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ABSTRACT A key feature of Bacillus coagulans is its ability to produce L-lactate via
homofermentative metabolism. A putative lactate permease-encoding gene (lutP)
and the gene encoding its regulator (lutR) were identified in one operon in B. co-
agulans strains. LutP orthologs are highly conserved and located adjacent to the
gene cluster related to lactate utilization in most lactate-utilizing microorganisms.
However, no lactate utilization genes were found adjacent to lutP in all sequenced B.
coagulans strains. The stand-alone presence of lutP in L-lactate producers indicates
that it may have functions in lactate production. In this study, B. coagulans DSM1
was used as a representative strain, and the critical roles of LutP and its regulation
were described. Transport property assays showed that LutP was essential for lactate
uptake. Its regulator LutR directly interacted with the lutP-lutR intergenic region, and
lutP transcription was activated by L-lactate via regulation by LutR. A biolayer inter-
ferometry assay further confirmed that LutR bound to an 11-bp inverted repeat in
the intergenic region, and lutP transcription began when the binding of LutR to the
lutP upstream sequence was inhibited. We conclusively showed that lutP encodes a
functional lactate permease in B. coagulans.

IMPORTANCE Lactate-utilizing strains require lactate permease (LutP) to transport
lactate into cells. Bacillus coagulans LutP is a previously uncharacterized lactate per-
mease with no lactate utilization genes situated either adjacent to or remotely from
it. In this study, an active lactate permease in an L-lactate producer, B. coagulans
DSM1, was identified. Lactate supplementation regulated the expression of lactate
permease. This study presents physiological evidence of the presence of a lactate
transporter in B. coagulans. Our findings indicate a potential target for the engineer-
ing of strains in order to improve their fermentation characteristics.

KEYWORDS Bacillus coagulans, lactate permease, expression regulation, lactate
transport

Lactic acid is a hydroxyl acid used primarily in food, pharmaceutical, cosmetic, and
chemical industries. It can be produced via microbial fermentation by the reduction

of pyruvate (1, 2). As an organic acid, lactic acid may induce acidic conditions that are
toxic to most strains (3). However, both yeasts and lactate bacteria are relatively
tolerant to lactic acid (4–6). Since the cytosolic pH of most organisms is higher than the
pKa of lactic acid (pKa of 3.8), intracellular lactic acid predominantly exists in the lactate
anion form, which cannot readily diffuse out of cells without the assistance of specific
transporters (7). Regulation of lactate transport is a major factor affecting lactic toler-
ance (5, 6). Most lactate transporters are considered symporters because the lactate
anion is transported in the same direction with one or more protons. These lactate-
proton symporters are usually indifferent to the isomeric form of the substrate (L-lactate or
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D-lactate) and are often capable of also transporting other short-chain monocarboxy-
lates (7). In many organisms, these symporters have a stoichiometry of one proton per
anion. The H�/A� stoichiometry of one implies that the overall transport process is
electroneutral and does not affect intracellular pH homeostasis in lactate-producing
cultures (8).

The lactate permease gene, which forms an operon with NAD�-independent lactate
dehydrogenases (iLDH) genes and the putative lactate regulator, is widely distributed
in microorganisms that utilize lactate as a carbon and energy source (9, 10). Lactate
permease is an influx protein that imports lactate into cells (1). iLDH genes, which are
classified into D-iLDH and L-iLDH depending on their substrate specificities, are respon-
sible for the oxidation of lactate into pyruvate (11). The putative lactate regulator
senses elevated lactate concentrations and regulates the expression of the lactate
utilization operon (12, 13). Because lactate import is crucial for lactate utilization, the
lactate permease gene is conserved in most lactate utilization strains (14). Lactate
transporters have been characterized in lactate consumers, including bacteria, animal
cells, and yeast (9, 15–17). However, studies on lactate transporters in lactate-producing
strains are scant. There are some hypotheses of lactate transport in lactate-producing
strains, such as ATP-binding-cassette (ABC) transporters for lactate export in homofer-
mentative lactate-producing strains. However, ABC transporters have not yet been
experimentally proven to export lactate in lactate producers (8).

Bacillus coagulans is a homofermentative L-lactate producer, with a high optical
purity of 99.8% (18). It is able to tolerate high temperatures and metabolize a wide
range of sugars, which justifies its potential for low-cost production of lactate from an
industrial perspective (19). Thus, lactate production using this species has attracted
interest in recent years. The fermentative metabolism of B. coagulans is characterized
by the glycolytic breakdown of carbohydrates. A late step in this pathway is distin-
guished by the conversion of pyruvate into lactate, a reaction that oxidizes the NADH
formed during glycolysis, thus maintaining cellular redox balance (18). Our previous
studies revealed three enzymes responsible for lactate production, NAD�-dependent
L-lactate dehydrogenase (L-nLDH), NAD�-dependent D-lactate dehydrogenase (D-nLDH),
and glycolate oxidase (GOX), which catalyzed the conversion of pyruvate to lactate (20).
Analysis of the B. coagulans genome sequence annotated a gene encoding lactate
permease (LutP), which is conserved in lactate-utilizing-strains. Surprisingly, no ho-
mologs of previously characterized lactate-utilizing genes were identified in the ge-
nomes of any sequenced B. coagulans species. The paucity of information on lactate
permease in B. coagulans prompted us to investigate its role and regulation mecha-
nisms.

With the advantages of known genetic background and available genetic tools, B.
coagulans DSM1 was chosen as a representative strain in this study. A gene encoding
lactate permease in B. coagulans DSM1 was discovered, and its functions and regulation
mechanisms were experimentally verified.

RESULTS
LutP is a lactate transporter found in B. coagulans, which accumulates L-lactate

as the final product of fermentation. A gene annotated as lactate permease
(AJH79743.1, lutP) is present in the B. coagulans DSM1 genome. Lactate permease is an
integral membrane protein probably involved in L-lactate transport (https://www.ncbi
.nlm.nih.gov/Structure/cdd/pfam02652). To investigate the critical role of LutP in B.
coagulans DSM1, lutP was first deleted and then complemented. The resulting strains
were named DSM1 ΔlutP and DSM1 lutP�, respectively, and cell growth was assayed.
Compared to the wild-type strain and DSM1 lutP�, DSM1 ΔlutP grew poorly during the
first 4 h (Fig. 1A). Disruption of lutP also impaired glucose consumption (Fig. 1B). Our
results indicated that LutP may influence the physiological metabolism of cells, thereby
leaving the identification of its role in B. coagulans DSM1 in question.

Similarly to the case for all sequenced B. coagulans strains in the NCBI database
(21–23), no lactate utilization genes were found adjacent to lutP in the genome of B.
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coagulans DSM1 (NCBI reference sequence NZ_CP009709.1) (see Fig. S1 in the supple-
mental material). The amino acid sequence identities of LutP from B. coagulans DSM1
were compared with those from other strains. LutP from B. coagulans has approxi-
mately 35% to 67% amino acid sequence identity with those from lactate-utilizing
strains and shows 99% amino acid sequence identity with the uncharacterized ones
from other B. coagulans strains (see Table S1).

To investigate the function of the lutP gene in B. coagulans DSM1, transport
properties of LutP were characterized in DSM1 cells with or without lutP (Fig. 2A). Cells
without lutP showed a negligible detection of the radiolabeled L-lactate. Meanwhile,
cells with lutP accumulated radiolabeled L-lactate and exhibited increased lactate
uptake compared to that in DSM1 ΔlutP. These results clearly demonstrated that LutP
was involved in lactate uptake.

Next, the export ability of LutP was characterized to confirm whether B. coagulans
LutP is an antiporter for lactate export or a symporter for lactate uptake. As pyruvate
was converted to L-lactate via L-nLDH in B. coagulans DSM1 (20), the export ability was
investigated using [13C]pyruvate as the substrate, and the concentration of extracellular
[13C]lactate was detected by a gas chromatography-mass spectrometer (GC-MS). The
correlation coefficient (R2) values of calibration curves of [13C]lactate and unlabeled
lactate were 0.9987 and 0.9992, respectively, which were acceptable for the determi-
nation of extracellular [13C]lactate concentration (see Fig. S2). As shown in Fig. 2B, cells
with lutP accumulated less extracellular [13C]lactate than cells lacking the lutP gene. The
lactate uptake assay revealed that LutP can import lactate into cells (Fig. 2A). So, for the
cells with lutP, the produced extracellular [13C]lactic acid was imported into cells by
LutP, and for the cells lacking lutP, the produced [13C]lactic acid accumulated outside

FIG 1 Function analysis of LutP. (A) Effects of LutP on B. coagulans DSM1 growth. Cells were incubated
in BC medium (10% [vol/vol]) and cell growth was monitored by measuring the optical density at 600 nm.
(B) Effects of LutP on glucose consumption. The data points and error bars represent the means and
standard deviations from triplicate cultures, respectively.

FIG 2 Function analysis of LutP. (A) LutP facilitates L-[14C]lactate uptake. (B) LutP increases the extracel-
lular accumulation of L-[13C]lactate. Error bars represent standard deviations (SDs) calculated from three
independent determinations.
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the cells. These results indicated that LutP can import lactate into cells but has no effect
on lactate export. We found that [13C]lactate decreased in the lutP null strain after a 1-h
reaction, and the reason currently remains unknown.

lutP gene transcription is activated by lactate and inhibited by glucose. Se-
quence alignment with the lactate transporter of B. subtilis (LutP, CAB12100.2) showed
a 45% identity at the amino acid level (Table S1). The lutP gene from B. subtilis
undergoes lactate-triggered transcription (1, 12). B. coagulans DSM1 is an L-lactate
producer, and the concentration of L-lactate increased gradually in the fermentation
broth (19, 22). To explore whether lactate is an inducible factor for lutP transcription in
B. coagulans DSM1, a B. coagulans DSM1 mutant lacking nLDH-encoding genes (DSM1
ΔldhL1 ΔldhL2) (19) was used to avoid the influence of lactate produced in vivo.
Quantitative real-time (RT)-PCR was performed under 5 mM L-lactate treatment for 5,
10, and 30 min (24) (Fig. 3A). The mRNA levels obtained from cells without L-lactate
treatment showed that lutP transcription ratios of different times (5, 10, and 30 min) to
those at 0 min were in the range of 1.39 � 0.03 to 2.71 � 0.09. Notably, the
transcription ratio increased to 40.50 � 0.11 when cells were induced using L-lactate for
5 min, and further increased to 65.80 � 0.75 when induced by L-lactate for 10 min.
These results indicated that L-lactate was a stimulator for lutP transcription.

Lactate fermentation is a metabolic process by which glucose is converted into
pyruvate via the glycolysis pathway and L-lactate is produced gradually by L-nLDH (20).
Thus, glucose is dominant during the early stage of fermentation. As shown in Fig. 3B,
the mRNA levels obtained from cells with glucose treatment showed that lutP tran-
scription ratios of different times (5, 10, and 30 min) to those at 0 min were stable in the
range of 2.06 � 0.03 to 9.71 � 0.07. However, the transcription ratio increased to
35.02 � 0.15 in cells without glucose treatment at 10 min and further increased to
99.04 � 0.06 at 30 min. The RT-PCR analysis showed that glucose inhibited the
transcription of lutP.

LutR binds to the inverted repeat sequence of the lutP-lutR intergenic region
in B. coagulans DSM1. A helix-turn-helix (HTH)-type transcriptional regulator LutR
(AJH80199.1) is located upstream of LutP in B. coagulans DSM1 (Fig. 4A). LutR belongs
to the GntR regulator family, named after the repressor of the B. subtilis gluconate GntR
operon (13). This family has been proven to regulate lactate utilization genes via
binding with conserved inverted repeat sequences, such as TCATCnGATCA (n denotes
any nucleotide) in Bacillus strains or AATTGGnnnCCAATT in Proteobacteria (Fig. 4B) (1,
11, 13, 14). Although the effectors of various predicted transcription factors for lactate

FIG 3 Determination of the relative transcriptional levels of lutP gene in BC medium using L-lactate as the stimulator in B. coagulans DSM1 ΔldhL1 ΔldhL2 (A)
and glucose as the inhibitor in B. coagulans DSM1 (B). The threshold cycles (CT) for each PCR with different concentrations of cDNA were determined and were
compared with that for a standard DNA (the 16S rRNA gene) that was also analyzed at the same time. The y axis indicates the transcription ratio of lutP at 5 min,
10 min, and 30 min to 0 min. Error bars represent SDs calculated from three independent determinations.
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regulons have not yet been experimentally tested, a genome context analysis of lactate
utilization genes across representative members of sequenced strains suggests that
LutR may be a regulator for LutP expression in B. coagulans DSM1.

To further test this hypothesis, an electrophoretic mobility shift assay (EMSA) and
biolayer interferometry (BLI) were used to analyze LutR binding sites. The lutP-lutR
intergenic region in B. coagulans DSM1 contains 218 bases. This region comprises 3
inverted repeat sequences, TCATCTGATGA, AATTGCAATT, and TTTTTCAAAAA (Fig. 4A).
Normally, only one consensus sequence-based binding site is present in a lactate-
utilizing strain (10, 11). However, both the motif with a hyphenated dyad symmetry,
TCATCTGATGA for Bacillus strains, and AATTGCAATT for Proteobacteria are found in B.
coagulans DSM1 (Fig. 4B). To determine whether LutR regulates LutP expression by
binding to the lutP-lutR intergenic region, the LutR protein was first heterologously
expressed in Escherichia coli and purified to homogeneity using nickel affinity purifi-
cation and size exclusion chromatography (Fig. 4C). The DNA fragment F0 (the lutP-lutR
intergenic region) was incubated with increasing amounts of purified LutR and then
separated on a native polyacrylamide gel (Fig. 4D). No binding was observed in the
absence of LutR. In contrast, an increase in LutR protein in the binding assay resulted
in electrophoretic shifts of fragment F0. A 40-fold molar excess of the LutR protein
resulted in a complete gel shift. These results indicated that LutR interacted with the
lutP-lutR intergenic region.

To further determine the binding site of LutR, biolayer interferometry (BLI) was
conducted to measure the differences in interference signals with purified LutR and
subfragments in F0. Full-length F0 (218 bp) was divided into 3 parts. Fragment F1 (73
bp) did not contain an inverted repeat sequence. Fragment F2 (75 bp) contained the
TCATCTGATGA motif and fragment F3 (70 bp) contained two inverted repeat se-
quences, AATTGCAATT and TTTTTCAAAAA (Fig. 5A). For the BLI assay, biotinylated DNA
subfragments F1, F2, and F3 were immobilized on a biosensor at a fixed concentration.
Bindings of the purified LutR protein to different subfragments were measured under
serial dilutions. The resulting interferograms (Fig. 5B, C, and D) showed that LutR had

FIG 4 Binding of LutR to the lutP-lutR intergenic region. (A) The intergenic region of lutP-lutR. Three inverted repeat sequences are
labeled as 1, 2, and 3. (B) Predicted binding sites of LutR-binding motifs. The consensus logo was created using WEBLOGO (13). (C)
Purified His-tagged LutR protein. (D) EMSAs with the lutP-lutR intergenic fragment F0 (43 nM) and purified LutR (0-, 10-, 20-, 30-, and
40-fold molar excess relative to fragment F0). F0 is the lutP-lutR intergenic DNA fragment, and B is the LutR/DNA complex.
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a higher binding affinity to fragment F2, with an equilibrium dissociation constant (KD)
value of 4.44 � 10�8 M and KD error of 1.14 � 10�9 (Fig. 5C). The fractional saturation,
� � Req/Rmax, at equilibrium was calculated, and the Hill function, log(�/[1 – �]), was
plotted as a function of log(LutR) (25). The analysis of the linear part of the Hill function
provided a linear regression R2 of 0.9998 and a Hill coefficient greater than 1 (see Fig.
S3), indicating a cooperative binding of LutR to fragment F2 (26). Conversely, no
binding was detected in fragments F1 and F3 (Fig. 5B and D), indicating that AATTG
CAATT and/or TTTTTCAAAAA are poor binders of LutR in B. coagulans DSM1.

FIG 5 Identification of the binding sites. (A) Nucleotide sequences of the lutP-lutR intergenic region of B. coagulans DSM1. F0 (218 bp) is the lutP-lutR intergenic
region, F1 (73 bp) is the fragment that does not contain an inverted repeat sequence. F2 (75 bp) is the fragment with the inverted repeat sequence of
TCATCTGATGA. F3 (70 bp) is the fragment with two inverted repeat sequences of AATTGCAATT and TTTTTCAAAAA. F2� is the fragment with the inverted repeat
sequence of F2 deleted. (B) BLI binding assay of LutR to fragment F1. (C) BLI binding assay of LutR to fragment F2. (D) BLI binding assay of LutR to fragment
F3. (E) BLI binding assay of LutR to fragment F2�. Different concentrations of 0.15625, 0.3125, 0.625, 1.25, and 2.5 �M purified LutR injected over a Sensor Chip
with biotinylated intergenic DNA regions. The vertical dashed lines denote phase I, association with biotinylated intergenic DNA regions, and phase II,
dissociation in binding buffer.
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To validate whether fragment F2 plays a role in the binding of LutR, a BLI assay was
conducted with fragment F2� (the inverted repeat sequence TCATCTGATGA was
deleted) (Fig. 5A). Deletion of the consensus sequence TCATCTGATGA abolished the
binding of LutR (Fig. 5E). This finding supported that LutR bound to the motif TCATC
TGATGA in the upstream region of lutP in B. coagulans DSM1.

The binding of LutR to the lutP-lutR intergenic region is important for lutP
transcription. The RT-PCR analysis revealed that lutP gene expression was affected by
L-lactate (Fig. 3). Further BLI analysis suggested that LutR regulated LutP expression by
binding to the lutP-lutR intergenic region (Fig. 5). To explore the mechanisms under-
lying the upregulation of the lutP gene induced by L-lactate, the binding of purified
LutR protein, incubated with 5 mM L-lactate, to subfragment F2 in serial dilution was
determined by BLI analysis. The calculated KD (4.43 � 10�6 M) of lactate-treated LutR
was much higher than that of untreated LutR (4.44 � 10�8 M), indicating that L-lactate
addition decreased the binding of LutR to F2 (Fig. 6). These results suggest that the
presence of L-lactate prevents the binding of LutR to fragment F2. Thus, L-lactate may
function as an effector of the LutR protein in B. coagulans DSM1. Furthermore, as
glucose inhibited lutP transcription (Fig. 3B), the binding of purified LutR protein
incubated with 120 mM glucose was determined by BLI analysis. Glucose addition did
not affect the binding of LutR to fragment F2 (see Fig. S5). Taken together, these results
indicate that the binding of LutR to fragment F2 is important for lutP transcription.

DISCUSSION

Transport of monocarboxylates, such as lactate, pyruvate, and acetate, is essential
for the metabolism and homeostasis of most cells (15). The function and regulation of
the L-lactate utilization operon in lactate-utilizing strains have been analyzed in detail.
Conversely, studies on lactate transporters in lactate producers are limited. Because
lactate transport across the plasma membrane is the first step in lactate metabolism,
lactate permease is a conserved component among a wide variety of lactate-utilizing
strains (11, 14). The lactate utilization operon is widely present in lactate-utilizing
strains, including Pseudomonas strains, Escherichia coli, and Bacillus strains (1, 11, 13). It
is composed of a lactate permease-encoding gene, lactate utilization genes (lldD, lldE,
and lutABC), and an operon regulator-encoding gene (12). Only the lutP gene is present
in all sequenced B. coagulans strains that do not carry lactate utilization genes adjacent
to it (see Fig. S1 in the supplemental material). In this study, B. coagulans DSM1 was

FIG 6 Effects of L-lactate on the DNA-binding activity of LutR. The purified LutR protein was incubated
with 5 mM L-lactate in sodium phosphate buffer (20 mM, pH 8.0) for 20 min before BLI binding assay of
fragment F2. Different concentrations of 0.15625, 0.3125, 0.625, 1.25, and 2.5 �M purified LutR injected
over a Sensor Chip with biotinylated intergenic fragment F2. The vertical dashed line denotes phase I,
association with biotinylated fragment F2, and phase II, dissociation in binding buffer.
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used as a representative strain, and the function of LutP in a lactate-producer B.
coagulans DSM1 was elucidated. The first permease reported to be related to lactate
production was Jen1 from Saccharomyces cerevisiae (27). Wild-type S. cerevisiae does
not have the ability to produce lactate (5). Although metabolic pathway manipulation
for improving the properties and productivity of microorganisms has become a well-
established concept, the export of organic acids is still one of the least understood
steps of an integral part of this metabolic process (7, 8). Studies indicated that
strengthening lactate dehydrogenase with deletion of lactate permease created a
“trapping point” that enabled the irreversible transport of lactate out of the cell (28).
Therefore, elucidation of the role and regulation of lactate permease in B. coagulans
DSM1 may provide a novel lactate transporter for metabolic engineering.

Both biochemical assays and transport activity characterization of the wild-type and
lutP knockout strains confirmed that LutP contributed to the ability of B. coagulans
DSM1 to import lactate (Fig. 2) and that lutP transcription was induced by lactate (Fig.
3A). This indicates that LutP plays a general role as a lactate transporter in B. coagulans
strains. Although it was possible to definitively determine the transport role of LutP in
B. coagulans DSM1, important mechanistic details, including its regulation and inter-
actions with lactate production, are yet to be elucidated. In lactate-utilizing strains, the
transcription of the lactate utilization operon was modulated by a regulator, LutR. Most
bacterial transcriptional regulators consist of a signal-receiving domain and a DNA-
binding domain. Structural analyses have revealed that the HTH is the most widely used
DNA-binding motif in bacteria (29). The HTH GntR family has approximately 720
members distributed among diverse bacterial groups, which regulate a wide variety of
biological processes. Forty percent of the GntR family is involved in the regulation of
enzymes with roles in substrate oxidization (30). In lactate-utilizing strains, members
of the GntR family regulators modulate the lactate utilization operon by binding to the
HTH motif (31). In this study, we determined that LutR also contains a conserved HTH
domain (see Fig. S4), which is typical and conserved in the GntR regulator family (29).
This motif with an inverted repeat was reported to be the consensus binding site for
LutR (12, 26). For example, LutR in B. subtilis binds to the TCATC-N-GATGA motif in the
promoter region of the lactate utilization operon (1). We noticed that in B. coagulans
DSM1, there are 3 inverted repeat sequences in the intergenic region of lutR-lutP (Fig.
4A) and that LutR binds to the lutR-lutP intergenic region in EMSAs (Fig. 4D). This agrees
with the results of the BLI assays, which indicate that LutR binds to the site of
TCATCTGATGA in fragment F2 (Fig. 5B). Deletion of the inverted repeat sequence
completely blocked LutR’s binding to the intergenic region (Fig. 5D).

Homolactic fermentation is a metabolic process by which glucose is converted into
lactate (20, 32). During this process, the lactate concentration increases with fermen-
tation time and glucose concentration decreases accordingly (19). It has been reported
that intracellular L-lactate affects the function of the regulator LldR in glucose-grown C.
glutamicum cells (33). The transcription of a number of lactate permeases, such as LldP
in E. coli (34), LutP in B. subtilis (35), LldP in P. aeruginosa (11), and Jen1 in yeast (36),
is regulated by lactate and/or glucose. It has been shown that binding of the effector
molecules to GntR family proteins promotes a conformational change that abolishes
DNA-protein interaction (31). In B. coagulans DSM1, transcription of lutP is induced by
L-lactate (Fig. 3A) and inhibited by glucose (Fig. 3B). A BLI assay was conducted to
confirm the in vitro interaction between LutR and fragment F2, indicating that the
DNA-binding affinity was decreased by the addition of L-lactate to the binding solution
(Fig. 6). Meanwhile, glucose addition did not modify LutR binding (Fig. S5). These results
suggested that effectors, such as L-lactate or glucose, may alter the binding affinity
between LutR and fragment F2, and thereby regulate transcriptional levels of LutP.

The concentration of L-lactate may accumulate up to �2 M, and the productivity
may reach 2.4 g/liter/h in the fermentation by B. coagulans strains (18, 20, 22, 37).
L-nLDH is the key enzyme during L-lactate production. Disruption of its encoding genes
(ΔldhL1 ΔldhL2) completely blocked L-lactate production and redirected pyruvate to
other organic acids (18). In this study, we found that LutP has the ability to import
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lactate into cells but it cannot transport lactate out of cells (Fig. 2). ABC transporters
have been found for the export of a wide variety of substrates, ranging from weak
organic acids to proteins (8, 38). Although ABC transporters have been theoretically
predicted to be responsible for lactate export in homofermentative lactate-producing
microorganisms (8), the efflux mechanisms of lactate remain unknown. There are
approximately 72 ABC transporter family proteins in B. coagulans DSM1, and identifi-
cation of the transporters responsible for lactate export is under investigation in our
laboratory.

During homolactic fermentation, glucose is converted into pyruvate via the glycol-
ysis pathway and L-lactate is produced gradually by L-nLDH (20). ATP is formed during
this process, which is required for both cell growth and lactate export. Because
improved growth may accelerate lactate production (39), more ATP is required for the
high yield of lactate. It is generally accepted that monocarboxylate export is a process
of ATP consumption (15). Since the reductive branch of the tricarboxylic acid (TCA)
cycle under the strict anaerobic condition does not form ATP (40), ATP will not be
sufficient for maintaining cell growth and lactate export at the late stage, especially
under the condition of glucose shortage. Based on the data in this study, we proposed
a model for LutP function in the L-lactate producer B. coagulans DSM1 (Fig. 7). At the
early stage of L-lactate fermentation, glucose is dominant in the medium. LutR binds
specifically to the invert repeat sequence in LutP, and in vivo transcription of lutP is
maintained at a stable level. With the extension of time, glucose concentrations
decrease and L-lactate concentrations increase. The produced L-lactate inhibits LutR
binding, thereby promoting lutP transcription (Fig. 3). Some of the produced L-lactate
is transported into the cells by LutP and reoxidized to pyruvate by L-nLDH (20). Then,
pyruvate is channeled into the TCA cycle to generate more ATP under microaerobic
conditions to maintain cell growth and lactate export. Our results could help explain
why low-speed agitation is fruitful for lactate production in B. coagulans strains (22).

In summary, the functions of an uncharacterized lactate permease were demon-
strated in an L-lactate producer. Although no lactate oxidase gene is located adjacent
to the lutP gene, LutP from B. coagulans DSM1 transports L-lactate into cells to produce
more metabolic energy to maintain cell growth under the condition of glucose
shortage. The regulator, LutR, is a repressor of lutP transcription, and the transcription
inhibition is relieved when LutR interacts with lactate.

MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. The strains, plasmids, and primers are listed in

Table 1. B. coagulans DSM1 was purchased from Deutsche Sammlung von Mikroorganismen und

FIG 7 Proposed mechanism of LutR and LutP system for lactate transport in B. coagulans DSM1.
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Zellkulturen GmbH (DSMZ, Braunschweig, Germany). B. coagulans DSM1 and mutant strains DSM1
ΔldhL1 ΔldhL2 (18), DSM1 ΔlutP, and DSM1 lutP� were cultivated in BC medium containing yeast extract
(10 g/liter), (NH4)2HPO4 (2 g/liter), (NH4)2SO4 (3.5 g/liter), bis-Tris (10 g/liter), sucrose (50 g/liter), CaCl2
(3 mg/liter), and MgCl2 (5 mg/liter) at 45°C, 120 rpm (41). Plasmids based on pMH77 were constructed in
Lactococcus lactis MG1363, which was grown in GM17 medium (5 g/liter soy peptone, 5 g/liter tryptone,
2.5 g/liter yeast extract, 5 g/liter meat extract, 0.5 g/liter ascorbic acid, 0.25 g/liter MgSO4·7H2O, 5 g/liter
K2HPO4, 5 g/liter glycerol, and 10 g/liter glucose at pH 7.1). E. coli was cultured in Luria-Bertani (LB)
medium at 37°C, 200 rpm. Ampicillin (Amp) was added to a final concentration of 100 �g/ml for E. coli
where appropriate. Chloramphenicol (Cm) was added to a final concentration of 25 �g/ml for E. coli and
7 �g/ml for B. coagulans and L. lactis where appropriate.

Construction of the lutP disrupted and complemented strains. The lutP gene was knocked out
using plasmid pMH77 with thermosensitive lactococcal pSH71/pWV01 replicon, and all procedures were
conducted according to previously described methods (37, 41). To construct the B. coagulans DSM1
(ΔlutP) mutant strain, the homologous arms of lutP, upstream (1,200 bp) and downstream (1,200 bp),

TABLE 1 Strains, plasmids and primers

Strain, plasmid, or primer Feature(s)a or sequence (5=–3=)b Source, reference, or purpose

Strains
Bacillus coagulans

DSM1 Wide-type strain capable of L-lactic acid production DSMZ, Germany
DSM1 ΔldhL1 ΔldhL2 ldhL1 and ldhL2 null mutant 18

DSM1 ΔlutP The lutP disruption mutant This study
DSM1 lutP� Complementation of DSM1 ΔlutP with lutP This study
Lactococcus lactis MG1363 Host for gene cloning 37
Escherichia coli BL21(DE3) Host for protein expression Tiangen Co., China

Plasmids
pMH77 pSH71 replication containing temperature sensitive vector, Cmr 37
pNW33n E. coli-Bacillus shuttle vector, cloning vector, Cmr BGSC, USA
pMH77-ΔlutP lutP gene deletion vector, Cmr This study
pNW33n-lutP lutP gene complementation vector, pNW33n harboring lutP gene

with ldhL1 promoter, Cmr

This study

pETDuet Protein expression vector, Ampr Merck Co., Germany
pETDuet-lutR N-terminal His-tagged lutR in pETDuet, Ampr This study

Primers
Pup-F CCGGAATTCTGATGGATGGCCGCCACCATCTGAATATC lutP upstream (1,200 bp)
Pup-R CAAAAAGGAGTGTAGATTGTCAGGAACCCCGCTGCGGAC
Pdown-F GTCCGCAGCGGGGTTCCTGACAATCTACACTCCTTTTTG lutP downstream (1,200 bp)
Pdown-R CCGCTCGAGAAGAATACAAGACCACCCAGGCCGGATA
P-For CGCCTTTCATATCCTCTTATTGGTG ΔlutP verification
P-Rev GCGGAGGAAAGTGACATAAAAAATG
L1P-L1F CGGGGTACCAGCCTCATCGCCGGTTTCCCTC Amplification of ldhL1 promoter for

complementationL1P-L1R AAATTTTGTACGTACTCCATATATAATCTTCCTCCCCATC
L1P-PF GATGGGGAGGAAGATTATATATGGAGTACGTACAAAATTT Amplification of lutP for complementation
L1P-PR CCGAAGCTTTTAAGGCACCATCCAGGAAAGG
LutR-F CCGAATTCGATGAAGTATAAAAAAATTAAA Amplification of lutR for purification
LutR-R CAGACTCGAGTTAACGCAGAAAATCCTGCAGGCTG
F0-F GTTTTCTCCTCTTATCCCTTTTCTATATTT Amplification of F0, EMSA
F0-R CAATCTACACTCCTTTTTGAAAAATTTTCT
F1-F GTTTTCTCCTCTTATCCCTTTTCTATATTTTATGAATACCAGCAATCCGG

AAAAATAGCAAACAAAAATT
Amplification of F1, EMSA

F1-R AATTTTTGTTTGCTATTTTTCCGGATTGCTGGTATTCATAAAATATAGAAA
AGGGATAAGAGGAGAAAAC

F2-F TAAAAAAAGAGTTGTTTTTTCTTTTCATTATACTTATACTTTTTAACATG
TAAGCCTTATCATCTGATGACTATT

Amplification of F2, EMSA

F2-R AATAGTCATCAGATGATAAGGCTTACATGTTAAAAAGTATAAGTATA
ATGAAAAGAAAAAACAACTCTTTTTTTA

F3-F TCATCTAATGACCTTAAAAATTGCAATTGGGATGGATTGGAGAAAAT
TTTTCAAAAAGGAGTGTAGATTG

Amplification of F3, EMSA

F3-R CAATCTACACTCCTTTTTGAAAAATTTTCTCCAATCCATCCCAATTGC
AATTTTTAAGGTCATTAGATGA

q-16s-F AGAGTTTGATCMTGGCTCAG Amplification of reference gene
(16S rRNA gene), RT-PCRq-16s-R TACGGYTACCTTGTTACGACTT

LutP-F TTGACACAGTTCTTCGCTT Amplification of lutP, RT-PCR
LutP-R GGCAGCAGCCTCTTCAT

aCmr, chloramphenicol resistant; Ampr, ampicillin resistant.
bRestriction sites in the primer sequences are underlined.
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were amplified using the primers Pup-F/Pup-R and Pdown-F/Pdown-R (Table 1). Following gel purifica-
tion, the upstream and downstream regions were fused via overlap extension PCR using the primers
Pup-F and Pdown-R. The resulting PCR product was gel purified, digested with EcoRI and XhoI, and
cloned into pMH77, resulting in plasmid pMH77-ΔlutP. The plasmid, pMH77-ΔlutP, was first transformed
into L. lactis MG1363. Next, pMH77-ΔlutP was extracted and transformed into B. coagulans DSM1 by
electroporation. The first single-crossover recombination mutants with integration of the plasmid
pMH77-ΔlutP into the chromosome were selected on BC plates containing Cm after being cultured
overnight at 45°C, followed by a temperature shift to 60°C and further incubation for 12 h. The positive
colonies were incubated in BC liquid broth without Cm overnight at 45°C, 120 rpm, and then a dilution
series was streaked onto BC plates without Cm and incubated overnight at 45°C. Colonies were
sequentially streaked onto BC plates with and without Cm and incubated overnight at 45°C. Colonies that
grew on BC plates without Cm, but did not grow on those with Cm, were selected for PCR analysis using
primers P-For and P-Rev. All constructed strains were validated using PCR and sequenced.

To complement lutP, lutP and the ldhL1 promoter were amplified from B. coagulans DSM1 genomic
DNA using the primers L1P-PF/L1P-PR and L1P-L1F/L1P-L1R (Table 1). Following gel purification, the
ldhL1 promoter sequence and lutP were fused via overlap extension PCR using the primers L1P-L1F and
L1P-PR. The resulting PCR product was gel purified, digested with KpnI and HindIII, and cloned into the
E. coli-B. coagulans shuttle vector pNW33n, resulting in plasmid pNW33n-lutP�. Plasmid pNW33n-lutP�

was introduced into B. coagulans DSM1 ΔlutP by electroporation to construct the lutP-complemented
strain.

RNA isolation, cDNA generation, and RT-PCR. B. coagulans DSM1 ΔldhL1 ΔldhL2 and B. coagulans
DSM1 were grown in BC medium to the log phase (optical density at 600 nm [OD600] of �0.6). Then, cells
were transferred into BC medium with or without 5 mM L-lactate and 120 mM glucose for 0, 5, 10, and
30 min. Total RNA was extracted using an E.Z.N.A. bacterial RNA kit (Omega). The total RNA concentration
was determined via absorbance at 260 nm (NanoVue spectrophotometer; GE). By using random hexamer
primers, cDNA copies were synthesized with a Fast Quant RT kit (with gDNase) (Tiangen, China) and
amplified with SYBR Premix Ex Taq (TaKaRa, China) using the LightCycler 96 RT-PCR detection system
(Roche, USA). As recommended by the manufacturer, 2 �l cDNA was used as the template in 20-�l
real-time PCR mixtures with 10 pmol of gene-specific primers (24) (Table 1). Threshold cycles (CT) for each
PCR with different cDNA concentrations were determined and compared with that for standard DNA (the
16S rRNA gene) analyzed at the same time (20). The 2�ooCT relative quantification method was used to
determine mRNA levels (37). The results reported are the averages from at least three experiments with
a variability of 	15%.

[14C]Lactate uptake. B. coagulans DSM1 and its mutant DSM1 ΔlutP were grown in BC medium to
the exponential growth phase. One milliliter of exponentially growing cells was transferred into BC
medium containing 0.2 �Ci/ml of L-[14C(U)]lactate (50 �Ci; Perkin Elmer) and uptake was stopped at
different time points. Cells were harvested, and uptake was stopped by washing twice with ice-cold
morpholinepropanesulfonic acid (MOPS; 0.1 M, pH 7.0). Cells were lysed using 250 �l of 0.1 M NaOH.
Radioactivity was determined by mixing 200 �l of scintillation liquid with 100 �l cell lysate and counted
using a liquid scintillation counter (Beckman Coulter, Fullerton, CA) (42). The protein concentration was
determined by the Bradford assay with bovine serum albumin (BSA) as a standard (43) and was used to
normalize radioactivity. L-[14C(U)]Lactate uptake was expressed as counts per micromolar per milligram
of cellular protein.

Gas chromatography-mass spectrometry analysis. B. coagulans DSM1 and mutant strain DSM1
ΔlutP were cultured overnight at 45°C. After cultivation, cells were harvested by centrifugation (8,000 �
g, 10 min at room temperature) and washed once with 0.1 M sodium phosphate buffer (pH 6.8). The
catalytic reaction mixture, containing cells (OD600 of 30), 50 mM [13C]pyruvate (Sigma-Aldrich), and 100
�M NADH, was incubated at 37°C for different periods of time (30, 60, 90, and 120 min). After
centrifugation (8,000 � g, 10 min at room temperature), the supernatants (300 �l) were freeze-dried after
being frozen in liquid nitrogen and mixed with 500 �l methanol to precipitate the protein. The mixture
was shaken for 1 min and centrifuged at 3,000 � g for 10 min. The supernatant (300 �l) was transferred
to the GC vial and evaporated until it was dry. Chemical derivatization of sample metabolites was
performed using a 100-�l aliquot of methoxyamine pyridine solution (15 mg/ml) at 70°C for 1 h.
Subsequently, N-(tert-butyldimethylsilyl)-N-methyltrifluoroacetamide (50 �l; Sigma-Aldrich) was added,
and the silylation was performed at 70°C for 1 h. After adding 150 �l of n-heptane and vortex mixing, the
supernatant was transferred to the GC microvial for GC-MS analysis (44, 45).

GC-MS was carried out using a GC-2010 gas chromatograph equipped with a DB-5 capillary column
(30 m by 0.15 �m by 15 mm). The initial temperature was maintained at 85°C for 3 min and then raised
to 280°C at a rate of 10°C/min. All samples were injected in split mode at 270°C. The mass spectrometer
was operated in electron ionization (EI) mode (positive ion, 70 eV), and the quadrupole was 150°C. Mass
spectra were acquired in full-scan mode with repetitive scanning from 60 m/z to 600 m/z for 1 s. The ion
source temperature was 230°C and injection volume was 1 ml. GC-MS data were processed by Agilent
MSD ChemStation. Raw data were filtered and then subjected to retention time correction and peak
alignment. The data matrix was used to normalize to the sum of all peak areas of each sample (46). Under
ammonia positive chemical ionization (pressure adjusted to optimize peak areas), ions signals were 262
m/z for [13C]lactate and 261 m/z for unlabeled lactate. Two calibration curves of [13C]lactate with different
concentrations of 0.01, 0.05, 0.10, 0.50, 1.00, 2.50, 5.00, and 10.00 g/liter and unlabeled lactate with
different concentrations of 0.01, 0.05, 0.10, 0.50, 1.00, and 10.00 g/liter were used to calculate the
concentrations of [13C]lactate and [12C]lactate. The extracellular [13C]lactate concentration was calculated
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as follows: [13C]lactate concentration (g/liter) � [13C]lactate concentration (g/liter) � [12C]lactate con-
centration (g/liter).

Purification of LutR. LutR-encoding gene lutR (NCBI Protein accession number AJH80199.1) was
amplified using PCR from genomic DNA of B. coagulans DSM1 with primers LutR-F and LutR-R (Table 1).
The product was digested with EcoRI and XhoI, and inserted into the expression plasmid pETDuet (Merck
Co., Germany) to generate pETDuet-lutR, containing a His6 tag (LEHHHHHH) at the N terminus. The
constructed expression vector was transformed into E. coli BL21(DE3) and grown at 37°C in LB medium
supplemented with 100 �g/ml ampicillin. The protein was expressed by adding isopropyl �-D-
thiogalactopyranoside (IPTG) to a final concentration of 0.1 mM at an OD600 of 0.6. After induction for
20 h at 20°C, cells were harvested, resuspended in buffer A (pH 7.4; 20 mM sodium phosphate, 20 mM
imidazole, and 500 mM sodium chloride), and disrupted by sonication for 10 min in an ice bath. The
resulting suspension was centrifuged at 13,000 � g at 4°C for 10 min to remove debris. The supernatant
was filtered through a 0.45-�m filter, then applied to a HisTrap HP 1 � 5 ml column (GE Healthcare, USA)
and eluted with 25% buffer A and 75% buffer B (pH 7.4; 20 mM sodium phosphate, 500 mM imidazole,
and 500 mM sodium chloride) at a flow rate of 5 ml/min. Fractions containing the target protein were
sequentially purified via chromatography on a HiLoad 10/300 Superdex 200 GL column (GE Healthcare,
USA) with buffer C (pH 8.0; 20 mM Na-Pi, 0.2 M NaCl, 0.5 mM EDTA). The fractions containing the
appropriate molecular weight of LutR were pooled and detected by SDS-PAGE using 12.5% polyacryl-
amide gels. The protein concentration was determined by the Bradford assay with BSA as a standard (43).

EMSA. EMSA was performed as previously described (11). For DNA fragments of F1, F2, and F3,
synthetic oligodeoxyribonucleotides were used (Table 1). Equimolar amounts of the complementary
strands were mixed in annealing buffer C (pH 8.0; 20 mM Na-Pi, 0.2 M NaCl, 0.5 mM EDTA). Double-
stranded DNA (dsDNA) was prepared by annealing the DNA mixture, heating the reaction at 90°C for
5 min, and gradually decreasing the temperature to 4°C overnight (30). Purified LutR was mixed with
fragments of F0, F1, F2, or F3 in a 20-�l mixture. The mixture contained 50 mM Tris-HCl, 10% glycerol,
50 mM KCl, 10 mM MgCl2, and 0.5 mM EDTA (pH 7.5). Following incubation for 30 min at 30°C, the
samples were separated on a 6% native polyacrylamide gel at 4°C and a constant voltage of 80 V using
Tris-borate-EDTA (89 mM Tris base, 89 mM boric acid, 2 mM EDTA, pH 8.3) as the electrophoresis buffer.
The gels were subsequently stained with SYBR Gold nucleic acid gel stain according to the instructions
of the supplier (Thermo Fisher Scientific).

Biolayer interferometry. BLI assays were performed using a FortéBio Octet RED 96 system (FortéBio,
USA) as previously described (25). All binding studies were carried out at 30°C. The streptavidin (SA)
sensor was loaded with biotinylated DNA (1 �g/ml), in a buffer (20 mM Na-Pi [pH 8.0], 0.2 M NaCl, 0.5 mM
EDTA) and 0.02% Tween 20 (vol/vol). After reaching baseline in the same buffer, association and
dissociation were carried out using purified LutR and the buffer, respectively. Steady-state binding
responses were determined by the overall response (nanometers) on each sensor, and the data were
analyzed using the system software of Octet RED 96. To determine the Hill coefficient, LutR (0.15625 to
2.5 �M) was used to interact with the immobilized fragments.

Genome and bioinformatics tools. All sequences were downloaded from GenBank. Analysis of the
lactate permease gene, the lactate utilization gene distribution, and chromosomal location were per-
formed by SEED (http://theseed.uchicago.edu/FIG/subsys.cgi). BLAST searches were carried out to in-
spect the sequences encoding the protein with high homology to iLDH, LutR, and lactate permease. The
identification of LutR binding sites was performed as previously described (14). An iterative motif
detection procedure implemented in the program GeneQuest was used to identify common regulatory
DNA motifs in the upstream gene fragments. Sequence logos for the binding sites of LutR were drawn
using the WEBLOGO package.
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