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A B S T R A C T

L-serine is a versatile, high value-added amino acid, widely used in food, medicine and cosmetics. However, the 
low titer of L-serine has limited its industrial production. In this study, a cell factory without plasmid for efficient 
production of L-serine was constructed based on transport engineering. Firstly, the effects of L-serine exporter 
SerE overexpression and deletion on the cell growth and L-serine titer were investigated in Corynebacterium 
glutamicum (C. glutamicum) A36, overexpression of serE using a plasmid led to a 15.1% increase in L-serine titer 
but also caused a 15.1% decrease in cell growth. Subsequently, to increase the export capacity of SerE, we 
conducted semi-rational design and bioinformatics analysis, combined with alanine mutation and site-specific 
saturation mutation. The mutant E277K was obtained and exhibited a 53.2% higher export capacity 
compared to wild-type SerE, resulting in L-serine titer increased by 39.6%. Structural analysis and molecular 
dynamics simulations were performed to elucidate the mechanism. The results showed that the mutation 
shortened the hydrogen bond distance between the exporter and L-serine, enhanced complex stability, and 
reduced the binding energy. Finally, Bayesian optimization was employed to further improve L-serine titer of the 
mutant strain C-E277K. Under the optimized conditions, 47.77 g/L L-serine was achieved in a 5-L bioreactor, 
representing the highest reported titer for C. glutamicum to date. This study provides a basis for the trans
formation of L-serine export pathway and offers a new strategy for increasing L-serine titer.

1. Introduction

L-serine is a high value-added amino acid, widely used in food, 
medicine and cosmetics, with great market prospects [1]. Currently, 
L-serine production mainly depends on protein hydrolysis extraction, 
chemical synthesis, or conversion from precursor [2,3]. However, these 
methods suffer from high costs, low conversion rates, and environmental 
pollution, prompting the search for new green production methods for 
L-serine [4]. Direct fermentative production of L-serine from sugars has 
attracted increasing attention, and has been performed in engineered 
Escherichia coli (E. coli) [5,6] and Corynebacterium glutamicum 
(C. glutamicum) [7,8]. Rennig constructed a recombinant E. coli that 
could produce L-serine by fermentation from glucose, and the L-serine 
titer reached 50 g/L after fed-batch fermentations [9], representing the 

highest reported titer for E. coli to date. In C. glutamicum, Zhang et al. 
overexpressed serE and the key L-serine synthesis enzymes serAΔ197, 
serC and serB, and the resulting strain produced 43.9 g/L L-serine using 
sucrose as carbon source [10]. Compared with E. coli, C. glutamicum is a 
native amino acid secretion strain for L-serine production using in food 
and pharmaceutical fields [11].

At present, strategies to increase L-serine titer in C. glutamicum 
mainly focus on enhancing its biosynthesis and inhibiting its degrada
tion pathway, however, the L-serine titer remains relatively low. Since 
the export systems of strain are usually related to the amino acid 
excretion, engineering exporters is a useful strategy for improving 
strains [12,13]. For example, by overexpressing L-lysine exporter LysE in 
C. glutamicum S9114, L-ornithine titer was increased by 18.4 g/L [14]. 
Plasmids are usually used to overexpress exporters, but their presence of 
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plasmids imposes a metabolic burden on the strain and leads to 
batch-to-batch fermentation variations. In our laboratory, it has been 
found that SerE is the main exporter of L-serine [10,15], and enhancing 
export by modifying SerE is an important method to increase L-serine 
titer.

Medium optimization is a necessary step to improve L-serine titer. 
However, biological system is complex, and cell growth and production 
are affected by many factors, making it difficult to determine the optimal 
growth conditions. Factorial design and artificial neural network were 
usually used to seek an optimal setting for obtaining a high yield. The 
former demands a strict design structure of the input, and the number of 
test runs increases exponentially as the dimensionality of the input in
creases [16]. The latter also requires a large amount of data to train the 
network and re-structure itself to avoid overfitting [17]. In contrast, 
Bayesian optimization adopts an inherently adaptive strategy, using a 
probabilistic surrogate model and acquisition function to dynamically 
guide experiments [18]. This allows Bayesian optimization to efficiently 
determine the best solution with minimal experimental effort. There
fore, Bayesian optimization is a quick and cost-efficient alternative to 
determine optimal settings of fermentation.

In this study, the effects of L-serine exporter SerE on cell growth and 
L-serine titer were investigated firstly. Then, a semi-rational design 
strategy was used to modify the exporter SerE through computer aided 

design and bioinformatics analysis, and a mutant library was con
structed to screen for mutants with improved export ability. The reason 
for the higher export ability of the mutants were analyzed through 
structure analysis and molecular dynamics simulation. Finally, to in
crease the L-serine further, Bayesian optimization was performed on the 
mutant strain. This study provides a new idea for increasing L-serine 
titer.

2. Materials and methods

2.1. Strains and plasmids

All the strains and plasmids used in this study are listed in Table 1. In 
this study, C. glutamicum A36 was used as the parent strain for gener
ating the mutant strains, and E. coli JM109 was used as a host for 
plasmid construction.

2.2. Medium and growth conditions

C. glutamicum was cultured in seed medium (per liter: 20.0 g glucose, 
37.0 g Brain Heart Infusion, 10.0 g (NH4)2SO4, 0.5 g MgSO4⋅7H2O, 0.3 g 
NaH2PO4, and 0.2 g K2HPO4) overnight to an optical density (OD562) of 
about 25 in orbital shaker at 30 ◦C with shaking at 120 rpm. Then, 1 mL 

Table 1 
Strains, plasmids and primers used in this study.

Strain/plasmid/primer Genotype or description Sources or 
reference

Strain
E. coli
​ JM109 recA1, endA1, gyrA96, thi-1, hsd R17 (rk-mk+) supE4 Invitrogen
C. glutamicum
​ SSAAI C. glutamicum SYPS-062-33a with deletion of the 591 bp in the C-terminus of serA, deletion of sdaA, alaT, avtA, and attenuation 

of ilvBN
CGMCC 
No.15170

​ A36 A mutant of C. glutamicum SSAAI was obtained by Fluorescence-Activated Cell Sorting (FACS) after atmospheric and room 
temperature plasma (ARTP) mutagenesis

CGMCC 
No.15171

​ A36ΔserE C. glutamicum A36 with additional deletion of serE This study
​ A36-serE C. glutamicum A36 with overexpression of serE This study
​ pD-I158A C. glutamicum A36 with plasmid pDXW-10-serE-I158A This study
​ pD-S161A C. glutamicum A36 with plasmid pDXW-10-serE-S161A This study
​ pD-Y218A C. glutamicum A36 with plasmid pDXW-10-serE-Y218A This study
​ pD-E221A C. glutamicum A36 with plasmid pDXW-10-serE-E221A This study
​ pD-E240A C. glutamicum A36 with plasmid pDXW-10-serE-E240A This study
​ pD-E277A C. glutamicum A36 with plasmid pDXW-10-serE-E277A This study
​ pD-K280A C. glutamicum A36 with plasmid pDXW-10-serE-K280A This study
​ C-E277H C. glutamicum A36 with Glu-277→His mutation in serE This study
​ C-E277K C. glutamicum A36 with Glu-277→Lys mutation in serE This study
​ C-E277M C. glutamicum A36 with Glu-277→Met mutation in serE This study
Plasmid
​ pDXW-10 (pD) E. coli-C. glutamicum shuttle vector, tacM promoter, Kmr [53]
​ pK18mobsacB Integration vector, oriV, oriT, mob, sacB, Kmr [21]
​ pDXW-10-serE pDXW-10 containing serE This study
​ pK18mobsacB-serE vector for deletion of serE This study
​ pK18mobsacB- 

E277K
pK18mobsacB with Glu-277→Lys mutation in serE This study

Primer ​ Sequences (5′–3′) ​
​ SerE-1 ctatgacatgattacgaattcAGTTCTTCGAGCGCTGCGG (EcoRI) This study
​ SerE-2 ctgcacgttaaGCCCTTGATTATTGCCAAAGAA This study
​ SerE-3 atcaagggcTTAACGTGCAGGCTTACCTTTTG This study
​ SerE-4 tgcctgcaggtcgactctagaCACATGATGCGTACCGGTGC (XbaI) This study
​ pDXW-10-serE-F ttcacacaggaaacagaattcTTGAGATTGAGCACGACACC (EcoRI) This study
​ pDXW-10-serE-R catccgccaaaacagaagcttCTAGGTGTGTGTACTCGCCTC (HindIII) This study
​ S161-F ATCCTGGCANNKAAGAAAATCGGCCAACTCATCCCC This study
​ S161-R GATTTTCTTMNNTGCCAGGATGTAGCACACCCAGAA This study
​ E221-F CTATTCGCTGNNKTTATCGGCACTG This study
​ E221-R GATAAMNNCAGCGAATAGGGGATAAGCG This study
​ E240-F CTCAGCCTCNNKCCGGCATTCGCCGCCGCCGTCGGC This study
​ E240-R GAATGCCGGMNNGAGGCTGAGCAGAATGCTGAAAAT This study
​ E277-F ACGTGGNNKCCTAAAAAGATGCTTGT This study
​ E277-R TTTAGGMNNCCACGTGACGCCGAT This study
​ K280-F CCTAAANNKATGCTTGTCGACGCG This study
​ K280-R AAGCATMNNTTTAGGCTCCCACGTGA This study
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of the bacterial solution was inoculated into a 250 mL flask containing 
25 mL of the fermentation medium (per liter: 100.0 g sucrose, 30.0 g 
(NH4)2SO4, 3.0 g KH2PO4, 0.5 g MgSO4⋅7H2O, 20 mg FeSO4⋅7H2O, 20 
mg MnSO4⋅H2O, 60.0 g CaCO3, 30 mg protocatechuic acid (PCA), 50 μg 
biotin, and 450 μg thiamine) so that the initial OD562 = 1. The 
fermentation medium was incubated at 30 ◦C and 120 rpm for 120 h, 
and samples were taken periodically to determine the concentration of 
amino acids, biomass and sugars. E. coli JM109 was grown in lysogeny 
broth (LB) medium (per liter: 5 g yeast extract, 10 g tryptone, and 10 g 
NaCl) at 37 ◦C with shaking at 220 rpm for 12 h. When appropriate, 
ampicillin (100 mg/L) or kanamycin (50 mg/L) was added to the me
dium. 5-L bioreactor (Korea Co., Ltd., KF-5 L) was used for large volume 
L-serine production with an effective working volume of 2.5 L. Tem
perature and pH were kept at 30 ◦C and 7, respectively. The dissolved 
oxygen level was kept constant at 15% by controlling the stirrer speed 
and aeration rate. The fermentation time was 120 h. Other parameters 
refer to previous studies [11].

2.3. Construction of strains

The primers and restriction endonucleases used for plasmid con
struction in this study are shown in Table 1. The plasmid was amplified 
by PCR using the chromosomal DNA of C. glutamicum A36 as a template, 
and the isolation of plasmids from E. coli was performed using plasmid 
mini-preps kits according to the protocol from Generay (Shanghai). The 
preparation of competent cells were performed according to the pub
lished methods [19]. The serE gene was overexpressed in C. glutamicum 
using the shuttle expression plasmid pDXW-10 [20], which was digested 
with EcoRI and HindIII and ligated with the plasmid pDXW-10 with the 
corresponding cleavage site to construct pDXW-10-serE.

The non-replicable integrating plasmid pK18mobsacB was utilized to 
delete DNA sequences in C. glutamicum [21]. Destroying DNA sequences 
in C. glutamicum was achieved by homologous recombination technol
ogy. The in vitro homologous recombinant seamless cloning reagents 
was purchased from Takara (Beijing). The procedure for deleting gene 
serE is hereby detailed for example. First, primers SerE-1/SerE-2 and 
SerE-3/SerE-4 were used to amplify the upstream and downstream DNA 
fragments of serE. Plasmid pK18mobsacB which was digested by XbaI 
and HindIII, and then joined with a fragment of DNA which fused two 
corresponding arms of serE. After that, the recombinant plasmid with the 
DNA for targeting was introduced into C. glutamicum A36 by Micro
Pulser Electroporator (Bio-Rad Laboratories, Inc.) [21]. Finally, the 
transformants were verified by PCR after growing in 10% sucrose 
screening medium for 72 h at 30 ◦C.

2.4. Mutagenesis of SerE

2.4.1. Saturation mutagenesis of SerE
SerE was subjected to saturation mutagenesis using mutant primers 

at different sites in Table 1. The procedure for SerEE277A mutation is 
hereby detailed for example. First, reverse PCR was performed on the 
DNA of shuttle plasmid pDXW-10-serE and non-replicable deletion 
plasmid pK18mobsacB-serE, and glutamate at site 277 in SerE was 
replaced with alanine. Next, the purified PCR products were recovered 
after digestion of the plasmid DNA with DpnI. The PCR products are 
linked by homologous recombinase and transformed in E. coli, and the 
mutation sites were verified by sequencing. Finally, the electric trans
formation method and strain verification method were consistent with 
the knockout strain construction method.

2.4.2. Computer simulated mutation of SerE
Based on the basic structure of SerE, Rosetta [22] was used to 

simulate the transition from wild type to mutant protein at each site, and 
the free energy of unfolding (ΔG) during the transition was calculated to 
determine the stability of the protein before and after mutation.

2.5. L-serine export capacity determination

To determine the L-serine export capacity of SerE, the classical amino 
acid export assay was used for export capacity determination [23]. In 
brief, when the preincubated cells grew to logarithmic growth stage, 
they were washed twice with CGXII minimal medium (per liter: 40.0 g 
glucose, 5.0 g urea, 20.0 g (NH4)2SO4, 1.0 g KH2PO4, 1.0 g K2HPO4, 
0.25 mg MgSO4, 42.0 g MOPS, 10 mg CaCl, 10 mg FeSO4⋅7H2O, 10 mg 
MnSO4⋅H2O, 1 mg ZnSO4, 0.2 mg CuSO4, 0.02 mg ZiCl2⋅6H2O, 30 mg 
PCA, 0.2 mg biotin) [24], inoculated into 50 mL of CGXII minimal 
medium containing 3 mM Ser-Ser (L-serine dipeptide, Nanjing Peptide 
Industry Co., LTD.) and incubated for 2 h at 30 ◦C, 120 rpm. After the 
pre-culture, the cells were harvested again, and washed twice with cold 
CGXII minimal medium [25]. The initial cell concentration of OD562 was 
controlled to be 8–10, and inoculated into 50 mL/500 mL CGXII mini
mal medium. Amino acid export was initiated by the addition of 3 mM 
Ser-Ser and samples were taken every 15 min and the concentration of 
amino acids was determined by HPLC (1260 Infinity III, Agilent) [26].

2.6. Homology modeling and molecular docking analysis

The 3D structure models of the studied proteins were predicted using 
Alphafold 2 (https://alphafold.com) [27]. Substrates were docked into 
the structure of SerE using Autodock 4.0 equipped with ADT for hy
drogenation and energy minimization after all waters were removed 
[28]. Semi-flexible docking was performed and other parameters were 
kept at default values. The top 10 lowest energy docking poses of the 
substrates from all search results were selected, among which the ideal 
conformations were chosen for further analysis.

2.7. Combined free energy calculation and molecular dynamics 
simulation

The MD simulation was conducted using the AMBER 18 [29] pro
gram under constant temperature, pressure and periodic boundary 
conditions. The GAFF2 small molecule force field was used for small 
molecules and similarly proteins were treated using the ff14SB protein 
force field [30,31], after which hydrogen atoms were added to the 
system, the composite system was placed in a solvent cartridge and 
Na+/Cl− was added to the system for balancing the system charge. In the 
MD simulation process, the Coulomb interaction was truncated to 10 Å 
[32]. The Langevin was used to control the simulated temperature to 
298.15 K, and the system pressure was 1 atm. NVT and NPT balance 
simulation was performed at 298.15 K. Finally, a 100 ns MD simulation 
was performed on the composite system, with conformations saved 
every 10 ps, and the visualization of the simulation results was 
completed using Pymol [33].

2.8. Analytical procedures

The cell density was measured as the absorbance value at a wave
length of 562 nm (OD562) by UV–VIS spectrophotometer (AOE In
struments Co. Inc., Shanghai, China). The determination methods of 
sucrose content and L-serine titer in fermentation process refer to pre
vious studies [34].

2.9. Statistical analysis

GraphPad Prism 8.0 Software and Origin 2018 Software was used to 
draw column line charts. The data were presented in tables and figures 
in the form of mean values and standard deviations, and all experiments 
were conducted in triplicate. A probability (p) value < 0.05 was 
considered statistically significant.
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2.10. Bayesian optimization

Twenty settings of medium were randomly generated (X) and tested 
(Y) for the initial data collection (Table 4). Then, a Gaussian process 
regression was conducted to predict the mean and variance of the un
known input x:

μ(x), σ(x) = GP
(
X,Y, σf , l

)
, where σf , l are hyperparameters esti

mated by maximizing the likelihood p
(
Y
⃒
⃒X,σf , l

)
.

Then a search for promising candidates (X*) was executed by opti
mizing probability of improvement:

X* = argmax p[μ(x)≥ y* +ξ], where y* is the known highest yield and 
ξ is a trade-off coefficient which was empirically assigned with [100,1, 
0.02, 0, − 0.02, − 1, − 100] to obtain the extremes of the function in this 
study. Similar candidates were compared, and only the unique ones 
were retained. After testing the candidates, the dataset (X,Y) was 
renewed, and the procedure continued until no improvements were 
observed anymore. All the optimization problems mentioned in this 
section were solved by a genetic algorithm, and the method was shown 
in our previous study [35].

3. Results

3.1. Effects of SerE overexpression or deletion on the cell growth and L- 
serine titer

In order to investigate the effect of SerE on cell growth and L-serine 
titer, we overexpressed and deleted serE in C. glutamicum A36 (A36), and 
constructed serE overexpression strain C. glutamicum A36-serE (A36- 
serE) and serE deletion strain C. glutamicum A36ΔserE (A36ΔserE). As 

shown in Fig. 1A, during 0–24 h, strain A36ΔserE grew fastest in the 
three strains, followed by strain A36 and A36-serE. At the end of 
fermentation, the cell growth of serE overexpression strain (A36-serE) 
and serE deletion strain (A36ΔserE) was 15.1% and 14.2% lower than 
that of the parent strain A36, respectively. Compared with strain A36, 
the specific growth rate of A36ΔserE increased rapidly before fermen
tation for 24 h, and the cell growth rate decreased after 24 h. However, 
the strain A36-serE harboring the plasmid grew slowly before fermen
tation for 24 h, and then showed similar cell growth rate as strain A36 
(Fig. 1B). Strikingly, A36ΔserE produced 6.56 g/L L-serine, which was 
78.2% lower than that of the parent strain A36 (Fig. 1C). However, 
plasmid-borne overexpression of SerE compensated for the lack of SerE 
with respect to L-serine titer, resulting in 34.71 g/L L-serine, which was 
15.1% higher than that of the parent strain A36. These results suggest 
that SerE may have some effect on cell growth and play an important 
role in the export of L-serine.

Further, L-serine export capacity of SerE was evaluated using peptide 
feeding approach in strain A36, serE overexpression strain (A36-serE) 
and serE deletion strain (A36ΔserE) respectively. 3 mM dipeptides were 
added to the medium, and the extracellular L-serine concentrations were 
determined by HPLC. The results revealed that L-serine concentration 
was comparable among the three strains and had not significantly 
change before 45 min (Fig. 1D). After 45 min, the L-serine concentration 
of strain A36-serE was significantly increased due to SerE over
expression. When reaching 120 min, L-serine concentration of A36-serE 
were increased by 15.5% compared to A36. Due to the absence of SerE, 
the export speed of L-serine was slower in A36ΔserE. When reaching 120 
min, L-serine concentrations of A36ΔserE were reduced by 43% 
compared to A36. These results suggest that SerE overexpression 

Fig. 1. The effect of SerE overexpression and deletion to the cell growth and L-serine titer. (A) The cell growth (OD562) of strain A36 (yellow), A36-serE (red) and 
A36ΔserE (cyan). (B) Growth rates of strain A36 (yellow), A36-serE (red) and A36ΔserE (cyan). (C) The L-serine titer of strain A36 (yellow), A36-serE (red) and 
A36ΔserE (cyan). (D) Amino acid export assays of strain A36 (yellow), A36-serE (red) and A36ΔserE (cyan). All data are averages of three independent experiments, 
and the error bars represent the standard deviation of biological replicates. Statistical analysis was performed with the two-tailed unpaired Student’s t-test (*p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001).
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enhanced L-serine export, then L-serine titer increased.

3.2. Biological information of SerE and identifying of mutation sites

Plasmid-based overexpression of SerE can increase L-serine titer, but 
it affects cell growth. To increase L-serine titer by improving the export 
efficiency of SerE is very important. AlphaFold 2 is a deep learn-based 
method for protein structure prediction, which has become an impor
tant tool for predicting three-dimensional protein structure. Due to the 
lack of studies on the protein structure of SerE, to identify the binding 
site of L-serine and SerE, AlphaFold 2 was first used to model the protein 
structure of SerE (Fig. 2A). It can be seen that SerE is a monomer. It is 
reported that the spatial configuration of the exporter and the in
teractions between the substrate and the protein play a key role in 
determining the export capacity of the exporter. Therefore, to evaluate 
the accuracy of the model, SAVES 6.0 website was used to evaluate the 
modeling results, and Ramachandran plot tool is used to analyze the 
SerE homology modeling results. The results showed that 91.4% (>90%) 
of amino acid residues in the constructed protein model were located in 
the optimal rational region, indicating that the model had good reli
ability (Fig. 2B).

The binding sites of L-serine and SerE were searched through the 
molecular docking between the exporter and the small molecule ligand. 
Residues E277 and K280 were found to establish hydrogen bonds with 
hydroxyl and amino groups of ligands (Fig. 2C). Meanwhile, through 
Rosetta calculation and simulation prediction results (Table 2), five loci 
with large changes in free energy were selected. Therefore, the mutation 
loci of SerE were finally identified as Ile158, Ser161, Pro218, Glu221, 
Glu240, Glu277 and Lys280 by the two strategies. In order to further 

clarify the influence of these seven mutation sites on L-serine export, 
TMHMM Server v.2.0 software was used to predict the transmembrane 
helical structure of SerE. As can be seen from Fig. 2D, the SerE has 10 
alpha-helix transmembrane segments with the N-terminal and C-termi
nal located on the same side. Ile158 and Pro218 are located in the 
transmembrane region of the export protein, while Ser161, Glu221, 
Glu240, Glu277 and Lys280 are located in different helical trans
membrane segments. In general, we clarified the three-dimensional 
structure of SerE through modeling, and found seven sites that may 
affect the L-serine export of SerE.

3.3. Screening SerE variants to facilitate L-serine production

To further explore the role of these residues in the export of L-serine, 
alanine mutations were used to screen key sites firstly. Amino acids at 
seven sites (Ile158, Pro218, Ser161, Glu221, Glu240, Glu277 and 
Lys280) of SerE were individually mutated to alanine, and the L-serine 
titer of each mutant was determined. The strain with SerE 

Fig. 2. Biological information of SerE and identification of mutation sites. (A) AlphaFold prediction of SerE 3D structure. (B) SerE 3D structural model evaluation 
(red: optimal rational zone, Yellow: add reasonable area, Light yellow: general reasonable area). (C) Docking of L-serine with SerE. (D) SerE transmembrane region 
prediction (blue: inside, green: outside, pink: transmembrane).

Table 2 
Selection of pseudo-mutant amino acids.

Site Amino acid Rosetta value

Ile 158 − 2.0
Ser 161 − 5.26
Tyr 218 − 2.59
Glu 221 − 4.0
Glu 240 − 5.95

Rosetta value is the change of folding free energy ΔG (kcal/mol).
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overexpression (A36-serE) was used as a control. As shown in Fig. 3A, 
five mutants (S161, E221, E240, E277 and K280) exhibited higher L- 
serine titer compare to strain A36-serE. Based on these results, saturation 
mutagenesis was performed at these five sites in strain A36-serE for 
further screening, resulting in a total of 95 mutants.

The distribution of L-serine titer in five sites of saturation mutant 
strains was analyzed. As shown in Fig. 3B, at the plasmid level, all 
saturated mutations at site E277 and K280 led to an increase in L-serine 
titer compared to the other three sites (Fig. 3C). Compared to the parent 
strain A36, L-serine titer of saturation mutant strains at S161, E221 and 
E240 was lower or had little change, while L-serine titer of all mutant 
strains at E277 and K280 was higher than that of the strain A36. The L- 
serine titer of the four mutant strains at E277 site increased by more than 
10% compared to the parent strain, with the mutant strain pD-E277K 
achieving the highest L-serine titer of 40.17 g/L, representing a 15.7% 
higher than that of strain A36-serE.

In addition, the L-serine titer of the K280 mutant strain pD-K280D 
was 11.8% higher than that of A36-serE. These results indicated that 
mutations at E277 and K280 had significant effect on L-serine titer, 
suggesting that E277 and K280 sites may be key sites for SerE binding to 
L-serine. To further verify the role of these two sites, saturation muta
tions at E277 and K280 sites were subsequently performed at the 
genomic level.

3.4. The effect of SerE mutation to the L-serine production

The SerE of strain A36 was mutated by single point saturation mu
tation at E277 and K280, resulting in the 38 recombinant strains. The 
fermentation results showed that the L-serine titer of mutant strains C- 
E277H (34.79 g/L), C-E277K (42.09 g/L), and C-E277M (36.82 g/L) was 

15.4%, 39.6% and 22.1% higher than that of the parent strain A36 
(30.15 g/L) respectively (Fig. 4A). In contrast, the L-serine titer of the 
other mutant strains showed little difference compared to the parent 
strain (Fig. 4B). Based on these results, the mutant C-E277K was selected 
for further study.

To elucidate the reasons for the increase of L-serine titer of mutant C- 
E277K, amino acid export experiment was conducted. Different con
centrations of Ser-Ser were added to the cultures of C-E277K and A36, 
and the L-serine concentration were compared. When 4 mM Ser-Ser was 
added, the export capacity of mutant C-E277K continued to increase, 
resulting in an L-serine concentration was 53.2% higher than that of A36 
at 120 min (Fig. 4C). Moreover, as shown in Fig. 4D, mutant C-E277K 
excreted L-serine at a higher rate than the parent strain A36 at 120 min, 
suggesting that SerEE277K had a higher L-serine export activity than SerE.

To analyze the molecular mechanisms of the SerEE277K enhancing L- 
serine export, the interaction of the SerE, SerEE277K and L-serine ligands 
were analyzed (Fig. 5A). The hydrogen bond distances between mutant 
SerEE277K and L-serine were found to be shorter compared to the wild 
type SerE, likely due to stronger interactions between the mutant and L- 
serine, which facilitated increased export. Additionally, the local surface 
charge at position 277 of mutant SerEE277K changed from strongly 
negative (glutamate) to strongly positive (lysine) (Fig. 5B). This change 
in charge distribution aligned with the surrounding electrostatic po
tential, suggesting that the mutation led to favorable alterations in 
surface electrostatics, thereby stabilizing the SerEE277K protein.

A 100 ns MD simulation was performed to compare the stability of 
SerE and its mutant SerEE277K (Fig. 5C). A smaller root mean square 
deviation (RMSD) value usually indicates that the molecular structure is 
more stable during the simulation. The results showed that the mutant 
SerEE277K reached equilibrium after 20 ns, with an average RMSD value 

Fig. 3. Screening of SerE mutants. (A) Mutation sites with increased L-serine titer were screened. Seven sites of SerE were mutated to alanine, and L-serine titers of 
A36-serE and mutant strains were determined. (B) L-serine titers of saturation mutants at five sites. The selected sites were mutated into 19 other amino acids, and the 
L-serine titer of the mutant strains was determined. (C) L-serine titer was visualized by a heatmap. The color key indicates the L-serine titer of the mutant. pD-S161, 
pD-E221, pD-E240, pD-E277 and pD-K280 represent the S161, E221, E240, E277 and K280 sites at the plasmid level, respectively, and these symbols do not represent 
a single strain, but refer to all mutant strains at that site.
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of 8.7 Å, whereas SerE did not reach equilibrium during the simulation. 
Root mean square fluctuation (RMSF) is used to quantify how much each 
atom or residue in a molecule fluctuates around its average position. A 
higher RMSF value indicates that the part has a higher flexibility during 
the simulation, while a lower RMSF value indicates that the region is 
more stable. RMSF revealed that SerEE277K exhibited less fluctuation 
compared to the wild type, indicating a more stable protein structure. 
This higher stability likely contributed to stronger interactions between 
L-serine and protein residues, resulting in improved export efficiency.

The binding energy of L-serine to both wild type and mutant Ser
EE277K was evaluated. The mutant SerEE277K exhibited a lower binding 
energy of − 7.22 ± 2.90 kcal/mol, indicating that the mutation 
enhanced the binding affinity for L-serine (Table 3). The number, size 
and strength of hydrogen bonds were analyzed to further understand the 
binding interactions (Fig. 5D). The mutant SerEE277K formed more 
hydrogen bonds with L-serine and exhibited better bond density 
compared to the wild type, indicating more stable binding during the 
simulation period. Additionally, the mutation of SerE at site 277 from 
glutamate to lysine reduced the binding energy, and the binding energy 
of nine other amino acid also (Fig. 5E). This suggests that the mutation 
facilitated easier binding of L-serine to the exporter.

3.5. Improving L-serine production of mutant strain C-E277K

To further improve L-serine titer of the mutant strain C-E277K, 
fermentation optimization was conducted. Firstly, the culture conditions 
for the strain, including liquid loading volume, inoculation amount, and 
shaking speed, were optimized individually. The optimal fermentation 
conditions were performed in a 250 mL flask (with 20 mL medium), 
inoculation amount of 4% and shaking speed of 140 rpm (Fig. 6A).

Then the fermentation medium was optimized by Bayesian optimi
zation. In our previous studies, we have carefully studied the medium 

components of the strain A36, and found that five factors were beneficial 
for cell growth and L-serine production. So we optimized these five 
factors. After the testing of the initial settings of 5 components (Table 4, 
index 1–20), another 2 rounds of Bayesian optimization were per
formed. The first round eliminated 4 similar settings and the results 
(Table 4, index 21–23) showed no improvements, while the second 
round eliminated 2 similar settings and the results (Table 4, index 
24–28) showed relatively high yields. The hyperparameters’ likelihood 
and the candidates’ probability of improvement reached their maximum 
in both rounds. And this guaranteed the reliability of the Gaussian 
process and the candidates. The optimization was terminated because 
the suggested candidates of the third round was similar to the those of 
the second round. According to the model results, the maximum L-serine 
titer was estimated to be 45.05 g/L under the following conditions: su
crose 120 g/L, (NH4)2SO4 39.8 g/L, MgSO4⋅7H2O 0.4 g/L, PCA 26.5 mg/ 
L, and biotin 71.2 μg/L (Fig. 6B).

The mutant strain C-E277K was fermented under the optimized 
medium in 5-L bioreactor. The results showed rapid cell growth and 
sucrose consumption within the first 60 h (Fig. 6C). Subsequently, cell 
growth stabilized, and L-serine titer began to increase sharply at 72 h, 
reaching a final titer of 47.77 g/L with a productivity of 0.4 g/(L⋅h). And 
L-serine titer increased by 13.5% after optimization. This represents the 
highest reported L-serine titer achieved in C. glutamicum through direct 
fermentation.

4. Discussion

Amino acids exporter is crucial for improving their production in 
C. glutamicum. To date, seven exporters have been identified for the 
export of 13 amino acids in C. glutamicum, [10,36–41]. Zhou introduced 
a designed Lysine-ON ribose switch into the lysE (encoding lysine 
exporter) of C. glutamicum LPECRS, achieving dynamic control of 

Fig. 4. L-serine production of strain A36 and its mutants. (A) The L-serine titer of E277 mutant strain and A36. (B) The L-serine titer of K280 mutant strain and A36. 
(C) Time courses of extracellular concentrations of L-serine. (D) Time courses of L-serine exporter rate. (green: 2 mM Ser-Ser; yellow: 3 mM Ser-Ser; red: 4 mM 
Ser-Ser).
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Fig. 5. Structure and molecular dynamics analysis of SerE and the mutant SerEE277K. (A) Intramolecular interaction of mutant SerEE277K and wild type with ligand. 
(B) Surface charge analysis of mutant SerEE277K and wild-type (red: positive electrostatic potential region, blue: negative electrostatic potential region). (C) Molecular 
dynamics simulation results for mutant SerEE277K and wild-type. (D) Changes in the number of hydrogen bonds between ligand and protein during the simulation. (E) 
Binding energy of top 10 amino acids that make an important contribution between ligand and protein during the simulation.

Table 3 
Binding free energies and energy components predicted by MM/GBSA (kcal/mol).

exporter ΔEvdw ΔEelec ΔGGB ΔGGB ΔGbind

SerE − 9.78 ± 1.53 − 24.14 ± 3.68 31.42 ± 3.13 − 1.44 ± 0.04 − 3.95 ± 1.12
SerEE277K − 5.68 ± 0.74 − 48.74 ± 10.65 48.79 ± 8.00 − 1.57 ± 0.23 − 7.22 ± 2.90

ΔEvdW: van der Waals energy. ΔEelec: electrostatic energy. ΔGGB: electrostatic contribution to solvation. ΔGSA: non-polar contribution to solvation. ΔGbind: binding free 
energy.
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L-lysine export and increasing the L-Lysine titer by 21% [42]. Similarly, 
Zhang enhanced LysE expression in C. glutamicum S9114, resulting in a 
21.8% increase in L-ornithine titer to 18.4 g/L [14]. Additionally, the 
L-glutamate exporter MscCG2 was modified through protein 

engineering, combining with the directed evolution and computer-aided 
design to achieve a 1.5-fold increase in L-glutamate titer [43]. Although 
exporters in C. glutamicum have been studied to increase amino acid 
production [44,45], no studies focused on modifying L-serine exporter to 
improve L-serine export.

In this study, we explored the effects of overexpressing and deleting 
the L-serine exporter SerE on cell growth and L-serine titer in C. gluta
micum. Notably, SerE overexpression in strain A36 increased the L-serine 
titer by 15.1%, but reduced cell growth. This may be due to the 
importance of L-serine for cell growth, and SerE overexpression using 
constitutive promoters led to more L-serine transport out of the cell, 
resulting in insufficient L-serine required for cell growth. In addition, 
overexpression of the membrane protein often leads to severe growth 
inhibition, as seen in the reduced biomass of plasmid-based over
expression strains, similar to findings by Wagner et al. [46]. For the SerE 
deletion strain A36ΔserE, the growth rate was initially rapid but slowed 
later, we speculated that the L-serine synthesized in the early stage was 
not transported out of the cell and was fully used for cell growth. After 
SerE deletion, intracellular L-serine accumulated, but purine content 
decreased, deteriorating cell growth [47]. In addition, we suspected that 
that L-serine could be reimported through the L-serine uptake system, 
thus hampering L-serine production [48]. Therefore, enhancing the 
export capacity of SerE is critical for L-serine production. In the future, 
we will further focus on the uptake pathway of L-serine.

To improve the export capacity of SerE, we used computer-aided 
design to model and analyze SerE’s structure, found that the E277 site 
is located in the cytoplasmic region at the end of the exporter, unlike 
other exporters whose substrate-binding sites are located in the trans
membrane region. We hypothesize that this terminal region may affect 
substrate accessibility and affinity by altering the protein’s spatial 
conformation. Based on the inward-facing state model of SerE and 
studies on the DMT superfamily’s common export mechanism [37], and 
the structure-function analysis of YddG [49], we propose that L-serine 
binding induces a conformational change that opens the pathway to the 
cell exterior, increasing L-serine export. Future work will focus on 

Table 4 
Optimization of fermentation medium based on Bayesian models.

Culture- 
medium 
number

Sucrose 
(g/L)

(NH4)2SO4 

(g/L)
MgSO4⋅7H2O 
(g/L)

PCA 
(mg/L)

Biotin 
(μg/L)

Control 100 30 0.5 30 50
1 80 15 0.4 45 50
2 80 30 0.2 15 75
3 80 30 0.2 30 25
4 80 45 0 45 25
5 80 45 0.2 45 25
6 100 30 0 15 25
7 100 30 0 15 75
8 100 30 0.4 15 50
9 100 45 0 45 75
10 100 45 0.2 30 50
11 100 45 0.4 30 50
12 120 15 0.4 45 75
13 120 15 0.6 15 25
14 120 15 0.6 15 50
15 120 30 0 45 50
16 120 30 0.2 15 50
17 120 30 0.2 30 75
18 120 30 0.6 45 50
19 120 45 0.6 15 75
20 120 45 0.6 30 75
21 80.01 15.01 0.60 15.01 74.99
22 95.30 38.17 0.05 30.28 49.13
23 83.83 26.89 0.04 18.34 67.08
24 120.0 45.0 0.2 45.0 25.0
25 120.0 32.0 0.5 42.7 53.8
26 120.0 39.8 0.4 26.5 71.2
27 120.0 30.1 0.6 44.6 51.0
28 83.8 26.9 0.0 18.3 67.1

Fig. 6. Fermentation optimization of strain C-E277K. (A) Impact of varying inoculations on production by C. glutamicum C-E277K during fermentation. Impact of 
varying shaker speed on production by C. glutamicum C-E277K during fermentation. Impact of varying liquid loading on production by C. glutamicum C-E277K during 
fermentation. (B) Influence of different concentration medium on L-serine titer of C. glutamicum C-E277K during fermentation (Control: Gray, group 1–20: purple, 
group 21–23: orange, group 24–28: green). (C) Fermentation results for the strain C-E277K under optimal conditions in a 5-L bioreactor. The cell growth (blue), L- 
serine titer (red), and residual sucrose (black) of strain C-E277K are presented.
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elucidating the substrate export mechanism of SerE.
After selecting a successfully modified SerE mutant, we evaluated its 

L-serine export capacity using an amino acid export assay. The export 
capacity of mutant C-E277K increased by 53.2%. However, adding 3 
mM and 4 mM Ser-Ser had little effect on the parent strain A36’s export 
capacity at 120 min, while mutant strain increased by 27.7%. Site 277 of 
SerE is acidic amino acid before mutation and becomes an alkaline 
amino acid after mutation. Replacing hydrophilic glutamic acid with 
lysine aligns with the surrounding amino acid’s charge distribution, 
potentially explaining the favorable electrostatic charge changes in the 
E277K mutant [50]. The shortened hydrogen bond spacing in E277K 
enhanced the protein’s structural rigidity, which may contribute to its 
increased stability. MD simulations revealed that E277K exhibited 
steadier RMSD and lower RMSF values compared to the wild type, 
indicating enhanced structural rigidity and stability [51].

In this study, the medium of the mutant strain C-E277K was opti
mized by Bayesian optimization, reaching its highest titer of 47.77 g/L. 
Dealing with the input of 5 factors, factorial design demands at least 
25 = 32 settings to model and optimize within a round. This number is 
nearly closed to the total number of the tests in this study, which 
demonstrates the efficiency of the adopted Bayesian optimization. Also, 
the need of the design is just to be representative instead of be strictly 
limited to low-level, high-level or central point, and the design can be 
directed to the interesting domain of the input space. Further, data of 
similar strain could also be utilized in Bayesian optimization. For 
example, Xiao used Bayesian optimization to increase S-adenosyl-L- 
methionine titer by 26.3-fold [35]. Thompson et al. developed a 
physically-constrained recurrent neural network and combined it with 
Bayesian experimental design to optimize the operating conditions of a 
bioreactor for microbial communities [18,52]. In all, Bayesian optimi
zation guarantees the flexibility, time- and cost-efficiency when applied 
in the optimization of the fermentation condition.

5. Conclusion

In this study, we successfully developed a mutant (C-E277K) of L- 
serine exporter SerE through rational computer-aided design and bio
informatics analysis. The mutant exhibited a 53.2% increase in export 
capacity compared to the wild-type SerE, resulting in a 39.6% increase 
in L-serine titer. Structural analysis and molecular dynamics simulation 
were employed to elucidate the mechanisms underlying the enhanced 
performance of this mutant. Furthermore, Bayesian optimization was 
applied to improve L-serine titer of mutant C-E277K, leading to an L- 
serine titer of 47.77 g/L. This represents the highest reported L-serine 
titer achieved using C. glutamicum. This study provides valuable insights 
for improving L-serine and other high-value amino acids production.
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