Additionally, mbp-CALDH preserved in different buffers was used for the activity
testing. The enzyme was initially stored in maltose elution buffer containing 20 mM Tris-HCI,
200 mM NaCl, and 10 mM maltose (pH 7.4). Dialysis was used to exchange the buffer to either
50 mM potassium phosphate buffer or 20 mM Tris-HCI buffer. The reaction conditions for each
buffer-exchanged enzyme were 300 uM mbp-CALDH, 2 mg/mL (14 mM) FFCA, 0.15 uM Nox,
and 0.05 uM NAD" in 32 deep well plate and the reaction volume were 1.5mL. The deep well
plate was incubated with Eppendorf plate shaker in 30°C, 700RPM.



2.4 Co-expression vector design for Nox and mbp-CALDH

2.4.1  Primer Design

The Nox gene is on plasmids pET-28a (+) (Novagen, Madison, WI, USA) and the mbp-CALDH
gene is on pMAL-c5E (Novagen, Madison, WI, USA). To clone them into pRSFDuet-1 plasmid
vector (Novagen, Madison, WI, USA), the nox gene and mbp-CALDH gene were amplified
through PCR. Then, Gibson assembly and ligation were applied (Scheme 4) to build the co-

. s s Tm Annealing
Primer Sequence (5°—3") C) temp. (°C)
NOX Duet-F  GGAGATATACCATGGGCAGCAGCCAT 71.0 71
NOX Duet-R  CCGCAAGCTTTCAATCTTTTGCTCCCAGAG 78.1
mbp CALDH-F ATATACATATGGCAGATCTCATGAAAATCGAAGAAGGTAAAC 70.0 70

mbp_CALDH -R  CAGCGGTTTCTTTACCAGACTCAATCAGAAGATCCGGC 75.4

expression construct.

The Nox gene has appropriate restriction sites (Ncol and HindIII) on forward and reverse sides,
thus when designing primers these restriction sites should be included. The mbp-CALDH gene
lacks compatible restriction sites for pRSFDuet-1, Gibson Assembly was applied for plasmid
cloning in subsequent steps. Therefore, primers with overlapping sequences between mbp-
CALDH and pRSFDuet-1 was designed (Table 2). SnapGene (Dotmatics, USA) was used for

stimulating the primer design and plasmid cloning in silico.

Table 2. Primer sequence for gene amplification and sequencing

2.4.2  Plasmid Extraction and Gene Amplification

The E. coli DH5a with Nox and the E. coli DH5a with mbp-CALDH were cultured overnight in
10mL LB media, and then were used for plasmid extraction with GeneJET Plasmid Miniprep Kit
(Thermo Scientific™, USA). The concentration of extracted plasmids was measured with the

NanoDrop 1000 Spectrophotometer (Thermo Scientific™, USA).

The Nox and mbp-CALDH genes were individually amplified by Polymerase Chain Reaction
(PCR) from plasmids pET-28b (+) and pMAL-c5E with designed primers. The Phusion™ High-
Fidelity DNA Polymerase (Thermo Scientific™, USA) was used for the PCR reaction and the

annealing temperature was calculated according to the enzyme's specifications. The
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concentrations of all components are listed in the Table A1 and the PCR conditions followed the
three-step protocol from Thermo Scientific’s Phusion™ High-Fidelity DNA Polymerase (Table
A2).

The result of PCR was analyzed by gel-electrophoresis using 1% agarose gel stained with GelRed,
at 90V for 35 minutes on the instrument PowerPac Basic (Bio-Rad, USA). Then the result was
visualized with the GelDoc Go Imaging System (Bio-Rad, USA). The gel with correct size were
collected and the DNA fragments were purified from the gel with GeneJET Gel Extraction Kit
(Thermo Scientific™, USA).
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2.4.3 Digestion, Ligation and Gibson Assembly

The plasmid pRSFDuet-1 and amplified Nox gene were digested with Ncol and HindIIl enzyme
(Thermo Scientific™, USA). The plasmid pRSFDuet-Nox and amplified mbp-CALDH gene
were digested with Mfel and Xhol enzyme (Thermo Scientific™, USA). The reaction was
incubated at 37°C for 1 hour with Thermocycler (BioRad, USA) and then terminated by

inactivation of enzyme at 80°C for 20 minutes.

Table 3. The component of double enzyme restriction digestion

pSRF-Duet Vector,

Nox fragment pRSFDuet-Nox Amount
R buffer (Thermo Scientific™, USA) G buffer (Thermo Scientific™, USA)  2uL
HindIII (Thermo Scientific™, USA) Mfel (Thermo Scientific™, USA) jme
Necol (Thermo Scientific™, USA) Xhol (Thermo Scientific™, USA) 2ulL
DNA fragments lpg
Alkalin Phosphatase (Thermo Scientific™, USA) 1uL for plasmid
Water to 20uL

The cloning of Nox gene into pRSFDuet-1 vector was performed with T4 DNA ligase (New
England Biolabs, USA). The quantity of DNA fragments and plasmids were in ratio of 3:1. The
reaction was incubated in 16°C for 16 hours with Thermocycler and then the enzyme was

inactivated in 65°C for 10 minutes.

The Gibson assembly was used to combine mbp-CALDH gene with pRSFDuet-Nox. NEB
Gibson assembly master mix (New England Biolabs, USA) which contain 5’exonuclease, DNA
polymerase and DNA ligase, was used in this process. DNA fragments and plasmids were in ratio

of 3:1 and incubated in a thermocycler at 50°C for 15 minutes.

2.4.4 Transformation and Colony PCR

The construct of pRSFDuet-Nox was verified by colony PCR and Sanger sequencing before
proceeding with Gibson assembly. Initially, the ligation product was transformed into E. coli
DH5a competent cell (Provided by the lab) using the heat shock method. Fifty microliters of
competent cells were thawed on ice and mixed with 5 uL. of the ligation product, followed by
incubation on ice for 30 minutes. The mixture was then heat-shocked at 42°C for 30 seconds and
returned to ice for 2 minutes. Subsequently, 950 uL of LB media was added to the transformation

mixture and incubated at 220 rpm and 37°C for 1 hour. The cell culture was then spread onto an



LB agar plate containing kanamycin (50 ug/mL) using L-shaped spreaders and air-dried before

incubation at 37°C overnight.

Eight random single colonies were picked and resuspended in 12uL of sterile Milli-Q water for
colony PCR to confirm the construct. The T7 forward and reverse primers, along with DreamTaq
DNA polymerase (Thermo Scientific™, USA) were used for PCR (Table A3). The PCR condition
is following the protocol from Thermo Scientific™ (Table A4). The colony with verified
construct was cultivated, followed by plasmid extraction. The plasmid containing Nox and mbp-
CALDH (pRSFDuet Nox-mbp-CALDH) was also subjected to the same transformation and
confirmation steps as described above. Further verification was performed through Sanger
sequencing (Eurofins Genomics Europe Sequencing GmbH) using the T7 forward primer for
pRSFDuet-Nox, and the T7 forward primer, T7 reverse primer, and mbp CALDH-Forward
primer for pRSFDuet Nox-mbp-CALDH. The concentration of plasmid was measured with
NanoDrop 1000 Spectrophotometer (Thermo Scientific™, USA).

3 Results and Analysis

3.1 Selection of NADH oxidase

Various NADH oxidases from different bacteria and archaea have been characterized. NADH
oxidases from hyperthermophilic microorganisms exhibit high thermal stability, whereas catalytic
efficiency is lower than that from non-thermophilic bacteria [35, 36]. Among the different
examples of Nox for cofactor regeneration, the water-forming Nox are preferred because the
generation of H>O, can inactivate both Nox and the enzymes used in biocatalysis. [37] As
mentioned earlier, the conversion of FFCA to FDCA occurs under mild conditions (30°C, pH 7),
Therefore, the Nox from Streptococcus pyogenes which has characterized kinetic parameters,
revealed crystal structure, and applied for cofactor regeneration, has be employed in this study.
Streptococcus pyogenes is a pathogenic aerotolerant bacteria with a high oxygen tolerance [38].
Nox reduces O, to H,O and regenerates NAD*, protecting it from oxidative stress in aerobic
environments [29]. Nox from S. pyogenes is a homodimer with two binding sites for FAD and
one binding site for NADH. The size of each subunit is around 50 kDA. Purified SpNox exhibits
yellow color, which is attributed to the covalently bound FAD (0.9 + 0.1 mol per mol subunit)
[34].
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Table 4. NADH oxidases that was reported in literature

Specific activity ~ Vmax Optimal
Bacteria (U/mg) (U/mg) Km (uM) Temperature (°C)  Optimal pH  Reference
Water forming
Streptococcus mutans
ATCC 25175 281 154 58 35 7 [39
Streptococcus pyogenes NA 344 27 55 7 [34
Lactobacillus reuteri 20.2 168 36 60 5 [30
Lactobacillus brevis 116 NA 24 40 5.5-7 [4
Lactobacillus
sanfranciscensis 133 39 7 30 5.2 [41]
Hydroxyl Peroxide
forming
Thermus thermophilus
HB8 5 NA 4 80 7.2 [35]
Thermotoga hypogea 30 37 7.5 85 7 [36]
Streptococcus mutans 37 NA 50 30 6 [37]

Additionally, by introducing a site-directed mutagenesis from lysinel84 to arginine, researchers
observed a significant 50% increase in the activity of SpNox. The thermal stability and half-life
of the mutant were also improved. The increased activity of the K184R mutant was linked to
closer distance between the Cys44 and His11 which reduced from 5.5 A in the wild type to 4.7 A.
Similarly, the distance between Cys44 and FAD decreased from 4.7 A in the wild type to 3.8 A
in the K184R mutant, indicating stronger interactions at the active site [42]. This closer proximity
to histidine leads to a more stable transition state of cysteine when react with C-4a-hydroperoxide
(FADHOOH), therefore enhancing its catalytic efficiency (more details section 1.4). Kinetic
analyses showed that the K., values were similar for both K184R and wild-type SpNox but the
catalytic activity of K184R is 50% higher, suggesting that the improved catalytic activity was due
to a higher turnover rate rather than higher substrate binding efficiency. [31, 42]

3.2 Protein expression and purification

All the target proteins were successfully expressed in E. coli BL21, as confirmed by SDS-PAGE
analysis (Figure 3). The Nox was found to be equally distributed between the soluble and
insoluble fractions in a 1:1 ratio. Purification of soluble fraction was achieved through IMAC,
and two fractions were obtained with high purity: fraction 2 with a concentration of 0.72 mg/mL,

and fraction 3 with a concentration of 0.28 mg/mL. Notably, Fraction 2 exhibited yellow color



(Figure 2), which aligns with documented characteristics in the literature. In contrast, Fraction 3

was nearly colorless.

The yellow color observed in the higher concentration fraction is attributed to the presence of
FAD. Each spNox monomer contains two domains specifically for FAD binding, and the
isoalloxazine ring structure of FAD is responsible for the yellow coloration. This suggests that
the enzyme in Fraction 2 is covalently bound to FAD, as indicated by the distinct yellow
appearance [34, 43]. To determine whether additional FAD is required to achieve optimal
catalytic activity, an enzyme activity assay was conducted using NADH as the substrate in the
presence and absence of exogenously added FAD. The results show similar activity of Nox with

and without the addition of FAD (Figure Al).

Figure 1. Purified spNox: Fraction 2 (Left), Fraction 3 (Middle); Elution Buffer (Right).

Figure 2. SDS-PAGE result of CALDH opt and spNox. IF: insoluble fraction. SF: soluble fraction. F:
fraction.
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The codon-optimized CALDH was predominantly distributed in the insoluble fraction of the cell
lysate (Figure 3). After purification and concentration by IMAC, the yield of CALDH was notably
low. Given this outcome, two additional variants of CALDH were expressed and purified: one
maintaining the original sequence amplified from G. oxydans and the other fused with a SUMO
tag (Figure 4). SDS-PAGE analysis revealed that the non-optimized CALDH was poorly
expressed in BL21 (DE3), with the purified fractions containing low amounts of the target protein
and impurities. In contrast, the SUMO-CALDH variant was expressed in sufficient quantities in
both the soluble and insoluble fractions. Purification by IMAC resulted in a high yield and purity

of the enzyme.

The codon optimization of CALDH was intended to enhance expression in the host cells, yet it
resulted in the majority of the protein being sequestered in the insoluble fraction. This outcome
can be attributed to that optimized codons accelerate translation which interferes with the cellular
folding machinery and leads to protein aggregation and insolubility [44]. In comparison, SDS-
PAGE analysis showed that non-optimized CALDH was poorly expressed in BL21 (DE3) cells,
which shows the necessity of codon optimization for the host bacteria. SUMO is a small protein
tag used to enhance the solubility and stability of fusion proteins [45]. By attaching to the target
protein, the SUMO tag increases the solubility of the protein in the cell, reducing the formation
of aggregates. SUMO-CALDH variant gene was successfully expressed, and the enzyme was
purified. However, despite this success in expression and purification, the SUMO-CALDH
variant protein failed to catalyze the conversion of FFCA in an activity assay. Fused SUMO tag
may interfere with the enzyme’s active site or overall conformation [46]. indicating the need to
cleave the tag or expression of alternative CALDH variants. Meanwhile, the imidazole in the
elution buffer may also lead to the inactivation of enzyme [47]. There is a need to expression of

alternative CALDH variants.



Figure 3. SDS-PAGE result of SUMO-CALDH and non-optimized CALDH. IF: insoluble fraction. SF:
soluble fraction. F: fraction.

Maltose-binding protein (MBP) is a widely used fusion tag in recombinant protein expression
systems. MBP is commonly fused to target proteins to enhance their solubility, reduce aggregation
and inclusion body formation [48]. Additionally, MBP serves as an affinity tag, allowing for the
straightforward purification of the fusion protein using amylose resin, which specifically binds
MBP. Figure 5 shows the SDS-PAGE analysis of the mbp-CALDH. The mbp-CALDH, with an
expected molecular weight of approximately 75 kDa, was predominantly found in the soluble
fraction of the cell lysate, with a smaller portion present in the insoluble fraction. The wide band
observed at 75 kDa in the eluted fractions 2 and 3 corresponds to the target protein, which appears
spread out due to its high concentration. However, additional bands in the 37-50 kDa range were
also present, indicating the presence of lower molecular weight impurities. A significant amount
of protein near 75kDa was also detected in the flowthrough during the initial purification. The
flowthrough was collected and subjected to another round of purification using the same column.
The purified flow is low in yield but with less impurity and the flowthrough in this purification

still showed a significant amount of protein at around 75 kda band.

The maltose binding protein significantly improves the expression and solubility of CALDH.
However, the presence of proteins other than the target protein could be due to several factors.
Some endogenous proteins expressed by BL21 may bind nonspecifically to the amylose column.

Additionally, mbp-CALDH might be partially degraded by host cell proteases. The degradation
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products that still attached to the mbp tag can bind to the column and be eluted during purification,
resulting in smaller molecular weight bands on SDS-PAGE. The presence of protein at the 75
kDa band in the flowthrough indicated that a large portion of the mbp-CALDH passed through
the amylose column, which potentially exceeded the binding capacity of the amylose column [48,
49]. Another possible reason is that cells grown in LB medium may produce substantial amounts
of amylase, which can competitively inhibit MBP from binding to the amylose column. This
amylase may release maltose, further preventing the target protein from effectively binding to the
column[48, 50]. It has been reported that using MBP for protein expression can lead to some
impurities after affinity purification based on the MBP tag. To achieve higher purity, it is often
necessary to cleave the MBP tag from the recombinant protein after the initial purification.
Following the cleavage, the target protein can be further purified using a secondary affinity tag
or other purification methods specific to the target protein, thereby removing the MBP and any

associated impurities and achieving a higher level of purity for the final product. [50].

Figure 4. SDS-PAGE result of mbp-CALDH. IF: insoluble fraction. SF: soluble fraction. F: fraction. PFT:
purified flowthrough. FT: flowthrough.



3.3  Characterization of mbp-CALDH

3.3.1 Cofactor Specificity

The objective of this experiment was to investigate the efficiency of the conversion of FFCA to
FDCA with different cofactors, NAD" and NADP". To explore cofactor specificity of mbp-
CALDH, two concentrations of FFCA (1 mM and 5 mM) were tested with either NAD* or NADP*
as the cofactor. The HPLC chromatography shows an interference at retention time of FDCA
when used NADP™ as cofactor, thus the alteration in FFCA level was used for discussion. The
graph shows the FFCA concentrations remaining after 24 hours under the different experimental
conditions. For both 1 mM (0.14mg/mL) and 5 mM (0.7mg/mL) FFCA concentrations, the groups
using NADP" as the cofactor exhibited over 5 times higher FFCA consumed compared to those
using NAD". Specifically, the highest FFCA consumption was observed in the 5 mM FFCA group
with NADP*, reaching approximately 0.22 mg/mL. The 5 mM FFCA group with NAD" showed
a slightly lower consumption, around 0.15 mg/mL. For the 1 mM FFCA conditions, the FFCA
concentrations were lower overall, with NADP" still leading to marginally higher conversion than
NAD'. While both cofactors can be effective, the economic advantages of NAD" outweigh the
marginal efficiency gains provided by NADP'. Thus, NAD" was deemed more suitable for further

experiments due to its lower cost.
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Figure 5. FFCA after 24 hours catalyzed by mbp-CALDH with different cofactors and concentration

3.3.2  Substrate Specificity

To test if mbp-CALDH has ability to oxidize the aldehyde group of other chemicals, different
substrates were tested in same concentrations (SmM). With HMF as substrate, the concentration

of substrate fluctuated to a certain extent in the first 10 hours (Figure 7). After 24 hours, the
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concentration of HMF decreased with low production of HMFCA. The chromatography result
from HPLC (Figure 8) shows there are peaks appearing at retention times of 4.0 and 3.0, which
might indicate the HMFCA was further oxidized to FFCA and FDCA. With HMFCA as substrate,
there was no conversion of HMFCA throughout 24 hours (Figure 9), the fluctuation of
concentration may be attributed to the evaporation of the solution during the incubation. These

findings suggest that mbp-CALDH can indeed oxidize HMF, converting it initially to HMFCA
and potentially further to FFCA and FDCA.
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Figure 6. The conversion of HMF catalyzed by mbp-CALDH
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Figure 7. HPLC analysis results of CALDH catalyzed oxidation of HMF in 24 hours

Combining the result from HMF as substrate and HMFCA as substrate, it can be seen HMFCA
produced from HMF can be further oxidized to FFCA and FDCA. While with HMFCA as




substrate, there is no conversion. One possible explanation could be the toxicity of HMFCA [51].
As previously reported, at a specific concentration of HMFCA, whole cell biocatalysts have
shown reduced or completely loss in activity, which would apply to the pure enzymes. When
HMFCA is directly used as substrate, the high concentration of HMFCA inactivated the enzyme
while when HMF was used as substrate, the HMFCA was produced gradually which reduces its

toxic, and the enzyme can catalyse the subsequent reactions to produce FFCA and FDCA.
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Figure 8. The conversion of HMFCA catalyzed by mbp-CALDH

When furfural was used as the substrate, its concentration decreased over the first ten hours,
eventually leading to complete conversion. HPLC analysis revealed a new peak at a retention time
of 7.9 minutes, suggesting that the aldehyde group in furfural was oxidized to a hydroxyl group,

likely forming 2-furoic acid. Unfortunately, due to the unavailability of furoic acid in the lab, we

were unable to confirm this peak.

When comparing the conversion of HMF and furfural, it is clear that furfural starts converting
within the first ten hours, whereas most of the HMF conversion happens after ten hours. The
explanation can the availability of the substrate. Compared to HMF, furfural has a smaller
molecular size and lacks the hydroxymethyl group. The homologous structure model of CALDH
indicates that the active site of the enzyme may be hydrophobic, the interaction between active
site and substrates like HMF and furfural is influenced significantly by their functional groups.
Furfural contains an aldehyde group and is relatively small and less polar, which allows it to better

align with and access a hydrophobic active site. As a result, furfural has a faster initial reaction
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rates. In contrast, HMF has another more polar and bulkier hydroxymethyl group which might be

hindered by the hydrophobic active site, resulting in the lag phase in the first ten hours.
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Figure 9. The conversion of furfural catalyzed by mbp-CALDH
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Figure 10. HPLC analysis results of CALDH catalyzed oxidation of furfural in 24 hours

In conclusion, when catalyzed by mbp-CALDH, furfural achieved a complete conversion rate of

100%. In comparison, FFCA and HMF were partially converted, with conversion rates around

35%, while HMFCA showed no conversion. The non-conversion of HMFCA can be caused by
the toxicity of HMFCA.



HMFCA has been demonstrated to exert substantial inhibition and toxicity to whole cells,
primarily attributed to its acidity [51]. In this study, the pH alteration caused by HMFCA is likely
to decrease the enzyme activity of mbp-CALDH and leads to the lack of conversion. The further
oxidation of HMFCA at low concentration, as shown in Figure 8, supports the hypothesis. To
better understand whether HMFCA can act as a substrate for CALDH, experiments using different
concentrations of HMFCA can be conducted. Additionally, toxicity of furan derivatives were
reported [52]. A whole-cell system could help protect the enzyme from high concentration of
furan derivatives, which is expected to improve both substrate tolerance and conversion efficiency
and leads to higher yields, However, the accumulation of HMFCA above certain limit can inhibit
the whole cells as well [51]. Given that mbp-CALDH is capable of oxidizing furfural, it raises an
interesting question about whether it can also oxidize DFF, a similar compound to furfural with
an additional aldehyde group to FFCA and then oxidized to FDCA (Scheme 1). Experiments
could be designed where DFF is used as a substrate with similar conditions to those used for

furfural.
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Figure 11. The conversion when SmM of HMF, HMFCA, FFCA and furfural as substrate and catalyzed
by mbp-CALDH

3.3.3  mbp-CALDH activity at different substrate (FFCA) concentration

In this experiment, the effect of different substrate (FFCA) concentrations on the conversion
efficiency of FFCA to FDCA was studied at a fixed enzyme concentration of 150 uM. The results
showed that as the substrate concentration increased, the conversion rate in 24 hours significantly
decreased, at ImM FFCA the conversion was highest with a conversion of 86.1%. The reaction

with 14mM FFCA has a second high conversion of 47%. When the substrate concentration
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reached 20mM, the conversion dropped to 19.8% and using 50mM substrate concentration, there
was no conversion detected after 24 hours. When examining the FDCA conversion in terms of
mass, it becomes evident that the 47% conversion of 14 mM FFCA produced 0.92 mg/mL of
FDCA, which is significantly higher than the 0.12 mg/mL yield from the 86.1% conversion of 1
mM FFCA. However, the 20 mM FFCA resulted in a lower yield of 0.56 mg/mL of FDCA
compared to the 14 mM substrate. Despite the lower conversion in percentages, higher initial

substrate concentrations can yield more FDCA in mass, up to a certain threshold.

At lower substrate concentrations, the enzyme exhibits higher conversion efficiency, indicating
that it functions under optimal conditions and processes the available substrate effectively without
significant inhibition or saturation. However, as the substrate concentration increases, the
conversion efficiency decreases remarkably. This decline occurs as enzyme approaching its
saturation point, where the available enzymes are fully occupied and unable to process additional
substrate molecules effectively [53]. This decrease could also be due to substrate inhibition, where
at high substrate concentrations, two or more substrate molecules simultaneously bind to the
active site and forms a substrate-enzyme-product complex, which considerably reduce the
enzyme's catalytic activity [54]. At higher concentrations, FFCA may occupy the active site
without catalysis occurring, likely due to inhibitory effects from its aldehyde group. This
inhibition could also affect the mass transport of the substrate and the product, further slowing
down the overall catalytic process. [54]. Additionally, product inhibition may impact the
conversion rate. Given the structural similarity between FFCA and FDCA, the product might also
have high affinity to the enzyme and potentially acting as a competitive inhibitor [55]. These
combined factors result in mbp-CALDH to deviate from the standard Michaelis-Menten kinetics
as substrate concentration increases, leading to a more complex relationship between substrate

concentration and reaction rate than the Michaelis-Menten presents.
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Figure 12. Effect of FFCA concentration on conversion catalyzed by mbp-CALDH

3.3.4 FFCA conversion at different enzyme concentration

This experiment was designed to evaluate the efficiency of FFCA conversion to FDCA using
varying concentrations of mbp-CALDH, with a fixed initial concentration of FFCA at 5 mM.
Figure 13 illustrates the conversion rates of FFCA to FDCA at different mbp-CALDH enzyme
concentrations, ranging from 50 uM to 1.5 mM. At the lowest enzyme concentration of 50 uM,
the conversion percentage was around 55% and when the enzyme concentration was increased to
100 uM, the conversion rate improved significantly to approximately 78%. At higher enzyme
concentrations of 300 uM, 600 uM, and 1.5 mM, the FFCA was fully converted to FDCA within

24 hours, achieving a 100% conversion in all three cases.

The experiment demonstrates that when catalyzed by mbp-CALDH, the conversion rate of FFCA
increases with enzyme concentration. As the enzyme concentration increased from 50 pM to 300
uM, the enzyme was not fully saturated with the available substrate, so increasing the enzyme
concentration meant that more enzyme molecules were available to interact with the substrate,
thereby increasing the reaction rate. Beyond 300 uM enzyme concentration, the reaction reaches

a point where the enzyme is relatively excessive to the substrate and leads to the full conversion

without limitation of enzyme availability.
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Figure 13. Effect of enzyme concentration on conversion catalyzed by mbp-CALDH
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3.4 FFCA conversion with cofactor regeneration

In this experiment, we investigated the impact of nox on the conversion of FFCA to FDCA under
conditions of limited NAD" availability. Two experimental groups were established: one with nox
to facilitate the regeneration of NAD", and a control group without nox. The aim was to compare
the efficiency of FDCA production over a 24-hour period, thereby assessing the role of nox in
enhancing the biocatalytic conversion process. The graph illustrates the FDCA production (in
mg/mL) over time for both experimental conditions (Figure 15). The group with nox displayed a
significant increase in FDCA production, ultimately achieving more than three times the
conversion rate compared to the group without nox at the 24-hour point. The results from this
experiment clearly demonstrate the significant impact of cofactor regeneration exhibited by nox
on the conversion of FFCA to FDCA, particularly under conditions of limited NAD" availability.
It is expected that increase in FDCA production rate would be even more significant with NADP+

as the cofactor.

FDCA production (mg/mL)
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Figure 14. FDCA production catalyzed by mbp-CALDH with and without cofactor regeneration system

3.5 Co-Expression Vector Design for NOX and mbp-CALDH

Since NOX was found to positively impact the activity of CALDH, a duet vector was constructed
to co-express both NOX and mbp-CALDH. After constructing the final vector that potentially
includes NOX and mbp-CALDH, the vector was sent for Sanger sequencing using the forward

primer for NOX, the forward primer for mbp-CALDH, and the universal reverse primer for the



T7 terminator. The sequencing results were analyzed using SnapGene, and the analysis confirmed
that both NOX and mbp-CALDH were successfully cloned into the pRSFDuet vector. The
confirmation that both genes were correctly inserted into the vector suggests that the cloning
process was successful. The pRSFDuet vector carrying Nox and mbp-CALDH will be
transformed into BL21(DE3) cells and after confirming successful transformation and expression,

BL21(DE3) cells can be used for whole-cell catalysis.
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Figure 15. The sequencing result analyzed by SnapGene.

4 Conclusions and Future work

This thesis explores the characterization of Coniferyl Aldehyde Dehydrogenase (CALDH) and
the implementation of a NAD" regeneration system using NADH oxidase to enhance the
biotransformation process from 5-Formyl-2-furancarboxylic Acid (FFCA) to 2,5-
furandicarboxylic acid (FDCA). In this study, mbp-CALDH and NADH oxidase were
successfully expressed and purified. It was demonstrated that mbp-CALDH can utilize both
NAD" and NADP* as cofactors and oxidize substrates such as HMF, FFCA, and furfural.
Additionally, detailed experiments were conducted to assess the conversion rate of FFCA to
FDCA under different substrate and enzyme concentrations over a 24-hour period, providing
valuable insights into the catalytic capabilities of mbp-CALDH. The results showed that the
NAD" regeneration system significantly improved FDCA vyield, increasing it by threefold,
addressing the challenge of cofactor limitations in enzymatic reactions. Moreover, a co-
expression vector containing both NOX and mbp-CALDH was successfully constructed,

achieving a key objective of the thesis.

However, due to time constraints, several aspects of the research could not be explored further.

Specifically, the expression and purification of mbp-CALDH did not yield high-purity enzyme
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preparations, and the optimal storage conditions for mbp-CALDH were not thoroughly
investigated. Additionally, the kinetic parameters of mbp-CALDH when using FFCA as a

substrate were not determined, limiting our understanding of the enzyme's full catalytic potential.

Future research should focus on further purification of mbp-CALDH to achieve higher purity
levels and enable more accurate determination of its kinetic parameters, especially with FFCA as
a substrate. The co-expression system that was successfully constructed should be transformed
into a suitable host for whole-cell catalysis experiments, allowing for a comparison of FFCA
conversion efficiency between strains containing only mbp-CALDH and those co-expressing
NOX and mbp-CALDH. Additionally, it is worth investigating the potential oxidation of HMFCA
observed in preliminary experiments, which could be achieved by conducting a series of
experiments with varying HMFCA and enzyme concentrations. The oxidation of furfural can be
also further studied, but confirming the product would require running a furoic acid standard
through HPLC. Expanding the substrate scope to include other aromatic compounds like DFF
could also reveal new catalytic capabilities of mbp-CALDH.
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Appendix A:

Table A1. Components of PCR reaction with Phusion DNA polymerase

Component Volume

5X Phusion HF Buffer 10uL
10mM dNTPs 1uL
Forward primer 2.5uL
Reverse primer 2.5uL
Template DNA 2.5uL
Phusion High-Fidelity DNA polymerase 0.5uL
Water, nuclease-free add to 50uL.
Total volume 50uL

Table A2. Cycle condition of PCR reaction with Phusion DNA polymerase

Cycle step Temperature

°O) Time Cycle
Initial
denaturation o8 30s !
Denaturation 98 10s
Annealing 70 30s 35
Extension 72 Imin
Final extension 72 10min 1

Table A3. Components of colony PCR

Component Volume
DreamTaq PCR Master Mix (2X) 10pL
Forward primer 0.5uL
Reverse primer 0.5uL
Template DNA (Single colony) 10pg-1pug
Water, nuclease-free 10puL

Total volume

10uL
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Table A4. Cycle condition of colony PCR

Cycle step

Temperature

°O) Time Cycle
Initial denaturation 95  S5min 1
Denaturation 95 30s
Annealing 70  30s 35
Extension 72  1lmin
Final extension 72 10min 1
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Figure A 1. HPLC analysis results of CALDH catalyzed oxidation of HMFCA in 24 hours




