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ABSTRACT

Vitamin B¢ plays a crucial role in cellular metabolism and stress response, making it an essential component for
growth in all known organisms. However, achieving efficient biosynthesis of vitamin Bg faces the challenge of
maintaining a balanced distribution of metabolic flux between growth and production. In this study, our focus is
on addressing this challenge through the engineering of phosphoserine aminotransferase (SerC) to resolve its
redundancy and promiscuity. The enzyme SerC was semi-designed and screened based on sequences and pre-
dicted kot values, respectively. Mutants and heterologous proteins showing potential were then fine-tuned to
optimize the production of vitamin Be. The resulting strain enhances the production of vitamin Bg, indicating that
different fluxes are distributed to the biosynthesis pathway of serine and vitamin Be. This study presents a
promising strategy to address the challenge posed by multifunctional enzymes, with significant implications for

enhancing biochemical production through engineering processes.

1. Introduction

Vitamin Bg is produced via the de novo biosynthetic pathway in
various bacteria, fungi, and higher plants, excluding animals and
humans [1-3]. The commercial form is pyridoxine (PN), which is syn-
thesized through a Diels-Alder chemical reaction at high temperature
after the formation of an oxazole intermediate. Raw materials such as
oxalic acid, benzene, hydrochloric acid, liquid alkali and phosphorus
oxychloride were used in this process [4-6]. Considering that some of
the raw materials utilized in these processes are derived from fossil fuels,
the depletion of fossil fuel reserves has led to a growing interest in
exploring eco-friendly and sustainable alternative for the production of
bulk chemicals. This includes the utilization of bio-based or renewable
feedstocks as substitutes [7,8]. Indeed, these eco-friendly and sustain-
able processes for producing bulk chemicals using bio-based or renew-
able feedstocks offer several advantages. They have gained significant
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attention due to their potential to reduce dependence on fossil fuels,
minimize environmental impact, and promote sustainability. Therefore,
the establishment of a biosynthesis process for pyridoxine (PN) holds
significant research importance in the field [9].

Aminotransferases also known as transaminases, are a group of en-
zymes with the capability to transfer an amino group, typically in a
reversible manner, from a carbonyl or aldehyde carbon to a-keto acid to
produce an amino acid. This enzymatic process is an essential part of
amino acid metabolism in living organisms [10,11]. Aminotransferases
rely on the presence of a cofactor called pyridoxal 5'-phosphate (PLP),
which serves as a carrier for the amino group during the enzymatic
transfer process [12-15]. The amino group is often donated by gluta-
mate, resulting in the formation of a pyridoxamine intermediate [16,
17]. The pyridoxamine then donates the amine to the carbonyl carbon of
an o-keto acid or an aldehyde [16,18]. Phosphoserine aminotransferase
(SerC) from Escherichia coli (E. coli), known as a redundant and
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promiscuous enzyme, which participate in biosynthesis of serine and
PLP, both the biosynthesis of serine and the catalytic activity of SerC
itself require PLP as a cofactor to carry out the aminotransferase reaction
[11,19-24]. Zhang et al. changed the substrate specificity of SerC from
L-phosphoserine to 1-homoserine using a computation-based rational
approach in producing 1,3-propanediol (1,3-PDO) [20]. As reported in
the study, the enzyme activity of the best mutant SerC(R42W/R77W) is
successfully improved by 4.2-fold compared to the wild type (WT) when
using L-homoserine as the substrate. However, it is important to note
that the mutant’s activity towards the natural substrate 1.-phosphoserine
was completely deactivated. This trade-off in substrate specificity
highlights the specificity of enzyme-substrate interactions and the
challenges in engineering enzymes for targeted transformations. Thus,
the rational design of SerC is important to improve the titer of special
chemical compound.

In the vitamin Bg biosynthetic pathway, SerC catalyzed the 2-oxo-3-
hydroxy-4-phosphobutanoate (OHPB) to 4-phosphonooxy-L-threonine
(4HTP), this intermediate, 4HTP, is considered to be a toxic substance
within the pathway [9,25,26]. In a previous study, parallel pathway
engineering was performed to decouple PN and PLP production by
introducing a heterologous PLP synthesis pathway [9]. The direct
overexpression of SerC has been utilized for enhanced microbial pyri-
doxine production, which is realized by increasing the metabolic flux
and providing alpha-ketoglutarate for potential PdxB multiple turnovers
[27,28]. However, it did not change the flow of SerC to different
metabolic pathways. Additionally, potential serine accumulation has
been reported to hamper a number of different cellular processes, such
as cell division, peptidoglycan synthesis, homoserine dehydrogenase
(ThrA) involved in branched chain amino acid biosynthesis, etc [29-31].
Therefore, it is crucial to undertake rational design of SerC by modifying
its substrate affinity to enhance pyridoxine yield and improve cell
viability.

In this study, we firstly designed the serC by multiple sequence
alignment and mining to achieve better performance for PN production.
The residues or heterologous sequences were identified by molecular
dynamics (MD) simulations and decomposition of binding free energy.
Then, the expression of SerC was regulated by induced expression,
changed CDS sequences, and to increase the copies to fit the modules
with pathway. Amino acid analysis revealed a preferential metabolic
flux towards the vitamin Be synthesis pathway rather than the serine
pathway. This study successfully tackles the challenges of carbon flux
distribution through enzyme engineering, providing valuable insights
for the engineering of multifunctional enzymes.

2. Material and methods
2.1. Construction of strains and plasmids

E. coli DH5a was used to construct and preserve plasmids. The E. coli
strains utilized and modified in this work are derived from E. coli
(MG1655). The strains, plasmids and primers used in this study are listed
in Tables S1, S2, and S3, respectively. In general, all plasmids used in
this study were based on p15ASI and pRSFDuet-1 according to the
previous study [9]. DNA manipulations were performed according to the
standard protocols. The primers used in this study were synthesized by
GEMEWIZ biotechnology Co., Ltd (Suzhou, China). All recombinant
plasmid were assembled by ClonExpress® MultiS One Step Cloning Kit
(Vazyme Biotech Co., Ltd; catalog number C113-01). The mutated
primers were designed using CE Design software from Vazyme Biotech
Co., Ltd [32]. The sequences of heterologous proteins were displayed in
Table S4. The coding sequence were codon-optimization according to
E. coli expression system codon preferences, which synthesized by
GENEWIZ biotechnology Co., Ltd (Suzhou, China).

Site-specific mutations were generated by polymerase chain reaction
(PCR) [Takara PrimeSTAR Max DNA Polymerase (catalog number
R045Q), direct and reverse primers 10 uM, template plasmid <100 ng]

389

Synthetic and Systems Biotechnology 9 (2024) 388-398

with plasmid pRSFDuet-1-serC used as the template. The PCR products
were subjected to treatment with FD Dpnl at 37 °C in a heat block for 5
min to eliminate the intact template plasmids, before being transformed
into competent DH5a E. coli. Transformation assays used competent cell
preparation kit (Generay Biotechnology Co., Ltd; catalog number
GK6032).

2.2. Media and fermentation condition

Luria-Bertani (LB) medium (10 g/L NaCl, 5 g/L yeast extract and 10
g/L tryptone) was used to enrich cells for plasmid extraction. SerC
variants were screened and cultured in 5 mL seed medium (10 g/L
glycerol, 10 g/L Bacto peptone, 5 g/L yeast extract, 5 g/L NaCl, pH
adjusted to 6.5) test tubes for 12 h. The bacterial culture was transferred
into 30 mL of FM1.4 medium in 250 mL shake flask (15 g/L glycerol, 1
g/L glucose, 5 g/L yeast extract, 5 g/L Bacto peptone, 5 g/L NaCl, 200
mg/L MgS0O4-7H20, 10 mg/L MnSO4-5H20, 10 mg/L FeSO4-7H20, 100
mM NayHPO4, pH 6.5) to an initial ODggp = 0.1 and cultured at 37 °C,
200 rpm for 48 h. All cultivations were performed in duplicates or
triplicates. When necessary, kanamycin and chloramphenicol were
added to the culture media at final concentrations of 50 and 34 pg/mL,
respectively.

2.3. Analytical methods to monitor fermentation

The cell density (ODegg) was measured by Hybrid Multi-Mode
Reader (Synergy Neo2, Bio Tek, USA). Residual glycerol was deter-
mined using On-line biochemical analyzer (M101, Siemen, China).

The fermentation mixture was centrifuged at 10,625 x g, and the
resulting supernatant was analyzed using high-performance liquid
chromatography (HPLC) with an UltiMate™ 3000 equipped system with
an FLD-3400 detector. Before being injected into the HPLC system, the
sample was filtered through a membrane filter with a pore-size of 0.22
pm to remove impurities. The resulting samples were analyzed using
fluorescence detection. The excitation and emission wavelengths were
set to 293 nm and 395 nm, respectively. The Octadecylsilyl (ODS) col-
umn (Cosmosil AR-II; 250 by 4.6 mm, 5 pm particle size; Nacalai Tesque)
was used for separation. Mobile phase A (33 mM phosphoric acid and 8
mM 1-octanesulfonic acid, adjust pH to 2.5 with KOH) and mobile phase
B (acetonitrile: water = 4:1, v/v). The column temperature was 35 °C.
The total flow rate was 0.8 mL/min and the gradient elution program is
set to: mobile phase B from 0% to 1% in 0-5 min, 1%-19% in 5-10 min,
19%-28% in 10-20 min, 28%-63% in 20-25 min, 63%-0% in 25-27
min, 0% B keep 5 min. The data from fermentation was analyzed by the
software GraphPad Prism (version 8).

2.4. Molecular dynamics simulation

The complex structures of Eco_SerC and its mutant variants were
constructed based on the crystal structure 1BJO from the PDB database
[33]. The structures of SerC from other sources were predicted using the
Alphafold2 algorithm [34]. According to the proposed catalytic mech-
anism [35], SerC requires the essential coenzyme pyridoxal 5'-phosphate
(PLP) for catalysis. First, an imine is formed by the reaction of an amino
group with glutamate, and then this imine is transferred onto the sub-
strate 3-phosphooxypyruvate/(R)-3-hydroxy-2-oxo-4-phosphooxybuta-
noate by forming an imine with the carbonyl group of the substrate.
To comprehensively study potential factors influencing catalysis,
particularly the co-occurrence of substrate and coenzyme binding, we
conducted molecular dynamics simulations to explore the binding en-
ergy and binding mode. The complex structures were prepared using the
Amber20 software package with ff14SB force field [36,37]. Initial con-
strained molecular dynamics simulations were performed for 20 ns,
followed by three independent unconstrained 100 ns MD simulations to
capture the dynamic changes of the system. Further details regarding the
simulation methodology can be found in the Supporting Information.
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2.5. Amino acid and organic acid analysis

The intracellular serine content was accurately quantified using an
amino acid analyzer (Hitech, L8900) [38]. The appropriate amount of
fermented samples was collected and centrifuged at 10,625 x g to obtain
the bacterial cells. The cells were lysed using a solution 0.8 M HC1O4 and
0.8 M KoCOs. The resulting supernatant was obtained by centrifuging at
10,625 x g, subsequently treated with a 1:1 ratio of 10% sulfosalicylic
acid dihydrate to remove proteins. The mixture was further centrifuged
at 10,625 x g for 15 min. The volume of supernatant was adjusted by
adding an equal volume of 0.02 M hydrochloric acid. To remove im-
purities, a filter membrane with a pore size of 0.22 pm was used. Each
sample was filtered for a duration of 2.5 h (with a net analysis time of
110 min). Data acquisition and analysis for amino acid analysis were
performed using the post-column derivatization method on the amino
acid analyzer.

Organic acid such as acetic acid and pyruvate were detected by HPLC
system (Agilent 1260 Infinity II) equipped with a 1260 Infinity Il VWD
detector. Choose polystyrene divinylbenzene column (Aminex® HPX-
87H; 300 x 7.8 mm, 9 pm particle size; Bio-Rad) as the separation
system of HPLC system. The flow rate of mobile phase A (5 mM HySO4) is
set to 0.5 mL/min.

2.6. SDS-PAGE analysis

After 16 h of fermentation, 1 mL of the fermentation broth was
collected and centrifuged at 1844 x g for 10 min at 4 °C to separate the
supernatant. The pellets were re-suspended with 1 mL of pre-cooled
Phosphate-Buffered Saline (PBS) solution, then centrifuged at 4000
rpm for 30 min at 4 °C to remove the supernatant. This process is
repeated three times, the resuspension was then diluted to an optical
density (OD) of 600 nm equal to 0.2 with PBS solution, the diluted
resuspension was lysed with Ultrasonic Cell Disruptor (operating for 2 s,
pausing for 3 s, 60 times). The cell lysate (1 mL) was centrifuged at 7378
x g and 4 °C for 10 min, the supernatant was separated from the sedi-
ment. The supernatant (40 pL) was taken and mixed with 10 pL of 5 x
Protein SDS- PAGE loading Buffer, and then heated to 100 °C for 20 min.
The samples were added to the protein gel and separated at 130 V for
nearly 40 min.

2.7. Sequence analysis and phylogenetic tree construction

The protein sequences of SerC were extracted from the BRENDA
database based on EC number 2.6.1.52. Multiple sequence alignment
and comparative analysis of the protein were conducted using the
command-line version ClustalW2 [39]. Phylogenetic trees were con-
structed using the data from the alignments in MEGA11 software and
viewed in ITOL [40,41]. Protein structure analysis and figure design
were performed using PYMOL 2.1 [42].

Sequence alignment was performed using the ClustalW2 program
and plotted with the ESPript program [43].

3. Results and discussion

3.1. Analysis of SerC protein by multiple sequence alignment to design
sites mutation

Serine is ubiquitously synthesized in all living organisms from the
glycolysis intermediate 3-phosphoglycerate (3PG), including the phos-
phoserine aminotransferase SerC catalyzed 3-phosphohydroxylpyruvate
(3PHP) and glutamate into 3-phosphoserine and a-ketoglutarate (a-KG),
the second step in the phosphorylated pathway of serine biosynthesis
[44]. SerC is also OHPB aminotransferase, participated in the third step
of DXP (1-deoxy-d-xylulose-5-phosphate synthase)-dependent pathway
to synthesize vitamin Bg. The DXP-dependent vitamin Bg pathway has
been revealed that it is only present in y-proteobacteria or the

390

Synthetic and Systems Biotechnology 9 (2024) 388-398

a-proteobacteria by an in-silico analysis [45]. The orthologs of SerC (EC
2.6.1.52) were identified from the BRENDA enzyme database (www.
brenda-enzymes.org) and restricted to mainly y-proteobacteria or the
a-proteobacteria to do multiple sequence alignment.

Crystal structure of phosphoserine aminotransferase SerC from E. coli
has been solved (PDB: 1BJO) at 2.3 A resolution [19]. The complete
dimer of SerC is essential for activity for its active sites situated at the
subunit interface. The region responsible for binding substrate mole-
cules such as PLP and a-methyl-i-glutamate (a-MG) includes the
following residues: G76, R77, W102, T153, D174, S176, Q197, K198,
T240, and N239 (Fig. 1a). In this study, our analysis and mutation efforts
were primarily focused on this specific 10 sites [19,46]. To identify
mutations of key residues to better produce pyridoxine, multiple
sequence alignment of amino acid sequences of closest SerC homologs
that restricted in y-proteobacteria and the a-proteobacteria were per-
formed by ENDscript (Fig. 1b). Secondary structure of SerC was
analyzed by ENDscript 3.0 indicated 9 o-helices and 16 M-sheets
(Fig. S1). The conservation of certain sites was observed among the
active sites, specifically D174, Q197, K198, and T240. These sites
demonstrated a high degree of similarity across various species. How-
ever, some species such as Edwardsiella ctaluri, Citrobacter koseri, Xan-
thomonas axonopodis, Coxiella burnetiid, Legionella pneumophila,
Haemophilus ducreyi showed in Fig. 1b exhibited variations in other sites,
including G76, R77, W102, T153, S176, and N239. In order to boost the
activity of the native serC gene from E. coli and improve pyridoxine
production, we conducted mutation experiments aimed at identifying
efficient mutations. Thirteen transformants were constructed through
site-directed mutagenesis and subsequently tested for PN titer (Fig. 1c).
Compared with the WT, the titer of SerC (T153G) overexpression was
increased by more than 7-fold, and G76S increased 2.6-fold. To further
enhance the performance of SerC, we conducted double-site to
fourth-site mutagenesis based on shared mutation sites across various
bacterial strains, with particular emphasis on sites harboring the T153G
mutation site. Among them, the mutants with the combination of resi-
dues of T153G and S176T increased the PN titer, although still lower
than that of T153G mutants. The results showed that the mutation sites
T153G, G76S, and T153G/S176T were preferable for PN production.

To elucidate the underlying mechanisms behind the altered pro-
duction yield of these mutants, we conducted molecular dynamics (MD)
simulations on several variants: T153G (the variant with the highest
yield), G76D (the variant with the lowest yield), G76S (a variant with
improved yield compared to G76D), as well as the mutant T153G/
S176T, which exhibited the highest yield among the combination mu-
tants. The MD simulations revealed that the G76D mutation significantly
reduced the binding affinity towards the substrate PLP_GLU (PLP-
binding glutamic acid), as well as the substrates PLP_OHPB and
PLP_3PHP (Table 1). Particularly noteworthy was the approximately
50% decrease in binding affinity towards PLP_OHPB and PLP_3PHP
(PLP_OHPB binding energy increased from —200.90 to —77.15 kcal/
mol, and PLP_3PHP binding energy increased from —176.20 to —95.83
kcal/mol). As a result, these mutants likely impact a portion of the
metabolic flux that bypasses SerC enzyme, resulting in a decreased
production yield in the vitamin B¢ pathway.

Conversely, the G76S mutation at the same position exhibited a
significant decrease in binding energy towards the PLP_GLU substrate
(approximately 43.4 kcal/mol) with less affecting the PLP_OHPB sub-
strate. This finding provides a possible explanation for the higher pro-
ductivity of G76S compared to the wild type and G76D. Additionally,
both T153G and T153G/S176T demonstrated advantages over WT in
terms of their binding to the substrate PLP_GLU. The T153G mutation
has a decrease of 44.6 kcal/mol in binding energy towards PLP_OHPB,
accompanied by no significant change in PLP_GLU. Notably, the T153G
mutation increased the binding energy to PLP_3PHP from —176.20 to
—157.08 kcal/mol, thereby reducing the binding energy difference for
OHPB and PLP_3PHP from —24.70 to —34.70 kcal/mol. This particular
modification in binding affinity has increased the selectivity of SerC
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Fig. 1. Mutation sites of SerC based on sequence. (a) The active sites of SerC protein
homologs chosen from y-proteobacteria (orange) and the a-proteobacteria (purple).
values + SD from two independent biological replicates (n = 2).
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from E. coli (PDB: 1BJO). (b) Phylogenetic tree constructed on the basis of SerC
(c) The PN titer of SerC overexpression mutants. Data are presented as mean
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Table 1
The binding energy (kcal/mol) of native SerC from E. coli and its mutants to
multiple substrates.

mutations PLP_GLU° PLP_.OHPB” PLP_3PHP°  PLP_ OHPB-PLP_3PHP
WT —130.04 —200.90 -176.20 -24.70

G76D —125.74 -77.15 —95.83 18.68

G76S —173.35 —150.78 —190.66 39.88

T153G —174.59 —191.78 —157.08 —34.70
T153G_S176T —170.05 —158.72 —173.50 14.78

2 PLP covalent with GLU.
b PLP covalent with OHPB.
¢ PLP covalent with 3PHP.

towards the vitamin B¢ pathway’s OHPB substrate. Consequently, it
enhanced the overall metabolic flux through SerC while simultaneously
improving the competitive advantage of the OHPB substrate in the
vitamin Bg pathway, resulting in a substantial increase in the production
yield of T153G. It can be seen that the ability of substrate recruitment is
a key factor in improving yield. To further explore SerC enzymes with
inherent advantages in vitamin Bg pathway substrate metabolism, we
conducted further investigations using heterologous SerC.

A comprehensive analysis was conducted to investigate the distinct
binding characteristics between the high-yield mutant T153G and the
WT protein. Using Protein-Ligand Interaction Profiler (PLIP) analysis,
we analyzed the binding complexes of individual substrates with the
protein, as depicted in Fig. 2a—f. Comparing the PLP_GLU complexes of
T153G and WT, we observed that the T153G mutant displayed an

WT: PLP_GLU

T153G: PLP_GLU

T153G: PLP_OHPB
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additional 4 hydrogen bond interactions (residues S178, W102, G76,
and R77) as shown in Fig. 2a and d, and Table S5. These interactions
significantly favored the binding of the GLU substrate. Conversely, the
T153G mutation led to the loss of 3 hydrogen bond interactions (W102,
T153, and S177) with the PLP_OHPB substrate, as illustrated in Fig. 2b
and e, and Table S5. The mutation introduced a novel hydrophobic
interaction (W102) in the PLP_3PHP complex; however, it also resulted
in the loss of 2 hydrogen bonds (T153 and N197) and one hydrophobic
interaction (F78), as depicted in Fig. 2c and f, and Table S5. These al-
terations in the binding profile potentially enhance the recruitment of
GLU and OHPB by the T153G mutant variant.

3.2. Mining beneficial SerC by GotEnzymes database

The BRENDA enzyme database has collected enzyme parameters,
which are experimentally determined, much less than the numbers in
GotEnzymes (https://metabolicatlas.org/gotenzymes). Based on the
predicted parameters mainly enzyme turnover number k. by the
GotEnzymes database, it would guide enzyme selection and design from
a large size of the data. From the database, we extracted the SerC
enzyme information covering 6171 species available by submit the EC
2.6.1.52. The compound C06054 (OHPB) was the target molecule, while
the compound C03232 (3PHP) was regarded as the competitive sub-
strate. The following limits were applied: one is the relatively large ka¢
number, the other is the difference between the two and its percentage
in the k¢t number of the target compound. We selected five SerC ho-
mologous genes (Fig. 3a) for codon optimization and artificial gene

WT: PLP_3PHP

R329

R42

T153G: PLP_3PHP

Fig. 2. Interactions networks of different substrates with the WT and T153G enzymes. (a), (b), and (c) represent the interaction networks of WT with substrates
PLP_GLU, PLP_OHPB, and PLP_3PHP, respectively. (d), (e), and (f) depict the interaction networks of T153G with substrates PLP_GLU, PLP_OHPB, and PLP_3PHP,
respectively. Ligands are shown in cyan and protein residues in magenta. Hydrogen bonds (solid blue line), hydrophobic contacts (dashed gray line), and salt bridges

(dashed yellow line with yellow balls) are detected between ligands and targets.
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Fig. 3. Screening of heterologous SerC genes. (a) The heterologous genes mined from the GotEnzymes database based on k., values. Magq, Magnetospira sp. QH-2;
Palw, Pseudooceanicola algae; NOE, Nostoc sp. CENA543; Ava, Trichormus variabilis; Asz, Acetobacter senegalensis. (b) Multiple sequence alignment by the program
ESPript (Easy Sequencing in PostScript). The red asterisk represented the position of 153 and 176 of native SerC from E. coli. (c)The PN titer and cell growth of
heterologous SerC mutants. Data are presented as mean values = SD from three independent biological replicates (n = 3), the circles or squares represent individual

data points.

synthesis. By multiple sequence alignment, these five sequences shared
similar mutations at T153 and S176 sites (Fig. 3b). We overexpressed
these 5 genes in the E. coli, the results showed that single overexpression
of the heterologous genes was no better than the native one (Fig. 3c).
The results may be due to the fact that the poor expression of foreign
genes in E. coli from the results of the protein expression levels by SDS-
PAGE (Fig. S2). The results showed that the expression of heterologous
protein is weak other than Ava_SerC, which is consistent with our
hypothesis.

To investigate potential changes in substrate binding and selectivity,
beyond the impact of expression levels alone, we performed MD simu-
lations on five heterologous enzymes. The data revealed a significant
decrease in the binding affinity of the heterologous enzymes towards all

Table 2
The binding energy (kcal/mol) of heterologous SerC to multiple substrates.

species PLP_GLU" PLP_OHPB" PLP_3PHP“ PLP_OHPB - PLP_3PHP
Eco —130.04 —200.90 -176.20 —24.70
Asz. —43.34 —88.60 -62.17 —26.43
Ava -50.19 —58.90 —24.45 —34.45
Magq —53.44 —67.59 —31.68 —35.91
NOE —37.53 —70.07 —12.00 —58.07
Palw —26.76 —56.72 —13.09 —43.63

@ PLP covalent with GLU.
b PLP covalent with OHPB.
¢ PLP covalent with 3PHP.

substrates (Table 2). Although, the NOE _SerC exhibiting the highest
binding affinity to PLP_OHPB, displayed more than 50% increase
compare with Eco_SerC (PLP_OHPB: increased from —200.90 to —70.07
kcal/mol). This shift in binding affinity has the potential to impact
enzyme activity and, in conjunction with the reduction in expression
levels, lead to a decrease in production yield. Of interest, despite the
suboptimal expression levels and lower binding affinity, the heterolo-
gous enzymes demonstrated superior substrate selectivity within the
vitamin Be pathway compared to the native E. coli strain (the binding
energy of PLP_OHPB - PLP_3PHP ranges from —26.43 to —58.07 kcal/
mol). We hypothesized that when there is insufficient pulling and
pushing forces upstream and downstream, the substrate’s intrinsic
binding affinity plays a dominant role. Due to the lower binding affin-
ities of heterologous enzymes to vitamin Bg pathway substrates
compared to Eco_SerC, this leads to inadequate flux and a subsequent
decline in yield. However, when there is sufficient tension between the
upstream and downstream processes, the competitive advantage of the
vitamin Bg pathway becomes evident, providing more opportunities for
efficient conversion of vitamin Bg substrates and potentially enhancing
production yield. Consequently, these sourced SerC enzymes hold
promise for enhancing vitamin Be production by modulating metabolic
flux diversion, following optimization of expression and upstream/
downstream genes.

We further analyzed NOE_SerC, which exhibited the highest speci-
ficity differences. From Fig. 4a, b, and 4c, it is evident that each of the
three substrates displayed distinct binding modes, particularly for
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R358

NOE: PLP_3PHP

Fig. 4. Interactions networks of different substrates with NOE_ SerC. (a), (b), and (c) show the interaction networks of NOE_SerC with substrates PLP_GLU,
PLP_OHPB, and PLP_3PHP, respectively. Ligands are shown in cyan and protein residues in magenta. Hydrogen bonds (solid blue line), hydrophobic contacts (dashed
gray line), and salt bridges (dashed yellow line with yellow balls) are detected between ligands and targets.

PLP_3PHP. The substrate moiety in PLP_3PHP predominantly relied on
residues R43, D245, T246, and R358 for stabilization, while the sub-
strate moiety in PLP_OHPB was primarily stabilized by residues S19,
R43, K195, Y350, R351, and R358. Notably, due to the presence of an
additional hydroxyl group in the substrate moiety of PLP_OHPB
compared to PLP_3PHP, Y350 may provide additional binding in-
teractions and specificity, thereby further enhancing the selectivity of
NOE_SerC towards to PLP_OHPB.

3.3. Effective production of pyridoxine by fine-tuning the expression of
SerC

In a previous study, we developed two plasmids carrying the entire
enzymes of vitamin B pathway (Fig. S3) for the production of PN in an
engineered E. coli strain [9]. One plasmid based on p15ASI backbone
expressed the upstream genes of the biosynthetic pathway including epd
from Glaciecola nitratireducens, native pdxB with codon-optimization,
dxs from Ensifer meliloti, and native serC. The other plasmid based on
PRSFDuet-1 backbone expressed the downstream genes of pdxA2 and
pdxJ1, which were designed rationally based on the native enzyme from
E. coli [9]. Notably, these plasmids were designed to achieve high PN
yields without any modifications made to the SerC enzyme. To achieve a
more balanced SerC expression level, we either replaced the serC gene
on the plasmid or fine-tuned its expression, enabling us to allocate
different metabolic fluxes to the serine and PN biosynthesis pathways.

To fine-tune the expression of SerC to increase PN titer, we initially
introduced the lac operator (lacO) sequences downstream of the J23119
promoter controlling SerC expression in the p15ASI plasmid, which
contained a lacl gene (Fig. 5a). To induce the expression of SerC, we used
IPTG (isopropyl-p-D-thiogalactoside), which is an effective inducer of
protein expression in the concentration range of 100 pM to 1.0 mM.
Therefore, we cultivated the E. coli mutant strain CK030 in FM1.4 me-
dium supplemented with 0, 0.1, 0.3, 0.5, 0.8, and 1.0 mM of IPTG at
ODgog = 0.6-0.8. After incubation for 24 and 48 h at 200 rpm, 37 °C, the
PN titer was measured by HPLC. The results showed that the induced
expression of SerC was better than the constitutive expression. However,
the change of PN titer was not obviously different in the range of 0.1-1
mM IPTG with the maximum titer was 376.16 mg/L under the induction
concentration of 0.8 mM IPTG (Fig. 5b). There were no significant dif-
ferences observed in cell growth (ODggo) between the mutant strains and
the original strains, both of which utilized the constitutive expression
promoter. Compared with the control strain, the titer increased by
52.6% and the glycerol consumption decreased by 3% (Fig. 5b and c).
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Although the influence of different IPTG concentrations on PN produc-
tion was not significant, it indicated that optimization of SerC expression
in time and intensity was necessary to improve PN production. It was
speculated that the expression intensity of SerC is not the limitation of
product improvement in the current strain.

To avoid inducer addition in the bioreactor and lower the fermen-
tation cost, better mutants and homologs genes were further used to
explore the constitutively expression by replacing the native serC gene.
The native serC gene from E. coli was replaced by site-directed mutants,
and the heterologous genes were introduced to screen for improved serC
variants for PN titer (Fig. 5d). A PN production assay was conducted on
the transformants containing the G76S, T153G, T153G/S176T muta-
tions, as well as the other five heterologous genes. The shake flask results
revealed that both the G76S mutation and the ava_serC gene exhibited
higher performance compared to the other 6 mutant strains. The highest
titer of PN produced by Eco_SerC (G76S) reached 241.09 mg/L at 24 h
and 396.79 mg/L within 48 h, while the remaining glycerol were 1.67 g/
L (Fig. 5e and f). The comparison between the PN yields at 24 h and 48 h
indicated that the mutants exhibited a relatively stable production rate
throughout cultivation. The cell growth was comparable among the
mutants, indicating that any differences in capacity were due to varia-
tions in native serC mutans and heterologous genes.

From a proteomic analysis in the previous study, SerC expression was
lower compared with other proteins in the vitamin Bg biosynthetic
pathway [9]. As for the p15ASI was a low-copy-number vector (plasmid
copy number 10-12), we transferred the placement of serC to the high
copy plasmid pRSFDuet-1(copy number >100) containing the pdxA and
pdxJ genes named pR-series (Fig. 5g). The PN titer of the resulting
strains was tested and compared to the parental strain. As shown in
Fig. 5h, the T153G mutation and the mutant with ava_serC expression
produced PN 297.31 mg/L and 288.30 mg/L, respectively. The PN titers
using pRSFDuet-1 expression were lower than pl5ASI plasmid. It
demonstrated that serC preferred to low-copy-number vector, while the
over-expression of serC created a metabolic burden on the host by
high-copy-number vector. This is consistent with the results that the
growth (ODggg) of the pR-series mutants is low, and then the residual
glycerol was more than the expression of the low-copy plasmid (Fig. 5i).

The variations in product concentrations observed from native SerC
mutations and heterologous protein expression could be attributed to
the varying degrees of fitness cost imposed on the system compared to
the control strain. These fitness costs may have affected the overall
performance and productivity of the system, resulting in different
product concentrations [47,48]. Microbial fitness and production rates



K. Chen et al.

Synthetic and Systems Biotechnology 9 (2024) 388-398

/a b 500 e 24h « 48h C e 0D, -*- Glycerol
22
< 400 F4 ~
E300{ , ol s 3 18] ¢ ®* 2 S e ® L3 2
K] : 8 LK N N o 3 . ® o o . [3
Sa004 4 & * : . 8 161 128
S >
& 4004 H 14 %/FM =
12- &
0 T T T T T T
L O 01 03 05 08 1 i B E B B H EH BN
4 IPTG & 0 01 03 05 08 1
P o
< ", IPTG
@0
e ®24h + 48h f e OD,,, + Glycerol
500 5
224
< 400 s N " * =
= | : 8 ¢ 20, o 3 T e e %‘,
507 el ¢ : g18 e 3 I8 $135
S200{ F ol o 08 2]t g 16 B 11 |, 8
2 4008 hd B 14 i//i“‘i\\/k“* \{/' 4 6>
124 B
6" 6\1 O\I b&\ &I, I ; 6’) ‘&) 10 T T T T T T T T T o
o é\t’ RSO 6°&9° of N P N R R R
7L P PP N & &7 F RN X o o o o oF
o %0‘0«‘)5 v v Q\'b 2 &7 &\ ‘0\« '5\9 4°/\,£5‘" ’sx\/ QNQOO/
07 07 R 6@ P & Q\ 2
o zp Y o? ‘\‘\
4 < &
@00 )
o7
- J QO
e OD o Glycerol
’g Yh 4w © 24h + 48h o g oo
— 4 . L4
P S 300) A S : 2 . 3
tac £ i . 3 : s 3 QG N ' : s 3 -]
= B . 5 - -3 3
g2000 & o1 2 1:1 | s | ot T el
Epd s ) . 14 e 20
z ® 2 L o144 ‘ . - >
a 10Q] . ° TR R s ° 12 1 I0)
P - -
0 10 0
T T T T T T 1 U I 1 T T 1
o Q
PP fEerc) L [ © &gﬁ i 905’ S OB EL L L L E
or 07 2 & \°-> w 1« &7 w £’ 0707 X & 0 0/ A/ N O 27
@oql@o o 0& ds"\ 6“"0 Qf‘q- 22 Q\o @ Q’o«@o (90& Q‘S’\o;on;V:‘ q.‘v? g\'b “@qq}\o
T ol T T o0l 2T T ELE
o’ o &\ L7 07 N Q
PG % o
N\ J ) QQ' Y Q QQ}P ;
& &

Fig. 5. Regulation of the expression of SerC based on the high-yield plasmid form. (a), (d), (g) Schematic diagram of the strategies for SerC regulation. (b), (e), (h)
The PN titer of diferent mutants in 24 h and 48 h. (¢), (f), (i) The cell growth (ODgo) and residual glycerol. Eco_SerC, the native SerC of E. coli. Data are presented as
mean values + SD from three independent biological replicates (n = 3), the circles or squares represent individual data points.

are complex that are determined by multivariable factors, such as car-
bon metabolism and enzyme catalyzing efficiency [49-51]. The new
fitness state could result from an alleviation of production load, or even
site mutations in the enzyme from the match between the specialty and
selection. This adaptation arises from the improved matching between
the enzyme’s selection and binding to the substrate [52]. In this study,
the enhanced production of SerC mutation or heterologous proteins
could be attributed to the different binding and catalyzing ability of
OHPB and 3PHP. Mutation in serC gene (G76S, T153G or T153G/S176T)
has previously successfully improved PN yield in the single over-
expression assay. In silico analysis by molecular dynamics has shown
that these mutants had lower binding free energy with glutamine. The
improved binding ability between OHPB and 3PHP caused by G76S and
T153G mutation as the major reason for titer improvement. It is inter-
esting to note that the overexpression of the heterologous serC gene did
not result in an improvement in PN yield in the single overexpression
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assay, despite low protein expression. This suggests that other factors in
the metabolic pathway may be limiting PN production, and simply
increasing the expression of the serC gene alone is not sufficient to
enhance PN yield. However, the increase in PN titer observed in the
combination plasmid can be attributed to the selectivity and competitive
advantage of the vitamin B¢ pathway over the serine pathway. Addi-
tionally, it was observed that there was a balanced distribution of
metabolic flux between the growth requirement for serine and the
production of PN. This suggests that the metabolic network is finely
regulated to ensure a sufficient supply of serine for cell growth while
also diverting a portion of the metabolic flux towards PN production.
This balanced distribution is crucial for maintaining cellular homeo-
stasis and optimizing PN yield.
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3.4. Amino acids analysis to display the distribution of metabolic flux

To better understand the metabolic flux states of serC engineering
mutant, we measured the intracellular levels of serine and glutamate, as
well as glycine which is the immediate product of the subsequent re-
action in the biosynthesis of serine (Fig. 6a). The Eco_SerC (LL388 N)
strain was used as the control, while the Ava_SerC (CK034) strain was
used as the sample for amino acid analysis. The yield difference of PN
between the CK034 strain and the control strain is approximately 200
mg/L. The availability of glutamate, which serves as a precursor in the
biosynthetic process, was measured. The results showed that intracel-
lular glutamate levels in CK034 were slightly higher compared to the
control, while extracellular levels were slightly lower (Fig. 6b). Ac-
cording to a previous study, the absolute intracellular concentrations of
glutamate in strains grown with glucose and glycerol ranged from 96
mM to 149 mM [17,53]. However, in the engineered strains, the
glutamate levels were significantly reduced due to its depletion in the
biosynthesis of vitamin B, which aligns with the obtained results.

Additionally, another notable difference in the amino acid levels was
observed in the concentrations of serine, which were consistent with our
expectations (Fig. 6¢). The intracellular and extracellular concentrations
of serine in the CK034 strain were lower compared to the control strain
(Fig. 6¢). This decrease can be attributed to the fact that the SerC
screened under the same culturing conditions exhibits an increased
metabolic flux towards the PN production pathway, thereby reducing
the flux into the serine biosynthesis pathway. However, in the control
strain overexpression of the native SerC, the absolute intracellular
concentration of serine (~0.047 mM) did not show a significant in-
crease, which was in the same order of magnitude compared to the
previously reported about 0.068 mM in E. coli wild-type [53]. This could
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be attributed to the potential toxicity of serine to cells and the presence
of feedback inhibition on the upstream pathway enzyme SerA. Consis-
tent with the result of serine, the production of glycine catalyzed by one
step of enzyme (GlyA) catalysis was also found to be consistent with the
decrease in serine levels (Fig. 6¢).

Furthermore, we measured the concentrations of organic acids, such
as acetate and the precursor pyruvate, which can detectable in the
fermentation supernatant. However, we observed no significant differ-
ences in their concentrations between the CK034 strain and the control
strain (Fig. S4). The results suggest that engineering SerC did not
significantly affect the levels of acetate and pyruvate. However, it
effectively balanced the metabolic flux, leading to an enhancement in
PN production.

4. Conclusions

In this study, the enzyme SerC was designed using sequence analysis
and screened by predicted k., values. Some mutants with potential and
heterologous proteins were further optimized to improve the production
of vitamin Be. MD analysis revealed that the substrate’s intrinsic binding
affinity and selectivity of SerC play a crucial role in determining the
metabolic flux distribution. This finding highlights the significance of
substrate interactions in influencing the direction of metabolic pathways
and provides valuable insights into the regulation of metabolic fluxes.
The fine-tuning assay, which involved regulating SerC expression
through induced expression, modification of CDS sequences, and
increasing copy numbers to fit the modules with the vitamin Bg
pathway, showcased the engineered strain’s ability to significantly
enhance vitamin Bg production. This outcome suggests a redirection of
metabolic fluxes towards both the serine biosynthesis pathway and the
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Fig. 6. PN and serine biosynthetic pathways and the concentrations of specific amino acids. (a). The simplified metabolic pathways of serine and PN biosynthesis by
engineered E. coli strain. Enzymes: Epd erythrose 4-phosphate dehydrogenase, PdxB 4-phosphoerythronate dehydrogenase, SerC 3-phosphserine aminotransferase,
PdxA 4-phosphohydroxy-L-threonine dehydrogenase, PdxJ PNP synthase, Dxs 1-deoxyxylulose 5-phosphate synthase, PdxP PNP phosphatase, SerA D-3-phospho-
glycerate dehydrogenase, SerB phosphoserine phosphatase, GlyA glycine hydroxymethyltransferase. Metabolites: E4P erythrose 4-phosphate, 4 PE 4-phosphoerythr-
onate, OHPB 2-0x0-3-hydroxy-4-phosphobutanoate, 4HTP 4-phosphohydroxy-L-threonine, PHA 3-phosphohydroxy-1-aminoacetone, DXP 1-deoxy-p-xylulose 5-
phosphate, G3P glyceraldehyde 3-phosphate, 3 PG 3-phosphoglycerate, PYR pyruvate, 3PHP 3-phosphohydroxylpyruvate, Glu glutamate, a-KG a-ketoglutarate.
(b) and (c). The intracellular concentrations of glutamate (Glu), serine (Ser) and glycine (Gly). Eco_SerC was the control strain (LL388 N), and the Ava_SerC was the

SerC engineered strain (CK034).
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vitamin Bg biosynthesis pathway, contributing to the improved pro-
duction of vitamin Bg. This study showcases a promising strategy to
overcome the challenges associated with multifunctional enzymes and
holds significant potential for enhancing biochemical production
through engineering processes. The findings suggest that optimizing
enzyme performance and metabolic flux distribution can be instru-
mental in improving the production of valuable compounds.
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