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ABSTRACT: Malate is an essential intermediate in the tricarbox-
ylic acid (TCA) cycle; it also has valuable uses in medicine and
food. The production of malate with a microbial synthesis method
is still in its early stages. One of the key problems in metabolic
engineering is that the dynamic and subtle changes in malate are
difficult to detect. It remains critical to develop techniques with
direct and precise detection of malate in microbial metabolism,
which facilitates high-throughput screening of the engineered
strains. In this study, a genetically encoded biosensor in response
to malate was constructed in B. licheniformis. Key regulator MalR
and the action site of the biosensor were first identified. Then, the
output of the reporter gene expression was amplified by introducing
a strong constitutive promoter and iteratively tuning the action sites.
The engineered biosensor can respond to malate from § to 15 g/L;
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within this range, it shows a linear correlation between eGFP fluorescence and malate concentration. This biosensor enrich our
toolbox of synthetic biology in pathway engineering for malate production in microorganisms.
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B INTRODUCTION

Malate, also known as hydroxysuccinic acid, is a C4-
dicarboxylic acid. It is widely used in food, cosmetics,
pharmaceuticals, water treatment, fabric dying, and biodegrad-
able polymers."”” At present, 1-malate is produced mainly in
two ways: chemical synthesis and biochemical pathway.”* The
biochemical pathway for malate production has advantages in
mild reaction conditions, low cost, and low contaminant
emissions, which have attracted a lot of attention. At present,
researches on the microbial production of malate have mainly
focused on E. coli and Aspergillus oryzae."”> Compared with the
above strains, B. licheniformis possesses unique industrial
characteristics, such as moderate growth rate, excellent stress
tolerance, and highly antimicrobial activities.°™® Hence, the
modification of malate metabolism in B. licheniformis has
shown huge promise in a wide range of applications. With the
development of synthetic biology and metabolic engineering,
the modification of malate metabolism had attracted significant
attention in recent years.9 However, malate is an intermediate
metabolite of the tricarboxylic acid cycle with highly dynamic
metabolic flux. The change in intracellular malate content
caused by metabolic pathway engineering is difficult to detect.
Thus, novel high-throughput screening systems for malate
metabolic should be developed to direct and detect subtle
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changes in malate to guarantee the modification of malate
metabolism efficiently.

In nature, various transcription factors have evolved to sense
the concentration of small molecules in the environment.
Biosensors, encoded by the report gene and the response gene,
have been used to detect the concentration of metabolites or
metabolic processes.'’”'®> Hence, these methods may over-
come these limitations. Therefore, many regulators have been
designed to detect metabolite production. For example, LysG
has been used to detect L-lysine in Corynebacterium
glutamicum."* TyrR has been used to detect 1-Phe in
Escherichia coli.'® FdeR from Herbaspirillum seropedicae and
QdoR from Bacillus subtilis were used in E. coli to perform in
vivo detection of metabolites on a single cell level."” In
addition, some operons have been designed to detect the
metabolite. Lacl has been mutated and constructed into a
whole-cell lactulose biosensor.'® As for malate, most biosensors
are enzyme based and mainly used to detect malate in food or
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Figure 1. Schematic view of promoter selected to construct malate biosensor. (A) Basic structure of the promoter that was selected to construct the
malate biosensor containing a —10 region, a —35 region and regulator binding site. (B) Location of promoters that we selected to construct the
malate biosensor. All promoters were located at the upstream of target genes. Sequence numbers of the target gene: cimH (citrate/malate/H+
symporter), AGN38462.1; maeA (NAD-dependent malate dehydrogenase), AGN38281.1; maeN (Na+/malate symporter), AGN37731.1; mdH
(malate dehydrogenase), AGN37485.1; yts] (NADP-dependent malic enzyme), AGN37496.1; malA (6-phospho-a-glucosidase), AGN35353.1.
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Figure 2. Schematic view of a genetically encoded malate biosensor. (A) Schematic of malate metabolic operon in B. licheniformis. MalK,
AGN37726.1; MalR, AGN37727.1; PssA, AGN37728.1; Ybfm, AGN37729.1; Psd, AGN37730.1; Maen, AGN37731.1. (B) Schematic of biosensor.
Promoters and eGFP are indicated by arrows. Arrows indicate the direction of transcription. (C) Specific fluorescence of B. licheniformis containing
different biosensors was determined after 24 h in the presence of the indicated malate (15 g/L). The experiments were repeated three times. B.
licheniformis containing different biosensors was determined after 24 h in the absence of the malate, which were regarded as a negative control. The
value of fluorescence was the value of the experimental group minus the negative control group.

wine.'” Malate-sensing E. coli used to be constructed by the
introduction of a novel chimeric two-component system.'®
But, malate-sensing Escherichia coli is sensitive to extracellular
malate, with a maximum output signal produced even at only
0.1 mM malate. Currently, a genetically encoded biosensor
response to malate has not been reported in Bacillus.

Because of the great application potential, B. licheniformis is
used not only for various applications in the field of
fermentation but also as an excellent platform for exogenous
gene expression.' ">’ However, there are few high-throughput
screening tools for malate detection in B. licheniformis. These
limited the development of the modification of malate
metabolism. Therefore, the development of high-throughput
screening tools for malate may help overcome the above
limitations in B. licheniformis.
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This study presents a biosensor encoded by genetics for
malate, an intermediate metabolite of the tricarboxylic acid
(TCA) cycle. It develops a whole-cell biosensor that enables
the monitoring of malate. The results demonstrate that the
specific fluorescence of B. licheniformis correlates with the
concentration of malate. In addition, it reveals the working
principle of the biosensor designed in this study. MalR is a
regulator response for the malate usage in B. licheniformis. A
special sequence TTAATTTAAACAAAAA has been recog-
nized by MalR. The middle of the special sequence is flexible
and does not influence the recognition of MalR with the
sequence. According to the above results, the sensitivity for
malate biosensor increased 2—3-fold. This study provides a
high-throughput screening tool for screening malate produc-
tion strains in B. licheniformis. It provides a basis for the further
design of biosensors for malate production.
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Figure 3. Schematic view and characterization of the malate biosensor. (A) Regulation of Pcimh by MalR in the absence of malate in B.
licheniformis. MalR binds with the binding site, and the expression of eGFP was repressed. (B) Regulation of Pcimh by MalR at the presence of
malate in B. licheniformis. MalR was released from the binding site, and the expression of eGFP was activated. (C) Fluorescence intensity was
measured as a function of the malate concentration. The specific fluorescence of BlcimhFP was measured after 24 h of cultivation in the presence of
various concentrations of malate. (D) Effector specificity of BlcimhFP. The specific fluorescence of BlcimhFP was determined after 24 h of
cultivation in the presence of the indicated effectors (15 g/L). The error bars are shown as + standard deviation (n = 3) (* P < 0.0S, ** P < 0.01,

k% P < 0.001).

B RESULTS AND DISCUSSION

Screening for Malate Responsive Elements.
previous studies, active transport systems were mainly seen
as a way to utilize carboxylic acids and were induced via two-
component systems in B. subtilis.”' The utilization of malate
may also be induced via two-component systems in B.
licheniformis. The genes involved in malate metabolism may
be induced by malate. Promoters located in the upstream of
genes involved in malate metabolism have the potential to be
used to design the biosensor response to malate. On the basis
of a previous study, the promoter used as a part of the
biosensor contained a —10 region, a —35 region, and the
binding site of the regulator.”” Additionally, previous studies
demonstrate that the length between the —10 and —3S5 region
is flexible.”® The length was about 1—45 bp (Figure 1A). As for
the binding site of the regulator, many studies have
demonstrated that the length of regulatory sites is also
flexible.***® On the basis of the above analysis, the length of
the promoter should be more than 100 bp. Six potential
promoters (Pcimh, Pmaea, Pmaen, Pmdh, Pmala, and Pytsj)
were mined in the genome of B. licheniformis (Figure 1B). All
the promoters we selected in this study were directly or
indirectly correlated with malate metabolism (Table S3). In
this study, the promoters located in the upstream of genes
involved in malate metabolism were mined to construct a
biosensor to respond to malate. Doan et al. proved that the
ywkA expression of B. subtilis is induced in the presence of
malate in the medium.”® Since B. subtilis and B. licheniformis

In
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are similar, the feasibility of using promoters to construct the
biosensor response to malate was high.

Design and Construction of Malate Biosensor. To
construct a genetically encoded biosensor that responds to
malate, promoters related to the metabolism of malate can be
part of the biosensor. In a previous study, a transcriptional
regulator belonging to the MarR family binding to malE
promoter DNA was designated as MalR (malate response
regulator) and regulated malate metabolism.””*® Moreover, it
was also demonstrated that the malate metabolism was
regulated by malK (malate sensor histidine kinase)/MalR in
B. subtilis.”° Fortunately, the same regulator (MalK,
AGN37726.1; MalR, AGN37727.1) was present in B. lichen-
iformis, as is shown in Figure 2A. The amino acid sequence
homology showed that the similarity of malate regulators
between B. subtilis and B. licheniformis was 79.15%. In addition
to its amino acid sequence homology, a regulator of B.
licheniformis shares a strong tertiary structure similarity with
the regulator of B. subtilis (Figure S1). It was suggested in this
system that the regulator MalR binds to specific DNA sites in
the absence of malate, causing the expression level downstream
binding sites repressed.”> When MalK encoding the malate
sensor histidine kinase receives the extracellular malate signal, a
communication between MalK and MalR would occur via a
phosphoryl group transfer.”*”” Then, the repression was
relieved and a measurable output in response to malate
could be observed.

This native regulatory system in B. licheniformis was used to
create a malate biosensor capable of converting the malate

https://doi.org/10.1021/acssynbio.1c00170
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Figure 4. Heterologous expression of MalR and validation of the binding region of MalR for Pblcimh. (A) Plasmid that was used for the
heterologous expression of MalR. (B) Purification of MalR, verified by SDS-PAGE. The size of MalR was 27.4 kDa. (C) EMSA of MalR binding to
Pblcimhl (1318 bp). (D) EMSA of MalR binding to Pblcimh2 (319—607 bp). The sequences highlighted with red were regarded as the conserved
region. The sequences highlighted with blue were regarded as the flexible region.

concentration into an optical fluorescence output. Therefore,
the promoters in B. licheniformis were related to the
metabolism of malate, which could be used to design a
biosensor responding to malate. A single plasmid was
constructed containing both the promoter and eGFP. The
direction of the promoter transcription was the same as that
shown in the genome (Figure 2B).

The expression of eGFP was expected to be regulated by
malate alone in B. licheniformis. The plasmid used in this study
was a high-copy plasmid. If MalR is the functional, the
expression of eGFP will be repressed in the absence of malate,
and the presence of malate will lend to the expression of eGFP.
Therefore, the fluorescence intensity of B. licheniformis, which
contains different biosensors, was measured using a microplate
reader at the location of the malate. As is shown in Figure 2C,
fluorescence values were determined as 600 =+ 152
(BlmaeaFP), 582 + 1 (BlmalaFP), 878 + 41 (BlmdhFP),
252 + 106 (BlpytsiFP), 1000 + S3 (BlcimhFP), 571 + 139
(BlmaenFP), and 63 + 23 (BIpHY). All promoters located at
the upstream of the target gene, which were involved in malate
metabolism. In the presence of malate, the expression of the
target gene was activated by MalR. Similarly, MalR is
disengaged from the binding site in the presence of malate,
and the change of fluorescence was detected in the malate
biosensor. B. licheniformis containing different biosensors had
different fluorescence values for identical malate content,
where BLcimhFP had a larger response value. Fluorescence
output, which was converted by the concentration of malate,
was more readily detectable by microplate readers. Therefore,
BLcimhFP was chosen to construct a high-performance
biosensor for malate in this study. The value of the biosensor
constructed was 1000 + 53 in the presence of malate.
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Characterization of the Malate Biosensor. The
resulting model is shown in Figure 3A. In the absence of
malate, MalR binding with Pcimh and no change in
fluorescence were detected. In contrast, the fluorescence
measured in the presence of malate exhibited high fluctuations.
Next, the performance of the transcriptional regulator MalR in
the constructed malate biosensor in the host was examined. B.
licheniformis cells transformed with the pPblcimhGFP construct
were grown in TB medium supplemented with different
concentrations of malate. The responses of BlcimhFP cells to
various concentrations of malate were measured (Figure 30).
The transformant cells clearly responded to induction by
malate. As shown in Figure 3C, the fluorescence intensity of
BlcimhFP increases with the increase in malate concentration
(0—15 g/L), and the value of fluorescence intensity changes of
eGFP was about 0—1400. In addition, the presence of various
carbon sources in the growth procedure might lend itself to the
changes of fluorescence intensity. To avoid carbon source
influence, the responses of BlcimhFP cells to five effectors
(xylose, mannose, glycero, sucrose, and glucose) were
measured. As expected, BlcimhFP showed a significant
response to induction by malate (P < 0.05) (Figure 3D).
Moreover, there is a significant positive correlation between
the value of fluorescence and malate content.

Action Site of Malate Biosensor. To get better insight
into the biosensor response, further research is required. Many
studies have determined that the binding sites of many
regulators were inverted repeats.””’’ However, clear repeat
sequences in the Pblcimh promoter sequence were not
identified. The heterologous expression of MalR used
pET28a plasmid in E. coli BL21 to identify the binding site
of MalR (Figure 4A,B). The result is shown as sodium

https://doi.org/10.1021/acssynbio.1c00170
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with blue were regarded as the flexible region. (K) Specific fluorescence of B. licheniformis cells containing pPblcimhAC2GFP. The error bars are
shown as + standard deviation (n = 3) (* P < 0.05, ** P < 0.01, *** P < 0.001).

dodecylsulfate polyacrylamide gel electrophoresis (SDS-
PAGE) in Figure 4B. The size of the purified MalR was 27.4
kDa, consistent with the size of the expected value. Then, the
in vitro binding of fragments of the 0—318 bp upstream and the
319—607 bp downstream of MalR was tested by electro-
phoretic mobility shift assay (EMSA) (Figure 4C,D). As the
concentration of MalR increased, a shifted binding was not
detected in the upstream (0—318 bp) of Pblcimh. In contrast, a
shifted binding was detected when the probe was incubated
downstream (329—607 bp) with increasing amounts of MalR
(Figure 4D). Therefore, it can be inferred that the binding site
of MalR is located downstream (329—607 bp) of Pblcimh. To
confirm the specificity binding site of MalR, the downstream
fragment was divided into four portions (Pblcimh21 (319—368
bp), Pblcimh22 (319—428 bp), Pblcimh23 (319—478 bp), and
Pblcimh2 (319—607 bp)) (Figure 4D). These four portions
were labeled with biotin and incubated with increasing
amounts of MalR. The results indicate the prominent binding
of MalR to Pblcimh2, whereas Pblcimh21, Pblcimh22, and
Pblcimh23 exhibited no binding (Figure SA—D). According to
these results, it can be inferred that the binding site of MalR is
located at the fragment of 479—607 bp. To validate the above
results, the sequence of 479—607 bp was labeled with biotin
and incubated with increasing amounts of MalR. As expected, a
significant band shift was detected (Figure SE).

The sequence of 479—607 bp of Pblcimh was analyzed
according to the above results. It was found that a nested
structure was present in the fragment, as is shown in Figure SE.
The nested structure is made up of repeating segments of (A/
T) (A/T)CAAA. It was annotated in red. Meanwhile, the same
structure was shown in the middle. It was annotated in blue
(Figure SE). The sites of the nested structure are referred to as
CmalR. To validate the above results, the fragments in front of
CmalR were labeled with biotin and incubated with MalR. As is
shown in Figure SF,G, shifted binds were not detected in both
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experimental sets. The weak trailing shifted band was detected
when the probe contained portions of CmalR (Figure SH).
According to the above results, a complete sequence of CmalR
appears to be essential for the recognition of MalR. Some
studies have demonstrated that regulator binding sites are
flexible, and the key domain was the conversed domain located
at the two ends of the sequence.”****' To verify whether
CmalR was flexible, the middle area and the whole CmalR were
removed. Then, the sequences were labeled with biotin and
incubated with MalR. As shown in Figure SI, the shifted band
was detected when sequences of the middle area were deleted.
As expected, the results showed that the deletion of c¢malR
eliminated the binding of MalR to the probe (Figure 5J). Prior
studies have noted that recognition sites are pivotal for binding
the regulator to a DNA sequence. Insertions or deletions of
recognition sites will affect the binding of the regulator to a
DNA sequence and further affect metabolism.”*>*>

In vitro experiments demonstrate that the action site of the
malate biosensor is a nested structure called CmalR. Next, in
vivo experiments were performed to prove that the nested
structure regulates metabolic processes. The transformant cells
containing pPblcimhAC2GFP, whose CmalR was knocked out,
were cultured with different malate contents (0, 10, 15, and 20
g/L), and fluorescence was detected. As expected, compared
with that of BLcimhFP, the fluorescence of BLcimhAC2GFP
increased significantly, and the fluorescence of
BLcimhAC2GFP was about 1.5 times that of BLcimhFP
(Figure SK). Moreover, a positive relationship between the
fluorescence and malate content was not detected.

Improvement of the Malate Biosensor Using Artificial
Promoter. An increase was observed in the fluorescence
intensity per cell in BLcimhFP cultures exposed to malate. A
major incentive for developing biosensors is to create a device
with the best possible sensitivity.*>** However, on the basis of
the above results, the utilization of the nature promoter was a

https://doi.org/10.1021/acssynbio.1c00170
ACS Synth. Biol. 2021, 10, 1775—1784


https://pubs.acs.org/doi/10.1021/acssynbio.1c00170?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.1c00170?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.1c00170?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.1c00170?fig=fig5&ref=pdf
pubs.acs.org/synthbio?ref=pdf
https://doi.org/10.1021/acssynbio.1c00170?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Synthetic Biology

pubs.acs.org/synthbio

Research Article

Ps09

‘.l 0-2.0ng

A

\ /
\ /
\ /

\ /
\ ’

<

GGAGCCGGATGAACCACCATTACCATTCC

GCGTTAATTTA-AACAAA:‘CGCTTG

TTGACiACAAGAACGTCCTGATCTTATTAT

B

<=

7Free probe —._, \u ™)
,

Ps09+CmalR-1
0-2.0ng

[—--—]

/

» TCCCCGTCAGATGGCCGGGAGCCGGATGAACC

ACCATTCCGCGCGCTTGTTGACGACAAGAACGT

CCTGATCT TATTAT.......

+—MalR bound Insert

oo probe | EPSOIE) ) -~ m=ion)  mmpsoom)
Il “

Ps09+CmalR-2 PN
J 02.0n [ psos  EEEE fCmER) 10 | Psos
C NSRS | K 7
Insert I ' !

MalR bound—

—ﬂﬂ-— b

7 D
\ ,

\ /
\ ’
\ ’

\ /

\ /

TGTTGACGACAAGAACGTCCTGATCTTATTATAAT

'
\ Free probe —

4 '
. '

ATAA......TTAATTTA-AACAAAAACACTGC E

5000
4000-
GGCGTCCATAAAGT..............

3000

2000

1000

Fluorescence intensity(AU/OD)
o

\
\ /

! \ .

\ /

\ /

- u l ~——Free probe

AGATGGCCGGGAGCCGGATGAACCACCATTCCGC

GCGGCTTG TTGACG ACTTAATTTA- AACAA:::

CGTCTATTATCTGATCT

Ps09+CmalR-3
0-2.0ng

~——MalR bound

g a
F 80| = Bribocmancarr G S7000] - BLs09CMaRIGFP
2 —— BLs09CMalR3GFE Jeo00| " BLeimhFP
T <6000 i <
> 25000
[ . 2]
25000 P
g c
< 4000 g £ 3000
2 o
g 3000{ * " § 2000 /——*
8 B %1000
R AR B ae ac X Log
& e W@ S 27634 66012146
'S

Concentration of malate (g/L) Concentration of malate (g/L)

Figure 6. Transformation of Pshuttle 09. (A) EMSA verification of MalR binding to Pshuttle 09. (B—D) EMSA verification of MalR binding to
Pshuttle 09 with CmalR was inserted into different locations. (E) Specific fluorescence of B. licheniformis cells containing psO9GFP. (F) Specific
fluorescence of B. licheniformis cells containing ps09CmalR1GFP, ps09CmalR2GFP, and ps09CmalR3GFP as a function of the malate concentration.
(G) Comparison of the specific fluorescence of BlcimhFP and BLs09CmalR1GFP.

limitation in the construction of a highly sensitive biosensor.
The malate biosensor constructed in this study involved the
interaction of the regulator with the promoter as well as the
regulation of the expression of eGFP in the presence of malate.
The promoter remodeling strategy is effective in constructing
sensitive sensors. In previous studies, promoter remodeling
and engineering an allosteric transcription factor have been
used to respond to new effectors.””*>*° Some studies have
noted that efficient promoters were necessary to construct a
sensitive biosensor.””*” Promoter Pshuttle 09 has been shown
to be an efficient promoter and has an 8-fold intensity of P43
in Bacillus.”

To create a malate biosensor with efficient detection ability,
the sensitivity of the plasmid-based pPblcimhGFP construct
was further improved. The promoter response to malate was
amplified by coupling the CmalR with Pshuttle 09. The
recombinant biosensors were named ps09CmalR1GEFP,
ps09CmalR2GFP, and ps09CmalR3GFP (Figure 6). To
demonstrate that the recombinant biosensors were effective,
in vitro and in vivo experiments were performed. First, EMSA
was performed and analyzed as described (Figure 6A—D). As
expected, the results did change significantly. Shifted bands
were not detected when Pshuttle 09 was incubated with MalR
(Figure 6A). In contrast, shifted bands were detected when
CmalR was inserted into different sites of Pshuttle 09 (Figure
6B—D).

In the view of the above in vitro results, reconstructed-
promoters were recognized by MalR. But, the effectiveness of
the reconstructed malate biosensor needed to be validated in
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vivo. Before performing in vivo validated studies, Pshuttle 09
needed to demonstrate that it was not a response to malate.
Transformants containing psO9GFP were cultured in TB
medium with malate. As shown in Figure 6E, Pshuttle 09 did
not respond to malate. Then, the recombinant biosensors were
cultured in TB medium supplemented with different
concentrations of malate. Results are shown in Figure 6F.
Compared with BLs09CmalR1GFP and BLs09CmalR3GFP, a
strong correlation was observed between the fluorescence and
concentration of malate in BLs09CmalR2GFP. Additionally,
the change in fluorescence caused by malate was easier to
detect than pPblcimhGFP.

Transcriptional amplifiers of genetically encoded biosensors
can enhance transcriptional signals with a large output dynamic
range.”” In this study, a new malate biosensor platform was
used to improve the malate biosensor response to malate. The
CmalR-based signal amplifier increased the dynamic range of
malate detection (1000—2000 to 2500—6500). Due to the
recognition of CmalR, this special site can be applied to
construct a variety of biosensors. Above this range, CmalR was
recognized and regulated by MalR. Therefore, the insertion or
deletion of CmalR will change the metabolic process regulated
by malate.

B MATERIALS AND METHODS

Bacterial Strains and Reagents. The plasmids and
strains used in this study are presented in Table S1. The E.
coli strain JM109 was used for the cloning of shuttle plasmids,
and the strain B. licheniformis CICIM B1391 was used for the
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construction of biosensors. Luria—Bertani (LB) medium (10
g/L tryptone, S g/L yeast extract, and S g/L NaCl) was used
for cultivation. BR medium (10 g/L tryptone, S g/L yeast
extract, 5 g/L NaCl, 0.5 M p-sorbitol, 0.5 M mannitol, and
10% glycose) was used for growth recovery after trans-
formation. The medium (12 g/L tryptone, 24 g/L vyeast
extract, 12.54 g/L K,HPO,, and 2.31 g/L KH,PO,) was used
for bacterial cultivation. Ampicillin (100 pg/mL) and
tetracycline (20 ug/mL) may be added when necessary.
High-fidelity polymerase used for polymerase chain reaction
(PCR) experiments, and a one-step cloning kit was bought
from Vazyme (Vazyme biotech, Nanjing, China). All
restriction enzymes and T4 DNA ligase were purchased from
Takara (Takara Bio, Dalian, China).

Plasmid and Strain Construction. All recombinant
plasmids constructed were confirmed by Sanger sequencing
and restriction analysis.

The constructions of pGFP, pPblmdhGFP, pPblcimhGEFP,
pPblmaenGFP, pPblmalaGFP, pPblmaeaGFP, pPblpytsjGFP,
GFP-F, and GFP-R were used as primers to acquire fragments
of eGFP. Then, the fragment of eGFP was double digested by
Xhol and EcoRlI, followed by ligation with a previously double-
digested vector. Other primers used in the study are presented
in Table S2. Pblmdh, Pblcimh, Pblmala, Pblmaea, Pblmaen, and
Pblpytsj were amplified from the genomic acid of B.
licheniformis (CICIM B1391) using target-specific primers
(Pmdh-F and Pmdh-R for Pblmdh; Pcimh-F and Pcimh-R for
Pblcimh; Pmaen-F and Pmaen-R for Pblmaen; Pmala-F and
Pmala-R for Pblmala; PmaeA-F and PmaeA-R for Pblmaea).
The fragments of Pblmdh, Pblcimh, Pblmala, Pblmaea, and
Pblpytsj were double digested by HindIII and Xhol, followed
by ligation with the previously double-digested pGFP. Pblmaen
was inserted into pGFP using a one-step cloning kit (Vazyme
biotech, Nanjing, China). All the plasmids constructed were
transgc(;rmed into B. licheniformis according to a method by Li
et al.

pETmalR, malR-F, and malR-R were used as a primers to
amplify malR from the genomic acid of B. licheniformis. Then,
the fragment was double digested by BamHI and Xhol
followed by ligation with pET28a. The plasmid was trans-
formed into a BL21 E. coli strain.

TPblcimh, TPblcimhl, TPblcimh2, TPblcimh21, TPblcimh22,
TPblcimh23, TPblcimhAC1, TPblcimhAC2, and
pPblcimhAC2GFP were constructed. To identify the MalR
recognition sites, Pcimh was divided into five parts (Pcimhl,
Pcimh2, Pcimh21, Pcimh22, and Pcimh23) before undergoing
ligation with pMDI19T. TPblcimhAC1 and TPbleimhAC2
were constructed on the basis of TPblcimh. Four fragments
were amplified using target-specific primers (Pcimh-F and
PcimhACI1-R1 for PcimhA1l-1; PcimhAC1-F2 and PcimhAC1-
R2 for PcimhA1-2; Pcimh-F and PcimhAC2-R1 for PcimhA2-1;
PcimhAC1-F2 and PcimhAC1-R2 for PcimhA2-2); overlap-
extension PCR was performed to delete sequencel (ttaaataac-
tcagagcaaa) and sequence2 (ttaatttagttaaataactcagagcaaagggat-
aacaaaaa). Then, cimhAl and cimhA2 were followed by
ligation with pMD19-T-simple. The fragment PcimhA2 was
amplified using the primers Pcimh-F and Pcimh-R with
TPblcimhAC2 as a template. Then, the fragment was double
digested by HindIII and Xhol, followed by ligation with pGFP.
TPblcimh, TPblcimhl, TPblcimh2, TPblcimh21, TPblcimh22,
TPblcimh23, TPblcimhAC1, and TPblcimhAC2 were trans-
formed into E. coli JM109. pPblcimhAC2GFP was transformed
into B. licheniformis.
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Ps09GFP, Ps09CmalR1GFP, Ps09CmalR2GFP, and
Ps09CmalR3GFP were designed to replace the native cimh
promoter. PsO9GFP was constructed according to pGFP. The
fragment of Pshuttle09 was amplified using primers Ps09-F and
Ps09-R and then was digested by HindIII and Xhol, followed
by ligation with pGFP. Ps09CmalR1GFP, Ps09CmalR2GFP,
and Ps09CmalR3GFP were constructed according to PsO9GFP.
The Ps09CmalR1GFP plasmid was constructed with the
recognition site of MalR (CmalR) inserted upstream of the
—35 region. The Ps09CmalR2GFP plasmid was constructed
with the recognition site of MalR (CmalR) inserted down-
stream of the —35 region and upstream of the —10 region. The
Ps09CmalR1GFP plasmid was constructed with the recognition
site of MalR (CmalR) inserted upstream of the —10 region.
The plasmids described above were transformed into B.
licheniformis.

Culture Conditions and Malate Supplementation.
Single B. licheniformis colonies harboring a biosensor plasmid
were individually inoculated into LB medium containing
tetracycline and cultured at 37 °C, 250 rpm overnight. Then,
the cultures were inoculated at ODg, = 0.15 into fresh 30 mL
of TB medium supplemented with tetracycline at a final
concentration of 20 yg/mL in a 250 mL conical flask at 37 °C,
250 rpm. When the bacteria were cultured in ODgy = 3 (2, 6,
10, 15, and 20 g/L), it was added to the 250 mL conical flask.
Fluorescence intensity was monitored after 24 h.

Fluorescence Determination. B. licheniformis cells
harboring a biosensor plasmid were harvested by centrifuga-
tion, and the supernatant was removed. Then, the cells were
washed twice with buffer (PB) and diluted to ODy, = 0.5—1.0.
Two hundred microliters of each sample was then transferred
to a 96-well plate. Fluorescence was measured using a
microplate reader (Tecan, Mannedorf, Switzerland) at 485/
535 nm using black-walled 96-well polystyrene plates. ODgy,
was also measured using a microplate reader.

Protein Overexpression and Purification. The heterol-
ogous expression of MalR in E. coli BL21 was undertaken using
the pET28a vector, which contains six his tags. Recombinant
plasmids containing pETmalR were transformed into E. coli
BL21 (DE3) competent cells according to Furst et al’s
method.”" First, BL2IpETMalR was activated on plants. A
single colony was inoculated into 15 mL of LB medium and
cultured overnight. The next day, 30 mL cultures were seeded
with the 900 uL culture and incubated for 2 h at 37 °C. When
the ODgy of the cultures reached 0.6—0.8, corresponding
inducers (IPTG) were added.*” After 12 h of incubation, cells
were harvested by centrifugation and the supernatant removed.
To remove any impurities on the surface of the cells, the cells
were washed twice with buffer. The cells were then
resuspended in buffer (PBS) and broken by sonication on
ice and centrifuged at 8000 rpm for 10 min. His-tagged
proteins were purified using Mag-Beads His-Tag Protein
Purification (Sangon Biotech, Shanghai, China) and checked
using SDS-PAGE.*

Electrophoretic Mobility Shift Assay. EMSA was
performed using a Chemiluminescent biotin-labeled nucleic
acid detection kit (Beyotime Biotechnology, Shanghai, China).
The EMSA experiment used competing DNA. DNA probes
were amplified using high-fidelity DNA polymerase (2 X
Phanta Mix), and primers were labeled with biotin. Biotin-
labeled probes were purified by agarose gel electrophoresis.
First, MalR was mixed with a binding bufter and let to stand for
10 min at room temperature. Then, probes were added to the
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above mixture. All biotin probes used in the study were
incubated with various concentrations of MalR (0—2.0 ng) for
20 min at room temperature in a binding buffer. After the
reaction was completed, the samples were separated by
electrophoresis using 4% acrylamide gels in 0.5 X tris-borate
EDTA (TBE) buffer. The samples were electroblotted from
the acrylamide gels onto a nylon membrane (Beyotime,
FFN1S) and immobilized by UV cross-linking. The sub-
sequent procedures were performed according to the
manufacturer’s instructions with cautionary notes.***

B CONCLUSION

In this study, BlcimhFP biosensors for metabolites of the
tricarboxylic acid cycle malate were created and improved.
Malate has shown potential in areas such as food processing,
manufacturing, and water treatment.* The regulator MalR was
mined from the genome of B. licheniformis. The Iinitial
BlcimhFP biosensor showed a weak response to malate. The
dynamic range of fluorescence was small. The weak
fluorescence changes made it difficult to determine whether
changes were caused by a change in malate content. After
demonstrating the binding site of MalR, it was combined with
an effective promoter (Pshuttle 09) to amplify fluorescence
signals. Malate could be detected using a fluorescence signal
that depends on malate concentration. This malate biosensor
can be applied to identify novel enzymes and pathways
involved in malate production, improve known malate
synthases, or optimize malate production, thereby helping to
develop microbial cell factories for malate production in B.
licheniformis.
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