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Abstract

Despite the long-term interest in solventogenic clostridia-based ABE (acetone-butanol-ethanol) fermentation, clostridial butanol
tolerance and its underlying mechanism remain poorly understood, which is a major obstacle hindering further improvements of
this important fermentative process. In this study, a two-component system (TCS), BtrK/BtrR, was identified and demonstrated
to positively regulate butanol tolerance and ABE solvent formation in Clostridium acetobutylicum, a representative species of
solventogenic clostridia. The transcriptomic analysis results showed that BtrK/BtrR has a pleiotropic regulatory function, affect-
ing a large number of crucial genes and metabolic pathways. Of the differentially expressed genes, btrTM, encoding a putative
ABC-type transporter (named BtrTM), was shown to be under the direct control of BtrR, the response regulator of the BtrK/BtrR
TCS. Furthermore, BtrTM was shown to contribute to more butanol tolerance (46.5% increase) by overexpression, revealing a
novel regulatory mechanism consisting of the BtrK/BtrR TCS and the BtrTM transporter in C. acetobutylicum. Based on these
findings, we achieved faster growth and solvent production of C. acetobutylicum by overexpressing BtrK/BtrR or its direct target
BtrTM, although no significant improvement in the final butanol titer and yield. These results further confirm the importance of
BtrK/BtrR and Btr'TM in this organism. Also, of significance, a specific number of btrR-btrT-btrM-btrK-like gene clusters were
identified in other Clostridium species, including the pathogens Clostridium perfiingens and Clostridium botulinum, indicating a
broad role for this regulatory module in the class Clostridia.
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(Jones et al. 2016; Liao et al. 2017; Mann et al. 2012; Ventura
et al. 2013), repetitive evolutionary domestication and ge-
nome shuffling (Li et al. 2016; Liu et al. 2013), and medium
optimization (Wu et al. 2016). Despite the progresses made
using these approaches, how solventogenic clostridia sense
butanol and then activate adaptive mechanisms to promote
survival and maintain growth remains poorly understood, hin-
dering the ability to efficiently modify strains for high butanol
production.

Two-component systems (TCSs), which are normally com-
posed of a membrane-bound histidine kinase and a corre-
sponding response regulator, are the predominant signal trans-
duction and regulatory systems used by bacteria to monitor,
respond, and adapt to different environmental changes
(Bekker et al. 2006; Skerker et al. 2005). In Bacillus subtilis,
a representative Gram-positive bacterium, a large number of
TCSs have been identified and shown to be involved in vari-
ous physiological activities, e.g., the production of secondary
metabolites (Martin 2004), cell division (Fukuchi et al. 2000),
and adaptation to environmental stress (Darmon et al. 2002).
However, for solventogenic clostridia, a large group of Gram-
positive bacteria, few reports have described TCSs that are
associated with crucial biological processes. Furthermore, on-
ly a single orphan histidine kinase (encoded by CAC3319)
was observed to be associated with butanol tolerance in
Clostridium acetobutylicum through a comparative genomic
analysis of C. acetobutylicum ATCC 55025 and its mutant
strain JB200, but the mechanism through which this orphan
kinase promotes butanol tolerance is unclear (Xu et al. 2015).

To date, numerous comparative transcriptomics and
genomic analyses have been performed to elucidate butanol
tolerance mechanisms in C. acetobutylicum (Alsaker et al.
2010; Borden and Papoutsakis 2007; Janssen et al. 2012;
Schwarz et al. 2012; Tomas et al. 2004; Xu et al. 2017). In
one of these studies, the CAC0863 gene, encoding a putative
histidine kinase, was found to be significantly upregulated in
the presence of added butanol (Schwarz et al. 2012).
Interestingly, the transcription of this gene was also shown
to be significantly upregulated with a transient butanol pulse
in another study (Janssen et al. 2012). These findings indicate
an involvement of the CAC0863-encoded kinase in the cellu-
lar response of C. acetobutylicum to butanol stress.
Furthermore, this also raised a number of interesting ques-
tions, such as whether this kinase has a cognate response reg-
ulator protein to constitute a complete TCS, and if so, which
genes or metabolic pathways are under the control of this
TCS. The elucidation of these questions may uncover a novel
regulatory mechanism used by C. acetobutylicum to cope with
the stress from high butanol concentrations.

In this study, we performed a detailed investigation regard-
ing the abovementioned issues. Through in vitro phosphory-
lation assays, the cognate response regulator of the CAC0863-
encoded kinase was identified, demonstrating a paired two-
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component system (named BtrK/BtrR) in C. acetobutylicum
ATCC 824. Subsequent biochemical and physiological exper-
iments showed that BtrK/BtrR can directly regulate its adja-
cent putative ABC-type transporter BtrTM to exert improved
growth under butanol stress. The overexpression of either
BtrK/BtrR or BtrTM led to much faster growth and solvent
formation in C. acetobutylicum ATCC 824. Furthermore,
btrR-btrT-btrM-btrK-like gene clusters were identified in a
number of other Clostridium species, including the pathogens
Clostridium perfringens and Clostridium botulinum, indicat-
ing a broad role of this functional module in clostridial stress
responses.

Materials and methods
Media and growth conditions

Escherichia coli strain Top10 was used as a host strain for
gene cloning and plasmid construction. E. coli strains
ER2275 and Rosetta (DE3) were used for plasmid
methylation and protein purification, respectively.
These E. coli strains were grown in Luria—Bertani
(LB) medium or agar plate by adding appropriate quan-
tity of antibiotics (100 png/ml ampicillin, 50 pg/ml kana-
mycin, 25 pg/ml chloramphenicol, and 100 pg/ml spec-
tinomycin) when needed.

Methylated plasmids were transferred into
C. acetobutylicum ATCC 824 by electroporation. All the
strains derived from C. acetobutylicum ATCC 824 was firstly
inoculated into CGM medium (Wiesenborn et al. 1988) for
inoculum preparation, and then transferred into P2 medium
(Baer et al. 1987) for solvent production. Erythromycin
(10 pg/ml) and thiamphenicol (8 pg/ml) were added to the
P2 medium when needed.

Bacterial strains and plasmids

The plasmids and strains used in this study are listed in
Table S3. All the C. acetobutylicum strains used are deriva-
tives of C. acetobutylicum ATCC 824.

To purify the BtrK and BtrR protein, the btrK (CAC0863)
and btrR (CAC0860) gene were PCR-amplified from the ge-
nome of C. acetobutylicum ATCC 824 by using the primers
btrK-ex-for/btrK-ex-rev and btrR-ex-for/btrR-ex-rev, respec-
tively. The resulting DNA fragment of 7K and btrR were
digested with BamHI/Xhol and Sacl/Xhol, respectively, and
then ligated to pET28a and pQ8, yielding the plasmid
pET28a-BtrK and pQ8-BtrR, respectively. These two plas-
mids were transformed into the E. coli Rosetta (DE3) strain
for protein expression. The following purification method was
the same as previously reported (Ren et al. 2012). Here, the 20
amino acid transmembrane domain at the 5'-end, which may
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adversely impact the purification of BtrK from the E. coli
strain, was deleted in the purified His-BtrK.

The plasmid pIMP1-P;,, was constructed as previously re-
ported (Xiao et al. 2011). To obtain the plasmid for b#K and
btrR overexpression, the b#rK and btrR gene were PCR-
amplified from the genome of C. acetobutylicum ATCC 824
using the primers btrK-for/btrK-rev and btrR-for/btrR-rev, re-
spectively. The resulting DNA fragments were digested and
then inserted into the plasmid pIMP1-P,,; and pIMP1-P,,
(Xue et al. 2016), yielding the plasmid pIMP1-P,,-btrK and
pIMP1-P,,,-btrR, respectively.

The plasmid pIMP1-P,,-btrR-P,,-btrK was constructed as
follows: the DNA fragments of b#rR, P, and btrK were PCR-
amplified from the genome of C. acetobutylicum ATCC 824
using the primers listed in Table S4. Next, a large DNA frag-
ment that contains b#R, P,,, and btrK was obtained by over-
lapping PCR using the primers btrR-for-1 and btrK-rev-1.
This DNA fragment was digested with BamHI/Smal, and then
inserted into the plasmid pIMP1-P,,;, yielding the plasmid
pIMP1-P,,-btrR-P,-birK.

The plasmid pIMP1-P,,;-btrTM for btrTM overexpression
was constructed as follows: the DNA fragment of btrTM was
PCR-amplified from the genome using the primers listed in
Table S2. The resulting DNA fragment was digested with
BamH1/Smal, and then inserted into the plasmid pIMP1-P,,,,
that was digested with the same restriction enzymes, yielding
the plasmid pIMP1-P,,;,-btrTM.

Inactivation of b#rK and btrR was achieved by using the
TargeTron method reported previously (Shao et al. 2007).

In vitro phosphorylation assay

Autophosphorylation assays were performed as follows:
the reactions were performed in 20 pl kinase buffer
(50 mM Tris-HCI (pH 8.0), 0.5 mM EDTA, 10 mM
MgCl,,10 mM MnCl,, 50 uM ATP, 10% glycerol), in
which 5 uM His-BtrK protein and 1 ul [y->*P] ATP were
included. The reactions were carried out at 30 °C for 0, 25,
and 50 min, and then quenched by addition of 5 pl 5x
SDS-PAGE loading buffer. Next, all the reactions were
heated to 56 °C for 10 min. The phosphorylated proteins
were resolved by 12% SDS-PAGE, and the gel was ex-
posed to a phosphor screen (Starion FLA-9000 Scanner,
Fujifilm, Japan) for 2 h at the room temperature.

Fermentations of Clostridium acetobutylicum strains

Inoculum preparation and fermentations of C. acetobutylicum
ATCC 824 and its derivatives were carried out as previously
reported (Zhang et al. 2018). In the fermentations, D-glucose
(70 g/l) was used as the sole carbon source. Samples were
removed from the medium at different time points and then
stored at —20 °C.

Analytical methods

ODgpo was measured by spectrophotometer (DU730,
Beckman Coulter). The concentration of acetone, butanol,
and ethanol was determined as described previously (Ren
et al. 2010). Isobutyl alcohol and isobutyric acid were used
as the internal standards for solvents quantification.

Butanol tolerance assays

The wild-type and engineered strains of C. acetobutylicum
ATCC 824 were inoculated into 5 ml liquid CGM medium
and cultured anaerobically at 37 °C overnight. Then, 5 ml of
inoculum was transferred into 50 ml CGM medium and
grown for another 4 h until ODg, reached 0.8~1.0. Next,
2 ml of the grown cells were inoculated into 28 ml liquid
CGM medium that contained no or 1% (vol./vol.) butanol
for cultivation. The cell growth (ODgq) was determined after
48-h fermentation. The relative butanol tolerance was calcu-
lated as the following equation: ODgqo (with butanol addi-
tion)/ODg(, (no butanol).

Here, the CGM medium (Wiesenborn et al. 1988)
rather than P2 medium (Baer et al. 1987) was used
for butanol tolerance assays because the former, as a
nutrient-rich growth medium for C. acetobutylicum, is
more suitable to observe cellular growth changes under
butanol stress.

Microarray analysis and real-time qRT-PCR

The engineered C. acetobutylicum strain 824-btrK/R and the
control strain (824-C) were grown in P2 medium (500 ml)
using D-glucose as the sole carbon source. Erythromycin
(10 pg/ml) was added into the medium when needed.
Samples were taken at 24 and 48 h. The microarray analysis
was performed as previously reported (Ren et al. 2012), in
which the Agilent custom 60-mer oligonucleotide microarrays
were used with a 60-mer oligonucleotide probe for each gene.
Single-color microarray assays were carried out by Shanghai
Biochip Co., Ltd. (Shanghai, China). The microarray data
have been deposited in NCBI’s Gene Expression Omnibus
and are accessible through GEO Series accession number
GSE138466. Genes that exhibited over 2-fold transcriptional
change in the 824-btrK/R versus 824-C strain were considered
to be significantly affected by the overexpression of b#rK and
btrR.

For real-time qRT-PCR analysis, total RNAs were extract-
ed from the 824-btrK/R and 824-C strain using TRIzol
(Invitrogen, Carlsbad, CA) and then purified using
RNeasy™ cleanup kit (Qiagen, Inc., Valencia, CA). Next,
RNAs were reverse transcribed to cDNA using the
PrimeScript RT reagent kit (TaKaRa, cat. no. RR047A).
gRT-PCR experiments were performed by using Bio-Rad
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Fig. 1 Transphosphorylation between BtrK and BtrR. a Locations of
btrR and btrK in the genome of C. acetobutylicum. CAC0859: anti-
SigV factor; CAC0860: two-component response regulator; CAC0861:
multidrug ABC transporter ATPase; CAC0862: transmembrane protein;
CACO0863: histidine kinase; CAC0864: histidine kinase-like ATPase;

iQ5 real-time PCR detection system (Bio-Rad, Palo Alto,
USA). The reaction conditions were listed as follows: 95 °C
for 2 min, followed by 40 cycles of 95 °C for 15 s, 55 °C for
20 s, and lastly 72 °C for 20 s. The CAC2679 gene (encoding
a pullulanase) was used as the internal control according to the
previous report (Alsaker et al. 2005).

Electrophoretic mobility shift assay

The CyS5-labeled probe (0.04 pmol) used for electropho-
retic mobility shift assay (EMSA) was generated by a
two-step PCR amplification as previously reported (Ren
et al. 2012). Next, the probe was pre-incubated with the
BtrR protein in a buffer containing 20 mM Tris-HCl
(pH 7.9), 40 ng/ml bovine serum albumin (BSA), 5%
glycerol, 10 mM MgCl,, 40 mM KCI, 0.25 mM DTT,
and 50 ng/ul fish sperm DNA (Wu et al. 2015). The
reaction mixture was incubated at 25 °C for 20 min and
then loaded onto a 5% polyacrylamide gel. The gel was
run in 0.5% TBE buffer at 120 V for 70 min in an ice
bath. Finally, the gel was visualized by using a FLA-
9000 Phosphorimager (Fujifilm, Japan).

Results

BtrR and BtrK constitute a paired two-component
system in C. acetobutylicum

As previously mentioned, the results of the comparative
transcriptomic analysis showed that the expression of
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CACO0865: two-component response regulator. b Purification of Hisg-
BtrK and MBP-BtrR. MK, molecular mass markers. ¢
Autophosphorylation of BtrK and phosphoryl transfer between BtrK
and BtrR. K: BtrK; R: BtrR

CACO0863, encoding a histidine kinase BtrK, was significantly
upregulated when C. acetobutylicum was exposed to an in-
creased butanol concentration in the medium (Schwarz et al.
2012). It has been known that butanol is able to affect the
membrane composition and fluidity of C. acetobutylicum
(Baer et al. 1987; Vollherbst-Schneck et al. 1984; Wang
et al. 2016). In addition, histidine kinases of TCSs often act
as the sensors of membrane fluidity, and their transmembrane
domains are essential for sensing membrane fluidity and con-
trolling the changes between the kinase and phosphatase con-
formation (Albanesi et al. 2004; Fernandez et al. 2019;
Hunger et al. 2004). Therefore, we speculated that BtrK, as a
sensor histidine kinase, may be associated with the response
and adaptation of C. acetobutylicum to butanol stress.

To characterize the role of BtrK, we first investigated
whether this histidine kinase has a cognate response
regulator. While scrutinizing the chromosomal regions
adjacent to CACO0863, we noticed that the upstream
CACO0860 gene is annotated as a putative response
regulator—encoding gene (Fig. la). Given that histidine
kinases (HKs) and response regulators (RRs) constitut-
ing TCSs are often closely located on the chromosome,
we speculated that CAC0860 and CACO0863 constitute a
paired TCS. To test this hypothesis, an in vitro phos-
phorylation assay was performed using the purified
Hisg-labeled BtrK and MBP-labeled BtrR (Fig. 1b).
Importantly, to ensure the release of BtrK from the plas-
ma membrane for purification, BtrK was expressed
without its transmembrane domain (20 amino acids at
the 5’ end) (Fig. S1). As expected, the results of the
phosphorylation assay showed that BtrK can
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autophosphorylate itself in the presence of ATP (Fig.
Ic), and subsequently phosphorylate BtrR (Fig. 1c).
These data demonstrate that BtrK and BtrR form a
paired TCS in C. acetobutylicum. Interestingly, the ho-
mologs of BtrK and BrtR were found to be widespread
in clostridia, indicating their broad roles in the
Clostridium genus. This will be elaborated in the sub-
sequent section.

BtrK/BtrR regulates the butanol tolerance
and fermentation performance of C. acetobutylicum

We subsequently investigated whether BtrK/BtrR plays a role
in butanol tolerance in C. acetobutylicum. Since BtrK expres-
sion was upregulated in the presence of butanol stress, we
simultaneously overexpressed b#rK and btrR under the control
of a constitutive promoter in wild-type C. acetobutylicum
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Fig. 2 Influence of the overexpression of both bR and btrK on butanol
tolerance, growth, and solvent production in C. acetobutylicum. a Map of
the plasmid overexpressing b#R and btrK. P, thi promoter. b Changes
in butanol tolerance in C. acetobutylicum after overexpressing btrR and
btrK. 824-C: the C. acetobutylicum strain carrying the control plasmid;
824-btrK/R: the C. acetobutylicum strain carrying the btrR/btrK-
overexpressing plasmid. Cell growth (ODggy) was measured after 24 h
and 49 h of fermentation using CGM medium. A 1% (vol./vol.) of
butanol was added into the medium when needed. The butanol
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tolerance was calculated as the following equation: ODg (With butanol
addition)/ODgg (no butanol). The data are presented as the means +
standard deviations calculated from triplicate independent experiments
(*p<0.05; ***p <0.001; ¢ test). ¢ Fermentation profiles of the btrR/
btrK-overexpressing strain (824-btrK/R) and the control strain (824-C).
The data are presented as the means + standard deviations
calculated from triplicate independent experiments (*p < 0.05;%*p <0.01;
*##%p <0.001; ¢ test)
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(Fig. 2a). As shown in Fig. 2b, the b#rK/btrR-overexpression
strain (824-btrK/R) reached a much higher biomass (ODgg)
and butanol tolerance than the control strain (824-C)
with 1% (vol./vol.) butanol added to the medium, sug-
gesting a positive impact of the BtrK/BtrR TCS on the
growth of C. acetobutylicum under butanol stress.
Additionally, btrK and btrR overexpression resulted in
much faster growth and solvent synthesis of the 824-
btrK/R strain compared with the 824-C strain, although
their biomasses and ABE solvent titers were similar at
the end of the fermentation process (Fig. 2c). These
findings further suggest that BtrK/BtrR plays an impor-
tant role in C. acetobutylicum.

We also inactivated bR and btrK separately (Fig. 3a) to
examine the resulting phenotypic changes in
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Fig. 3 Influence of b#rR or btrK disruption on the cellular performance of
C. acetobutylicum. a PCR screening of the desired mutants with bR or
btrK disruption. 824m-btrR: the b#rR-disrupted strain; 824m-btrK: the
btrK-disrupted strain. b Fermentation profiles of the btrK-disrupted
mutant and its genetic complementation. 824-P,,: the C. acetobutylicum
strain carrying an empty plasmid pIMP1-P,,; 824m-btrK-P: the btrK-
disrupted strain (824m-btrK) carrying an empty plasmid pIMP1-P,,;
824m-btrK-C: the btrK-disrupted strain (824m-btrK) carrying the pIMP1-
P,-btrK plasmid for btrK expression. ¢ Fermentation profiles of the b#rR-
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C. acetobutylicum. As shown in Fig. 3 b and c, inactivation
of either btrK (824m-btrK-P, the btrK-disrupted strain 824m-
btrK carrying an empty plasmid pIMP1-P,,) or btrR (824m-
btrR-P, the btrR-disrupted strain 824m-btrR carrying an empty
plasmid pIMP1-P,,;) resulted in markedly impaired growth and
solvent production in C. acetobutylicum. These phenotypic
changes could be completely or largely restored through the
plasmid-based expression of btrK or btrR in these mutants
(824m-btrK-C and 824m-btrR-C).

Identification of putative genes under the regulation
of BtrK/BtrR

To identify the putative genes under the regulation of the re-
sponse regulator BtrR, we performed a comparative
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disrupted mutant and its genetic complementation. 824-P,,,: the
C. acetobutylicum strain carrying an empty plasmid pIMP1-P,;; 824m-
btrR-P: the b#rR-disrupted strain (824m-btrR) carrying an empty plasmid
pIMP1-P,;,; 824m-btrR-C: the btrR-disrupted strain (824m-btrR) carrying
the plasmid pIMP1-P,,;,-btrR for b#rR expression. The means + standard
deviations between the control strain and b#rK or btrR-disrupted strain were
calculated from two independent experiments (*p <0.05; **p <0.01;
*#%p < 0.001; ¢ test)
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transcriptomic analysis of the abovementioned 824-btrK/R
and 824-C strains. As shown in Fig. 4a, samples for RNA
extraction and microarray analysis were collected after 24
and 48 h of fermentation. From this analysis, 691 and
424 genes exhibited significantly altered transcription
(fold change >2.0) after the overexpression of btrK/
btrR at 24 and 48 h, respectively (Fig. 4b and
Tables S1 and S2). Among these genes, 153 genes
showed significantly different expression at both 24
and 48 h (Fig. 4b). These findings indicate a pleiotropic
regulatory role for BtrR in C. acetobutylicum.

All of the differentially expressed genes at 24 and 48 h,
except those with unknown functions, can be generally

Fig. 4 Overview of the genes
affected by the co-overexpression
of btrR and btrK. a Growth curve
of the BtrK/BtrR-overexpressing
(824-btrK/R) strain and the con-
trol strain (824-C). Samples were
taken at 24 and 48 h for microar-
ray assays. Data are means +

a 100 4

101

ODgqq

grouped into 15 and 16 subsets, respectively, according to
their predicted functions (Fig. 4c). Many genes that are known
or potentially associated with important physiological charac-
teristics of C. acetobutylicum showed significantly altered ex-
pression, e.g., those with functions in sporulation (CAC0686,
CACO0859, CAC1276, CAC1689, CAC1694, CAC1713,
CAC2780, CAC2898, CAC2908, CAC3205, CAC3244,
and CAC3731) and solvent synthesis (CAP0035, CAP0059,
CAPO0078, and CAC3484). It should be noted that in
C. acetobutylicum, some sporulation-related genes have been
previously shown to have the potential relationship to butanol
stress (Alsaker et al. 2004; Borden and Papoutsakis 2007).
Besides, we compared the expressional changes (> 5-fold) of
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Fig. 5 Direct regulation of BtrR
on the ABC-type transporter
BtTM (CAC0861-0862) and
identification of the BtrR-binding
site. a The difference of btrTM
expression between the 824-btrK/
R (BtrK/BtrR overexpression)
and 824-C strain (control). The
data are presented as the means +
standard deviations calculated
from two independent experi-
ments (*p <0.05; **p<0.01; ¢
test). b EMSAs for verifying the
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several solvent synthesis—related genes in this study with pre-
viously reported microarray data and found that their changes
are not totally consistent. For example, the CAP0035 gene,
encoding a aldehyde/alcohol dehydrogenase (AdhE1) that are
responsible for alcohol production in C. acetobutylicum, was
previously shown to be upregulated under butanol stress
(Alsaker et al. 2004; Janssen et al. 2012), but was
greatly downregulated (11-fold downregulation, 24 h;
14-fold downregulation, 48 h) in this study; another
gene, CAP0078 (encoding acetyl-CoA acetyltransferase),
also known to be associated with solvent synthesis in
C. acetobutylicum, was significantly downregulated (20-
fold downregulation, 24 h) after btrK/btrR overexpres-
sion in this study, whereas no obvious changes under
butanol stress in the previous report (Janssen et al.
2012). All these findings suggest a complex regulatory
mechanism of C. acetobutylicum in response to butanol
stress.

@ Springer

An ABC-type transporter under the direct control
of BtrR has a role in butanol tolerance
in C. acetobutylicum

Among the genes with significantly altered expression after
btrK/btrR overexpression, we noticed two genes (CAC0861
and CAC0862), encoding a putative ABC-type transporter
(named BtrTM in this study) that contains a transmembrane
protein and an ATPase component, located between bfrR and
btrK in the chromosome (Fig. 1a). A real-time qRT-PCR anal-
ysis showed a 1.52- and 2.23-fold increase in the transcription
of btrTM at 24 and 48 h, respectively, after the overexpression
of btrK/btrR (Fig. 5a). To further verify whether the btrTM
genes are under the direct control of the response regulator
BtrR, electrophoretic mobility shift assays (EMSAs) were per-
formed using the purified BtrR protein and a DNA fragment
spanning the entire noncoding region upstream of btrTM
(Pysas)- As shown in Fig. 5b, a substantial DNA band shift
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Fig. 6 Influence of btrTM overexpression on butanol tolerance, growth,
and solvent production in C. acetobutylicum. a Changes in the butanol
tolerance of C. acetobutylicum after overexpressing btrT and btrM. 824-
P: the C. acetobutylicum strain carrying the plasmid pIMP1-P,,;; 824-
btrTM: the C. acetobutylicum strain carrying the plasmid pIMP1-P,,;-
btrTM for btrTM overexpression. The cell growth (ODggp) was
measured after 48 h of fermentation using CGM medium. A 1% (vol./
vol.) of butanol was added into the medium when needed. The butanol

was observed for the P, 7, fragment after adding the BtrR
protein, which could be suppressed by the addition of an un-
labeled DNA competitor but not a nonspecific competitor.
These data demonstrate that BtrR can bind to the noncoding
region upstream of btrTM, suggesting that BtrR directly con-
trols the transcription of b#rTM.

Next, to identify the potential BtrR-binding sites within the
noncoding region upstream of btrTM (P-I) (Fig. 5c), this re-
gion was gradually truncated, yielding the fragments P-II, P-
III, and P-IV as probes for EMSAs. As shown in Fig. 5c, an
obviously shifted band was observed in assays with P-I and P-
II, but this band was eliminated when P-III and P-IV were
used, thereby suggesting that a BtrR-binding site resides in
the truncated region from P-II to P-III. Since this truncated
fragment is only 40 bp long (indicated by the red double arrow
line) (Fig. S¢), we visually scanned it and fortunately found an
18-nt imperfect palindromic sequence (CCTTAATGTACATA
TAAG). To further examine whether this sequence is a BtrR-
binding site, it was mutated, resulting in a derived P-II-mu
fragment that was used as a DNA probe for EMSAs (Fig.
5d). As expected, the mutation completely abolished the bind-
ing between BtrR and the DNA probe (Fig. 5d), thereby ver-
ifying the role of this 18-nt sequence.

Based on the above findings, we next investigated whether
the ABC-type transporter BtrTM has a role in butanol tolerance
in C. acetobutylicum. Because the btrTM genes showed higher
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tolerance was calculated as the following equation: ODggq (With butanol
addition)/ODgg (no butanol). The data are presented as the means +
standard deviations calculated from two independent experiments
(*p <0.05; ***p <0.001; ¢ test). b The fermentation profiles of the 824-
P and 824-btrTM strains. The data are presented as the means =+ standard
deviations calculated from triplicate independent experiments (*p < 0.05;
*p <0.01; ***p < 0.001; 7 test)

expression level in the 824-btrK/R strain compared with the
control strain 824-C (Fig. 5a), we overexpressed these two genes
simultaneously in the wild-type C. acetobutylicum to evaluate
any changes in butanol tolerance. As expected, compared with
the 824-P strain (the C. acetobutylicum strain carrying the plas-
mid pIMP1-P,;), the 824-btrTM strain (the C. acetobutylicum
strain carrying the plasmid pIMP1-P,,;-btrTM for btrTM over-
expression) showed increased growth and butanol tolerance
(46.5% increase) in the presence of butanol stress (1%, vol./
vol.) (Fig. 6a), consisting with the results from the b#K/btrR-
overexpression analysis (Fig. 2b). Furthermore, when cultivated
in medium without added butanol, the 824-btrTM strain also
grew and produced solvents much faster than the 824-P strain
(Fig. 6b).

In summary, these data, together with results regarding the
influence of BtrK/BtrR on butanol tolerance and cellular per-
formance (Figs. 2 and 3), suggest that BtrK/BtrR and their
direct regulation of the ABC transporter—encoding genes
btrTM form a functional module that plays a role in the re-
sponse and tolerance of C. acetobutylicum to butanol stress.

btrR-btrT-btrM-btrK-like gene clusters are present
in other Clostridium species

TCSs and ABC transporters are often located in closely
associated bacterial chromosomes and form a functional
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Fig. 7 Distribution of btrR-btrT-
btrM-btrK-like gene clusters in
Clostridia. Homologous genes in
btrR-btr T-btrM-btrK-like clusters
are marked with the same color
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module to respond to different stimuli (Dintner et al.
2011). Therefore, we assessed whether btrR-btrT-btrM-
btrK-like gene clusters are also present in other
Clostridium species. Based on the amino acid sequences
of BtrK/BtrR and BtrTM, we searched the genomes of
many other representative Clostridium species using the
BLASTp, and interestingly, a number of homologs with
high amino acid sequence identity and similar gene ar-
rangements as the btrR-btrT-btrM-btrK gene cluster were
identified (Fig. 7). Notably, this gene cluster occurred in
two pathogenic Clostridium species (C. perfringens and
C. botulinum), indicating a broad role of this TCS-based
regulatory module for stress response and adaptation in
clostridia.

@ Springer

Discussion

In this study, a functional module consisting of a two-
component system (BtrK/BtrR) and a two-gene ABC-type
transporter (BtrTM) was identified and shown to play an im-
portant role in butanol tolerance of the solventogenic bacteri-
um C. acetobutylicum. The comparative transcriptomics anal-
ysis revealed that BtrK/BtrR has a pleiotropic regulatory func-
tion, affecting numerous genes and metabolic pathways.
Furthermore, we revealed that BtrK/BtrR directly and posi-
tively regulates the expression of b#rTM, ABC-type transport-
er-encoding genes, which consequently led to improved buta-
nol tolerance, growth, and solvent synthesis in
C. acetobutylicum.
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To date, multiple methods by which bacteria counter buta-
nol stress have been uncovered, among which efflux pumps,
including ABC-type transporters, play important roles
(Patakova et al. 2018). ABC-type transporters are a group of
membrane proteins that mediate diverse ATP-driven transport
processes (Davidson et al. 2008; Locher 2016). These trans-
porters are highly dynamic membrane proteins capable of ex-
truding numerous substances from the cytosol (Rees et al.
2009), and thereby associated with many crucial cellular pro-
cesses (Hofmann et al. 2019; Robey et al. 2018; Trowitzsch
and Tampe 2018). Among Clostridium species, a few exam-
ples of ABC transporters associated with phenolic compound
tolerance and multidrug resistance have been reported in in-
dustrial C. beijerinckii and pathogenic C. difficile (Liu et al.
2018; Ngernsombat et al. 2017), respectively, although a na-
tive butanol tolerance-related ABC transporter remains unob-
served. In this study, the comparative transcriptomic analysis
revealed various ABC transporters potentially related to buta-
nol tolerance, in which the BtrTM-coding genes (CACO0861-
0862) showed a significant upregulation upon butanol stress.
The BtrTM proteins represent an ABC-type 2 transporter,
consisting of a membrane protein and an ATP-binding protein
(Filippova et al. 2014), which should belong to the multidrug
resistance (MDR) transporter systems based on the common
characteristics (Martinez et al. 2009). Since MDR transporter
systems have been known to act as solvent-extruding pumps
(Martinez et al. 2009), a possible hypothesis for the function
of BtrTM is that it helps in alcohol (ethanol and butanol)
excretion from C. acetobutylicum cells. Actually, we per-
formed an investigation of the role of BtrTM in transporting
substrates by searching for homologs in other bacteria; how-
ever, no definitive annotations were uncovered, despite the
identification of some homologs with high amino acid se-
quence identity to BtrTM in the NCBI database. This result
indicates that BtrTM and its homologs may belong to a new
category of ABC transporters with functions that remain to be
elucidated.

The expression of the btrR-btrT-btrM-btrK cluster
(CAC0860—CAC0863) have been found to be significantly
upregulated in the presence of butanol stress in the previous
studies (Schwarz et al. 2012; Janssen et al. 2012). Here, a
further screening revealed that the btrR-btrT-btrM-btrK-like
gene clusters, encoding a TCS and an ABC-type transporter,
are present in multiple Clostridium species. Interestingly,
some TCSs have been observed to be chromosomally located
adjacent to ABC-type transporters in bacteria, and these TCSs
contribute to cellular resistance to different stresses (e.g., an-
tibodies and bacitracin) by regulating the expression of the
adjacent transporters (Dintner et al. 2011; Meehl et al.
2007). Therefore, it seems that such a TCS-transporter module
on the chromosome may enable bacteria to initiate response
and adaptation mechanisms as quickly as possible upon sens-
ing external signals. In some cases, bacteria adopt coevolved

TCSs and ABC transporters to respond to environmental
stresses. For example, the B. subtilis protein BceS, a histidine
kinase without an extracellular signal-sensing domain, can
activate its cognate response regulator BeceR with the assis-
tance of the adjacently encoded ABC transporter BceAB. In
turn, the phosphorylated BceR can activate the expression of
BceAB, allowing B. subtilis cells to tolerate bacitracin
(Dintner et al. 2011). Unlike the above example, a distinct
feature of BtrK in the “b#rR-btrT-btrM-btrK” module is
that it contains a large extracellular domain (Fig. S1),
indicating that BtrK is capable of independently sensing
external signals.

In this study, the induction of more butanol tolerance in
C. acetobutylicum, either by overexpressing BtrK/BtrR or
BtrTM, was observed, although no significant increase was
observed in the final concentration of butanol and the other
two assayed solvents (Figs. 2 and 6). This finding further
suggests that high butanol tolerance is not in total accord with
high butanol production in C. acetobutylicum, a phenomenon
that has been observed in some previous studies (Jones et al.
2016; Mann et al. 2012). Based on the current understanding
of butanol tolerance, it seems that butanol synthesis and buta-
nol tolerance are two characteristics that are not tightly linked.
However, the generation of a strain with high butanol toler-
ance represents a good chassis for further improvements to
hopefully generate strains with high butanol production.
Besides, considering that the metabolic energy for substrate
transport by ABC-type transporters is derived from ATP bind-
ing and hydrolysis, the overexpression of BtrTM is very likely
to cause extra energy consumption and metabolic burden in
the C. acetobutylicum cells, which may partly explain why
there were no increases in biomass and butanol titer despite
the enhanced butanol tolerance after overexpressing
BtrTM (Fig. 6b).

In addition, it should be noted that the TCS BtrK/BtrR has
a pleiotropic regulatory role in C. acetobutylicum, according
to the results of the comparative transcriptomic analysis. A
large number of genes exhibited significant changes in tran-
scription after the overexpression of BtrK/BtrR. Therefore, it
is highly possible that BtrR has other direct targets besides the
ABC transporter BtrTM that have roles in butanol tolerance.
To confirm this hypothesis, high-throughput screening tech-
niques, e.g., ChIP-Seq, are necessary.

In summary, in this study, we identified a butanol
tolerance-related module that is composed of a two-
component pleiotropic regulatory system (BtrK/BtrR) and a
novel two-gene ABC-type transporter (BtrTM) in the repre-
sentative solventogenic C. acetobutylicum. The positive reg-
ulation of BtrK/BtrR on BtrTM provides an explanation for
the improved growth of C. acetobutylicum under butanol
stress after the overexpression of BtrK/BtrR. To the best of
our knowledge, BtrK/BtrR is the first reported paired TCS that
exerts a pleiotropic regulatory function and is responsible for
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butanol tolerance in C. acetobutylicum, suggesting a previous-
ly uncharacterized role of TCSs in this important anaerobic
bacterium. Moreover, btrR-btrT-btrM-btrK-like homologs are
present in many other Clostridium species, including patho-
gens, indicating a broad role of this module in stress response
and adaptation in clostridia.
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