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Simple Summary: Biocatalytic redox reactions perform a central role in producing chiral compounds,
thus, have been receiving growing attention in the biochemistry area. The majority of redox reactions
often require the nicotinamide cofactor as stoichiometric reductants. Various dehydrogenases have
been employed for cofactor regeneration. However, the addition of extra substrates and the accumu-
lation of corresponding byproducts demands extra costs for subsequent separation and purification.
Water-forming NADH oxidase (Nox) has attracted substantive attention as it can oxidize NADH
to NAD* without concomitant accumulation of by-products. However, its applications have some
limitations in some oxidation-reduction processes when its optimum pH is different from its coupled
enzymes. Still, there are few reports regarding the shift of pH optima in Noxs. In this study, we
modified the optimum pH of a Nox based on surface charge rational design. The Nox variations
obtained in this work suggest promising properties for NAD™" regeneration.

Abstract: Cofactor regeneration is indispensable to avoid the addition of large quantities of cofactor
NADH or NAD" in oxidation-reduction reactions. Water-forming NADH oxidase (Nox) has attracted
substantive attention as it can oxidize cytosolic NADH to NAD* without concomitant accumulation of
by-products. However, its applications have some limitations in some oxidation-reduction processes
when its optimum pH is different from its coupled enzymes. In this study, to modify the optimum
pH of BsNox, fifteen relevant candidates of site-directed mutations were selected based on surface
charge rational design. As predicted, the substitution of this asparagine residue with an aspartic
acid residue (N22D) or with a glutamic acid residue (N116E) shifts its pH optimum from 9.0 to 7.0.
Subsequently, N20D/N116E combined mutant could not only downshift the pH optimum of BsNox
but also significantly increase its specific activity, which was about 2.9-fold at pH 7.0, 2.2-fold at pH
8.0 and 1.2-fold at pH 9.0 that of the wild-type. The double mutant N20D/N116E displays a higher
activity within a wide range of pH from 6 to 9, which is wider than the wide type. The usability of
the BsNox and its variations for NAD* regeneration in a neutral environment was demonstrated by
coupling with a glutamate dehydrogenase for a-ketoglutaric acid (x-KG) production from L-glutamic
acid (L-Glu) at pH 7.0. Employing the variation N20D/N116E as an NAD+ regeneration coenzyme
could shorten the process duration; 90% of L-Glu were transformed into «-KG within 40 min vs.
70 min with the wild-type BsNox for NAD* regeneration. The results obtained in this work suggest
the promising properties of the BsNox variation N20D/N116E are competent in NAD* regeneration
applications under a neutral environment.

Keywords: water-forming NADH oxidase; pH shifting; NAD* regeneration

1. Introduction

With the increasing attention paid to being greener and more sustainable, the applica-
tion of biocatalysts has been growing in both research and industrial areas as their power
is more widely appreciated [1-3]. Biocatalytic redox reactions perform a central role in
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producing chiral compounds with new functionalities and biofuels, thus, have been receiv-
ing growing attention in the biochemistry area [4—6]. Nicotinamide adenine dinucleotide
(NAD") is an essential molecule involved in a vast range of biological processes [7]. It was
discovered as the first “coenzyme” over 100 years ago. More than 1500 enzymatic reactions
in microorganisms require NAD(H) and NADP(H) as cofactors, which critically influence
redox balance and cellular metabolism [8]. Therefore, cofactor regeneration and carbon
metabolism must be coupled to make feedstock produce high-value-added chemicals more
efficiently [8]. However, the high price and rather poor stability of pyridine nucleotide
cofactors do not conform to the economic regulations of industrial-scale processes. Thus,
cofactor regeneration is indispensable to avoid the addition of large quantities of NADH
or NAD" in enzyme-catalyzed reactions [4,8]. Various dehydrogenases, such as alcohol
dehydrogenase [9], lactate dehydrogenases [10], glucose dehydrogenase [11] and formate
dehydrogenase [12], are widely used in cofactors regeneration. However, the addition of ex-
tra substrates for cofactors regeneration and the accumulation of corresponding byproducts
demands extra costs for subsequent separation and purification [4,13].

NADH oxidases (Noxs), which catalyze the oxidation of NADH by reducing molec-
ular O to either HyO, or H,O, show a promising candidate for cofactor NAD* regener-
ation [13,14]. Compared to HyO,-forming Noxs, which can cause enzyme deactivation,
water-forming Noxs have attracted substantive attention in a wide range of industrial
enzymatic reactions as they can oxidize cytosolic NADH to NAD* without by-products
produced [15]. A number of HyO-forming Noxs have been identified in lactic acid bac-
teria [15-18] and Streptococcus sp. [19,20]. Among these Noxs, most have been shown
as promising candidates for cofactor NAD" regeneration. Shi et al. [21] found that over-
expression of a water-forming NADH oxidase could enhance the ethanol production in
Saccharomyces cerevisiae BY4741 and the butyric acid production in Clostridium acetobutylicum
428 (Cac-428) under anaerobic conditions. It was found that combined glycerol dehydro-
genase and NADH oxidase for in situ NAD* regeneration increases the conversion of
glycerol to 1,3-dihydroxyacetone [22,23]. Zhang et al. [24] introduced an NADH oxidase
into E. coli cells to recycle NAD* which improved L-gulose production. Hong et al. [25]
observed that the introduction of the GabTD/Nox system remarkably diminished the
demand for NAD* and increased glutaric acid production from lysine. Su et al. [26] used
galactitol dehydrogenase coupled with water-forming NADH oxidase achieving an effi-
cient enzymatic synthesis of L-tagatose. Cui et al. [27] constructed a two-enzyme system
containing 2,3-butanediol dehydrogenase and HyO-forming NADH oxidase which resulted
in optically pure acetoin formation without introducing any by-product.

In a previous study, we characterized an H,O-forming Nox (BsNox) from Bacillus
subtilis, and the BsNox was introduced to redistribute the carbon flux to acetoin by ma-
nipulating NAD* levels [28]. We also noticed that the maximum activity of BsNox was
observed at pH 9.0 [28]. Nox is known to play a key role in cofactor regeneration for
NAD"-dependent enzyme reactions; however, its industrial applications have some limi-
tations in specific cases when its optimum pH is different from its coupled enzymes [29].
Nonetheless, as far as we know, there is little information about modifying the optimum
pH of Nox. Surface engineering of proteins has been demonstrated to be a valuable tool
to yield more stable, active, and soluble proteins [30]. The Rosetta approach varies net
charge by adjusting reference energies of the positive or negatively charged residue types
when scoring protein sequences and conformations [31]. Kim et al. [32] achieved to shift
of the pH optima of Aspergillus niger PhyA Phytase to match the stomach condition by
substituting amino acids in the substrate-binding site with different charges and polarities.
Pokhrel et al. [33] successfully shifted the pH optimum of a Bacillus circulans xylanase
by introducing charged residue. Ma et al. [34] constructed an elaborate GH11 xylanase
database with pH annotation, and developed a data driven protein engineering strategy to
redesign the pH adaptation of xylanase. In a previous study, we also successfully modified
the optimal pH of an aspartase from Bacillus sp. YM55-1 based on surface charge rational
design, and improved its efficiency for 3-aminobutyric acid production [35].
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In this study, to make the properties of the BsNox suitable for its applications in
a neutral environment, protein engineering such as site-directed mutagenesis is carried
out based on surface charge rational design. Rosetta software was used to calculate and
design the surface charge of the BsNox. The usability of the BsNox and its variations
for NAD" regeneration in a neutral environment were observed by coupling a glutamate
dehydrogenase with BsNox for a-ketoglutaric acid («x-KG) production at pH 7.0.

2. Materials and Methods
2.1. Materials

The bacterial strains, plasmids, and primers used in this study are listed in Table S1.
E. coli was cultured in Luria-Bertani (LB) medium at 37 °C on a rotary shaker at 180 rpm,
and 50 pg/mL of kanamycin was supplemented if necessary.

2.2. Site-Directed Mutagenesis

Site-directed mutagenesis of the BsNox gene was carried out using whole-plasmid
two-step PCR with the primers (Table S1) containing required codons for mutations (sense
strand) and the antisense strand based on the expression vector pETDuet-1 [36]. DNA
sequencing for the mutated BsNox genes was conducted by Shanghai Sangon Biotech Co.
Ltd. (Shanghai, China).

2.3. Enzyme Preparation, Purification, and Identification

The cell pellets were suspended and washed with 0.1 M potassium phosphate buffer
(pH 7.0) 3 times. For the preparation of crude Nox, cells were resuspended in a washing
buffer containing 0.15 mM FAD and 62.5 mM L-cysteine-HCl. DNase (2000 units) and
phenylmethyl sulfonyl fluoride (1 mM) were then added to the suspension. Enzyme
purification was performed as described by Zhang et al. [28]. The recombinant Nox was
expressed as a His6-tagged protein in E. coli and purified first by affinity chromatography
on a Ni-NTA Sepharose prepacked column HisTrap HP (GE Healthcare, Uppsala, Sweden).
The pooled fractions were then loaded on a Superdex TM 200 (10/300GL) equilibrated with
the buffer (20 mM Tris—HCI (pH 8.0) and 150 mM NaCl) using an AKTA Protein Purifier
system (Pharmacia, Uppsala, Sweden) [37]. The purified protein samples were analyzed
with SDS-PAGE using 12% polyacrylamide gels and visualized with 0.25% Coomassie
Brilliant Blue G-250.

2.4. Activity and Optimum pH Determination

Nox activity was determined by a photometer assay at 340 nm, as described by
Gao et al. [15]. Each reaction mixture contained 0.3 mM EDTA, 0.05 mM FAD, 0.3 mM
-NADH, a certain amount (~3 ug/mL) of enzyme, and 50 mM phosphate buffer (pH
7.0) in a total volume of 1.5 mL. The assay was carried out at 37 °C, with 1 U of activity
corresponding to the oxidation of 1 umol of NADH per minute.

The optimal pH for enzymes was determined by measuring the enzyme activity at pH
7.0-9.0, and the residual enzyme activity was measured under standard assay conditions.

2.5. Catalytic Performance of Enzymes Mixture

Enzymatic synthesis of x-ketoglutaric acid («-KG) was performed in a 100 mL catalytic
system containing 100 mM Tris-HCl (pH 7.0), 10 mM L-glutamate, 1 mM NAD*, 2 U/mL
glutamate dehydrogenase and 2 U/mL Nox at 37 °C, and 200 rpm under a batch system
in flasks.

The concentration of x-KG was measured via high-performance liquid chromatog-
raphy (HPLC) equipped with an HPX-87H column (BioRad) at 40 °C with a flow rate of
0.5 mL/min. The mobile phase gradient was 0.5 mM H,504. A UV detector (model LC-9A;
Shimadzu, Kyoto, Japan) was used for detection at 338 nm. L-glutamate titer was deter-
mined by a biological sensing analyzer (SBA, Shandong, China). Triplicate measurements
were made for each sample, and the corresponding standard errors were calculated.
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2.6. ROSETTA Supercharge, Modeling and Molecular Dynamics Simulation

ROSETTA is a unified software package for protein structure prediction and functional
design based on full computer support [38]. Rosetta supercharge considers the interactions
between the amino acids, including electrostatic interactions, hydrogen bonding, and
hydrophobic interactions, which is flexible enough to allow the hydrophobic amino acids to
be mutated to adjust the protein surface potential distribution. Thus, the Rosetta approach
can preserve and potentially add stabilizing interactions on the surface while increasing
net charge. The Rosetta supercharging protocol uses the score 12 full-atom energy function.
The major terms of the full-atom energy function are Lennard-Jones attraction, Lennard-
Jones repulsion, an implicit solvation model disfavoring burial of polar groups, hydrogen
bonding, a statistical residue pair term for electrostatics, side-chain rotamer probability,
and a reference energy used to favor a native-like abundance of each amino acid type.
The Rosetta approach varies net charge by adjusting reference energies of the positive or
negatively charged residue types. Users can specify a net target charge, and the protocol
will iteratively increment the charged-residue reference energies until the desired net charge
is achieved [31]. The three-dimensional structures of the final mutants were modeled using
the BsNOX structure with PDB Id 3ge6 as the template. The models were created using
the SWISS-MODEL Workspace. The potential changes in enzyme surface were analyzed
by PYMOL. The molecular dynamics (MD) simulation using the MD simulation package
GROMACS v. 2018 4.

3. Results
3.1. Screening of Residues on the Surface of BsNox for Site-Directed Mutagenesis

The initial sequence of gene yodC (GenelD:939506) encoding NADH oxidase (BsNox)
form B. subtilis 168 was submitted to SWISS-MODEL Workplace for modeling, and the
BsNox structure was obtained. In this work, 3ge6 with a sequence identity of 43.5% was
used as the template, which is at 1.85 A resolution. According to the current definition, if
the sequence homology of the protein to be modeled is more than 40% after comparing it
with the template sequence, the three-dimensional structure of the protein can be predicted
by the method of homologous protein modeling. In this result, the value of GMQE is 0.80
(The confidence range of GMQE is 0-1, with a higher value indicating better quality) [39].
The value of QMEAN is 0.76 + 0.05 (the range of QMEAN is —4-0; the closer to 0, the
better the matching degree between the tested protein and the template protein will be). So
we think that the structure’s quality is sufficient for our further work. Then PYMOL was
used to generate the potential surface map of the protein, and the total surface charge of
the BsNox was determined to be —10. For rational quantification, we specified a net target
charge as —50 (the total surface charge was set from —10 to —50) and then iterated the
protocol. According to the output results, as shown in Figure 1, fifteen sites were selected,
which contain nonpolar residues (A118D, I168D), uncharged polar residues (T2D, N20D,
Y66D, Q68E, Q114E, N116E, Y119E, Q189D), and polar charged residues (K25D, K85D,
R171E, H188E, K197D). These mutants were expected to have lower pH optimum than the
wild type. As shown in Figure 1, the predicted mutation sites are located on the surface
of the BsNOX structure. Taking the double mutant N20D/N116E as an example, after
mutating into acidic amino acids, the initial potential changes of both residues 20 and 116
are lower than that of the WT (Figure 2).
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Figure 2. Potential changes on the enzyme surface. Acidic amino acids are shown in red, and alkaline
amino acids are shown in blue. Left: the wild-type BsNOX. Right: the N20D/N116E variant.

3.2. Expression of BsNox and Its Mutants

The BsNox gene and its mutagenic genes were separately cloned to the plasmid
pETDuet-1 and expressed in E. coli BL21. In order to confirm the successful expression
of BsNox and its variants, SDS-gel analysis was used with relevant cell lysates. After
12 h of induction with IPTG, as shown in Figure 1, thirteen mutants were all successfully
over-expressed in E. coli BL21. The bands of proteins are clear, and the molecular weight
of BsNox is about 22.3 kDa (Figure 3). Proteins were purified using Ni-NTA resins as
described in our previous study [37] and isolated at high purity (Figure S1).

Figure 3. Protein expression analysis of variants on SDS-PAGE. The cell lysate was examined by
SDS-PAGE under denaturing conditions, using the prestained marker (Takara, Japan) as the reference.
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3.3. pH Profile and Stability

The pH-activity profiles of the BsNOX mutants were determined and compared with
that of the wild-type. As shown in Figure 4, among the twelve mutants, T2D, N20D, K25D,
Y66D, N116E, A118D and 1168D showed a higher activity at pH 7.0, and T2D, N20D and
N116E also had a higher activity at pH 8.0. Significantly, the substitution of the asparagine
residue (N116) with a glutamic acid residue (N116E) showed the best effect among the
single-site mutants, and its optimum pH shifts from 9.0 to 7.0, with an increase in activity
by 61.2% at pH 7.0 and 47.6% at pH 8.0. However, compared to the wild-type, the N116E
mutant showed a decrease in activity by about 15% at pH 9.0, while the N20D mutant had
a similar activity at pH 9.0. Thus, N20D/N116E combined mutant was constructed, and it
showed a pronounced effect on the pH-activity profile ranging from pH 7.0 to pH 9.0. The
pH optimum of the N20D/N116E mutant moved to neutral (pH 7.0) (Figure 4). The double
mutant not only down-shifted the pH optimum of BsNox but also significantly increased
its specific activity, which was about 2.9-fold at 7.0, 2.2-fold at 8.0 and 1.2-fold at 9.0 that of
the wild-type.

N -+ 7.0 [ pH .0 Il pH 9.0
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Figure 4. Effects of pH on the specific activity of BsNox and its variants.

The activities of the double mutant N20D/N116E under a wide range of pH from
5 to 10 were furtherly investigated to test its applicability in some specific processes. The
results are summarized in Figure 5, which clearly shows that N20D/N116E displayed a
higher activity within a wide range of pH from 6 to 9, which was wider than the wide
type; it decreased significantly only when pH was outside this range, especially under acid
conditions (pH < 6).

10 4

I Wt

4 Il N20D+N116E

8 -
2 61
2
=
g 4
&
i

0_

5 6

pH

Figure 5. Effects of pH on the activities of WT and double mutant N20D/N116E.
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Furthermore, the pH stability of the BsNox and its variants was observed. All purified
enzymes were stored at 4 °C for 24 h, pH range from 7 to 9, and tests were carried out at
37 °C in 50 mM potassium phosphate buffer. The results in Figure 6 show that the enzyme
characteristics of the wild-type and its mutants were apparently similar from pH 7.0 to 9.0;
the activity for all recombinants is more stable, especially the variant N116E which showed
more stability when heat treatment was applied to the enzyme for 60 h.

—=— pH7.0, —e— pHS.0, —&— pH9.0

N116E N20D/N116E
100 100
80 80
42\‘ > ~
E S ks
: : H
- > > =
5 g 401 g 404
& ° 5
20 20
0 — T T T T T 0
0 10 20 30 40 50 60 70 80 0

LR L S S S 0 T T T T T
10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Time (h) Time (h) Time (h)
Figure 6. pH stability of BsSNOX-WT and its mutants.

3.4. Molecular Dynamics Simulation

GROMACS is a specific software for molecular dynamics simulations. The molecular
dynamics simulations show that the RMSD value of variant N20D/N116E was similar
to the wild-type BsNox (Figure 7a). The Root Mean Square Fluctuation (RMSF) values
of mutants were calculated to assess structural modifications to the wild-type. Figure 7b
shows that double mutant (N20D/N116E) increased the RMSF value between 12 and
35 sites, and between 90 and 115 sites, the highest RMSF value reached 0.71 A.

(a)

0.40 WT N20D+N116E ((:);
035 '

— WI
N20D+N116E

0.30

025 , W,%HMWWW“\! W G, 2 "
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Figure 7. Molecular dynamics simulations of wild-type BsNox and its variant N20D/N116E. (a) The

RMSD values of WT and its variant N20D/N116E. (b) The RMSF values of WT and its variant
N20D/N116E.

Figure 8a shows that both mutant residues N20D and N116E are far away from the
catalytic residue Cys152 located in the deepest part of the FAD-binding channel. Most
water-forming NADH oxidases have typical Rossman folds, and each Rossman folding
domain has a binding region of substrate NADH or cofactor FAD [40]. Figure 8b shows
that the N20D residue is located on the loop of the outer side of Rossman’s folded domain.
The substitution of the asparagine residue with a glutamic acid residue in the 116 residue
widened the gate of the FAD-binding channel (Figure 8c,d).
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Figure 8. Molecular dynamics simulations of Nox and its variants. (a): the generation of the Nox
structure, showing the cross-section of the FAD-binding channel and the position of active residue
Cys152, the selected residues N20 and N116; (b): The position of residues 20 in NOX; (c), The surface
region of WT closed to the channel of FAD; (d), The surface region of N20DN116E closed to the
channel of FAD; In figure (c,d), the red regions represent hydrophobic residues and the white are
hydrophilic residues. The darker the color is, the stronger the hydrophobicity is.

3.5. Using Mutant N20D/N116E for NAD™ Regeneration Enhanced a-Ketoglutarate Production

Glutamate dehydrogenase catalyzes the conversion of L-Glu to «-KG with concomitant
reduction of NAD* to NADH. For enzymatic bio-oxidation of L-glutamic acid (L-Glu) to
a-ketoglutaric acid (x-KG), the continuous consumption of cofactor NAD™ strikingly
increases the cost of the process. To avoid the addition of large quantities of cofactor
NAD" in this process and observe the usability of the BsNox and its variants for NAD*
regeneration, in this work, an efficient and environmentally friendly enzymatic system
containing a glutamate dehydrogenase mutant K218D (GDH) obtained previously [41] for
L-Glu oxidation and BsNox for NAD™" regeneration was designed for «-KG biosynthesis
under neutral environment. As shown in Figure 9, the reaction mixture with BsNox and
its variant N20D/N116E could convert L-Glu into «-KG fast, while the control (without
BsNox addition) had negligible efficiency. The variant N20D/N116E increased NAD*
regeneration ability, thus improving the consumption rate of L-Glu by 42.8% at 45 min,
compared with the wild-type BsNox. The highest conversion rate was recorded with
variant N20D/N116E as the NAD" regeneration coenzyme; 90% of L-Glu was consumed
within 40 min with ~9 mM «-KG produced. At the same time, we noted that it would
take a much longer time (70 min) to consume 90% of L-Glu with wild-type Nox for NAD*
regeneration. Employing the variation N20D/N116E as an NAD+ regeneration coenzyme
could shorten the process duration.
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Figure 9. Time profile of conversion of L-Glu into «-KG by coupling GDH with NOXs.

4. Discussion

Water-forming NADH oxidase (Nox) has attracted substantive attention in a wide
range of industrial enzymatic oxidation-reduction reactions as they can oxidize NADH
to NAD* only with H,O produced [15]. Nox has been widely employed to couple with
certain dehydrogenases, which successfully enhance many important chemicals’ biosyn-
thesis. Glutamate dehydrogenase (Gdh) catalyzes the conversion of L-Glu to «-KG with
concomitant reduction of NAD* to NADH. Thus, it is an efficient and environmentally
friendly system by coupling a Gdh for L-Glu oxidation and a Nox for NAD* regeneration
for the enzymatic synthesis of x-KG. Because it can avoid the addition of large quantities
of cofactor NAD™" without by-products produced. In our previous study, we characterized
a glutamate dehydrogenase (BsGdh) from B. subtilis 168, and it was found that it has
relatively high activity under neutral pH for conversion of L-Glu to «-KG but very little
activity at pH 9.0 [41]. Previously, we characterized an H,O-forming Nox (BsNox) from
Bacillus subtilis [28]. However, we also noticed that the maximum activity of BsNox was
observed at pH 9.0, and its specific activity was depressed when pH was under neutral
conditions [28]. Therefore, for efficient biosynthesis of «-KG through the promising system,
it is of considerable importance and mandatory to modify the BsNox pH tendency through
rational design and site-directed mutation. Nonetheless, as far as we know, there are few
reports regarding the shift of pH optima in Noxs.

Studies have shown that engineering the surface charge of enzymes can modify their
characteristics, such as optimal pH, and enzyme catalysis [30]. Previously, we successfully
modified the optimal pH of BsGdh based on surface charge rational design, and the optimal
pH of K218D was reduced from 8.0 to 7.0, with an increase of activity by 5.4-folds [41]. In
this study;, it is important to note that substitution of this uncharged residue (Asn) with
polar negatively charged residues (Asp/Glu) could shift pH optima from 9.0 to 7.0 in
Noxs. The molecular dynamics simulations show that the RMSD value has little difference
between variant N20D/N116E and the wild-type BsNox (Figure 7a), indicating that variant
N20D/N116E had little effect on the stability of the protein structure. Most water froming
NADH oxidases have typical Rossman fold, and each Rossman folding domain has a
binding region of substrate NADH or cofactor FAD [40]. In this BsNox structure, N20D
residue is located on the loop of the outer side of Rossman’s folded domain. The Root
Mean Square Fluctuation (RMSF) values of mutant N20D increased (Figure 7b), indicating
that the flexibility of the residue increase probably contributed to the increase of the
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mutant activity. The cofactor FAD plays a significant role in Nox oxidative activity [42].
Furthermore, the substitution of the asparagine residue with a glutamic acid residue in the
116 residue led to the weakening of the hydrophobic interaction between residues near
the gate of the FAD-binding channel and resulted in the widening of the channel gate,
making it easier to contact each other among FAD, substrate and active site; thus increased
the mutants specific activity. The engineering of enzyme charges to shift the pH-activity
profile by modulating the interaction with the active site residues has been studied by some
researchers. Kim et al. [32] achieved a shift in the pH optima of Aspergillus niger Phy A
Phytase by substituting amino acids in the substrate-binding site with different charges and
polarities. Pokhrel et al. [33] successfully shifted the pH optimum of a B. circulans xylanase
by introducing charged residue. In a previous study, we also successfully modified the
optimal pH of an aspartase from Bacillus sp. YM55-1 based on surface charge rational
design [35]. The shift in pH optimum was probably due to charge repulsion, as explained
by Pokhrel et al. [33], the charge repulsion may be direct, between the Asp/Glu inserted
and the catalytic sites, or it may be indirect.

5. Conclusions

Surface charge-based rational design of a B. subtilis NADH oxidase by introducing
negatively charged residues could downshift its pH optima from 9.0 to 7.0. Combing
N20D/N116E mutant is more feasible to downshift the BsNox optimum pH from an
alkaline condition to a neutral one. Its usability for NAD* regeneration was demonstrated
by coupling N20D/N116E variant with a glutamate dehydrogenase with a higher o-KG
productivity from L-Glu at pH 7.0. Employing the variation N20D/N116E as an NAD*
regeneration coenzyme could shorten the process duration. The results obtained in this
work suggest that the promising properties of the BsNox variation N20D/N116E are
competent in NAD* regeneration applications under a neutral environment.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/biology12040522/s1, Figure S1: Potential changes of BsNox;
Table S1: The bacterial strains, plasmids, and primers used in this study.

Author Contributions: T.Y. and Z.R. conceived and designed the study and critically revised the
manuscript. T.Y,, L.P. and W.W. carried out the experiments, analyzed the data, and drafted the
manuscript. X.P., M.X., X.Z. and Z.R. contributed to the revision of the manuscript. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Key Research, Development Program of China
(2021YFC2100900); Natural Science Foundation of Jiangsu Province (BK20221537, BK20210464);
the National Natural Science Foundation of China (32100055) and the Priority Academic Program
Development of Jiangsu Higher Education Institution.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request. All datasets generated for this study are included in
the article/Supplementary Material.

Conflicts of Interest: The authors declare no conflict of interest.

1. Miller, D.C.; Athavale, 5.V.; Arnold, FH. Combining chemistry and protein engineering for new-to-nature biocatalysis. Nat. Synth.
2022, 1, 18-23. [CrossRef] [PubMed]

2. Alcantara, A.R.; Dominguez de Maria, P.; Littlechild, J.A.; Schurmann, M.; Sheldon, R.A.; Wohlgemuth, R. Biocatalysis as key to
sustainable industrial chemistry. ChemSusChem 2022, 15, €202102709. [PubMed]

3. Sheldon, R.A.; Brady, D. Green chemistry, biocatalysis, and the chemical industry of the future. ChemSusChem 2022, 15, €202102628.

[CrossRef]

4.  Torrelo, G.; Hanefeld, U.; Hollmann, F. Biocatalysis. Catal. Lett. 2015, 145, 309-345. [CrossRef]


https://www.mdpi.com/article/10.3390/biology12040522/s1
https://www.mdpi.com/article/10.3390/biology12040522/s1
http://doi.org/10.1038/s44160-021-00008-x
http://www.ncbi.nlm.nih.gov/pubmed/35415721
http://www.ncbi.nlm.nih.gov/pubmed/35238475
http://doi.org/10.1002/cssc.202102628
http://doi.org/10.1007/s10562-014-1450-y

Biology 2023, 12, 522 11 0f12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Tassano, E.; Hall, M. Enzymatic self-sufficient hydride transfer processes. Chem. Soc. Rev. 2019, 48, 5596-5615. [CrossRef]
[PubMed]

Hollmann, E; Opperman, D.J.; Paul, C.E. Biocatalytic reduction reactions from a chemist’s perspective. Angew. Chem. Int. Ed.
Engl. 2021, 60, 5644-5665. [CrossRef]

Ding, Y.; Li, X.;; Horsman, G.P; Li, P.; Wang, M.; Li, J.; Zhang, Z.; Liu, W.; Wu, B.; Tao, Y.; et al. Construction of an Alternative
NAD(+) De Novo Biosynthesis Pathway. Adv. Sci. 2021, 8, 2004632. [CrossRef]

Wang, M.; Chen, B.; Fang, Y.; Tan, T. Cofactor engineering for more efficient production of chemicals and biofuels. Biotechnol. Adv.
2017, 35, 1032-1039. [CrossRef]

Zheng, Y.G.; Yin, HH.; Yu, D.F; Chen, X,; Tang, X.L.; Zhang, X.J.; Xue, Y.P; Wang, Y.J.; Liu, Z.Q. Recent advances in biotechnologi-
cal applications of alcohol dehydrogenases. Appl. Microbiol. Biotechnol. 2017, 101, 987-1001. [CrossRef]

Liu, W.; Zhang, S.; Wang, P. Nanoparticle-supported multi-enzyme biocatalysis with in situ cofactor regeneration. J. Biotechnol.
2009, 139, 102-107. [CrossRef]

El-Zahab, B.; Jia, H.; Wang, P. Enabling multienzyme biocatalysis using nanoporous materials. Biotechnol. Bioeng. 2004, 87,
178-183. [CrossRef] [PubMed]

Zheng, J.; Yang, T.; Zhou, ]J.; Xu, M.; Zhang, X.; Rao, Z. Elimination of a free cysteine by creation of a disulfide bond increases
the activity and stability of Candida boidinii formate dehydrogenase. Appl. Environ. Microbiol. 2017, 83, €02624-16. [CrossRef]
[PubMed]

Zhuang, M.-Y; Jiang, X.-P,; Ling, X.-M.; Xu, M.-Q.; Zhu, Y.-H.; Zhang, Y.-W. Immobilization of glycerol dehydrogenase and
NADH oxidase for enzymatic synthesis of 1,3-dihydroxyacetone with in situ cofactor regeneration. J. Chem. Technol. Biotechnol.
2018, 93, 2351-2358. [CrossRef]

Jia, B.; Park, S.C.; Lee, S.; Pham, B.P; Yu, R; Le, TL.; Han, SW.; Yang, ] K.; Choi, M.S.; Baumeister, W.; et al. Hexameric ring
structure of a thermophilic archaeon NADH oxidase that produces predominantly H,O. FEBS ]. 2008, 275, 5355-5366. [CrossRef]
[PubMed]

Gao, H.; Li, J.; Sivakumar, D.; Kim, T.S.; Patel, S.K.S.; Kalia, V.C.; Kim, .W.; Zhang, YW.; Lee, ] K. NADH oxidase from Lactobacillus
reuteri: A versatile enzyme for oxidized cofactor regeneration. Int. J. Biol. Macromol. 2019, 123, 629-636. [CrossRef]

Titov, D.V,; Cracan, V.; Goodman, R.P; Peng, J.; Grabarek, Z.; Mootha, V.K. Complementation of mitochondrial electron transport
chain by manipulation of the NAD* /NADH ratio. Science 2016, 352, 231-235. [CrossRef]

Riebel, B.R.; Gibbs, P.R.; Wellborn, W.B.; Bommarius, A.S. Cofactor regeneration of both NAD" from NADH and NADP* from
NADPH:NADH oxidase from Lactobacillus sanfranciscensis. Adv. Synth. Catal. 2003, 345, 707-712. [CrossRef]

Zhang, YW.; Tiwari, M.K,; Gao, H.; Dhiman, S.S.; Jeya, M.; Lee, ].K. Cloning and characterization of a thermostable H,O-forming
NADH oxidase from Lactobacillus rhamnosus. Enzyme Microb. Technol. 2012, 50, 255-262. [CrossRef]

Gao, H.; Tiwari, M.K,; Kang, Y.C.; Lee, ].-K. Characterization of HyO-forming NADH oxidase from Streptococcus pyogenes and its
application in l-rare sugar production. Bioorg. Med. Chem. Lett. 2012, 22, 1931-1935. [CrossRef]

Li, E-L.; Shi, Y.; Zhang, J.-X.; Gao, J.; Zhang, Y.-W. Cloning, expression, characterization and homology modeling of a novel
water-forming NADH oxidase from Streptococcus mutans ATCC 25175. Int. ]. Biol. Macromol. 2018, 113, 1073-1079. [CrossRef]
Shi, X.C.; Zou, Y.N.; Chen, Y.; Zheng, C.; Li, B.B.; Xu, ].H.; Shen, X.N; Ying, H.]. A water-forming NADH oxidase regulates
metabolism in anaerobic fermentation. Biotechnol. Biofuels 2016, 9, 103. [CrossRef] [PubMed]

Xu, M.Q.; Li, EL.; Yu, W.Q.; Li, RE; Zhang, YW. Combined cross-linked enzyme aggregates of glycerol dehydrogenase and
NADH oxidase for high efficiency in situ NAD(+) regeneration. Int. ]. Biol. Macromol. 2020, 144, 1013-1021. [CrossRef] [PubMed]
Zhang, ].; Cui, Z.; Chang, H.; Fan, X.; Zhao, Q.; Wei, W. Conversion of glycerol to 1,3-dihydroxyacetone by glycerol dehydrogenase
co-expressed with an NADH oxidase for cofactor regeneration. Biotechnol. Lett. 2016, 38, 1559-1564. [CrossRef] [PubMed]
Zhang, B.; Bian, L.; Huang, P.; Zhao, L.; Chen, Y.; Wu, X. Efficient whole-cell biosynthesis of 1-gulose by coupling mannitol-1-
dehydrogenase with NADH oxidase. Enzyme Microb. Technol. 2021, 148, 109815. [CrossRef] [PubMed]

Hong, Y.G.; Moon, YM.; Choi, T.R.; Jung, H.R.; Yang, S.Y.; Ahn, J.O; Joo, ].C.; Park, K.; Kim, Y.G.; Bhatia, S.K.; et al. Enhanced
production of glutaric acid by NADH oxidase and GabD-reinforced bioconversion from I-lysine. Biotechnol. Bioeng. 2019, 116,
333-341. [CrossRef] [PubMed]

Su, W.B,; Li, EL; Li, X.Y.; Fan, X.M; Liu, R.J.; Zhang, Y.W. Using galactitol dehydrogenase coupled with water-forming NADH
oxidase for efficient enzymatic synthesis of L-tagatose. New Biotechnol. 2021, 62, 18-25. [CrossRef]

Cui, Z.; Zhao, Y.; Mao, Y; Shi, T,; Lu, L.; Ma, H.; Wang, Z.; Chen, T. In vitro biosynthesis of optically pure d-(—)- acetoin from
meso-2,3-butanediol using 2,3-butanediol dehydrogenase and NADH oxidase. J. Chem. Technol. Biotechnol. 2019, 94, 2547-2554.
[CrossRef]

Zhang, X.; Zhang, R.; Bao, T,; Rao, Z; Yang, T.; Xu, M.; Xu, Z.; Li, H.; Yang, S. The rebalanced pathway significantly enhances
acetoin production by disruption of acetoin reductase gene and moderate-expression of a new water-forming NADH oxidase in
Bacillus subtilis. Metab. Eng. 2014, 23, 34—41. [CrossRef]

Yang, ].H.; Park, J.Y,; Kim, S.H.; Yoo, Y.J. Shifting pH optimum of Bacillus circulans xylanase based on molecular modeling.
J. Biotechnol. 2008, 133, 294-300. [CrossRef]

Pedersen, ].N.; Zhou, Y.; Guo, Z.; Perez, B. Genetic and chemical approaches for surface charge engineering of enzymes and their
applicability in biocatalysis: A review. Biotechnol. Bioeng. 2019, 116, 1795-1812. [CrossRef]


http://doi.org/10.1039/C8CS00903A
http://www.ncbi.nlm.nih.gov/pubmed/31675020
http://doi.org/10.1002/anie.202001876
http://doi.org/10.1002/advs.202004632
http://doi.org/10.1016/j.biotechadv.2017.09.008
http://doi.org/10.1007/s00253-016-8083-6
http://doi.org/10.1016/j.jbiotec.2008.09.015
http://doi.org/10.1002/bit.20131
http://www.ncbi.nlm.nih.gov/pubmed/15236246
http://doi.org/10.1128/AEM.02624-16
http://www.ncbi.nlm.nih.gov/pubmed/27836850
http://doi.org/10.1002/jctb.5579
http://doi.org/10.1111/j.1742-4658.2008.06665.x
http://www.ncbi.nlm.nih.gov/pubmed/18959761
http://doi.org/10.1016/j.ijbiomac.2018.11.096
http://doi.org/10.1126/science.aad4017
http://doi.org/10.1002/adsc.200303039
http://doi.org/10.1016/j.enzmictec.2012.01.009
http://doi.org/10.1016/j.bmcl.2012.01.049
http://doi.org/10.1016/j.ijbiomac.2018.03.016
http://doi.org/10.1186/s13068-016-0517-y
http://www.ncbi.nlm.nih.gov/pubmed/27175216
http://doi.org/10.1016/j.ijbiomac.2019.09.178
http://www.ncbi.nlm.nih.gov/pubmed/31669469
http://doi.org/10.1007/s10529-016-2130-3
http://www.ncbi.nlm.nih.gov/pubmed/27233513
http://doi.org/10.1016/j.enzmictec.2021.109815
http://www.ncbi.nlm.nih.gov/pubmed/34116746
http://doi.org/10.1002/bit.26869
http://www.ncbi.nlm.nih.gov/pubmed/30450795
http://doi.org/10.1016/j.nbt.2021.01.003
http://doi.org/10.1002/jctb.6050
http://doi.org/10.1016/j.ymben.2014.02.002
http://doi.org/10.1016/j.jbiotec.2007.10.008
http://doi.org/10.1002/bit.26979

Biology 2023, 12, 522 12 0of 12

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Der, B.S.; Kluwe, C.; Miklos, A.E.; Jacak, R.; Lyskov, S.; Gray, ].J.; Georgiou, G.; Ellington, A.D.; Kuhlman, B. Alternative
computational protocols for supercharging protein surfaces for reversible unfolding and retention of stability. PLoS ONE 2013,
8, €64363. [CrossRef] [PubMed]

Kim, T.; Mullaney, E.J.; Porres, ].M.; Roneker, K.R.; Crowe, S.; Rice, S.; Ko, T.; Ullah, A.H.J.; Daly, C.B.; Welch, R; et al. Shifting the
pH profile of Aspergillus niger PhyA Phytase to match the stomach pH enhances its effectiveness as an animal feed additive. Appl.
Environ. Microbiol. 2006, 72, 4397-4403. [CrossRef]

Pokhrel, S.; Joo, ].C.; Kim, Y.H.; Yoo, Y.J. Rational design of a Bacillus circulans xylanase by introducing charged residue to shift the
pH optimum. Process Biochem. 2012, 47, 2487-2493. [CrossRef]

Ma, E; Xie, Y.; Luo, M.; Wang, S.; Hu, Y,; Liu, Y,; Feng, Y.; Yang, G.-Y. Sequence homolog-based molecular engineering for shifting
the enzymatic pH optimum. Synth. Syst. Biotechnol. 2016, 1, 195-206. [CrossRef]

Wang, Y.; Xu, M,; Yang, T.; Zhang, X.; Rao, Z. Surface charge-based rational design of aspartase modifies the optimal pH for
efficient beta-aminobutyric acid production. Int. J. Biol. Macromol. 2020, 164, 4165-4172. [CrossRef]

Sanchis, J.; Fernandez, L.; Carballeira, ].D.; Drone, J.; Gumulya, Y.; Hobenreich, H.; Kahakeaw, D.; Kille, S.; Lohmer, R,;
Peyralans, ].J.; et al. Improved PCR method for the creation of saturation mutagenesis libraries in directed evolution: Application
to difficult-to-amplify templates. Appl. Microbiol. Biotechnol. 2008, 81, 387-397. [CrossRef] [PubMed]

Zhang, X.; Wang, Z.; Wang, YM.; Li, X,; Zhu, M.C.; Zhang, H.W.; Xu, M.].; Yang, TW.; Rao, Z.M. Heterologous expression and
rational design of I-asparaginase from Rhizomucor miehei to improve thermostability. Biology 2021, 10, 1346. [CrossRef]
Kaufmann, K.W.; Lemmon, G.H.; DeLuca, S.L.; Sheehan, ].H.; Meiler, ]. Practically useful: What the ROSETTA protein modeling
suite can do for you. Biochemistry 2010, 49, 2987-2998. [CrossRef]

Studer, G.; Rempfer, C.; Waterhouse, A.M.; Gumienny, R.; Haas, J.; Schwede, T. QMEANDisCo-distance constraints applied on
model quality estimation. Bioinformatics 2020, 36, 1765-1771. [CrossRef] [PubMed]

Gao, H,; Tiwari, M.K,; Singh, R.K; Sung, B.H.; Kim, S.C.; Lee, ].K. Role of surface residue 184 in the catalytic activity of NADH
oxidase from Streptococcus pyogenes. Appl. Microbiol. Biotechnol. 2014, 98, 7081-7088. [CrossRef]

Wu, W,; Liu, F.; Wang, Y; Yang, T.; Rao, Z. Surface charge engineering-based rational design of glutamate dehydrogenase from
Bacillus subtilis modifies the optimal pH. Chin. J. Appl. Environ. Biol. 2022, 29, 7-14. (In Chinese)

del Castillo-Olivares, A.; Yantiri, F.; Chueh, PJ.; Wang, S.; Sweeting, M.; Sedlak, D.; Morré, D.M.; Burgess, J.; Morré, D.J. A
drug-responsive and protease-resistant peripheral NADH oxidase complex from the surface of HeLa S cells. Arch. Biochem.
Biophys. 1998, 358, 125-140. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1371/journal.pone.0064363
http://www.ncbi.nlm.nih.gov/pubmed/23741319
http://doi.org/10.1128/AEM.02612-05
http://doi.org/10.1016/j.procbio.2012.10.011
http://doi.org/10.1016/j.synbio.2016.09.001
http://doi.org/10.1016/j.ijbiomac.2020.08.229
http://doi.org/10.1007/s00253-008-1678-9
http://www.ncbi.nlm.nih.gov/pubmed/18820909
http://doi.org/10.3390/biology10121346
http://doi.org/10.1021/bi902153g
http://doi.org/10.1093/bioinformatics/btz828
http://www.ncbi.nlm.nih.gov/pubmed/31697312
http://doi.org/10.1007/s00253-014-5666-y
http://doi.org/10.1006/abbi.1998.0823
http://www.ncbi.nlm.nih.gov/pubmed/9750173

	Introduction 
	Materials and Methods 
	Materials 
	Site-Directed Mutagenesis 
	Enzyme Preparation, Purification, and Identification 
	Activity and Optimum pH Determination 
	Catalytic Performance of Enzymes Mixture 
	ROSETTA Supercharge, Modeling and Molecular Dynamics Simulation 

	Results 
	Screening of Residues on the Surface of BsNox for Site-Directed Mutagenesis 
	Expression of BsNox and Its Mutants 
	pH Profile and Stability 
	Molecular Dynamics Simulation 
	Using Mutant N20D/N116E for NAD+ Regeneration Enhanced -Ketoglutarate Production 

	Discussion 
	Conclusions 
	References

