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Abstract: Amino acid efflux and influx transport systems play vital roles in industrial microorgan-
isms’ cell growth and metabolism. However, although biochemically characterized, most amino
acid transporters remain unknown at the molecular level in Bacillus licheniformis. This study focuses
on the molecular and functional characterizations of three transporters, YdgF, YvbW, and YveA,
mainly when catalyzing the cross-membrane flux of L-Aspartate. When growing in the minimal
medium with L-Asp as the only carbon and nitrogen source, the growth of strains lacking proteins
YdgF, YvbW, and YveA was significantly inhibited compared with wild-type strains, while supple-
menting the expression of the corresponding proteins in the single-gene knockout strains can alle-
viate the inhibition to some extent. Upon overexpression, the recombinant proteins mediate the ac-
cumulation of L-aspartate to varying degrees. Compared with wild-type strains, the single knockout
strains of the three protein genes exhibited reduced absorption of L-aspartate. In addition, this paper
focuses on the effects of these three proteins on the absorption of B-alanine, L-glutamate, D-serine,
D-alanine, and glycine.

Keywords: amino acid permease; L-aspartic acid; Bacillus licheniformis; whole-cell biocatalyst; fer-
mentation engineering

1. Introduction

Amino acids are widely used in food, feed, medicine, and cosmetics, and are mainly
produced by chemical synthesis, enzyme catalysis, or a combination of the two. Microbial
fermentation is often used in the industrial production of amino acids such as glutamic
acid, lysine, L-valine, and threonine, given its sound economic and environmental bene-
fits [1, 2]. However, high concentrations of amino acids inside or outside the cell are often
not conducive to fermentation production [3, 4]. Some amino acid-producing enzymes are
inhibited by the substrate; for instance, L-aspartic acid a-decarboxylase can be irreversibly
inhibited by L-aspartic acid. Excessive intracellular accumulation of certain amino acids
will reduce fermentation production and have a toxic effect on cells. For example, a high
intracellular concentration of glutamate will produce a negative feedback effect on related
synthases, while reducing the intracellular concentration of glutamate weakens the nega-
tive feedback effect and improves glutamate production [5]. High intracellular cysteine
concentration can lead to DNA damage of the host and have a toxic effect on the produc-
ing strain. In the production of alanine fermentation, the high content of intracellular ala-
nine will inhibit cell growth [6]. When amino acids are used as substrates, they cannot be

transported into the cell, and thus accumulate in considerable quantities outside the cell,
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leading to reduced fermentation production. Therefore, after the discovery of lysine ex-
porter (LysE), the first amino acid efflux transporter to be discovered, widespread atten-
tion was paid to studies that used the transporter to change the concentration of amino
acids on both sides of the cell membrane and improved the production of amino acids
with recombinant bacteria [7, 8]. At present, modifying transporters on the cell membrane
to make bacteria more suitable for the biological production of amino acids is an efficient
and well-developed bio-engineering method and a research direction with value and pro-
spect [9-18].

Among the existing research on amino acid transporters, there is still insufficient
study on L-aspartic acid and its downstream products. Further explorations in this field
are significant to the development of the biological production of L-aspartic acid and its
downstream products. L-aspartic acid is a common chemical raw material, and it is pri-
marily used to produce food additives, synthetic sweeteners, synthetic biopolymer PASP,
synthetic new drugs, clinical medicine, and intermediates in the synthesis of other prod-
ucts. In the early stages of industrial production, the traditional microbial fermentation
method based on saccharide was adopted, but there was a long production cycle, with
many by-products and high technical risks [19-21]. -alanine is a naturally occurring (3-
type amino acid. It is not directly involved in protein synthesis in organisms, yet it is a
potential functional amino acid. The reported biosynthesis method is to decarboxylate L-
Asp with PanD enzyme (L-aspartic acid a-decarboxylase) in organisms. [3-alanine is a cru-
cial substance widely used in the production of medicine, healthcare products, chemical
products, fodder, etc. At present, the production of $-alanine in China is mainly based on
the chemical synthesis of strong acid and alkali hydrolysis under high temperatures and
pressures [22, 23]. However, in view of the development needs of a green and environ-
mentally friendly economy, the biosynthesis method with mild reaction conditions and
environmental friendliness is a more favorable option. Therefore, it is of great practical
value to improve the strain’s production efficiency by modifying the membrane’s ability
to transport amino acids and construct engineering bacteria suitable for producing L-Asp,
-Ala, and most other amino acids.

Bacillus licheniformis is rich in enzymes, with a moderate growth rate, full protein
folding, and many advantages that other industrial strains do not have. It was recognized
as a food-safe strain (GRAS) over 40 years ago [24, 25]. As a platform for homologous or
heterogeneous expression, it is a good industrial microbial strain widely used in the pro-
duction of food enzymes and antibiotics. B. licheniformis is a thermophile, which can grow
well at 40-50 ‘C. It can secrete peptides to inhibit the growth of other bacteria and fungi
during the fermentation process, and thus is not easy to be infected by bacteria. B. lichen-
iformis is rich in enzymes, can produce large quantities of enzymes, and has an extracellu-
lar protein secretion that can reach twice that of Bacillus subtilis. Meanwhile, it has strong
stress resistance, is hardly soluble, and can be reused [26]. Nevertheless, there are many
characteristics of B. licheniformis that need to be further investigated. As a food-safe strain
for industrial production, B. licheniformis has a great potential in amino acid production,
although the research on amino acid transporters of B. licheniformis is still scarce. It has
been studied that Cody, a transcription factor that can regulate the amino acid permease,
can prevent lichenysin biosynthesis under the amino acid-rich condition in B. licheniformis,
and BCAAs can relieve this inhibition. In addition, knocking out the amino acid trans-
porter gene yhdG can improve the yield of bacitracin [10, 27, 28]. At present, there is still
not enough research in this field. An in-depth study on the function or transport mecha-
nism of the transporter on the cell membrane of B. licheniformis can facilitate the explora-
tion of its future applications, so that this strain can be applied to the production of food-
safe amino acid products with higher efficiency and more environmental friendliness.

Some proteins are predicted to be related to amino acid permeases. The genes of these
proteins are in the genome of Bacillus licheniformis CICIM B1391, which can be found on
NCBI. The function of certain enzymes with amino acid permeability has been deter-
mined. At the same time, there are still quite a few proteins that are merely predicted to
function as amino acid transporters in certain ways, indicating that they belong to amino
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acid permeases, but their specific functions remain unclear. The sequences of amino acid
transporters found on NCBI were made into an evolutionary tree (shown in supplemen-
tary materials). The YveA protein has been identified to be the L-Asp transporter in B.
subtilis; in this study, apart from gene yveA, we also selected genes ydgF and yobW from
the evolutionary tree, whose fragments are similar to yveA. Little research has been con-
ducted on the specific functions of amino acid transporters YdgF, YvbW and YveA ex-
pressed by these three genes in B. licheniformis. Therefore, these three proteins are the main
research objects in this study [30]. The YdgF protein, a member of the small multidrug
resistance (SMR) family of transporters in the inner membrane, is predicted to have the
function of transporting D-serine, D-alanine, and glycine [29-33]. The function of YvbW
protein in B. subtilis is to transport leucine and participate in leucine metabolism, and its
expression is regulated by leucine concentration. YvbW is also a BCAA permease identi-
fied as BCAA importers, whose overexpression improves intracellular BCAA accumula-
tions and bacitracin yields. Demonstrated to be transcribed as a monocistronic mRNA
containing a prototypical T box antitermination leader, YvbW can transport a precursor
for leucine, isoleucine, valine, or glutamate biosynthesis [34, 35]. YveA is a putative trans-
porter of the amino acid / polyamine / organocation (APC) superfamily and the first mem-
ber of a new family within the APC superfamily. YveA of B. subtilis is the only character-
ized member of the AGT family. As reported, YveA is shown to be able to mediate the
uptake of both L-aspartate and L-glutamate in B. subtilis [36, 37].

This paper focuses on the transport of L-Asp and other related amino acids by three
types of amino acid permeases on the cell membrane of B. licheniformis. Using food-safe
strains like B. licheniformis to produce amino acids through whole-cell catalysis is an envi-
ronmentally friendly and safe method with broad application prospects. To make cells
adapt to amino acid production through genetic engineering, we must first comprehend
the function of amino acid transporters on cell membranes. Whole-cell catalysis adopts
the complete biological organism as a catalyst for chemical transformation. The reaction
solution has a simple composition and is easy to purify and examine. In addition, the cell
contains a complete enzyme reaction system and necessary cofactors, which makes this
approach more suitable for the experiment compared to the traditional fermentation
method. In this study, the whole-cell catalysis method was used to analyze the function
of the protein.

2. Results

2.1. Construction of Plasmids and Strains

Since the functions of amino acid permeases YdgF, YvbW, and YveA are still not
clear, these three proteins were selected as the research objects, and their genes are ydgF,
yobW, and yveA, respectively. The DNA sequences of genes ydgF, yobW, yveA were re-
searched by NCBI. Using the genome of B. licheniformis CICIM B1391 as a template, genes
ydgF, yobW, and yveA were amplified with PCR. In order to overexpress proteins YdgF,
YvbW, and YveA in strains, the amplified fragments were connected to the shuttle plas-
mid pHY300-PLK, which can be expressed in both E. coli and B. licheniformis. It is not clear
which promoter can mediate the overexpression of the protein; hence mannitol inducible
promoters PmtlA [38], Pshuttle09 [39], shuttle09 with xylose inducible site Pshuttle09-XBS
were selected to mediate the expression of the transporter. With this method, the con-
structed plasmid was transformed into B. licheniformis. Nine strains with permease genes
overexpression were constructed, namely BlpMF, BlpS09F, BlpS09XF, BlpMW, BlpS09W,
BIpS09XW, BlpMA, BIpS09A, and BIpS09XA, as shown in Table 1. In order to verify
whether the plasmid is correctly constructed, the promoter fragments and the expressed
protein gene fragments were cut from the plasmid with double-enzyme digestion. The
verification was conducted with nucleic acid electrophoresis. The results are shown in
Figures 1A, B, and C.
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Figure 1. DNA fragments and nucleic acid electrophoresis in the construction of the strain. (A) (B) (C) The nucleic acid
electrophoretogram of the fragments obtained after double-enzyme digestion of the overexpressed protein particles. The
overexpression of genes ydgF, yvbW, and yveA was mediated by different promoters in B. licheniformis. (A) The overex-
pression of the three genes mediated by promoter PmtlA; (B) The overexpression of the three genes mediated by promoter
Pshuttle09; (C) The overexpression of gene ydgF mediated by promoter Pshuttle09-XBS; (D) Nucleic acid electrophoresis of
gene fragments of the expressed protein on the plasmid and PCR amplified promoter fragments; (E) (F) The nucleic acid
electrophoretogram when verifying whether three genes are knocked out separately in B. licheniformis CICIM B1391; (E)
The left exchange and right exchange of the three single knockout strains; (F) The double exchange of the three single
knockout strains.

Table 1. Bacterial strains and plasmids used in this study

Strain and plasmid Genotype or phenotype Reference
Plasmid

pHY300-PLK E. coli/Bacillus shuttle vector, ApR/TetR TaKaRa
pMD19T-simple E. coli cloning vector, ApR TaKaRa

The delivery = vector  of  replication

pNZT1 thermosensitive and rolling circle amplification, Laboratory construct
EmR
pNZTT PNZT1 inset a tetracycline gene for Tetr at Not Laboratory construct

Promoter PmtlA mediated protein YdgF
pMF This work
overexpression
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pSO9F

pSO9XF

pMW

pSO9W

pSOIXW

pPMA

pS09A

PS09XA

19T-ydgf

19T-yvbw

19T-yvea

19T-FFKF

19T-WFKF

19T-AFKF

pNZTT-FFKF

pNZTT-WFKF

pNZTT-AFKF

Strains

Promoter Pshuttle09 mediated protein YdgF
overexpression

Promoter Pshuttle09-XBS mediated protein YdgF
overexpression

Promoter PmtIA mediated protein YvbW
overexpression

Promoter Pshuttle09 mediated protein YvbW
overexpression

Promoter Pshuttle09-XBS mediated protein
YvbW overexpression

Promoter PmtlA mediated protein YvbA
overexpression

Promoter Pshuttle09 mediated protein YvbA
overexpression

Promoter Pshuttle09-XBS mediated protein YvbA
overexpression

pMD19T-simple with the ydgF fragment and its
homology arm

pMD19T-simple with the yobW fragment and its
homology arm

pMD19T-simple with the yveA fragment and its
homology arm

pMD19T-simple with the deletion cassette of ydgf
pMD19T-simple with the deletion cassette of
yobw

pMD19T-simple with the deletion cassette of yvea
Knock-out vector pNZTT with the deletion
cassette of ydgF

Knock-out vector pNZTT with the deletion
cassette of yobw

Knock-out vector pNZTT with the deletion

cassette of yvea

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work
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F’, traD36, proAB + laclq, A(lacZ), M15/A (lac-

E. coli J]M109 proAB), gIn V44, el4-, gyrA96, recAl, relAl, CICIM-CU
endAl, thi, hsdR17 (CICIM B0012)

Bacillus licheniformis CICIM B1391 ~ Wild type (CICIM B1391) CICIM-CU

Bacillus licheniformis CICIM B1391, knockout of
BIdF This work
ydgF gene, Kanr

Bacillus licheniformis CICIM B1391, knockout of
BldwW This work
yobW gene, Kanr

Bacillus licheniformis CICIM B1391, knockout of
BIdA This work
yveA gene, Kanr

Bacillus licheniformis CICIM B1391, harboring

BlpMF This work
pMF
Bacillus licheniformis CICIM B1391, harboring

BlpS09F This work
pSO9F
Bacillus licheniformis CICIM B1391, harboring

BlpS09XF This work
pSO09XF
Bacillus licheniformis CICIM B1391, harboring

BlpMW This work
pMW
Bacillus licheniformis CICIM B1391, harboring

BlpS09W This work
pSO9W
Bacillus licheniformis CICIM B1391, harboring

BIpS09XW This work
pSO9XW
Bacillus licheniformis CICIM B1391, harboring

BIpMA This work
pPMA
Bacillus licheniformis CICIM B1391, harboring

BlpS09A This work
PSO09A
Bacillus licheniformis CICIM B1391, harboring

BlpS09XA This work
pS09XA
Bacillus licheniformis CICIM B1391, harboring

BlpHY This work
pHY300-PLK

Bacillus  licheniformis CICIM B1391, dydgF,
BldFpHY This work
harboring pHY300-PLK

Bacillus  licheniformis CICIM B1391, dyobW,
BIdWpHY This work
harboring pHY300-PLK



https://doi.org/10.20944/preprints202111.0304.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 November 2021 d0i:10.20944/preprints202111.0304.v1

Bacillus  licheniformis CICIM B1391, dywveA,
BldApHY This work
harboring pHY300-PLK

Bacillus  licheniformis CICIM B1391, dydgF,

BIdFpSO9F This work
harboring pSO09F
Bacillus  licheniformis CICIM B1391, dyvbw,
BIdWpS09W This work
harboring pS09W
Bacillus  licheniformis CICIM B1391, dywveA,
BIdApS09A This work
harboring pS09A

T ApR, ampicillin resistance; Tet®, tetracycline resistance; Kan®, kanamycin resistance; EmR, erythromyecin resistance
2 CICIM-CU: Culture and Information Center of Industrial Microorganisms of China Universities

Taking B. licheniformis CICIM B1391 as the starting strain, the ydgF, yobW, and yveA
genes were removed from the chromosome according to method 4.2. To acquire single
knockout strains BIdF, BIdW, and BldA, respectively. The nucleic acid electrophoresis re-
sults of PCR fragments of left exchange, right exchange, and double exchange used for
verification when knocking out genes from the strain genome are shown in Figures 1E
and F.

The corresponding transporter genes were supplemented and expressed in the sin-
gle-gene knockout strains. The plasmid overexpressing the transporter genes mediated
by the shuttle09 promoter was transformed into the strain where the transporter genes
have been knocked out, and strains BIdFpS09F, BIdWpS09W, and BIdApS09A were con-
structed. For comparison, the empty plasmid was also transformed into three single-gene
knockout strains, and strains BIdFpHY, BIdAWpHY, BIdAWpHY were constructed. The
transporter gene and promoter gene on the plasmid in the strain were amplified to ensure
the transformation of the plasmid into the strain, which was verified by nucleic acid elec-
trophoresis. The results are shown in Figure 1D.

2.2. Effects of Transport protein Expression Changes on Strain Growth in a Minimal Me-
dium with Free L-Asp as the Sole Carbon and Nitrogen Source

2.2.1. Growth Curves of Single-Gene Knockout Strains in a Minimal Medium with Free
L-Asp as the Only Carbon and Nitrogen Source

Strains BIdF, BIdW, and BIdA were activated and inoculated into 30 mL of minimal
medium with L-Asp at a concentration of 2 g/L as the only carbon and nitrogen source.
The strains were grown at 37 ‘C at a centrifugation speed of 250 rpm, and the wild-type
strain was used as a control. The absorbance at 600 nm of the fermentation broth was
measured every 3 hours. With the obtained data, origin 9 was used to make a line graph
of OD600 over time, and then nonlinear fitting was performed on the line graph. The
curve (growth curve) of OD600 over time is shown in Supplementary Material. The de-
rivative of the fitted curve is obtained and divided by OD600 to obtain the specific
growth rate curve of strains. The results are shown in Figure 2A.
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Figure 2. Specific growth rate curve of strains when using a minimal medium with free L-Asp as the only carbon and
nitrogen source. (A) The specific growth rate curves of the wild-type strain (black), strain BIdF (red), strain BIdW (blue),
and strain BIdA (pink); (B) (C) (D) Strains BlpHY (black), BIdFpHY (red) and transporter gene single knockout strains with
plasmids with overexpressed transporter mediated by promoter Pshuttle09, which means the transport protein gene is
supplemented and expressed in the strains with single knockout transporter gene (blue); (B) Specific growth rate curve of
strain BIdFpS09F; (C) Specific growth rate curve of strain BIdAWpS09W; (D) Specific growth rate curve of strain BIdApS09A.

It is clear from Figure 2A that the specific growth rate of the strains without a
transport protein is significantly lower than that of the wild-type strain when the con-
centration of L-Asp is 2 g/L. The highest specific growth rate of the wild-type strain can
reach 0.197 h''. The highest specific growth rates of the three strains lacking transport
proteins are all lower than 0.1 h-'. The highest specific growth rate of BIdF is 0.057 h,
0.086 h-'for BIdW, and 0.098 h-'for BIdA, which are much lower than that of the wild-
type strain, indicating that the growth rate of the wild-type strain is higher than strains
BIdF, BIdW, and BldA, and the growth of the strains was inhibited to varying degrees
after the transporter gene was knocked out, which means the optimum growth of strains
requires the existence of these three transport proteins. It also shows that proteins YdgF,
YvbW, and YveA have different effects on L-Asp absorption.

2.2.2. Growth Curves of Single Knockout Strains Supplemented with Genes Expressing
Corresponding Transporters in a Minimal Medium with Free L-Asp as the Only Carbon
and Nitrogen Source

Strains BIdFpS09F, BIdWpS09W, and BIdApS09A were activated and inoculated into
30 mL of minimal medium with L-Asp at a concentration of 2 g/L as the only carbon and
nitrogen source. The strains were grown at 37 ‘C at a centrifugation speed of 250 rpm,
and strains BIdFpHY, BIdAWpHY, BIdApHY, and BlpHY were used as controls. The ab-
sorbance of the fermentation broth at 600 nm was measured every 3 hours. The obtained
data was processed in the same way as described in 2.4.1. The results are shown in Figures
2B, C, D, and the growth curves are shown in Supplementary Materials.

It can be found from Figure 2 that supplementing the corresponding protein in a
strain lacking transport proteins can significantly alleviate the inhibition and return the
cell proliferation to normal to some extent. The three proteins’ abilities in alleviating the


https://doi.org/10.20944/preprints202111.0304.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 November 2021 d0i:10.20944/preprints202111.0304.v1

inhibition are different. The highest specific growth rate of the wild-type strain with
empty plasmid was 0.07 h'. The maximum specific growth rate of strain BIdFpS09F was
0.104 h', 0.082 h for strain BIdAWpS09W, and 0.131 h for strain BIdApS09A, which are
significantly higher than that of BlpHY, indicating that the biomass concentrations of
strains with retro-complementation of the corresponding transport proteins increase more
rapidly than the wild-type strain with an empty plasmid. Strain BIdFpSO9F proliferated
rapidly in the early stages, partly making the growth of the strain return to normal (Figure
2B). Although it is not significantly higher than the complementary expression of YdgF
and YveA, the specific growth rate of strain BIdAWpS09W is higher than that of the control
group, and the growth of the strain has returned to normal (Figure 2C). The maximum
specific growth rate of strain BIdApS09A was significantly higher than strain BlpHY, and
the peak appeared earlier, indicating that the cell count of strain BIdApS09A increased
rapidly in the early stages, which alleviated the inhibitory effect caused by the absence of
the transport protein (Figure 2D).

2.3. Effect of Strains Overexpressing Amino Acid Permease Gene on L-Asp Absorption
In order to study how changes in the expression of ydgF, yvbW, and yveA affect the

absorption of L-aspartate, nine strains overexpressing the three proteins were activated
and inoculated into the fermentation medium. The sample was centrifugated for 15 min
at 9000 rpm. The cells were collected when OD600 was about 10. The effects of the over-
expression of YdgF, YvbW, and YveA on the absorption of L-Asp in wild-type strains
were used as a comparison according to method 4.4. The OD600 of cell suspension was
about 150. The results are shown in Figure 3.

BlpS09XA

BIpSO9XW

0.19
0.18
BIpSO9XF 0.23
BIpS09A
BIpSO9W
BIpS09F

Strains

BlpMA

BlpMW
BIpMF
BlpHY 0.1

00 0.1 : 02

AA Absorbtion/OD600

Figure 3. The ratio of extracellular L-aspartic acid concentration to the cell concentration of the strains overexpressing

amino acid permease:

This figure shows how the L-Asp absorption was affected by the overexpression of
the three transporters mediated by different promoters when the L-Asp concentration was
20 g/L and reaction time was 16 h. The strain BIpHY was used as a comparison.

It can be known that the ratio of extracellular L-Asp concentration to cell concentra-
tion of the strain overexpressing protein ydgF is significantly lower than that of a wild-
type strain with an empty plasmid, indicating that the overexpression of protein YdgF can
improve the absorption of L-Asp by the cells (the ratio of extracellular L-Asp concentra-
tion to cell concentration was 62.5 % higher than that of the wild-type strain with an empty
plasmid when Pshuttle09-XBS promoter was used to mediate protein overexpression). The
overexpression of both YvbW and YveA proteins can improve the absorption of L-Asp to
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a certain extent. It can also be seen from the figure that when the Pshuttle09-XBS promoter
functioned as the mediator, the expression of the protein was the highest.

2.4. Effects of the Absence of Amino Acid Permease Genes on L-Asp Absorption

The three strains overexpressing the three proteins activated and collected cells in the
same way, as shown in 2.3. According to method 4.4, the strain BIlpHY was used as a con-
trol to study the effect of the absence of amino acid permease genes ydgF, yobW, and yveA
on L-Asp absorption. The OD600 of cell suspension was about 150.

This figure shows how knocking out three amino acid permease genes from the strain
affected L-Asp absorption when the L-Asp concentration was 20 g/L and reaction time
was 16 h. The wild-type strain was used as a comparison. The results are shown in Figure
4.

BldA 0.133

|

Bldw

T T T T
0.00 0.05 0.10 0.15

AA Absorbtion/OD600

0.143

strains

Figure 4. The ratio of the concentration of extracellular L-aspartic acid to the cell concentration of the strain lacking amino

acid permease

It can be seen that in the strain lacking the expression of the three proteins, the ratio
of extracellular L-Asp concentration to cell concentration is significantly higher than that
of the wild-type strain, indicating that the absence of the expression of the three proteins
weakens the absorption of L-Asp, which is generally consistent with the effect of the over-
expression of permease proteins on L-Asp absorption.

2.5. Effects of the Three Transport proteins on the Transportation of Other Amino Acids
by Bacillus licheniformis

In order to test whether these three proteins can transport other amino acids, the
amino acids predicted to be transported by the three transporters were selected as the
research objects. Strains BIpHY, BlpS09XF, BlpS09XW, and BIpS09XA were activated and
collected according to method 4.4. $-alanine, D-serine, D-alanine, glycine, and L-glutamic
acid solutions were respectively added to make the final concentration of amino acid 20
g/L. The effects of the overexpression of three proteins on the absorption of these four
amino acids in wild-type strains were used as a comparison. The results are shown in
Figure 5.
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Figure 5. The ratio of the extracellular 3-Ala, D-Ser, Gly, L-Glu, and D-Ala concentrations of strains overexpressing amino
acid permease mediated by promoter Pshuttle09-XBS to the cell concentration

It can be seen from the figure that the ratio of the extracellular (3-Ala concentration of
strain BlpS09XA to the cell concentration is higher than that of strain BlpHY, indicating
that the strain overexpressing YveA has a lower B-Ala absorption than the wild-type
strain, i.e., the overexpression of yveA hinders the absorption of 3-Ala. The overexpression
of YdgF and YvbW proteins hardly affected 3-Ala absorption of the B. licheniformis cells.
As for the other amino acids, it can be seen from the figure that the ratio of the concentra-
tion of D-Ser, L-Glu, and Gly absorbed by cells to the cell concentration is significantly
higher than that of wild-type strains with empty plasmids, indicating that the overexpres-
sion of protein YdgF can improve the absorption of D-Ser, L-Glu, and Gly. However, the
ratio of D-Ala absorbed by cells to cell concentration is lower than that of strain BlpHY,
indicating that the absorption of D-Ala is weakened. The overexpression of YvbW protein
can enhance the absorption of D-Ser and D-Ala, but changes in the transport of L-Glu and
Gly are not obvious. The overexpression of the YveA protein can improve the absorption
of D-Ser and L-Glu, and weaken the absorption of Gly and D-Ala.

3. Discussion

At present, there is still not enough research on the amino acid transporters on the
cell membrane of B. licheniformis and on using B. licheniformis as a whole-cell catalyst. B.
licheniformis is an excellent production strain with significant research value and huge
potential for further explorations. From current research and prediction, it can be known
that protein YdgF can transport D-serine, D-alanine, and glycine. The function of protein
YvbW in B. subtilis is leucine transport; it participates in leucine metabolism while its
expression is regulated by leucine concentration. Protein YveA is known to be related to
the transport of L-aspartate and L-glutamate in other Bacilli. In this study, the three
transporter genes ydgF, yobW, and yveA in the genome of B. licheniformis CICIM B1391
were cloned, and their expression changed in B. licheniformis. The changes in amino acid
transport capacity were studied through whole-cell catalysis. We also knocked out these
three genes from the genome of B. licheniformis CICIM B1391, constructed three single
knockout strains, and observed their growth with the designated amino acid as the only
carbon and nitrogen source. Finally, the transport effects of the three proteins on some
other amino acids were also studied.
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Figure 6. The transport effects of proteins YdgF, YvbW, and YveA on amino acids are studied in this paper. Protein Ydgf
can transport L-Asp, D-Ser, Gly, and L-Glu into cells; Protein YvbW can transport D-Ala, L-Glu, L-Asp, and D-Ser into
cells; YveA has a specific effect on the cells’” absorption of L-Asp and Gly, and these three proteins have the ability to
transport 3-Ala out of cells. An amino acid has more than one transporter, which means the other proteins can keep the
cells absorbing or excreting amino acids to ensure its survival when the one transport protein is absent. However, transport
proteins have certain characteristics, which means the types of amino acids absorbed or excreted by each protein are dif-
ferent, and the ranking of priorities is also different.

We can conclude that the proteins encoded by these three genes constitute amino
acid transporters and the final results are not entirely consistent with the prediction. In
addition, the permeases can transport more than one type of amino acid. The three pro-
teins have a particular absorption effect on L-aspartic. The protein YdgF has a more pro-
nounced ability of L-Asp absorption after being overexpressed in the cell. Yvea protein
has an efflux effect on (3-Ala, and the absence of the yveA gene can enhance 3- Ala ab-
sorption. Protein YdgF can absorb D-Ser, L-Glu, and Gly, and it may have an efflux ef-
fect on D-Ala; Yvbw protein can absorb D-Ser and D-Ala; Yvea protein can absorb D-Ser
and L-Glu, and it may have an efflux effect on Gly and D-Ala. The growth defects
caused by the removal of these three genes from the chromosome lead to reduced up-
take ability of free amino acids by the single knockout strains, indicating that these three
proteins have a specific effect on the uptake of amino acids in the strain. However, dif-
ferent transport proteins produce different effects in alleviating the growth defect. In
strains where the YdgF gene has been knocked out, the overexpressed protein YdgF will
alleviate the growth defect in later stages of growth, while the complementary expres-
sion of YveA alleviates growth defect in the early stages. The specific growth rate was
always higher than that of strain BlpHY, while the complementary expression of protein
YvbW and strain growth returned to normal. The reason may be the different uptake
mechanisms of L-Asp of the three proteins. In addition, after knocking out the single
gene, the bacteria can still grow slowly, which indicates that apart from these three pro-
teins, there are other unreported L-Asp transport mechanisms on the cell membrane of
B. licheniformis, and L-Asp is absorbed for cell growth.

B. licheniformis has significant advantages in biological production and is a very suit-
able object for whole-cell catalysis research. At present, there is little research on licheni-
formis as a whole-cell catalyst. As an efficient production method, whole-cell catalysis is
essentially catalyzed by enzymes in cells [40]. It is a biocatalytic process that falls between
fermentation and extracted enzyme catalysis. Compared with free enzymes, whole-cell
catalysis has many advantages; for instance, the cell has a complete multi-enzyme system
that can realize enzyme cascade reaction. The reaction solution after cell removal is simple
in composition and is easy to purify and examine. Moreover, the cell membrane functions
as a barrier, which propones the contact between substrate and enzyme. However, there
are still many problems in whole-cell catalysis, such as the permeability of cell membrane
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to substrates or enzymes, the accumulation of by-products and degradation caused by by-
products, the uncertainties in the catalytic reaction process, etc., which hinder its further
adoption in the industry. Transforming the ability of cell membrane to transport amino
acids, improving the efficiency of whole-cell catalysts, and using genetic engineering to
screen and transform various cell catalysts will be the most effective way to resolve the
issues [41-45]. In this study, the function of transporters was studied through whole-cell
catalysis. The cells that changed the expression of the transporters were collected, and the
whole-cell catalyst with changed amino acid transport capacity was obtained, which can
be used as a catalyst in generating other products in the future. This paper also puts for-
ward some ideas on obtaining the whole-cell catalyst with a modified cell membrane for
amino acid production and provides insights into how B. licheniformis is used as a whole-
cell catalyst.

4. Materials and Methods
4.1. Bacterial Strains, Plasmids, and Growth Conditions

The bacterial strains and plasmids used in this study are listed in Table 1, and the
primers used are listed in Table2. The B. licheniformis CICIM B1391 was used as a cloning
host. Cells were grown at 37 ‘C in lysogeny broth medium (10 g/L tryptone, 5 g/L yeast
extract, 10 g/L NaCl, 15 g/L agar when it is solid medium), enrichment medium (FP321
(yeast peptone) 20 g/L, FM408 (yeast extract) 10 g/L, (NH4):2HPOs 75 mmol/L,
K2HPO4¢3H20 40 mmol/L, KH2PO4 10 mmol/L, CaCl2 4.5 mmol/L, MgSOs+7H:0 2 mmol/L
) [46] or minimal medium (NaCl 0.643 g/L, (NH4)2504 0.496 g/L, MgSO+7H20 0.102 g/L,
K2504 0.610 g/L, NaH2PO4 2.280 g/L, Na2HPO4 4.401 g/L) with restricted carbon and nitro-
gen sources. When required, ampicillin (100 pg/mL), kanamycin (30 pg/mL), tetracycline
(20 pg/mL) were added. When needed, L-Asp at a final concentration of 2 g/L. was added
to the minimal medium for growth tests.

Table 2. Oligonucleotides used in this study

Primers Sequence

yobW-F CGGGGTACCCCGATGGAGAAAGACATGCAGAAGCTCG
yveA-F CGGGGTACCCCGTTGTCAAATCAGGGCAATTTCAAAA
yveA-R GCGTCGACGTCTTTAAACGGTTTCTTCTTTTTTCTCA

ydgF-F CGGGGTACCCCGGTGACAGAAGATGTAACTGACAACG
ydgF-R GGAAGATCTTCCCTACACTTGCTGTGACTTAGGTTT
Kan-M-F GAGCTGTTTGAATATGCAGGCAAATGGCGTAATATTCGTG
Kan-M-R TTCTACGATAAGGGCACAAATCGCATCGTGGAACGTTT
ydgFL-Xhol-F CCCAAGCTTGGGTCATCATCCGCTTGCCGT
ydgFR-HindIII-R CCGCTCGAGCCTCGGGCCTCCCGTTTTT

CGGGGTACCCCGGAAGTTCCTATTCCGAAGTTCCTATTCTCT
FFRT-Kpnl-Kan-F
AGAAAGTATAGGAACTTCGGC

GCGTCGACGTCTTGGCCATAGCGGCCGCGGAAGTTCCTATA
FFRT-Sall-Kan-R
CTTTCTAGAGAATAGGAACTTCGGAATAGGAACTTCCAC

GCGTCGACGTCTTGGCCATAGCGGCCGCGAAACCTAAGTCA
ydgF-Kpnl-R
CAGCAAGTG
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ydgF-Sall-F
ydgF-L-F
ydgF-L-R
yvbWL-Xhol-F
yobWR-5all-R

CGGGGTACCCCGCAGTTACATCTTCTGTCAC
GCCAGCCGACGTATTCACAAGAACA
TTTTGTTCAGCTTTCGTTCCTCCTA
CCGCTCGAGCGGAGCATAATCCCTCCCGAACCGATGC
GCGTCGACGTCTTCCCTTGTATTTTCCAATGGGAAAGG
CTAGCTAGCTAGATCGAAGTTCCTATTCCGAAGTTCCTATTC

WEFRT-Nhel-Kan-F

TCTAGAAAGTATAGGAACTTCGGC
CCGGAATTCCGGATCGAAGTTCCTATACTTTCTAGAGAATA

WERT-EcoRI-Kan-R

yvbW-Nhel-R
yvbW-EcoRI-F
yobW-L-F
yobW-L-R
yveAL-Xhol-F
yveAR-PstI-R

GGAACTTCGGAATAGGAACTTCCAC
CTAGCTAGCTAGCGTCCGCTTCTTAAAAAAAGGCTITG
CCGGAATTCCGGCTCCATCTATGTTCACTTCCTCTAG
ACATTGCCGGACGGCTTAAAATACTGGCGGAGTTC
CGGTTCACACTCTATCATCGTTAAAATATTTITGTAAAGT
CCGCTCGAGCGGATTGAATGCCGGTGTACCGCTTGTT
TGCACTGCAGTGCACTTGGAACGGGATGCTTCCCAAACA
CGGGGTACCCCGATCGAAGTTCCTATTCCGAAGTTCCTATTC

AFRT-Kpnl-Kan-F

TCTAGAAAGTATAGGAACTTCGGC
GCGTCGACGTCITATCGAAGTTCCTATACTTTCTAGAGAATA

AFRT-Sall-Kan-R

yveA-Kpnl-R
yveA-Sall-F
yveA-L-F
yveA-L-R

GGAACTTCGGAATAGGAACTTCC
CGGGGTACCCCGGACAAATCACTTCCTCCTTTTTAAT
GCGTCGACGTCITTAAATAAGAATCCCCCGCGTATGGA
CCGGAATTTTATCATATGTGCATCGAAGCATTCAG
ACCTTGATACTAATGATGTGTCCTTCACACAATAA

The shuttle plasmid pHY300-PLK was used as the vector to construct the recombi-
nant plasmid. The ydgF, yobW, and yveA genes on the genome of B. licheniformis CICIM
B1391 were amplified through PCR using the Phanta enzyme (Vazyme Biotech Co., Ltd.
2 x Phanta Master Mix). Primers produced in this study are listed in Table 2. The PCR
system (50 pL) contained 25 pL of Taq, 22 pL of redistilled water, 1 uL of upstream primer,
1 pL of downstream primer, and 1 pL of genomic DNA extracted from B. licheniformis
CICIM B1391. The plasmids used and constructed in this study are listed in Table 1. E.coli
JM109 was used for plasmid preparation by selecting transformants on Luria-Bertani (LB)
agar plates supplemented with ampicillin (100 pg/mL). The plasmids were extracted and
transformed into a competent cell of B. licheniformis with an electric shock at a voltage of
about 2000 V. The transformants were cultured in a recovery medium (LB + 0.5 M sorbitol
+0.38 M mannitol) at 37 ‘C for 3 h and selected with tetracycline (20 pg/mL) resistance
plate [47]. This study used three promoters, i.e., mannitol inducible promoter PmtlA, con-
stitutive promoter Pshuttle09, and Pshuttle09 with xylose inducible site Pshuttle09-XBS,
which can mediate protein overexpression in B. licheniformis [38, 39].

4.2. Method of Gene Knockout in Bacillus licheniformis
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In this study, FLP/FRT recombination system is used to knock out related genes. The
constructed knockout plasmids pNZTT-FFKF, pNZTT-WFKF, and pNZTT-AFKF were
transferred into B. licheniformis to obtain strains BlpNZTT-FFKF, BlpNZTT-WFKF, and
BIpNZTT-AFKEF. The strain was activated at a temperature of 30 C and a centrifugation
speed of 200 rpm. 300 pL of the sample was transferred to 15 ml LB of broth, which was
cultured for one generation (14~20 h/generation) at 42 ‘C and a centrifugation speed of
250 rpm. The bacterial solution was streaked with kanamycin, cultured at 37 ‘C until the
single colony grows, and one more generation was inoculated before each time of plate
streaking. If there is no single colony, it should be reactivated. Then it has to be verified
whether the LB plate with kanamycin can obtain the strain without the target gene. When
the PCR products of left, right, and double exchanges on the genome display clear bands
and correct sizes on nucleic acid electrophoresis, the single colony may be the strain where
the target gene has been knocked out. Then the single colony is streaked and amplified on
the LB plate containing kanamycin, with colonies not growing on the LB plate containing
tetracycline verified one by one. The genome of the strain was extracted, amplified, and
sequenced with the upstream and downstream primers of the knockout gene to confirm
whether the target gene had been removed. If the nucleic acid electrophoresis of the three
PCR and the DNA sequencing results were correct, the double exchange strains BIdF,
BIdW, BIdA were obtained. If the double exchange strains are not obtained, strains
BIpNZTT-FFKF, BlpNZTT-WFKF, and BIpNZTT-AFKF should be reactivated [48, 49].

4.3. Method of Cell Density Determination

In this study, the OD value of culture at 600 nm was used to express the cell concen-
tration. Shake up the bacterial solution and dilute it to a certain concentration. Measure
its OD value at 600 nm with an ultraviolet spectrophotometer and use a blank medium
with the same dilution ratio as the control. Subtract the absorption value of the control
and multiply it by the dilution ratio to obtain the OD600 [46].

4.4. Method of Whole-cell Catalyst

The strain was activated by streaking on the corresponding antibiotic-resistant plate
and was cultured for 20 hours. A single colony was selected and inoculated into an LB
medium for 16 hours. The activated bacterial solution was inoculated into an enrichment
medium and cultured until OD600 was about 20. The bacterial solution was poured into
a 50ml centrifuge tube, washed twice with minimal medium cooled with ice in advance,
and then suspended in the minimal medium of the same volume. If the cells have antibi-
otic resistance, certain antibiotics can be added to prevent bacterial infection. The cell so-
lution was pre-cultured at a centrifugation speed of 120 rpm and a temperature of 37 C
for 30 min, before the addition of the amino acid solution of a certain final concentration.
The orifice of the centrifuge tube was then sealed with sealing film and cultured at 120 C
for 16 hours [40-44].

4.5. HPLC

Centrifuge the bacterial solution and take the supernatant. 0.22 uM of the membrane
was used to filtrate the supernatant, before the filtered liquid was diluted to an amino acid
concentration of 1 g/L.. OPA pre-column derivatization method was used to separate dif-
ferent components in the sample by gradient elution. Most amino acids can be detected at
the 338 nm UV wavelength. This study adopts external standards. Prepare a 1g/L amino
acid standard solution, and then dilute it to 5 concentrations, measure the retention time
to determine the amino acid, and measure the peak area to get the concentration of the
amino acid in the solution.
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Supplementary Materials: The following materials are available at www.mdpi.com/xxx/s1, Figure
S1: Cell growth in minimal medium with free L-Asp as the only carbon and nitrogen source.
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