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Activating a dormant metabolic pathway
for high-temperature L-alanine
production in Bacillus licheniformis

Xiao Han," Jionggin Liu," Yutong Wu," Yuhan Yang,' Fei Tao,"* and Ping Xu'?*

SUMMARY

L-Alanine is an important amino acid widely used in food, medicine, materials, and
other fields. Here, we develop Bacillus licheniformis as an efficient L-alanine mi-
crobial cell factory capable of realizing high-temperature fermentation. By
enhancing the glycolytic pathway, knocking out the by-product pathways
and overexpressing the thermostable alanine dehydrogenase, the engineered
B. licheniformis strain BLA3 produced 93.7 g/L optically pure L-alanine at 50°C.
Subsequently, p-alanine dependence of an alanine racemase-deficient strain is
relieved by adaptive laboratory evolution, implying that a dormant alternative
pathway for p-alanine synthesis is activated in the evolved strain. The p-amino
acid aminotransferase Dat1 is shown to be a key enzyme in the dormant alterna-
tive pathway. Molecular mechanism of the p-alanine dependence is revealed via
mutational analysis. This study demonstrates a novel technology for high-temper-
ature L-alanine production and shows that activating dormant metabolic path-
way(s) is an effective strategy of metabolic engineering.

INTRODUCTION

L-Alanine is an important industrial chemical with a global annual demand around 50,000 tons." It is not only
an important sweetener and seasoning,”” but also the raw material for a novel green chelating agent,
methylglycinediacetic acid (MGDA).” In the field of medicine, L-alanine is an important stimulator of
glucagon; therefore, it plays an important role in the research and treatment of diabetes.” In addition,
incorporation of L-alanine into polyester amides can significantly improve their biodegradability and
biocompatibility for drug delivery applications.® Currently, L-alanine is mainly produced from L-aspartate
by enzymatic methods, but L-alanine production via microbial fermentation is attractive due to the use
of renewable and cheap raw materials." NADH-dependent alanine dehydrogenase that can reduce
pyruvate to L-alanine is the most important enzyme involved in L-alanine biosynthesis (Figure 1A).” By intro-
ducing heterologous alanine dehydrogenase, L-alanine fermentation production processes have been suc-
cessfully established in Escherichia coli, and the final titer and yield can reach about 120.0 g/L and 0.9 g/g,
respectively.®? E. coliis a common microbial chassis for biomanufacturing and has significant advantages
in growth performance. However, the optimum growth temperature for E. coliis only 37°C, which results in
high cooling costs in large-scale fermentation processes. This increases the economic cost of bio-
manufacturing and has become a new focus for industrial upgrading.

Industrially, the fermentation process using thermophiles (> 45°C) is defined as high-temperature fermen- 'State Key Laboratory of
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Figure 1. Redirection of carbon metabolism in B. licheniformis to obtain efficient alanine producer

(A) Alanine synthesis pathway and main by-product pathways in B. licheniformis. The overexpressed enzymes were
marked in green, while the knockout enzymes were marked in blue.

(B) Fed-batch fermentation of B. licheniformis BLA1.

(C) The final titers and yields of fed-batch fermentations of B. licheniformis overexpressing alanine dehydrogenases from
different sources.

(D) Fed-batch fermentation of B. licheniformis BLA2.

B. licheniformis has been successfully used for the biosynthesis of p-lactic acid, "’ 2,3-butanediol,'® bacitra-
cin,"” and other compounds. On the other hand, Bacillusis an important source of alanine dehydrogenase7;
therefore, B. licheniformis may have a genetic potential for naturally accumulating t-alanine.

Opttical purity is an important parameter for L-alanine production; however, it is challenging to achieve high
optical purity of L-alanine without affecting bacterial growth, as p-alanine is an essential component of the
bacterial cell wall.”° Alanine is a kind of chiral molecule and is divided into b and L configurations.”!
p-Alanine is mainly converted from L-alanine by alanine racemase in bacterial cells.’® As an essential
pathway for bacterial growth, the p-alanine synthesis pathway is widely present in bacteria; therefore, it
is inevitable to accumulate p-alanine when L-alanine is produced. On the one hand, the accumulation of
p-alanine requires L-alanine as a precursor that significantly reduces the productivity and yield of L-alanine.
However, the accumulation of p-alanine reduces the optical purity of L-alanine products, and it is difficult to
separate from L-alanine, thus affecting the application value of L-alanine products. In microbial fermenta-
tion for L-alanine production, it is necessary to provide sufficient b-alanine to maintain cell growth and pre-
vent excessive accumulation of p-alanine to ensure the optical purity of L-alanine. This requires that the
biosynthesis of p-alanine in microbial cells is perfectly balanced, which poses a new challenge to the con-
struction of L-alanine producers.

Bacteria typically contain genomes of several thousand kilobases in size and thousands of genes.”” The
products encoded by these genes constitute complex metabolic networks in cells, which can serve as a
library of components for synthetic biology. However, most genes are expressed at very low levels, leaving
many potentially dormant pathways.”” Several studies have attempted to activate these dormant pathways
by various means, thereby endowing microorganisms with new functions to synthesize new products or to
utilize new substrates.”*?> Therefore, the activation of intracellular dormant metabolic pathways can
significantly rewire the metabolism of microbial cells, which may be a new solution for solving complex
intracellular metabolic problems.
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In this study, we engineered B. licheniformis as a high-temperature microbial cell factory capable of
efficiently producing L-alanine. To achieve efficient production of alanine, the carbon metabolic flux of
B. licheniformis was redirected to the alanine biosynthesis pathway by eliminating competing pathways,
enhancing the glycolytic pathway, and overexpressing alanine dehydrogenase. To reconstitute the balance
of intracellular p-alanine synthesis to prevent excessive accumulation of p-alanine, we activated the
dormant p-alanine synthesis pathway in alanine racemase-deficient strains by adaptive laboratory evolu-
tion. Simultaneously, we attempted to explain the fine-tuning of p-alanine metabolic patterns in mutant
strains by the cell wall synthesis characterization based on fluorescently labeled p-alanine and genome
resequencing analysis.

RESULTS

Redirection of carbon flux for alanine biosynthesis

NADH-dependent alanine dehydrogenase catalyzes the synthesis of L-alanine from pyruvate, the final
product of the EMP pathway. Two alanine dehydrogenases (encoded by ald1 and ald2) were found in
the genome of our previously reported efficient p-lactic acid producer, B. licheniformis BN11."" Consid-
ering the similar substrates and cofactors of alanine dehydrogenase and lactate dehydrogenase, strain
BN11 was used as the parent strain for strain engineering. To further enhance the flux of the EMP pathway,
the pfkA and pyk genes (encoding 6-phosphofructokinase and pyruvate kinase, respectively) from Bacillus
coagulans were introduced into strain BN11 with the strong promoter P, resulting in the recombinant
strain B. licheniformis BN11-PFYAK. To prevent carbon flux from flowing into p-lactic acid, the Idht; gene
encoding D-lactate dehydrogenase was deleted, resulting in the recombinant strain B. licheniformis
BLA1. After 60 h of fed-batch fermentation, a total of 64.0 g/L alanine was produced by B. licheniformis
BLA1 (Figure 1B). The yield of alanine reached 0.63 g/g, indicating that the carbon flux was successfully re-
directed into the alanine biosynthesis pathway. The fermentation process was divided into two stages:
aerobic growth and microaerobic production. During the aerobic growth phase, the growth of BLAT was
not so fast, and the maximum ODygg (optical density at a wavelength of 600 nm) was 6.7. During the micro-
aerobic production phase, the productivity of alanine was also slow. The average productivity of BLA1 to
produce alanine was only 1.1 g/(L-h), which might be limited by the natural activity and expression of Ald1
and Ald2 in B. licheniformis.

Improving alanine production by overexpressing efficient thermostable alanine
dehydrogenase

Excessive accumulation of alanine is toxic to cells,”® so the natural expression of ald1 and ald2 may not be
sufficient for efficient alanine production. To increase the expression of alanine dehydrogenase, a second
copy of ald1 or ald2 was introduced into B. licheniformis BLAT with the strong promoter P . The gene frag-
ment was integrated at the same position as the Idhr; gene in B. licheniformis BN11. The final titers of alanine
increased to 129.0 g/L and 80.1 g/L using recombinant strains BLA1-ald1 and BLAT-ald2, respectively
(Figures 1C and STA-S1B). The fermentation results showed that increasing the expression of alanine dehy-
drogenase in B. licheniformis BLA1 can improve alanine production and that Ald1 seems to have higher ac-
tivity than Ald2. To further improve alanine production, several thermostable alanine dehydrogenases were
mined using a co-evolution-based mining method for thermostable enzymes.”’ This method adopts the
concept of co-evolution for mining thermostable enzymes from thermophilic microbial genomes. Three
alanine dehydrogenase genes from Geobacillus stearothermophilus (GSald), Bacillus smithii (BSald), and
Streptomyces thermoautotrophicus (STald) were selected for further testing. Heterologous alanine dehydro-
genase genes were introduced into B. licheniformis BLA1 in the same way as genes ald1 and ald2. The final
titers of alanine increased to 129.0 g/L, 72.8 g/L, and 96.7 g/L, respectively using recombinant strains BLA1-
GSald, BLA1-BSald, and BLA1-STald (Figures 1C-1D and S1C-S1D). Both BLA1-ald1 and BLA1-GSald
exhibited efficient alanine production, but the yield of BLAT-GSald was higher than that of BLA1-ald1. There-
fore, BLA1-GSald was selected for subsequent genetic manipulation and was named BLA2. In fed-batch
fermentation, strain BLA2 showed advantages over BLAT in terms of both aerobic growth and microaerobic
production. The maximum ODgqo reached 10.6, and the average productivity was 2.2 g/(L-h) (Figure 1D). The
final titer and yield of L-alanine were increased by 101.6% and 28.6%, respectively.

Deleting alanine racemase genes to increase the optical purity

Our experiment up to this point has led to the development of an efficient alanine producer, B. lichenifor-
mis BLA2. However, the alanine product was a mixture of L-alanine and p-alanine with an optical purity of
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Figure 2. Efficient production of optically pure L-alanine achieved by knocking out alanine racemase and glycerol by-product biosynthesis
pathway

(A) Effects of individual and simultaneous knockout of two alanine racemase alr1 and alr2 on the optical purity of L-alanine produced by fed-batch
fermentation of B. licheniformis.

(B) Characterization of the p-alanine dependence of B. licheniformis BLA3 by testing the growth performance in media containing various concentrations of
p-alanine. Triplicate experiments were carried out for physiological measurements, and error bars represent standard deviations.

(C) Fed-batch fermentation of B. licheniformis BLA3.

(D) Fed-batch fermentation of B. licheniformis BLA4.

only 70.8% (Figure 2A). p-Alanine was converted from L-alanine catalyzed by alanine racemase, which is en-
coded by genes alrT and alr2 in B. licheniformis BLA2. To improve optical purity, the alr! and alr2 genes
were knocked out separately to obtain the recombinant strains BLA2Aalr1 and BLA2Aalr2. Unfortunately,
deleting gene alr1 or alr2 alone did not effectively improve the optical purity of L-alanine, and the optical
purities were maintained at 69.4% and 76.4%, respectively (Figure 2A). To further inhibit the synthesis of
p-alanine, both genes alrT and alr2 were knocked out resulting in the recombinant strain BLA3. Strain
BLA3 exhibited severe defect in p-alanine synthesis and could not grow in a medium without the addition
of p-alanine. To characterize the p-alanine dependence of strain BLA3, it was cultured in seed media con-
taining various concentrations of p-alanine (Figure 2B). Strain BLA3 was able to maintain normal growth
with 0.02 g/L p-alanine and hardly grow when the concentration of p-alanine was lower than 0.001 g/L.
The alr1/alr2 double-knockout strain successfully produced t-alanine with an optical purity of 98.9% in a
5-L fermenter by adding 1 g/L p-alanine (Figure 2A). Affected by the defect of p-alanine synthesis, the
growth rate of BLA3 in the aerobic growth phase was slightly reduced, and the maximum ODggo was
reduced to 9.6. The final titer and yield of L-alanine were 97.0 g/L and 0.77 g/g, respectively (Figure 2C).

Eliminating glycerol synthesis pathway to increase the yield

In the commercial production of L-alanine, yield is an important production indicator that can significantly
affect the cost of raw materials. To further improve the yield of L-alanine, organic acid, alcohol, and amino
acid by-products of the strain BLA3 fermentation samples were identified. Glycerol was identified as the
predominant by-product, although formic acid, acetic acid, and succinic acid also accumulated to some
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extent (Table S1). In addition to alanine, only lysine, valine, glutamic acid, y-aminobutyric acid, and glycine
were detected at concentrations below 0.3 g/L (Figure S2). This may be because most of the ammonium
ions in the cell are used to synthesize alanine.

Although strain BLA3 accumulated up to 6.6 g/L glycerol, no gene responsible for glycerol synthesis was
annotated in the genome. A recent study has reported the role of p-a-glycerophosphatase encoded by
the dgp gene in glycerol synthesis in B. licheniformis 4071.°° After amino acid sequence alignment, the
mtnX gene in B. licheniformis BLA3 genome was confirmed as the dgp gene (100% amino acid identity).
To eliminate the glycerol synthesis pathway, gene dgp was deleted, resulting in the recombinant strain
B. licheniformis BLA4. After 60 h of fed-batch fermentation, strain BLA4 was able to produce 93.7 g/L of
L-alanine with an average productivity of 1.6 g/(L-h). Knockout of gene dgp resulted in a slight decrease
in the final titer of L-alanine, but the yield increased to 0.81 g/g (Figure 2D). Glycerol was completely unde-
tectable after 60 h of fermentation, and the concentration of acetic acid decreased slightly (Table S1). The
maximum ODggo of strain BLA4 was comparable to that of strain BLA3, but it entered the death phase
earlier in the fermentation process, which may explain the decreased final titer.

Removing growth dependence on exogenous p-alanine through adaptive evolution

p-alanine is an essential component of the bacterial cell wall peptidoglycan and is widely involved in the
growth and division of bacterial cells. Therefore, it is plausible that B. licheniformis deficient in alanine race-
mase exhibited severe growth defects without the addition of p-alanine. To eliminate the growth depen-
dence of strain BLA3 on exogenous b-alanine, adaptive laboratory evolution experiments with gradually
decreasing concentrations of b-alanine were carried out. Strain BLA3 was first transferred to seed medium
supplemented with p-alanine at a concentration of 20 mg/L. Subsequently, the strain was continuously
transferred to medium containing a lower concentration of p-alanine (Figure 3A). When the concentration
of p-alanine was reduced to 0.2 mg/L, we found that the resulting strain, which was named BLA3-E1, was
able to grow in the seed medium without p-alanine. The p-alanine dependence of the evolved B. licheni-
formis BLA3-E1 strain was identified using the same method as for strain BLA3 (Figure 3B). Although the
evolved strain grew worse than strain BLA3 at a higher p-alanine concentration, it was able to maintain
normal growth even without the addition of p-alanine. These results indicated that there was a novel
p-alanine biosynthesis pathway in strain BLA3 that does not depend on racemase Alrl or Alr2. In fed-
batch fermentation without p-alanine, strain BLA3-E1 was able to produce 81.2 g/L L-alanine with a yield
of 0.71 g/g and an optical purity of 99.5% (Figure 3C). The evolved strain showed growth defects with a
longer lag phase and a lower maximum ODggo, which may be an important reason for the lower final titer
and yield of L-alanine.

p-alanine supplemented in the medium was mainly used for the synthesis of the cell wall of B. licheniformis.
Here, the fluorescent labeling reagent 5-FAM was used to label p-alanine to characterize the biological
process of cell wall synthesis involving extracellular p-alanine.?’ After incubation with 5-FAM labeled
p-alanine for 2 h, the mean fluorescence intensity of the B. licheniformis cells reflected the rate of extracel-
lular p-alanine-involved cell wall synthesis. Compared with strain BLA3, the fluorescence intensity of strain
BLA3-E1 was significantly reduced by 73.7% (Figures 3D and 3E). This suggests that the evolved strain
reduced its reliance on extracellular p-alanine for cell wall biosynthesis, which may be either by reducing
the content of peptidoglycan in the cell wall, thereby reducing the need for p-alanine, or by providing addi-
tional p-alanine intracellularly through other pathways.

Identification of the alternate p-alanine synthetic pathway

The evolved strain BLA3-E1 removed growth dependence on exogenous p-alanine, suggesting that a
dormant p-alanine biosynthesis pathway was activated. Through analysis of the B. licheniformis genome,
dat1, which encodes a p-amino acid aminotransferase, was suggested to be involved in the alternative
p-alanine synthesis pathway. The p-amino acid aminotransferase Dat1 can achieve the mutual conversion
of different p-amino acids, and this gene was also found to synthesize p-alanine in Bacillus subtilis.*® In
fact, the B. licheniformis genome also contains a glutamate racemase encoded by racE, which is capable
of converting intracellular L-glutamate to b-glutamate, and subsequently converting p-glutamate to
p-alanine through Dat1 (Figure S3). To verify the function of dat1, the dat! genes of strains BLA3 and
BLA3-E1 were knocked out to obtain recombinant strains BLA3Adat? and BLA3-E1Adat?. Consistent
with our speculation, knockout of gene dat1 resulted in limited growth of strain BLA3 at all concentrations
of p-alanine, and in particular, almost complete loss of growth at 0.002 g/L of p-alanine (Figure 4A). In
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Figure 3. Removing the growth dependence of B. licheniformis BLA3 on p-alanine through adaptive laboratory
evolution

(A) Scheme of the laboratory evolutionary approach to remove the growth dependence of mutant strains on p-alanine.
(B) Characterization of the p-alanine dependence on evolved B. licheniformis BLA3-E1 by testing the growth performance
in media containing various concentrations of p-alanine. Triplicate experiments were carried out for physiological
measurements, and error bars represent standard deviations.

(C) Fed-batch fermentation of evolved B. licheniformis BLA3-E1.

(D) Mean fluorescence intensity of B. licheniformis BLA3 and evolved B. licheniformis BLA3-E1 incubated with 5-FAM
labeled p-alanine. Fluorescence intensity represented the requirement of extracellular p-alanine for the biological
process of cell wall synthesis. Triplicate experiments were carried out for physiological measurements, and error bars
represent standard deviations.

(E) Flow cytometry analysis of B. licheniformis BLA3 and evolved B. licheniformis BLA3-E1 incubated with 5-FAM labeled
p-alanine. The X axis is fluorescence intensity, and the Y axis is cell number. B. licheniformis BLA3 and BLA3-E1 are shown
in blue and red, respectively.
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Figure 4. Identification of the alternate p-alanine synthetic pathway involving p-amino acid aminotransferase Dat1

(A-C) Characterization of the p-alanine dependence on B. licheniformis BLA3Adat1, BLA3-E1Adat1, and BLA3-Pdat1 by testing the growth performance in
media containing various concentrations of p-alanine. Triplicate experiments were carried out for physiological measurements, and error bars represent
standard deviations.

(D) Fed-batch fermentation of B. licheniformis BLA3-Pdat1.

contrast, knockout of dat? in the evolved strain BLA3-E1 resulted in restricted growth of the strain at low
concentrations of b-alanine and an ODggg of less than 1.0 in medium without p-alanine (Figure 4B). In addi-
tion, a second copy of dat1 was introduced into strain BLA3 with strong promoter P to obtain the recom-
binant strain BLA3-Pdat1. The recombinant strain exhibited better growth performance than strain BLA3
with a low concentration of p-alanine and was able to grow in medium without p-alanine (Figure 4C). How-
ever, when the concentration of p-alanine was lower than 0.001 g/L, the strain showed a significant lag
phase and growth was restricted in the early stage. In fed-batch fermentation without p-alanine, strain
BLA3-Pdat1 was able to produce 55.7 g/L L-alanine (Figure 4D). Compared with strain BLA3-E1, strain
BLA3-Pdat1 exhibited a longer lag phase. Although the maximum ODqp of strain BLA3-Pdat1 was higher
than that of strain BLA3-E1, L-alanine production by the strain was significantly reduced in the middle and
late stages of fermentation. These results demonstrated that the evolved strains indeed supplied p-alanine
necessary for growth through the p-alanine synthesis pathway involving Dat1.

Genome resequencing analysis of the evolved strain

To explore the mechanism, by which the evolved strain could maintain growth without exogenous
p-alanine, genome resequencing of strain BLA3-E1 was performed. Similar to our hypothesis, evolved
strain BLA3-E1 was obtained with fewer mutations. Compared with strain BLA3, strain BLA3-E1 had a total
of nine nucleotide polymorphisms (SNPs) and two short insertion-deletions (InDels) (Table S2). In the
genome of strain BLA3-E1, only alsT5, encoding a sodium:alanine symporter family protein, appeared to
have two related mutations. The G at position 493 in alsT5 was replaced with A, resulting in the substitution
of V165l in AlsT5. In addition, there was a 16 bp deletion at the 143 bp position upstream of alsT5, which
may affect the expression of this gene. Interestingly, ald1 is not located far upstream of alsT5 implying that
this gene is related to alanine transport (Figure S4). Therefore, we speculated that this transporter was
responsible for the uptake p-alanine with sodium ions. The evolved strain BLA3-E1 improved the activity
and expression of AlsT5 through an SNP and a short indel and could make better use of p-alanine released
by other dead cells.

iScience 26, 106397, April 21, 2023 7



¢? CellPress

OPEN ACCESS

iScience

A I 12n B I 12h
10 24h 10 - 24h
N s6h I 360
8 8
s 61 s 67
g g
4 44
2 24
0 - T T T T T T T 0~ T T T T
0.1 0.05 0.02 0.01 0.005 0.002 0.001 0.0005 0.0002 0.0001 0 0.1 0.05 0.02 0.01 0.005 0.002 0.001 0.0005 0.0002 0.0001 0
D-Alanine (g/L) D-Alanine (g/L)
c [ 2n D I 2n
10 - 24h 10 4 24h
N s6n [ 36n
8 8
= 6 T = 6 7
J J
4 4 4
2 24
0 - 0 K T T T T T
0.1 0.05 0.02 0.01 0.005 0.002 0.001 0.0005 0.0002 0.0001 0 0.1 0.05 0.02 0.01 0.005 0.002 0.001 0.0005 0.0002 0.0001 0
D-Alanine (g/L) D-Alanine (g/L)

Figure 5. Identification of the effects of alsT5, dItB, and mtnW on the exogenous p-alanine dependence of the alr1/alr2 double-knockout B.

licheniformis

(A-D) Characterization of the p-alanine dependence on B. licheniformis BLA3AalsT5, BLA3-E1AalsT5, BLA3AdItB, and BLA3AmtnW by testing the growth
performance in media containing various concentrations of p-alanine. Triplicate experiments were carried out for physiological measurements, and error

bars represent standard deviations.

Another interesting mutation occurred in the dItB gene, which encodes teichoic acid p-alanyltransferase.
Deletion of C at position 409 of dltB triggered a frameshift mutation and inactivated the gene. As part
of the dlt operon, the dItB gene participates in the incorporation of b-alanine into teichoic acid and affects
the net charge of the cell wall.*’ Another study reported that knocking out gene dItB could reduce the
production of poly-y-glutamic acid in B. licheniformis.*” Inactivation of the dltB gene prevented the flow
of p-alanine to pathways other than the cell wall synthesis pathway, which may be an important factor in
improving the growth of strain BLA3-E1 in the seed medium without p-alanine.

In addition to the aforementioned mutations, SNP that occur in the mtnW gene also received our attention.
As a RuBisCO-like protein, MtnW is considered a key enzyme in the methionine salvage pathway. Although
MtnW function is difficult to relate to cellular p-alanine dependence, an SNP mutation in MtnW results in a
G352V substitution at the substrate-binding site of the protein product (Figure S5), which may alter the
enzyme activity or specificity.*® This may imply that MtnW affected the p-alanine dependence of strain
BLA3 in an unexpected manner.

To further verify these hypotheses, genes alsT5, dItB, and mtnW were individually knocked out in strain
BLA3 to obtain the recombinant strains BLA3AalsT5, BLA3AdItB, and BLA3AmtnW, respectively. The b-
alanine dependence of the recombinant strains was characterized using the same method as strain
BLA3. Consistent with our conjecture, knockout of alsT5 resulted in the weakened growth ability of the
strain at low concentrations of p-alanine, and it was unable to grow in the medium with 0.01 g/L p-alanine
(Figure 5A). This may be because the deletion of alsT5 restricted the transport of extracellular p-alanine into
the cell. To further confirm the effect of this gene, alsT5 of strain BLA3-E1 was also knocked out. The ob-
tained recombinant strain exhibited obvious growth inhibition when the p-alanine concentration was lower
than 0.002 g/L and completely lost the ability to grow in the medium with p-alanine concentrations lower
than 0.001 g/L (Figure 5B). This result further demonstrates the effect of AlsT5 on p-alanine dependence of
strain BLA3. Compared with strain BLA3, strain BLA3AdItB significantly reduced p-alanine dependence
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Figure 6. Schematic of evolved strain BLA3-E1 removing the growth dependence on exogenous p-alanine

The elimination of alanine racemase in strain BLA3 blocks the endogenous p-alanine synthesis pathway, which results in the growth dependence on
exogenous D-alanine. The evolved strain BLA3-E1 produces additional endogenous p-alanine by activating dormant alternative p-alanine synthesis pathway,
improves the utilization of exogenous p-alanine by enhancing the expression of p-alanine transporter and reduces the consumption of p-alanine by blocking
the incorporation of p-alanine into teichoic acid.

(Figure 5C). Although the growth was not as efficient as that of strain BLA3 at a higher concentration of
p-alanine, strain BLA3AdItB showed an obvious growth advantage when the concentration of p-alanine
was lower than 0.01 g/L. In contrast, strain BLA3AdItB was able to grow in seed medium without p-alanine,
but when the concentration of p-alanine was lower than 0.001 g/L, the growth rate was significantly lower
than that of strain BLA3-E1. These results demonstrated the contribution of the dItB inactivation to the
evolved strain BLA3-E1. Knockout of mtnW alone did not cause any change in strain BLA3 for p-alanine
dependence, unexpectedly demonstrating that MtnW did not directly affect p-alanine dependence (Fig-
ure 5D). However, knockout of gene mtnW in strain BLA3AdItB improved the growth of the strain in
0.0001 g/L p-alanine or absence of p-alanine (Figure S6é). Therefore, the effect of MtnW on p-alanine depen-
dence of strain BLA3 may be indirect.

DISCUSSION

As one of the 20 basic amino acids, L-alanine is an important industrial chemical with important applications
in food, medicine, materials, and other fields. At present, E. coliis the most important L-alanine producer in
the industry, with a high potential final titer and yield. In this study, we developed an efficient high-temper-
ature L-alanine production microbial cell factory, and the final titer and yield of L-alanine reached 93.7 g/L
and 0.81 g/g at 50°C, respectively. The level of L-alanine production achieved by our process was close to
that has been reported in E. coli.®’ In addition, our process can support high-temperature fermentation at
50°C, which has the dual advantages of reducing energy consumption and resisting bacterial contamina-
tion. Compared with the 37°C production process of E. coli, our technology increases the fermentation
temperature by 13°C, thereby significantly reducing the cooling cost of the production process.'? At the
same time, the fermentation condition of 50°C also effectively eliminated the contamination of mesophilic
bacteria that could not tolerate high temperatures, thereby improving the robustness of the entire process.
Finally, the strains used in the fermentation processes reported in this study were biosafe B. licheniformis,'’
which is more easily recognized by society in terms of safety than E. coli. Therefore, our process offers addi-
tional industrial production advantages with the potential for large-scale industrialization.

The optical purity of L-alanine, a chiral molecule, is an important parameter for microbial fermentation.
Since p-alanine is an essential component of bacterial cell walls,” L-alanine production requires the
prevention of b-alanine accumulation and secretion at the same time as providing sufficient p-alanine to
support cell growth. This did not seem to be a difficult problem to solve in E. coli, since the remaining
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alanine racemase, Alr, after knocking out one alanine racemase, DadX, was sufficient to maintain cell
growth without compromising the optical purity.® In this study, we found that although B. licheniformis
has two alanine racemases, this strain cannot obtain optically pure L-alanine by knocking out only one race-
mase like E. coli, but requires simultaneous inactivation of both enzymes. The obtained alr1/2 double-
knockout strain had growth defects, and additional p-alanine was needed to restore growth. Other
gram-positive bacteria face similar problem when engineered to produce L-alanine. Some studies solved
this problem by supplementing additional p-alanine,® others used resting cells to separate bacterial
growth and alanine production.”** Compared to E. coli, the gram-positive bacteria have thicker cell wall
and higher peptidoglycan content,*® and require a stronger p-alanine synthesis pathway for cell growth.
Therefore, it is challenging for the gram-positive bacteria to achieve a balanced state of p-alanine biosyn-
thesis to meet the needs of cell growth and prevent p-alanine accumulation.

The gram-positive bacterial growth usually depends on the p-alanine biosynthesis pathway catalyzed by
alanine racemase, which leads to excessive accumulation of b-alanine. To solve this problem, the p-alanine
dependence of the alanine racemase-deficient strain was relieved by adaptive laboratory evolution.
Through a series of mutational analysis and verification experiments, we found the mechanism of the
evolved strain BLA3-E1 removing the growth dependence on exogenous p-alanine (Figure 6). Activation
of dormant alternative p-alanine synthesis pathway, which produces additional endogenous p-alanine, is
an important strategy for BLA3-E1 to grow without exogenous p-alanine. B. licheniformis BLA3-E1 utilizes
glucose and ammonium ions in the medium to synthesize L-glutamic acid, which can be converted to p-glu-
tamic acid by glutamate racemase RacE. By activating the b-amino acid aminotransferase Dat1, p-glutamic
acid in bacterial cells can be converted into p-alanine required for cell wall synthesis. In addition, the sodiu-
m:alanine symporter AlsT5, which was considered to be the predominant transporter responsible for
p-alanine uptake, also plays an important role in improving the utilization of exogenous p-alanine derived
from dead bacterial cells. Inactivation of teichoic acid p-alanyltransferase DItB in evolved strain reduces
consumption of p-alanine by blocking the incorporation of p-alanine into teichoic acid. p-Alanine, which
was originally used for the p-alanylation of teichoic acid can be used for the synthesis of cell wall peptido-
glycan and improve the growth of BLA3-E1 without exogenous p-alanine. b-Alanylation of teichoic acid also
have multiple effects on microbial cells, such as changing the cell surface charge to affect the recruitment of
signaling molecules,® increasing cell wall thickness,” affecting enzyme secretion,*® membrane protein ac-
tivity,*” and y-polyglutamic acid production.®” This may explain the difference in growth between BLA3-E1
and BLA3. Finally, our study also found that RuBisCO-like 2,3-diketo-5-methylthiopentyl-1-phosphate
enolase MtnW plays a role in p-alanine metabolism, which may help restore the adverse effects of DItB
deletion on bacterial growth. However, the growth-improving mechanism of MtnW is unknown.

Many dormant metabolic pathways exist in microbial cells that are untapped treasure troves in synthetic
biology. Activation of these dormant metabolic pathways can endow microbial cells with new functions
and may serve as a novel strategy for solving complex metabolic problems. In this study, we activated
the dormant p-alanine alternative synthesis pathway through laboratory adaptive evolution, thereby suc-
cessfully releasing the growth dependence of the alanine racemase-deficient strains on exogenous
p-alanine. The b-amino acid aminotransferase Dat1 was identified as a key enzyme in the p-alanine alterna-
tive synthesis pathway and direct overexpression of dat! was able to activate this pathway, thereby
relieving the growth dependence of alanine racemase-deficient strains on exogenous b-alanine. A similar
alternative p-alanine synthesis pathway also exists in B. subtilis. It was reported that the p-amino acid
aminotransferase encoded by the dat gene in alanine racemase-deficient B. subtilis was capable of con-
verting other p-amino acids to p-alanine.*® This suggests that the alternative p-alanine synthesis pathway
may be widespread in Bacillus spp. Our study showed that the paradoxical problem of pb-alanine synthesis
in L-alanine production can be solved by activating the dormant p-alanine alternative synthesis pathway.
These results demonstrate the value of this strategy.

In this study, we have successfully constructed a high-temperature microbial cell factory capable of effi-
ciently producing t-alanine by metabolic engineering. Subsequently, b-alanine dependence of the alanine
racemase-deficient strain is also relieved by activating a dormant alternative pathway for p-alanine
synthesis; b-amino acid aminotransferase Dat1 is involved in the p-alanine alternative synthesis pathway.
In comparison to previously reported processes, our strategy realizes a high-temperature production of
L-alanine for the first time. Importantly, we suggest that activating dormant metabolic pathway(s) may be
an effective strategy for solving complex metabolic problems.
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Limitation of the study

The process of high-temperature L-alanine developed in this study has strong potentials of high robustness
and low energy consumption, being ready for industrialization. However, the fed-batch fermentation ex-
periments were carried out in a 5-L bioreactor, and the performance on a larger scale needs to be further
tested. In addition, the knockout of alanine racemase gene leads to decreased L-alanine production, which
needs to be solved through subsequent studies.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains

All strains used in this study were listed in Table S3 This study N/A
Chemicals, peptides, and recombinant proteins

5-FAM labeled p-alanine Chinese Peptide Cat#997300

Clone-express Vltra One Step Cloning kit Vazyme

Cat#C115-01

Deposited data

Resequencing data This study, NCBI Sequence Read

Archive (SRA) database

NCBI SRA accession number:
PRIJNA893198

Oligonucleotides

All primers used in this study were listed in Table S4 Shanghai Generay Biotech N/A
Recombinant DNA

All plasmids used in this study were listed in Table S3 This study N/A
The heterologous gene sequences used in this study BGI Geneland Scientific N/A

were listed in Table S5

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead
contact, Ping Xu (pingxu@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

The resequencing data have been deposited at the NCBI Sequence Read Archive (SRA) database and are
publicly available as of the data of publication. Accession numbers are listed in the key resources table.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead
contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Strains, plasmids, and growth conditions

All strains and plasmids used in this study were listed in Table S3. B. licheniformis BN11"" was used
as the starting strain for metabolic engineering. E. coli S17-1 was used as the conjugative donor strain.
The temperature-sensitive shuttle plasmid pKVM1*’ was used for genetic manipulation in
B. licheniformis. All of the E. coli strains were grown at 37°C in Luria-Bertani (LB) broth (10 g/L tryptone,
5 g/L yeast extract, and 10 g/L NaCl). The LB broth was also regarded as the seed medium for
B. licheniformis. The fermentation medium of the following composition was used in this study:
100 g/L glucose, 5 g/L yeast extract, 5 g/L (NH4)2,SO4, 1.3 g/L KzHPO,-3H,0, 0.5 g/L KH,POy, 0.5 g/L
MgSQO,-7H,0, 0.02 g/L FeSO,4-7H,0, 0.02 g/L MnSQO4-4H,0. Appropriate concentrations of p-alanine
(1 g/L), ampicillin (100 mg/L), erythromycin (5 mg/L), and polymyxin B (40 mg/L) were also added to
the medium if necessary.
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METHOD DETAILS

DNA manipulation and strain construction

All primers used in this study were listed in Table S4. The heterologous gene sequences used in this study
were listed in Table S5. To introduce the pfkA and pyk genes from B. coagulans with the strong promoter
P.is, the DNA fragment PFYAK containing these two genes and P, were amplified using the primer pairs
Pais-PFYAK-F/BLAIdh-PFYAK-R and BLAIdh-P-F/PFYAK-Ps-R. To insert the PFYAK fragment into the site
where the Idh gene was knockout, the upstream and downstream of original Idh gene were also amplified
using the primer pairs PKVM-BLAIdh-UpF/P,s-BLAIdh-UpR and PFYAK-BLAIdh-DnF/PKVM-BLAIdh-DnR.
These DNA fragments were ligated together by recombinant PCR and integrated into the EcoRI/BamHI
site of pKVM1, resulting in pKVM1-PFYAK. To overexpress the ald1, ald2, GSald, STald, BSald, and dat1
genes, the plasmids pKVM1-ald1, pKVM1-ald2, pKVM1-GSald, pKVM1-STald, pKVM1-BSald, and
pKVM1-dat! were constructed using the similar method to the PFYAK fragment. To delete the Idhy
gene, the upstream and downstream of Idhy; gene were amplified using the primer pairs BLAldht-UpF/
BLAIdh1i-UpR and BLAIdht-DnF/PKVM-BLAIdh+;-DnR. These DNA fragments were ligated together by re-
combinant PCR and integrated into the EcoRI/BamH]I site of pKVM1, resulting in pKVM1Aldhr;. To delete
the alr1, alr2, dItB, mtnW, alsT5, and dat1 genes, the plasmids pKVM1Aalr1, pKVM1Aalr2, pKVM1AdItB,
pKVM1AmMtnW, pKVM1AalsT5, and pKVM1AdatT were constructed using the similar method to the Idhy;
gene. All of the plasmids were subsequently transformed directly into E. coli S17-1.

E. coli S17-1 harboring plasmids and B. licheniformis were cultured to an ODgoo of 1.2, centrifuged at
6,000 rpm for 5 min and washed twice with PBS solution, mixed and added dropwise to LB plates at a ratio
of 7:1. After overnight culture at 30°C, the strains were screened on LB plates with 5 g/mL erythromycin and
40 g/mL polymyxin B at 30°C. The screened transformants were cultured at 37°C in LB medium containing
erythromycin, and then cultured at 50°C in LB medium. The single-crossover transformants were obtained
after screening on LB plates containing erythromycin. Single-crossover transformants were continuously
cultured in LB medium at 30°C for two generations, diluted and spread on LB plates, cultured at 37°C over-
night. Transformants that lost erythromycin resistance were selected for PCR verification, and the success-
fully constructed B. licheniformis strains were obtained.

Fed-batch fermentation

The fed-batch fermentation experiments were carried out in a 5-L bioreactor containing 3 L fermentation
medium. The fermentation temperature was controlled at 50°C and the inoculum volume was 5% (v/v). The
culture pH was maintained at 7.0 by adding 25% (v/v) NH3-H,O. The aeration rate was set to 3 L/min
(1.0 vwm) and the initial speed of bioreactor was set to 300 rpm. When the ODgq value reached 6.0-8.0,
stop aeration and reduce the speed of the bioreactor to 80 rpm. The glucose concentration was maintained
between 30 g/L and 100 g/L by adding glucose powder. The final and intermediate samples were collected
to determine the ODggo value, optimal purity and concentrations of glucose, L-alanine, and other by-
products.

Adaptive laboratory evolution

The adaptive laboratory evolution was aimed to improve the growth defect of B. licheniformis BLA3 without
p-alanine. B. licheniformis BLA3 was first inoculated into LB medium without p-alanine, demonstrating that
the strain was unable to grow without p-alanine. Subsequently, B. licheniformis BLA3 was cultured at 50°C
in LB medium containing 0.02 g/L p-alanine. When the ODg4qo value of B. licheniformis BLA3 exceeded 3.0,
the concentration of p-alanine in the medium was reduced to 0.01 g/L. By the same method, the concen-
tration of b-alanine in the medium was sequentially decreased to 0.005 g/L, 0.002 g/L, 0.001 g/L, 0.0005 g/L,
and 0.0002 g/L. Evolved B. licheniformis were simultaneously inoculated into LB medium without p-alanine
at each time the concentration of b-alanine was decreased. When the ODgqg value of B. licheniformis could
exceed 3.0 without p-alanine, the adaptive laboratory evolution experiment was stopped, and the evolved
strain BLA-E1 was obtained.

p-Alanine dependence of alr1/alr2 double-knockout strains

To test the p-Alanine dependence, the alr1/alr2 double-knockout strains were first cultured at 50°C in LB
medium containing 1 g/L of b-Alanine. The activated strains were centrifuged at 6,000 rpom for 5 min and
washed three times with fresh LB medium. Then appropriate volumes of fresh LB mediums were added
to obtain the seed culture solutions, so that the ODggg value of the culture solutions were 5.0. The seed
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culture solutions were inoculated into LB medium containing 0.1 g/L, 0.05 g/L, 0.02 g/L, 0.01 g/L, 0.005 g/L,
0.002 g/L, 0.001 g/L, 0.0005 g/L, 0.0002 g/L, 0.0001 g/L, and 0 g/L according to the inoculation amount of
1%, respectively, and cultured at 50°C. Each concentration contained three biological replicates. The 12 h,
24 h, and 36 h samples were collected to determine the ODgq value.

Genome annotation, mining of thermostable alanine dehydrogenase, and genome
resequencing analysis

The B. licheniformis ATCC 14580 genome sequence was download from the NCBI database (GenBank as-
sembly accession number: GCA_000011645.1). The B. licheniformis ATCC 14580 genome was annotated
by Prokka.’® The thermostable alanine dehydrogenases were mined by the co-evolution mining approach
previously developed by our group. The Genbank protein IDs of alanine dehydrogenase Ald1, alanine de-
hydrogenase Ald2, p-lactate dehydrogenase Ldhy;, alanine dehydrogenase GSAIld, alanine dehydroge-
nase BSAIld, alanine dehydrogenase STAId, alanine racemase Alr1, alanine racemase Alr2, p-a-glycero-
phosphatase Dgp, p-amino acid aminotransferase Dat1, glutamate racemase RacE, sodium:alanine
symporter AlsT5, teichoic acid p-alanyltransferase DItB, and 2,3-diketo-5-methylthiopentyl-1-phosphate
enolase MtnW are AAU24844.1, AAU25710.1, WP_013906894.1, RLP89197.1, AKP47217.1, KWX03169.1,
AAU22152.2, AAU24747.1, AAU25694.1, AAU22605.1, AAU24493.1, AAU24842.2, AAU25521.1, and
AAU23062.1, respectively.

B. licheniformis cells at the stationary phases were collected for DNA isolation. DNA isolation, DNA library
construction, high-throughput sequencing (lllumina), genome assembly and subsequent bioinformatics
analysis were performed at Guangdong Magigene Biotechnology Co., Ltd. (Guangdong, China). To
construct DNA libraries, the extracted DNA samples were randomly interrupted to generate DNA frag-
ments of desired length. The sticky ends formed by the break were repaired into blunt ends and the
base A was added at the 3’ end, so that the DNA fragments were able to be ligated with a special adaptor
with a T base at the 3" end. Finally, PCR technology was used to amplify the DNA fragments with adapters at
both ends to obtain the DNA libraries. Afterwards, the constructed qualified libraries were clustered and
sequenced on the machine. All of the raw sequencing reads were filtered to remove low quality reads, re-
sulting in clean data. The Prokka-annotated B. licheniformis ATCC 14580 genome was used as the refer-
ence genome. Resequencing data have been deposited in the NCBI SRA database (NCBI SRA accession
number: PRINA893198). The SNPs and InDels were obtained by aligning clean data with reference genome
sequence by SAMTOOLS."! The genomic structural variants (SVs) were detected by BreakDancer.*

Characterization of cell wall synthesis involving extracellular p-alanine based on 5-FAM
labeled p-alanine

5-FAM labeled p-alanine was used to characterize the biological process of cell wall synthesis involving
extracellular p-alanine.”” All of the B. licheniformis were cultured in LB medium with 1 g/L p-alanine till
the ODggp value reached 1.2. The cultures were centrifuged at 6,000 rpm for 5 min, washed three times
with fresh LB medium, resuspended in fresh LB medium, and separated into three aliquots (1 mL each).
5-FAM labeled p-alanine was also added to the aliquots to a final concentration of 300 uM. The aliquots
were cultured at 50°C for 2 h, washed five times with phosphate buffered saline (PBS) and resuspended
in PBS. After being diluted to appropriate concentrations, the fluorescence intensities of FAM-labeled
samples were detected by CytoFLex (Beckman Coulter Co., Ltd) excited with 488 nm laser.

Analytical methods

The cell density was determined by measuring the optical density at a wavelength of 4600 nm (ODgqg). The
concentration of glucose was estimated by an SBA-40D biosensor analyzer. The fermentation samples were
heated at 100°C, diluted to an appropriate multiple, and centrifuged at 8,000 rpm for 10 min. Filtered su-
pernatant can be used for subsequent detection. The concentration of alanine was determined by a high-
performance liquid chromatography (HPLC) equipped with a ZORBAX Eclipse XDB-C18 column and a
diode array detector (DAD) at 210 nm. A solution containing 0.54 g/L of sodium 1-octanesulfonate and
10% methanol was used as the mobile phase, and the pH value was adjusted to 2.1 with phosphoric
acid. The column temperature and flow rate were set at 30°C and 0.8 ml/min, respectively. The optical pu-
rity of L-alanine was assayed by HPLC using a SUMICHIRAL OA-5000 column and a DAD at 254 nm. Analysis
was performed with a mobile phase of 2mM CuSOj, at a flow rate of 0.5 mL/min at 30°C. Other organic acid
by-products were detected by HPLC using a Bio-Rad Aminex HPX-87H column and a DAD at 210 nm or a
refractive index detector (RID). Analysis was performed with a mobile phase of 5mM H,SO, at a flow rate of
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0.5 mL/min at 55°C. The concentrations of free amino acids were detected by L-8900 automatic amino acid
analyzer.

QUANTIFICATION AND STATISTICAL ANALYSIS

The flask experiments to test the p-Alanine dependence contained three biological replicates. The charac-
terization experiments of cell wall synthesis involving extracellular p-alanine based on 5-FAM labeled
p-alanine also contained three biological replicates. The fed-batch fermentations of B. licheniformis
BLA3 and BLA4 were validated in the laboratory in multiple replicates. All of the results reported in the
article are reproducible. Data are given as the means + SD.
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