iIScience

¢? CellPress

OPEN ACCESS

Eliminating host-guest incompatibility via enzyme
mining enables the high-temperature production

of N-acetylglucosamine

Database 1
Database 2 Database 3
L]
Automated screening pipeline development

Enzyme activity assays Alphafold2 prediction ~Molecular dynamics

N ke

Computation-based enzyme characterization

GleNAc

AT GNA]'A"'@ l \
2| - ~, 5
Q o = Accumulation Acctoin
ned GNALs

Q GleNAc x \
Screened GNA glmS 2,3-Butanediol
E o

«AA'«

Gene synthesis-based function validation

Thermophilic enzyme mining strategy

Yutong Wu,
Jionggin Liu, Xiao
Han, ..., Yuhan
Yang, Ping Xu, Fei
Tao

taofei@sjtu.edu.cn

Wu et al., iScience 26, 105774
January 20, 2023 © 2022 The
Authors.
https://doi.org/10.1016/
j.isci.2022.105774



mailto:taofei@sjtu.edu.cn
https://doi.org/10.1016/j.isci.2022.105774
https://doi.org/10.1016/j.isci.2022.105774
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2022.105774&domain=pdf

iIScience ¢? CellP’ress

OPEN ACCESS
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via enzyme mining enables the high-temperature
production of N-acetylglucosamine

Yutong Wu," Jionggin Liu," Xiao Han,! Xuanlin Meng,” Mengke Li," Jing Wang,' Hongsong Xue," Yuhan Yang,'
Ping Xu," and Fei Tao"%*

SUMMARY

The host-guest incompatibility between a production host and non-native enzymes
has posed an arduous challenge for synthetic biology, particularly between meso-
phile-derived enzymes and a thermophilic chassis. In the present study, we develop
a thermophilic enzyme mining strategy comprising an automated co-evolution-
based screening pipeline (http://cem.sjtu.edu.cn), computation-based enzyme
characterization, and gene synthesis-based function validation. Using glucos-
amine-6-phosphate acetyltransferase (GNA1) as an example, we successfully mined
four novel GNA1s with excellent thermostabilities and catalytic performances.
Calculation and analysis based on AlphaFold2-generated structures were also con-
ducted to uncover the mechanism underlying their excellent properties. Finally, our
mined GNA1s were used to enable the high-temperature N-acetylglucosamine
(GlcNACc) production with high titers of up to 119.3 g/L, with the aid of systems
metabolic engineering and temperature programming. This study demonstrates
the effectiveness of the enzyme mining strategy, highlighting the application pros-
pects of mining new enzymes from massive databases and providing an effective
solution for tackling host-guest incompatibility.

INTRODUCTION

Synthetic biology adopts the bottom-up concept of engineering, integrates different components in bio-
logical hosts to create new cell factories, and builds various artificial life systems for specific purposes.’?
The incompatibility between a host and non-native enzymes is unavoidable in practice. For example, intro-
ducing anaerobe-derived enzymes into cyanobacteria with a high-oxygen intracellular environment led to
the failure of functional expression.® Moreover, when non-native enzymes are heterologously expressed
into acidophiles, it will cause enzyme instability and poor catalytic efficiency under low pH conditions.”
These common and inevitable situations severely limit the potential and applications of synthetic biology,

especially in the development of productive microbial cell factories.

High-temperature fermentation by thermophilic cell factories is considered a promising next-generation
biotechnology due to its multiple superiorities in minimizing the cost such as reducing the risk of bacterial

contamination, accelerating the production processes, and saving energy consumption in cooling.”” Sav-
ings associated with a 5°C increase in the fermentation temperature are estimated to be more than 'State Key Laboratory of
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US$390,000 per year for a 30,000-kL scale ethanol plant.® Chemical production at elevated temperatures International Research

has great potential to significantly outperform traditional processes and helps the growth of the Bio- Laboratory of Metabolic &
economy.”'? At present, high-temperature fermentation of useful products has made great progress, Developmental Sciences, and
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However, the host-guest incompatibility is particularly problematical in high-temperature fermentation.
High-temperature production of chemicals by thermophiles is greatly limited by using mesophile-derived
(unstable) enzymes, which is a primary challenge for promoting the development of high-temperature cell

. . . . . *Correspondence:
factories.'' Most reported enzymes related to biomanufacture are derived from mesophilic microorgan- tao{e‘-@zmedum
isms, which may be inactivated under high-temperature conditions.'” For example, spCas9, derived https://doi.org/10.1016/].isci.
from the mesophilic bacterium Streptococcus pyogenes, was reported to lose its catalytic activity at 2022.105774
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42°C, which limits the utilization of spCas9 in thermophilic Bacillaceae strains.'®'? Moreover, the produc-
tion of p-lactic acid has long been limited due to the low thermostabilities of b-LDHs until a thermophilic
p-LDH was mined to achieve the highest p-lactic acid titer (226.6 g/L) at 50°C."*??" Thus, to achieve the
high-temperature production of biochemicals, there is a great demand for stable and thermophilic en-
zymes that are compatible with thermophilic hosts.

Advances in genome sequencing technology have led to an explosive growth of genome sequence data in
biological databases.”””* The NCBI statistics show that there are more than 250 million genomic DNA se-
quences in the GenBank database as of January 2022 (https://www.ncbi.nlm.nih.gov/search/all/?
term=Genbank). There is a huge amount of unexplored thermophilic enzyme resources in such an exten-
sive genome database. The mining of thermophilic enzymes presented in the databases will fulfill the great
demand for thermophilic enzymes, and give rise to the realization of high-temperature chemical produc-
tion with thermophilic chassis.

N-Acetylglucosamine (GlcNAc) has been widely used as a medicine and health product to treat the prevalent
disease arthritis and improve joint mobility function.?*2° As the global aging population grows, the demand for
GleNAc as a joint health dietary supplement will continue to increase.”” In addition, GlcNAc s a potential candi-
date to treat inflammatory bowel disease (IBD),****? and plays a certain help on tumor diagnosis.”>*" A recent
study provided evidence to support GlcNAc as an anti-inflammatory and adjunctive treatment for COVID-19.%
Currently, microbial fermentation is considered as the most promising process for producing non-shellfish-
derived GlcNAc with biosafety in mind,”* compared with chemical acidolysis and the chitinase degradation
method.?”*>7 In the GlcNAc synthesis pathway, the glucosamine-é-phosphate acetyltransferase (GNA1) is
the key enzyme for the overproduction of GlcNAc requiring heterologous expression.®” Currently, the reported
GNAT1s are mostly derived from mesophiles, such as yeasts, which limits the host options for microbial fermen-
tation.*®*" To date, the strains used for GIcNAc production include Escherichia coli*? Saccharomyces cerevi-
siae,*? Bacillus subtilis,"* and Corynebacterium glutamicum.*® Despite great achievements in using these hosts,
the mesophilic fermentation conditions (< 37°C) remain the problems of higher energy consumption and cost.
Thus, it is highly demanded to search for thermally robust GNA1s that can break the constraints of mesophiles
to realize high temperature fermentation of GIcNAc, which in turn effectively lower costs and benefits most
people (Figure 1).

In the present study, we developed a thermophilic enzyme mining strategy to eliminate guest-host incom-
patibility in the thermophilic chassis. First, we established a pipeline (http://cem.sjtu.edu.cn.) to achieve in
silico thermophilic enzyme mining from massive amounts of publicly available genomes. Using GNA1 from
yeast as the template, 20 thermophilic candidates GNATs were mined with the aid of computational
biology analysis for preliminary GlcNAc production tests in Bacillus licheniformis that is a potential thermo-
philic chassis because of its superiorities in growth rate and biosafety.'> We chose four mined GNA1s with
higher GlcNACc titers in shake-flask experiments, which were further compared in terms of their thermosta-
bilities and catalytic performances. Besides, calculation and analysis based on AlphaFold2-generated
structures were also carried out. The systems metabolic engineering and temperature programming
were conducted, which led to a significant increase in the GlcNAc titer. Finally, 50-L fed-batch fermentation
of GlcNAc was conducted at elevated temperatures to demonstrate the industrial potential of the devel-
oped strains.

RESULTS

Pipeline establishment for mining thermophilic GNA1s

A pipeline for mining thermophilic enzymes was developed based on the positive correlation between the
optimal growth temperature (OGT) of microorganisms and the thermostabilities of enzymes encoded in
their genomes (Figure 2A)."*’ The co-evolution mining website (http://cem.sjtu.edu.cn) was established
according to the pipeline, based on the concept of co-evolution between thermophilic enzymes and their
hosts. Since the housekeeping enzymes and the other enzymes in the genomes of thermophilic microor-
ganisms are co-evolving, it is easier to mine thermophilic enzymes in the genomes of thermophilic hosts.
We used the amino acid sequence of GNA1 from S. cerevisiae as a template for candidate thermophilic
GNA1 enzyme mining. Based on a filamentous fungus database (https://pub.fungalgenomics.ca/), we
screened microorganisms with the word “thermo” and the thermophilic fungi reported previously to
form a thermophilic fungus database (Figure 2A, Table S1). The scores based on the NCBI PSI blast of
the screened candidate thermophilic GNATs ranged from 83 to 308, and eight candidate GNA1s with
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Figure 1. Scheme for GIcNAc high-temperature fermentation with engineered thermophilic chassis and elements

higher scores were further screened. We also filtered 224,799 microbial genomes according to the collated
OGT data established by Engqvist,"® and selected 1,672 microbial genomes with OGT greater than 50°C to
establish a database. In addition, since microbial OGT is positively correlated with the GC content of
tRNAs.*”*% We found 15,271 microbial genome data in the NCBI microbial genome database that could
conduct tRNA annotations and GC content calculations, and could be further analyzed by the open reading
frame (ORF) prediction. Figure 2B shows the distribution of the average GC content of tRNAs in all mi-
crobes. The average GC content of the tRNAs of most microorganisms was 58%. We selected the microbial
genomes, in which the GC content of tRNAs was higher than 61%, and included these in our database for
thermophilic enzyme mining. Finally, we screened for GNATs both in the two databases with Toe > 50°C
and tRNA GC content higher than 61% as thermophilic candidate enzymes. Moreover, we used the enzyme
GNAT1 from S. cerevisiae (ScCGNAT) as the template for alignment and calculated the Tm index and aliphatic
indices of the mined GNAT1 enzymes using the Uniprot database. Eight candidates thermophilic
GNAT1s derived based on Tm index >1, and aliphatic indices of enzymes greater than that of ScCGNA1
were selected (Figure 2A, Table S2). Finally, 20 selected candidate GNA1s from different databases
were used to perform multiple alignments with SCGNAT1 as a template for constructing the phylogenetic
tree (Figure 2C).

Performances of thermophilic enzymes GNA1s

To verify the functions of the above 20 candidate thermophilic GNA1 enzymes, the genes in the catabolic
pathway of GlcNAc such as nagP1 and nagP2 (encoding the GlcNAc-specific enzyme of phosphotransfer-
ase system), nagA (encoding GIcNAc-6-P deacetylase), and gamA and nagB (encoding GlcN-6-P deami-
nase) in B. licheniformis MW3 were blocked to obtain the five-gene knockout test strain BNGS1 (Figure 3A
and S1). We introduced the Scopgna? gene (the codon-optimized version of S. cerevisiae GNA1 using Jcat
http://www.jcat.de/) into the BNGS1 strain with the B. licheniformis expression vector pHY300PLK to obtain
the strain ScopBNGS1 for performance testing. The results showed that GIcNAc was successfully produced
(Figure S2). Besides, compared with the control ScBNGS1 (the gnal gene without codon optimization from
S. cerevisiae, introduced into the BNGS1 strain named ScBNGS1), the GlcNAc production of ScopBNGS1
increased from 0.24 g/L to 0.9 g/L at 50°C, which showed that codon optimization was effective and
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Figure 2. Model development for mining thermophilic GNA1s with two strategies

(A) Schematic overview of the process to build candidate thermophilic enzyme database. Topy, the optimal growth temperatures of organisms.

(B) Variation curve of microbial numbers with NCBI genomic average GC content of tRNAs (%).

(C) Phylogenetic tree analysis of the 20 selected candidate GNA1 thermophilic enzymes. 1. Based on Uniprot alignment according to ScCGNA1 amino acid
sequence. 2. Based on the GC content of tRNAs in microbial genomes and reported optimal growth temperatures of organisms. 3. Based on the

thermophilic fungus database.

necessary (Figure S2). Thus, the nucleotide sequences of the 20 thermophilic GNA1 enzymes were codon-
optimized using Jcat (http://www.jcat.de/). The 20 codon-optimized candidates GNA1s, which were mined
according to our established pipeline, were expressed respectively into the strain BNGS1 containing five
constitutive promoters for GIcNAc flask tests. Optimal promoter P with the highest GIcNAc titers was
selected to obtain 20 candidate strains for GlcNAc production (Figure S2). The twenty candidate
GleNAc production strains were cultured in flasks at 37°C (the optimum growth temperature for common
microorganisms), 42°C (the critical temperature for mesophiles and thermophiles for microbes), and 50°C
(the optimum growth temperature for B. licheniformis MW3) (Figures 3B—3D). The results showed that
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Figure 3. Shake flask fermentation of 20 candidate thermophilic strains for thermophilic enzyme GNA1 performance tests
(A—D) The construction of five gene-knockout plasmids (A). Shake flask fermentation of 20 candidate thermophilic strains at 37°C (B), 42°C (C), and 50°C (D).
Triplicate experiments were done for physiological measurements, and error bars represent SD.

among the 20 strains, eight strains produced GlcNAc at the temperatures of 37°C, 42°C, and 50°C, respec-
tively, indicating that the eight candidates of thermophilic GNA1 enzymes were successfully expressed het-
erologously in B. licheniformis. Four candidate strains TtBNGS1, NBBNGS1, MtBNGS1, and CtBNGS1 were
selected because they exhibited high titers of GIcNAc at 42 and 50°C (Figures 3B—3D). The four thermo-
philic GNAT1s in the four selected strains, named TtGNA1, NfGNA1, MtGNA1, and CtGNAT1, were further
analyzed for subsequent enzymatic properties.

Enzymatic properties and AlphaFold2 protein structure prediction

By amino acid sequence alignment, four proteins NfGNA1, TtGNAT, MtGNA1, and CtGNA1 share 47.1%,
45.2%, 44.2% and 43.0% amino acid identity with SCGNA1, respectively (Figure S3). We inserted NfGNA1,
TtGNAT1, MtGNA1, and CtGNA1 into the pETDuet-1 vector, and transformed them into E. coli BL21 (DE3),
respectively, for further protein expression and purification. Each of the four proteins NfGNA1, TtGNAT1,
MtGNAT1, and CtGNA1 showed a single lane after purification that appears at approximately 20 kDa (Fig-
ure S4). The four purified proteins were further characterized in terms of its enzymatic properties (Figures S4
and S5). The optimum temperatures for CtGNA1, TtGNA1, MtGNA1, and NfGNA1 were 50°C, 60°C, 40°C,
and 25°C, respectively (Figures 4A—4D). Among them, TtGNA1 shows good catalytic activity in a broad
temperature range, retaining the relative activities of over 60% maximum activity at 37—-60°C (Figure 4A).
The optimum pH for CtGNA1, TtGNA1, MtGNA1, and NfGNA1 was 7.5, 6, 7, and 7.5, respectively
(Figures 4E—4H), which are required for the growth of B. licheniformis. Moreover, the four GNA1 enzymes
were thermally stable, showing more than 60% of the initial activity residue after 48 h of incubation at 37 and
50°C (Figures 41—4L). Among the four enzymes, TtGNA1 has the highest thermal stability, showing more
than 90% of the initial activity residue after 48 h of incubation at 37°C, 50°C, and 60°C, respectively (Fig-
ure 41). Because of the low optimum temperature of NfGNA1, its activity at 60°C rapidly dropped to
zero within 12 h, however, its thermal stabilities at 37 and 50°C were excellent, which probably had little
effect on the fermentation of B. licheniformis MW3 at 50°C. Compared with the four screened GNATs,
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Figure 4. Activity assays of TtGNA1, MtGNA1, NfFGNA1, and CtGNA1

(A—D) Effects of temperature on the activities of TtGNA1T, MtGNA1, NfGNA1, and CtGNAT1. Error bars indicate standard deviations.
(E—H) Effects of pH on activities of TtGNAT, MtGNA1, NfGNA1, and CtGNA1. Square, citric acid-sodium citrate; Triangle, NaH,PO4-NayHPOy4; Rhombus,

Tris-HCI; Star, NaHCO3-Na,CO3 Error bars indicate standard deviations.

Enzymes

TtGNA1
MIGNAL
NfGNA1
CIGNAL

(I-L) Thermal stabilities of TtGNAT, MtGNA1, NfGNA1, and CtGNA1 at 37°C, 50°C, and 60°C. Thermal inactivation of each enzyme was evaluated after
incubation at 37°C, 50°C, or 60°C for 72 h with timing sampling. The residual activity of each enzyme was determined as a percentage of the initial activity.

Error bars indicate standard deviations.

(M—P) Effects of metal ions on the activities of TtGNA1, MtGNA1, NfGNA1, and CtGNAT1. Error bars indicate standard deviations. Triplicate experiments

were carried out for physiological measurements, and error bars represent SD.

ScGNAT1 exhibited much lower thermostability, with only 20% of the initial activity residue after 48 h of in-
cubation at 50°C (Figure Sé). In addition, differential scanning calorimeter (DSC) characteristics of the five
enzymes showed that the Tm value of SCGNA1 (47.4) was much lower than that of TtGNA1 (60.1), CtGNA1
(59.3), MtGNA1 (54.8), NfGNA1 (58.5), which exhibited excellent protein stabilities of our screened four
GNAT1s (Figure S7).

In addition, we measured the specific kinetic parameters of the four GNA1 enzymes. Compared with the
catalytic efficiencies (keat/Kn) of SCGNAT, those of TtGNA1, NfGNA1, CtGNA1, and MtGNA1 for GlcN-
6P were 1,867.56, 322.52, 1,817.43, and 1,764.88 s~ mM~", respectively, which were 11.12, 1.92, 10.82,
and 10.51 times that of ScCGNAT, respectively (Table S3). The k.a/ K values of TtGNAT, NFGNA1, CtGNAT,
and MtGNA1 for Ac-CoA were 1,671.41, 238.99, 1,580.29, and 763.78 s~ ' mM~, respectively, which were
10.52, 1.54, 9.95, and 4.81 times that of ScGNA1, respectively (Table S3). These results indicate that
TtGNAT exhibited higher catalytic efficiencies for GIcN-6P and Ac-CoA than the other three GNA1 en-
zymes. Figures 4M—4P show the enzyme activity effects of different metal ions on TtGNA1, NfGNA1,
CtGNA1, and MtGNA1. Only Mg?* improved the activity of the four enzymes, Cu?* and Hg®* had a signif-
icant inhibitory effect on the four GNAT enzymes, and the remaining metal ions had no obvious effect on
the activity of the four GNATs.
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Figure 5. Protein structure prediction of TtGNA1, MtGNA1, NfGNA1, and CtGNA1

(A) Calculated solvent-accessible surface area (SASA) for the entire protein of TtGNA1, MtGNA1, NfGNA1, and CtGNAT.
(B) Calculated solvent-accessible surface area (SASA) around the substrate pocket of TtGNA1, MtGNA1, NfGNA1, and
CtGNA1.

(C—F) Calculated the number of hydrogen bonds bound to the substrate acetyl-CoA for TtGNA1, MtGNA1, NfGNA1, and
CtGNA1.

(G) Predicted Advanced Poisson-Boltzmann Solver (APBS) results in the distribution of electrostatic potential around the
substrate pocket for TtGNA1, MtGNA1, NfGNA1, and CtGNAT.

AlphaFold2 was used to predict the protein structures of the four GNAT enzymes,”' and FoldX was used to
calculate the stabilities of the four proteins.®*** The crystal structure of SCGNA1T was downloaded from
PDB, with PDB number 1i21, and we used the RepairPDB module in FoldX to minimize energy before final
stabilities of the five proteins (AG) were calculated.”* > The structures of the four predicted proteins
(TtGNAT1, NfGNA1, CtGNA1, and MtGNAT1) were relatively similar, and the substrate pockets tended to
be conserved. The free energy of unfolding (AG) calculated by FoldX for TtGNA1, NfGNAT, CtGNAT,
MtGNAT, and ScGNAT was —62.69, —76.32, —42.29, —45.74, and 10.23 kcal/mol, respectively, indicating
that our screened enzymes have higher stabilities than ScGNA1 (Figure S8). Figures 5A—5B show the
solvent-accessible surface area (SASA) of each GNA1 enzyme around the substrate pocket and for the
entire protein. The SASA values for the entire proteins of TtGNA1, CtGNA1, MtGNA1, and NfGNA1
were 21,472.5, 17,839.6, 17,604.4, and 14,516.2 AZ, respectively. The SASA values around the substrate
pocket (acetyl-CoA) for TtGNA1, CtGNA1, MtGNA1, and NfGNA1 were 1,825.9, 1,931.9, 1,912.0, and 1,
787.8 A% respectively. These results suggested that TtGNAT, CtGNA1, and MtGNAT were more hydrophil-
ic than that NfGNA1, which is consistent with their K, values. In addition, the number of hydrogen bonds
around the substrate acetyl-CoA differed slightly among the four GNA1 enzymes (Figures 5C—5F).
Compared with TtGNA1, CtGNAT, and MtGNA1, in NFGNA1, additional hydrogen bonds were formed be-
tween the backbone NH of Gly116 with O4A of acetyl-CoA and CoA-GlcNAc-6P, indicating the stronger
stability of the substrate Ac-CoA and the product CoA-GlcNAc-6P in NfGNAT, which facilitates the
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Figure 6. Metabolic engineering scheme for efficient production of GIcNAc

%, gene knockout in B. licheniformis MW3; Thick downward arrow, gene overexpression; AcCoA, acetyl-coenzyme A;
GleN-6P, glucosamine-6-phosphate; GIcNAc-6P, N-acetylglucosamine-6-phophate; GImS, glucosamine synthase; Gln,
glutamine; Glu, glutamate; GNA1, GIcN-6P N-acetyltransferase.

establishment of a catalytic conformation (Figures S9—512). We also displayed the surface electrostatic po-
tential of the four proteins using Advanced Poisson-Boltzmann Solver (APBS). The results showed consider-
able differences in the distribution of electrostatic potential around the substrate pocket of NfGNA1
compared with the other three GNAT enzymes (Figure 5G), which might potentially affect the binding abil-
ity of the substrate.

In addition, thermophilic enzymes tend to form more alpha-helices than mesophilic enzymes to make the
protein structure more stable, and B-branched residues (Val, lle, and Thr) can affect helix stability. TtGNAT,
MtGNAT1, and CtGNA1 showed less 8-branched residue content in the helices and the whole sequence,
whereas TtGNA1 had more alpha helices, which increased the stability of the protein (Table S4). Flexibility
indices were calculated to analyze the thermostabilities of the four proteins. The value of TtGNA1 (0.9703)
was lower than those of MtGNAT (0.9866), NfGNA1 (0.9839), and CtGNA1(0.9862), indicating that TtGNA1
was relatively more thermostable (Table S5). This result is in concordance with the enzymatic properties of
TtGNA1, which exhibited increased stability at 60°C.

Metabolic flux remodeling in the GlcNAc production

To further increase the GlcNAc production, we used systematic metabolic engineering to reprogram the meta-
bolic flow (Figure 6). First, we inserted a stronger promoter P before gImS in the genome of B. licheniformis
BNGS1 (Figure S13), and transformed pHY300PLK-TtGNA1, pHY300PLK-NfGNA1, pHY300PLK-CtGNAT1, and
pHY300PLK-MtGNAT1 to obtain four strains TtBNGS2, NBNGS2, CtBNGS2, and MtBNGS2, respectively. Flask
fermentation was performed for 24 h at 37°C, 42°C, and 50°C (Figures 7A and 7B). The GlcNAc production
increased by 35.5%, 39.1%, 54.8%, and 57.6% at 37°C in TtBNGS2, NfBNGS2, CtBNGS2, and MtBNGS2,
respectively, compared with TtBNGS1, NBBNGS1, CtBNGS1, and MtBNGS1 (Figures 7A and 7B). At 42°C,
the GlcNACc titers of TtBNGS2, NBNGS2, CtBNGS2, and MtBNGS2 increased by 27.6%, 48.4%, 58.3%, and
58.0%, respectively (Figures 7A and 7B). At 50°C, the GlcNAc titers of TtBNGS2, NBBNGS2, CtBNGS2, and
MtBNGS2 increased by 19.1%, 45.1%, 60.0%, and 70.7%, respectively (Figures 7A and 7B). Figure 7B also shows
the detection of byproduct concentrations after 24 h of flask fermentation at 50°C. The acetoin concentrations
of TtBNGS2, NBBNGS2, MtBNGS2, and CtBNGS2 reached 15.0, 16.0, 16.3, and 11.6 g/L, respectively, and that
of the 2,3-butanediol concentrations reached 1.51, 2.49, 2.31, and 1.41 g/L, respectively, which was considered
as the main byproducts.

To further improve the production of GIcNAc, acetoin and 2,3-butanediol biosynthetic genes encoding aceto-
lactate synthase (AlsS) and acetolactate decarboxylase (AlsD) were knocked out on the basis of BNGS2 to block
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Figure 7. Shake-flask fermentation and 50-L bioreactor fed-batch fermentation

(A) Shake-flask fermentation of ScopBNGS1, TtBNGS1, NBNGS1, CtBNGS1, and MtBNGS1 at 37°C, 42°C, and 50°C, respectively. Triplicate experiments
were carried out for physiological measurements, and error bars represent SD.

(B) Shake-flask fermentation of ScopBNGS2, TtBNGS2, NBBNGS2, CtBNGS2, and MtBNGS2 at 37°C, 42°C, and 50°C, respectively and by-product detection
of TtBNGS2, NBNGS2, CtBNGS2, and MtBNGS2 at 50°C. Triplicate experiments were carried out for physiological measurements, and error bars represent
SD. *p <0.05, **p <0.01, ***p < 0.001 as determined by t test compared with ScopBNGS1, TtBNGS1, NBNGS1, CtBNGS1, and MtBNGS1 at 37°C, 42°C, and
50°C, respectively.

(C) Shake-flask fermentation of ScopBNGS3, TtBNGS3, NBNGS3, CtBNGS3, and MtBNGS3 at 37°C, 42°C, and 50°C, respectively. Triplicate experiments
were carried out for physiological measurements, and error bars represent SD. *p < 0.05, **p < 0.01, ***p < 0.001 as determined by t test compared with
ScopBNGS2, TtBNGS2, NBNGS2, CtBNGS2, and MtBNGS2 at 37°C, 42°C, and 50°C, respectively.

(D) Shake-flask fermentation of TtBNGS4, NfBNGS4, CtBNGS4, and MtBNGS4 at 37°C, 42°C, and 50°C, respectively. Triplicate experiments were carried out
for physiological measurements, and error bars represent SD. *p < 0.05, **p < 0.01, ***p < 0.001 as determined by t test compared with TtBNGS3, NBBNGS3,
CtBNGS3, and MtBNGS3 at 37°C, 42°C, and 50°C, respectively.

(E) Fed-batch fermentation of NlBNGS4 in a 50-L bioreactor at 42°C.

(F) Fed-batch fermentation of TtBNGS4 in a 50-L bioreactor at 50°C.

(G) Fed-batch fermentation of TtBNGS4 in a 50-L bioreactor with temperature programming. ODgo, optical density at 600 nm. 0—15 h, 42°C, 15—-33 h, the
temperature rises 0.5°C every 2h from 42°C to 46°C. 33—41 h, the temperature rises 1°C every 2 h to 50°C.

the synthesis pathways. The four plasmids pHY300PLK-TtGNA1, pHY300PLK-NfGNAT1, pHY300PLK-CtGNAT1,
and pHY300PLK-MtGNAT1 were transformed into BNGS2 to obtain TtBNGS3, NBNGS3, CtBNGS3, and
MtBNGS3, respectively. The four strains TtBNGS3, NBNGS3, CtBNGS3, and MtBNGS3 were tested in shake
flasks (Figures 7C, S14, and S15). After eliminating the acetoin and 2,3-butanediol pathways, the accumulation
of the two by-products was not detected. The highest GIcNAc concentrations in TtBNGS3, NBNGS3,
CtBNGS3, and MtBNGS3 reached 3.85, 3.35, 3.20, and 3.47 g/L, which were 40.0%, 50.6%, 46.9%, and 58.5%
higher than that of TtBNGS2, NBNGS2, CtBNGS2, and MtBNGS2, respectively, at 37°C (Figure 7C).
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At 42°C, the GlcNAc titers of TtBNGS3, NBNGS3, CtBNGS3, and MtBNGS3 reached 3.39, 3.23, 3.26, and
3.39 g/L, which was 44.2%, 57.2%, 61.9%, and 67.0% higher than that of TtBNGS2, NBNGS2, CtBNGS2, and
MtBNGS2, respectively (Figure 7C). At 50°C, the GlcNAc concentration of TtBNGS3, NBNGS3, CtBNGS3,
and MtBNGS3 reached 3.97, 1.85, 2.95, and 2.86 g/L, which was 62.7%, 25.9%, 50.5%, and 63.4% higher than
that of TtBNGS2, NBNGS2. CtBNGS3, and MtBNGSS3, respectively (Figure 7C).

Although plasmids are easy to insert into cells and allow strong gene expression, they are prone to genetic
instability, which is unfavorable for the industrial production of chemicals.”® Therefore, the four GNATs,
TtGNAT, NfGNA1, MtGNA1, and CtGNAT with constitutive promoter P, were integrated into the
BNGS2 chromosome separately, to obtain four plasmid-free strains TtBNGS4, NBNGS4, CtBNGS4, and
MtBNGS4. As shown in Figure 7D, among the four plasmid-free strains, only NFBNGS4 improved the con-
centrations of GIcNAc from 3.23 g/Lto 3.78 g/L at42°C, and 1.85 g/L t0 2.25 g/L at 50°C, which was 17.0 and
21.6% higher, respectively, than that of NBNGS3. The GIcNAc concentration of the other three strains
showed little change or a slight decrease with no statistically significant difference, which could be owing
to the low copy number of GNAT1 after integration into the chromosome.

Scale-up production of GlcNAc in a 50 L fermenter

To test the stability and robustness of the four GNA1s integration systems in a large-scale bioreactor, the four
strains TtBNGS4, NBBNGS4, CtBNGS4, and MtBNGS4 were used to scale up the production of GIcNAc in a
50 L fermenter. NBNGS4 showed the highest GlcNAc production of 119.3 g/L with 0.22 g/g glucose after
purification and 2.39 g/(L+h) high productivity at 42°Cin 50 h (Figures 7E, S16, and S17), which was even better
than the 101.2 g/L of TtBNGS4 (Figure S18). At 50°C, TtBNGS4 showed the highest GlcNAc production of
47.4 g/L with 2.37 g/(L+h), compared with NBNGS4, CtBNGS4, and MtBNGS4, which is in concordance
with the excellent enzymatic characteristics of TtGNAT1 (Figures 7F, S19, and S20). However, fermentation
of the four strains showed an overflow of acetic acid at 50°C, leading to the inhibition of cell growth and
limited GIcNAc production (Figure 7F). This may be caused by insufficient ATP and NAD™ under the condi-
tions of high temperatures and more vigorous metabolism, leading to an imbalance between cellular sub-
stance metabolism and energy demand. In addition, NAD" is unstable at high temperature conditions.”’
Therefore, we speculated that an appropriate temperature reduction may achieve a perfect balance to miti-
gate the acetic acid flow. The temperature reduction gradient was set from 50°C to 42°C (Figures S21 and
S22). When the temperature dropped to 47°C, the GlcNAc titers increased by 82.3% from 47.4 g/L to
86.4 g/L with acetate acid decreasing by 257.8% from 29.7 g/L to 8.3 g/L, showing little effect on GlcNAc
fermentation (Figure S22), which was considered as the critical temperature to balance substance meta-
bolism and energy demand for avoiding acetic acid overflow. To further increase fermentation temperature
and reduce acetic acid overflow, the temperature programming was proposed by slowly increasing the
fermentation temperature from 42°C to 50°C to gradually adapt the GIcNAc production host to rising tem-
peratures (Figure 7G). As shown in Figure 7G, the fermentation temperature was mainly maintained from
42°C to 47°C during the fermentation cycle. Finally, the GlcNAc production reached 83.0 g/L with almost
no acetate produced, indicating the effectiveness of our proposed temperature programming to reduce
acetate overflow.

Multi-omics analysis of transcriptome and metabolome

To identify key genes and metabolic pathways to further increase GlcNAc production, we collected bacte-
ria in the logarithmic stage from BNGS3, NfBNGS4, TtBNGS4, NBNGS3, and TtBNGS3 at 50°C ina 5L
fermenter, and analyzed the transcriptome and metabolome data of the fermentation samples.

Comparing BNGS3 and NfBNGS4, the transcriptome results showed that the differentially expressed
genes were classified into 83 categories according to the Kyoto Encyclopedia of Genes and Genomes
(KEGG). Significant differences in KEGG pathways were found in “biosynthesis of amino acids,” “oxidative
phosphorylation,” and “glycolysis and gluconeogenesis” (Figure S23). Especially in metabolic engineering
of oxidative phosphorylation, the genes related to F-type ATPase were all up-regulated. In addition, in the
respiratory streptoquinol oxidase pathway, the cytochrome aa3 menoquinol oxidase-related coding gene
(goxC) and cytochrome bd complex oxidase coding gene (cydA) were up-regulated (Figure S24). As the
production of GlcNAc requires the consumption of ATP, the expression of GNA1 would promote the
up-regulation of ATP synthesis-related genes and the respiratory chain cytochrome P450 oxidase coding
genes to rapidly synthesize and provide ATP for GIcNAc production in cells. The related genes in glycolysis
were also up-regulated, revealing that the glycolysis took on the task of supplying energy for cell growth
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Figure 8. Multi-omics analysis of transcriptomes and metabolomes

(A) Multi-omics analysis of transcriptomes and metabolomes in BNGS3 and NfBNGS4. Transcriptome, N = 3 biological replicates; Metabolome, N = 6
biological replicates.

(B) The screen of differently expressed genes in transcriptome analysis of TtBNGS3 and TtBNGS4. N = 3 biological replicates; the SD is shown as black error
bars.

(C) The screen of differently expressed genes in transcriptome analysis of NBBNGS3 and NfBNGS4. N = é biological replicates; the SD is shown as black error
bars.

and metabolism (Figure 8A). In addition, the insertion of NFGNAT not only promoted the up-regulation of
related genes in the metabolic pathway of GIcNAc production, such as pfkA, pgi, and gimS, but also the
genes related to the competitive metabolic pathway, such as ybbl (from GIcNAc-6P to MurNAc), and
glmM (from GIlcN-6P to GleN-1P) (Figure 8A), which affected the yield of GIcNAc production and needed
to be suppressed. In addition, the decreased abundance of UDP-GIcNAc in NlBNGS4 also demonstrated
that the GIcNAc synthesis module competes with the peptidoglycan synthesis pathway. In addition, the
abundance of almost all amino acids was reduced, including Leu, lle, Ala, His, Glu, Lys, and Orn. However,
the 34 genes related to the synthesis of amino acids were up-regulated, suggesting that the insertion of
NfGNA1 opened up the production route of GlcNAc, thus promoting the consumption of glutamic acid
to produce glutamine to provide amino donors. Increased demand for glutamic acid production causes
cells to be more inclined to synthesize glutamate, which significantly reduces the synthesis of other amino
acids, resulting in the up-regulation of genes related to amino acid synthesis. In addition, owing to the
rapid growth of cells, even if the cells were more inclined to synthesize glutamate, the demand for gluta-
mate was high and the consumption was rapid, resulting in a general decrease in the abundance of gluta-
mate in general. Furthermore, the insertion of NfGNA1 also promoted the acetylation of glutamate, and
metabolomic data revealed an increase in the abundance of N-acetyl glutamic acid (Figure 8A).

In the case of TtBNGS4 and NfBNGS4, the transcription level of genes in NBBNGS4 was generally up-regu-
lated compared with that in TtBNGS4, including “biosynthesis of amino acids,” “glycolysis and gluconeo-
genesis,” and "amino sugar and nucleotide sugar metabolism,” indicating that the enzymes NfGNA1 and
TtGNAT exposed different effects on the metabolism (Figure 524). As the enzyme activity of TtGNA1 was
higher than that of NFGNAT1, in TtBNGS4, more carbon metabolism flowed to GlcNAc and less to energy
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metabolism and growth, resulting in an overall down-regulation of the transcriptional levels of genes
related to bypassing metabolic pathways.

As shown in Figures 8B and 8C, the transcription level of NFGNATin NBBNGS3 was up-regulated compared
to thatin NBNGS4, and a similar result was observed for TtGNA1 expression in TtBNGS3 compared to that
in TtBNGS4. It can be speculated that the gnal mRNA accumulation in the cells of strain TtBNGS3 or
NBNGS3 is much higher than that in the cells of strain TtBNGS4 or NBNGS4. In addition, smpB transcrip-
tion in NFBNGS4 was significantly up-regulated compared with that in NFEBNGS3. This result suggests that
NBNGS4 had more tmRNAs to free the ribosomes trapped on the mRNAs, thus allowing the correct
expression and translation of the protein and further improving GIcNAc production.

DISCUSSION

The continued advancement of synthetic biology has facilitated the introduction of a growing number of
genes into cells to build versatile cell factories.' Hence, the problem of host-guest incompatibility between
the chassis and non-native enzymes has arisen, the solving of which is highly desired, such as the incompat-
ibility between oxygen-generating cyanobacteria and anaerobic enzymes,” acidophiles and acid-labile en-
zymes,”® halophiles and salt-sensitive enzymes,”” and mesophile-derived enzymes and thermophilies."”
This problem is particularly prominent in the development of cell factories for high-temperature fermenta-
tion. The lack of stable and thermophilic enzymes significantly affects the development and application of a
thermophilic chassis, even though they possess many crucial superiorities.®” Considering that it is difficult
and unpredictable to modify enzymes to overcome host-guest incompatibility through protein engineer-
ing,’" mining diverse enzymes from massive genomic data has great potential as an alternative method. In
this study, a thermophilic enzyme mining strategy was established with co-evolution in mind, which can
provide excellent elements for building thermophilic cell factories. We used GlcNAc production as an
example, successfully mined four thermophilic GNATs, and achieved GIcNAc titers of 119.3 g/L at 42°C,
which is ready for industrial application. To our knowledge, this is the first demonstration of GlcNAc pro-
duction at elevated temperatures, representing a significant breakthrough in the GlcNAc production pro-
cess (Table Sé). The excellent in vivo and in vitro performances of our mined thermophilic GNATs suggest
that our mining strategy is feasible and effective for tackling the unsuitability of critical enzymes in thermo-
philic hosts. Our established pipeline contained abundant microbial genomic information with broad OGT
ranges, suggesting that our mining strategy is universally applicable.

The NBNGS4 strain achieved the highest GIcNAc titer at 42°C, even though the optimum temperature for
NTGNA1 was 25°C. NfGNA1 could remain at 60% activities after incubation for 48 h at 37 and 50°C, respec-
tively (Figure 4). It is reasonable to suggest that high thermostability contributes to good fermentation ti-
ters. These results also suggest that a comprehensive characterization is required to fully measure the
advantage of an enzyme, rather than merely determining the optimal temperature.

Although the advantage of TtGNA1 with higher catalytic efficiency, and higher thermostability stands out when
the fermentation temperature rises to 50°C, the GIcNAc production decreased to 47.4 g/L, which showed lower
titers than GlcNAc production at 42°C. We observed the rapid cell growth and overflow of acetic acid when
fermented at 50°C, which may greatly limit GIcNAc production. Thus, to further increase the GIcNAc produc-
tion at 50°C, acetic acid overflow must be resolved. We exhausted ineffectual attempts to engineer acetate
metabolism pathways. We hypothesize that the acetate production genes, such as pta and ackA are crucial
for the metabolism of B. licheniformis; hence, a complete gene knockout of acetic acid may be lethal. When
cells grow too fast in a glucose-rich medium, the transcription levels of genes related to acetic acid synthetic
pathways were up-regulated, leading to more acetic acid being converted as a storage carbon source for uti-
lization, when necessary, in terms of substance metabolism and energy metabolism 4% As the OGT of
B. licheniformis MW3 is 50°C, appropriately lowering the initial fermentation temperature, might reduce
growth and resolve the problem of acetic acid overflow. According to our results, the decreased temperature
was able to slow down cell growth when the temperature was reduced to 47°C (Figure S22). The acetic acid
concentration decreased from 29.7 g/L to 8.3 g/L, and the GlcNAc titers increased by 82.3% from 47.4 g/L
to 86.4 g/L. When the fermentation temperature was slowly increased from 42°C to 50°C, there was almost
no acetic acid overflow (Figure 7G), indicating the feasibility of our proposed temperature programming.
The temperature programming can avoid tedious gene knockout and metabolic engineering operations,
which is easy to implement for large-scale applications. In addition, the temperature programming further
improved the applicability of the enzymes obtained using our mining strategy.
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After NFGNA1 was integrated into the chromosome, the transcriptional level of NfGNAT in NBBNGS4 was
down-regulated because of lower gene copy numbers than in NfBNGS3 (vector) (Figure 8B). However,
GleNAc production by NBNGS4 was much higher, indicating that the copies of nfgnal may not always
correspond to GIcNAc titers. The transcriptome data analysis showed that the smpB was greatly up-regu-
lated in NEBNGS4 compared to that in NBBNGS3 (Figure 8B). The tmRNA-SmpB complex system could
rescue the ribosomes stalled on defective mMRNAs to ensure quality control of protein synthesis and correct
translation in prokaryotes.®>® It is reasonable to suggest that compared with N/BNGS3, there are more
freed ribosomes to help increase protein translation efficiency in NBNGS4, which in turn compensates
for the low nfgnal copy numbers on the chromosomes. In addition, compared to NBNGS4, NfBNGS3
showed poor growth with the addition of tetracycline (Figure S14), which may further affect GIcNAc produc-
tionwhen nfgnalis expressed in the vector. These results suggest that the mined enzymes can achieve high
GleNAc titers despite their low copy numbers, which further demonstrates their excellent adaptability in a
thermophilic host, indicating the effectiveness of our strategy.

In conclusion, we develop a systematic thermophilic enzyme mining strategy and successfully demonstrate
the high-temperature fermentation of GIcNAc with high titers, which is a major breakthrough in the produc-
tion process of GIcNAc. The in vitro and in vivo enzymatic performance tests of the four enzymes reveal high
thermostabilities, proving the feasibility of our mining pipeline. Combining the thermophilic enzyme min-
ing pipeline with a systems biology strategy may improve the production of GIcNAc. To make the enzyme
mining strategy available for worldwide users, we have established a website that is able to automatically
realize thermophilic enzyme mining (http://cem.sjtu.edu.cn). Our enzyme mining strategy provides a direc-
tion and paves the way for eliminating the host-guest incompatibility challenge faced by synthetic biology.

Limitation of the study

Our engineered strains for high-temperature fermentation of GIcNAc with high titers have strong poten-
tials of high robustness and low energy consumption, being ready for industrialization. However, in this
study, we have only been successful in 50-L bioreactors at most. Future work is that larger-scale fermenta-
tions for industrialization will be carried out, such as in a large scale of 200-ton bioreactors in our collabo-
rative factories, benefiting from the high robustness and low energy consumption.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Clone-express Vltra One Step Cloning kit Vazyme Cat#C115-01
Isopropyl-g-p-thiogalactoside (IPTG), Glpbio Cat#GC30002-5
phenylmethanesulfonyl fluoride (PMSF) Glpbio Cat#GC10477-10000

Acetic acid Sigma-Aldrich Cat#Vv900798-500 mL

Acetoin Merck Cat#40127-U

GlcNAc standards Glpbio Cat#GC41283-1
2,3-Butanediol Macklin Cat#B822252-500 mL
Tetracycline hydrochloride Amresco Cat#0422-25¢g

Acetyl CoA Sigma-Aldrich Cat#A2056-5 mg

DTNB Sigma-Aldrich Cat#D218200-1g
p-Glucosamine 6-phosphate Sigma Cat#G5509-10 mg

Deposited data

Metabolomics data This study Accession number MTBLS5385
Transcriptome data This study GEO accession number PRINA869503

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Fei Tao (taofei@sjtu.edu.cn).

Materials availability

All the requests for the generated plasmids and strains should be directed to the lead contact and will be
made available on request after completion of a Materials Transfer Agreement.

Data and code availability

All data reported in this study will be shared by the lead contact upon request. The raw data of metabolo-
mics were available in the Metabolights database with an accession number of MTBLS5385. The transcrip-
tome data discussed in this article were deposited into NCBI's Gene Expression Omnibus (GEO) Series
with an accession number of PRINA869503. Any additional information required to reanalyze the data re-
ported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Strains and growth media

Wild type B. licheniformis MW3 strain and its derivatives were used in this study. The double mutant MW3
(AhadR1, AhsdR2) of B. licheniformis ATCC 14580 was a kindly gift from Professor Friedhelm Meinhardt.®’
E. coli strains DH5a and BL21 (DE3) were used for the vector construction and protein expression, respec-
tively. E. coli S17-1 was used as the donor strain for conjugation. The pETDuet-1 vector was used for protein
expression. The conjugative shuttle vector pKVM1 carries ampicillin and erythromycin-resistance genes
was used as knock-out vector plasmid pHY300PLK was a general gift from Professor Shouwen Chen for
protein expression in B. licheniformis.®® For all related experiments, we always prepared fresh LB plates
of B.licheniformis cells (from the glycerol stock of —80°C freezer) as the starting material. The strains and
plasmids are listed in Tables S7 and S8. Primers are listed in Table S9.
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METHOD DETAILS

Website establishment

The CEM website (Co-Evolution Mining) started running from February 2022. It contained more than
200,000 microbial genome data, which can be downloaded from the NCBI database, the microbial whole
genome data according to the collated OGT data from Engqvist*® and a filamentous fungus database
(https://pub.fungalgenomics.ca/). The website can provide users with three methods for thermophilic
enzyme mining, such as the microbial optimum growth temperatures, the thermophilic fungus genomes,
and the structural RNA GC content. It can achieve rapid mining of thermophilic enzymes in a short time
of no more than 10 min. Users only need to input the amino acid sequence of an enzyme in fasta. format
and choose an enzyme mining method, the rapid mining of thermophilic enzymes can be realized. The in-
formation about mined candidate thermophilic enzymes will be sent to users in the form of reports with tsv.
format, which can be downloaded directly from the website.

Bacterial culture conditions

For seed cultivation, the B. licheniformis MW3 and its derivates were grown in Luria-Bertani broth (LB) me-
dium at 50 °C at 200 rpm.

Gene cloning and synthesis, expression, and purification

The coding gene of codon-optimized 21 GNA1 genes was synthesized by GeneWiz (Table S10). The result-
ing fragment was fusion with P, P43, Popre, Pst or Pyio by PCR, and the fusion fragment were digested with
BamHI/EcoRI and inserted into the expression vector pHY300PLK. The several constructed vectors were
electro-transformed into BNGS1, separately. The Ttgnal, Nfgnal, Ctgnal, Mtgnal and Scopgnal genes
were amplified and inserted into pETDuet-1 to generate plasmids pETDuet-Ttgnal, pETDuet-Nfgna1l,
pETDuet-Ctgnal, pETDuet-Mtgnal, and pETDuet-Scopgnal, respectively. All the enzymes (TtGNAT,
NfGNA1, MtGNA1, CtGNA1, and ScGNA1) were codon-optimized and expressed in E. coli BL21 (DE3)
and purified using the method of Zheng et al.’

Enzyme performance testing, characterization, and AlphaFold2 protein structure prediction
The specific determination method of GNA1 enzyme activity was as follows: The 5 uL of sample protein was
incubated at different temperatures or pH buffers in 200 L reaction system which including 200 uM GlcN-
6-P, 5 mM MgCly, 50 mM pH buffer, 10% (v/v) glycerol, 200 uM Ac-CoA and incubated for 4 min, then add-
ing the 100 pL termination system including 50 mM Tris-HCI (pH 7.5) and 6.4 M guanidine hydrochloride,
finally adding the 100 puL measurement system including 50 mM Tris-HCI (pH 7.5), 1 mM EDTA and DTNB.
The product was detected at 412 nm to assess the GNAT1 activity. The Michaelis-Menten equation was used
to determine the kinetic parameters. Superdex 200 (ATKA purifier) was used for analysis of size exclusion
chromatography. Protein thermostability tests for CtGNA1, MtGNA1, TtGNA1, NfGNAT, and ScGNA1
were used with nano differential scanning calorimeter (Nano DSC, the TA instruments, USA). FoldX was
used for protein stability prediction of TtGNA1T, MtGNAT, NfGNA1, CtGNA1, and ScGNA1. Putative sta-
bilizing factors and flexibility indices of TtGNA1, MtGNA1, NfGNA1, and CtGNA1 were calculated based
on amino acid sequences and AlphaFold2 predicted structures of the four proteins.

Genetic manipulation in B. licheniformis

B. licheniformis MW3 transformation with pHY300PLK was performed by electrotransformation.®® The
detailed gene-knockout operation method was performed by Li et al.'” with pKVM1 plasmid. E. coli
S17-1 harboring pKVM plasmids were used as the donors in conjugation with B. licheniformis MW3. All
the deletion and insertion mutations were verified by PCR amplification of the genomic DNA with appro-
priate primers (Table S9) and sequencing of the amplified products.

Shake-flask fermentation and fed-batch fermentation

The constructed B. licheniformis grown on LB agar was transferred to 5 mL seed medium (LB), then the seed
strain was transferred into a 500 mL shake flask with 50 mL shake-flask fermentation medium including 12 g/L
yeast extract, 6 g/L tryptone, 6 g/L (NH4),SOy4, 18.75 g/L K,HPO,03H,0, 5.75 g/L KH,PO,, and 30 g/L glucose,
then cultivated in 37°C, 42°C, or 50°C for 24 h, respectively.

The initial fed-batch fermentation culture included 40 g/L glucose, 5 g/L yeast extract, 30 g/L corn steep
liquor, 12.5 g/L KzHPOy, 2.5 g/L KH,PO4, 3 g/L MgSQOy, 6 g/L (NH;)2SO4, and 10 g/L groundnut meal.
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The glucose concentration was set at 40 g/L for fed-batch fermentation. The pH and DO were set at 7.0 and
20-40%, respectively, in 3 L or 50 L bioreactors.

Analytical methods

GIcNAc and other by-product were determined by HPLC (Agilent 1200 series, USA) equipped with a Bio-
Rad Aminex HPX-87H column (300*7.8 mm) and a refractive index detector. Analysis was performed with a
mobile phase of 5mM H,SO4 in 0.5 mL/min with 60°C column temperature and 55°C RID detector temper-
ature. Fermentation supernatant was filtered with a 0.22 pL. membrane filter. The glucose and L-lactic acid
concentration were measured with SBA.

Extraction and measurement of metabolomes

Based on the previous studies,’”’" the extraction of the metabolites was carried out for the bacteria cells

with minor modifications. Briefly, the cells were quenched and extracted rapidly with 1 mL of 80:20
MeOH/H,O (containing 0.1% formic acid, —80°C) and then frozen in liquid nitrogen. Then, the superna-
tants of the samples were collected for LC-MS analysis after being frozen-thawed three times to extract
the metabolites.

The five kinds of samples, BNGS1, TtBNGS4, NBNGS4, TtBNGS3, and NBNGS3 were subjected to the
Thermo UPLC Q-Extractive (QE) coupled with ESI ion source for metabolomics analysis according to the
previous study.’? The chromatographic separation was achieved with the Acquity UPLC BEH C18 column
(1.7 um, 2.1 x 100 mm). Mobile phase A is aqueous of 0.1% formic acid in diluted water, and mobile phase B
is the organic phase of 0.1% formic acid in pure acetonitrile. The LC gradient elution program was as fol-
lows: t=0.0min, 99% A;t=5.0min, 99% A; t=5.5min, 70% A; t =9 min, 100% B; t= 11 min, 100% B; and t =
12.1 min, 99% A. The mass parameters of the C18-ESIMS are as follows: full mass spectrometry scanning
range 80—1,000 m/z, the capillary voltage of 4,500 V, the gas flow rate was 1.6 bar, the velocity of dry
gas at 220°C was 6.0 L/min. According to the previous studies,’” the network tool of MetaboAnalyst’*
was used to conduct the metabolome data analysis. And the pathway enrichment was used the

OmicsBean Multi-omics function.”*

In the metabolomics analysis, six replicates were used. The dysregulated metabolites were identified with p
value of <0.05 and fold change of >1.2. The experimental data were analyzed using two-tailed Student’s
t-tests. Metabolite annotation was performed using the commercial software Compound Discoverer
(ThermoFisher Scintific, USA). The data of metabolomics were available in the Metabolights database
with an access number of MTBLS5385.

Transcriptome analysis

Total RNA was extracted from the tissue using TRIzol Reagent according the manufacturer’s instructions
(Invitrogen) and genomic DNA was removed using DNase | (TaKara). Then RNA quality was determined
by 2100 Bioanalyser (Agilent) and quantified using the ND-2000 (NanoDrop Technologies). Only high-qual-
ity RNA sample (OD260/280 = 1.8-2.0, OD260/230 > 2.0, RIN >6.5, 285:185 > 1.0, concentration
>100 ng/pL, total amount >2 pg) was used to construct sequencing library.

RNA-seq transcriptome library was prepared following TruSeqTM RNA sample preparation Kit from Illu-
mina (San Diego, CA) using 2 pg of total RNA. Shortly, rRNA depletion instead of poly(A) purification
was performed by Ribo-Zero Magnetic kit (epicenter) and then all mRNAs were broken into short
(200 nt) fragments by adding fragmentation buffer firstly. Secondly double-stranded cDNA was synthesized
using a Super-Script double-stranded cDNA synthesis kit (Invitrogen, CA) with random hexamer primers
(Ilumina). When the second strand cDNA was synthesized, dUTP was incorporated in place of dTTP.
Then the synthesized cDNA was subjected to end-repair, phosphorylation, and ‘A’ base addition according
to lllumina’s library construction protocol. The second strand cDNA with dUTP was recognized and
degraded by UNG enzyme. Libraries were size selected for cDNA target fragments of 200 bp on 2%
Low Range Ultra Agarose followed by PCR amplified using Phusion DNA polymerase (NEB) for 15 PCR cy-
cles. After quantified by TBS380, paired-end RNA-seq sequencing library was sequenced with the lllumina
HiSeq x TEN (2 x 150 bp read length). The processing of original images to sequences, base-calling, and
quality value calculations were performed using the Illlumina GA Pipeline (version 1.6), in which 150 bp
paired-end reads were obtained. A Perl program was written to select clean reads by removing low-quality
sequences, reads with more than 5% of N bases (unknown bases) and reads containing adaptor sequences.
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The data generated from lllumina platform were used for bioinformatics analysis. All of the analyses were
performed using the free online platform of Majorbio Cloud Platform (www.majorbio.com) from Shanghai
Majorbio Bio-pharm Technology Co., Ltd. The differentially expressed genes were identified through over-
lapping gene analysis of three biological duplicate experiments using a 2-fold change as an empirical cri-
terion. The experimental data were analyzed using two-tailed Student’s t-tests. P-values less than 0.05 were
considered as significant. The transcriptome data discussed in this article were deposited into NCBI's Gene
Expression Omnibus (GEO) Series with an accession number (PRINA869503).

QUANTIFICATION AND STATISTICAL ANALYSIS

At least three biological replicates were performed for each experiment. Data are given as the means +
SD. All comparisong to determine differences were performed by applying Student’s t test. SPPS 18.0 soft-
ware (SPSS Inc., Chicago, IL, USA) was used for data processing and analysis. Mean values were regarded as
significantly different at p < 0.05.
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