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Summary

Gas-fermenting Clostridium species can convert
one-carbon gases (CO,/CO) into a variety of chemi-
cals and fuels, showing excellent application pro-
spects in green biological manufacturing. The
discovery of crucial genes and proteins with novel
functions is important for understanding and further
optimization of these autotrophic bacteria. Here, we
report that the Clostridium ljungdahlii BirA protein
(CBirA) plays a pleiotropic regulator role, which,
together with its biotin protein ligase (BPL) activity,
enables an effective control of autotrophic growth of
C. ljungdahlii. The structural modulation of CIBirA,
combined with the in vivo and in vitro analyses, fur-
ther reveals the action mechanism of CIBirA’s dual
roles as well as their interaction in C. Iljungdahlii.
Importantly, an atypical, flexible architecture of the
binding site was found to be employed by CIBirA in
the regulation of a lot of essential pathway genes,
thereby expanding BirA’s target genes to a broader
range in clostridia. Based on these findings, molecu-
lar modification of C/BirA was performed, and an
improved cellular performance of C. ljungdahlii was
achieved in gas fermentation. This work reveals a
previously unknown potent role of BirA in gas-
fermenting clostridia, providing new perspective for
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understanding and engineering these autotrophic
bacteria.

Introduction

Gas-fermenting Clostridium species, an important class
of autotrophic bacteria, can fix and assimilate C1 gases
(CO,/CO) via the Wood-Ljungdahl pathway (WLP) to
produce multiple organic acids and alcohols, thereby
exhibiting huge potential for the sustainable carbon-
neutral production of chemicals and biofuels (Berg et al.,
2010). To effectively use C1 gases, these bacteria have
evolved their metabolic pathways and regulatory sys-
tems, allowing them to adapt to autotrophic growth con-
ditions. For example, a large number of crucial genes
involved in carbon fixation and energy supply in gas-
fermenting Clostridium species showed significant tran-
scriptional changes under different fermentation condi-
tions (C1 gases vs. sugars) (Tan et al., 2013; Aklujkar
et al, 2017), indicating a unique metabolic regulation
model in these autotrophic bacteria in gas fermentation.
To unlock the full potential of gas-fermenting Clostrid-
ium species, the discovery of more crucial regulatory
elements and a comprehensive understanding of under-
lying regulatory mechanism are necessary. However, to
date, this aspect remains minimally explored due to the
challenges in genetic tools. Specific to transcriptional
regulators (TFs), to our knowledge, only a global regula-
tor CcpA and a TetR-family regulator (CAETHG_0459)
have been identified and characterized in these auto-
trophic bacteria (Lemgruber et al, 2019; Zhang et al,,
2020a,2020b). CcpA was found to directly regulate the
expression of some WLP genes in Clostridium. ljung-
dahlii, and the elimination of CcpA’s inhibition on these
genes could significantly enhance CO, utilization (Zhang
et al., 2020a,2020b). CAETHG_0459, as a transcription
activator in Clostridium autoethanogenum, can directly
bind to the core enzyme of RNA polymerase and subse-
quently activate the expression of multiple WLP genes
(Lemgruber et al., 2019). These studies have indicated
the importance of TFs in gas-fermenting clostridia,
thereby strongly supporting a continued investigation.
Recently, based on the Pfam database (http://pfam.xfa
m.org/), we used the similarity search and domain predic-
tion for mining for TFs in C. ljungdabhlii. Over 400 TFs were
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predicted and subsequently subjected to functional
screening through gene deletion or transcriptional repres-
sion using the CRISPR-Cas-based genome editing tools
established in our lab (Huang et al., 2016; Zhao et al.,
2019). Among these TFs, BirA has been known to be an
important bifunctional protein with both the biotin protein
ligase (BPL) activity and biotin operon repressor function
in some model bacteria, such as Escherichia coli, Bacillus
subtilis and Staphylococcus aureus (Weaver et al., 2001;
da Costa et al.,, 2012; Feng et al., 2014). As the ligase,
BirA is responsible for the biotinylation of acetyl-CoA car-
boxylase (ACC) and pyruvate carboxylase (PYC), thereby
significantly influencing the activity of these two enzymes
(Li and Sousa, 2012; Peters-Wendisch et al., 2012); as
the biotin operon repressor, BirA regulates biotin synthe-
sis and uptake and thus enables the in vivo biotin home-
ostasis (Ye et al., 2016; Zhang et al., 2016). Additionally,
a recent study revealed that BirA can interact with other
regulators to realize a wide regulatory scope in entero-
haemorrhagic E. coli (Yang et al., 2015). However, speci-
fic to autotrophic bacteria, the function of BirA remains
unexplored.

In this study, we identified a functional BirA (CBirA)
protein that greatly affected the performance of C. ljung-
dahlii in gas fermentation. Next, we dissected the action
mechanisms of CBirA through a combination of omics
(ChlP-seq), biochemical and genetic approaches. The
data from these experiments revealed the pleiotropic
regulator role of CBirA as well as the interaction
between its dual functions in C. ljungdabhlii. Furthermore,
a new atypical flexible architecture of CIBirA-binding
sites that are widespread in C. ljungdahlii was found,
revealing a wider regulatory scope of the BirA protein in
this bacterium. Based on these findings, we achieved an
improved autotrophic growth and product synthesis of C.
liungdahlii in gas fermentation through the functional
modulation of C/BirA.

Results

CIBIrA is crucial for the autotrophic growth of
C. ljungdahlii in gas fermentation

As mentioned above, among the TFs that have been
examined by gene deletion or transcriptional repression
in C. ljungdahlii, CBirA was found to be crucial for strain
growth in gas fermentation. We compared the growth
and product synthesis of the birA-deleted (Clju AbirA/p)
and wild-type (Clju WT/p) C. ljungdahlii strains in gas fer-
mentation. Here, because BirA has been known to
specifically regulate biotin synthesis in bacteria (Weaver
et al., 2001; da Costa et al., 2012), the media with and
without biotin addition were both adopted.

The results showed that the Clju AbirA/p strain could
not grow in either medium (Fig. 1A and B), and
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consequently, almost no product (acetic acid or ethanol)
was synthesized by this mutant (Fig. 1C and D). How-
ever, after birA was reintroduced into the birA-deleted
mutant strain via an expression plasmid, the growth and
product synthesis (acetic acid and ethanol) of the result-
ing strain (Clju AbirA/pbirA) was restored to the level of
the wild-type strain (Clju WT/p) (Fig. 1). Such a defi-
ciency of the Clju AbirA/p strain was also found in the
fermentation using fructose as the carbon source
(Fig. S1). All these findings suggest that the birA gene is
essential for the growth and product formation of C. ljung-
dahlii in fermenting both C1 gases and sugars.

In addition, we found that extra biotin supplementa-
tion in the medium could promote the growth of both
the Clju WT/p and Clju AbirA/pbirA strains, whereas no
promotion effect was observed for the Clju AbirA/p
strain (Fig. 1A and B). Therefore, it seems that the
deletion of birA greatly impaired biotin metabolism in
C. ljungdabhlii that may be crucial for cell growth. Fur-
thermore, in light of the BPL activity of BirA, the dele-
tion of birA will destroy the in vivo biotinylation of ACC
and PYC, two crucial enzymes for the basic metabo-
lism of cells. The above results also suggest the possi-
bility that CBIrA is involved in the regulation of crucial
metabolic processes other than biotin synthesis in C.
ljungdahlii. In other words, CBirA may play a pleiotro-
pic regulatory role in C. ljungdabhlii, and the deletion of
birA would result in a broad impact on this anaerobic
bacterium.

CIBirA mediates a pleiotropic regulation in C. ljungdahlii

To prove the pleiotropic regulator role of CIBirA in
C. ljungdahlii, we used the chromatin immunoprecipita-
tion sequencing (ChIP-Seq) analysis to screen the
potential target genes that are directly regulated by
CBirA. The results showed that 24 118 060 and
26 872 496 raw reads were generated from the ChIP
sample and mock ChIP sample (negative control, without
the addition of antibodies in ChIP) respectively. After
removing low-quality reads, the remaining 22 815 380
and 25 796 238 clean reads were aligned to the refer-
ence genome of C. ljungdahlii, yielding 20 640 883 and
24 853 697 uniquely mapped reads (with < 9.5% and
3.7% mismatches), respectively (Table S1), which
reached 668 x and 805 x coverage of the C. ljungdahlii
reference genome (Table S1). As expected, 439 poten-
tial CBirA-binding sites (fold enrichment > 1.5) linked
with 439 genes were found (Fig. 2A), including bioY, a
well-known target gene directly controlled by BirA in
E. coli and B. subtilis (Weaver et al., 2001; Feng et al.,
2014). Among these potential CBirA’s target genes,
many were associated with crucial physiological and
metabolic processes in C. ljungdahlii (Fig. 2B). All these
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Fig. 1. The influence of the deletion of the CBirA-encoding gene (birA) on the autotrophic growth and product formation of C. ljungdahlii in gas

fermentation.

A. The effect of the birA deletion on the growth of C. ljungdahlii grown in the medium without biotin.

B. The effect of the birA deletion on the growth of C. ljungdahlii grown in the medium supplemented with biotin.

C. The effect of the birA deletion on product formation of C. ljungdahlii grown in the medium without biotin.

D. The effect of the birA deletion on product formation of C. ljungdahlii grown in the medium supplemented with biotin. All the fermentations
were performed in the modified ATCC medium 1754. Clju WT/p: the WT strain containing an empty plasmid. Clju AbirA/p: the birA-deleted strain
containing an empty plasmid. Clju AbirA/pbirA: the birA-deleted strain complemented with the plasmid-carried birA expression. Data shown are
means =+ standard deviations (n = 3) calculated from triplicate individual experiments. Error bars show standard deviations. Statistical analysis
was performed by a two-tailed Student’s ttest. ***P < 0.001 vs. the Clju WT/p strain.

data strongly suggest that CBirA has a wide regulatory
scope in C. ljungdahlii.

To examine the quality of the ChIP-seq results, we
selected 42 potential CBirA-binding sites that are asso-
ciated with the genes responsible for oxidation reduction/
energy metabolism and one-carbon source metabolism
for the in vitro EMSA analysis. Finally, 24 sites (associ-
ated with 24 genes) were confirmed to be bound by
CBirA (Fig. S2), including a site in the coding sequence
region of an essential WLP gene, meTr (Fig. 2C). These
data suggest a high credibility of the ChlP-seq data. The
discovery of the CBirA-binding to meTr indicates that
CBIrA can regulate WLP genes in C. ljungdahlii. To test
this anticipation, we examined the interactions between
CBirA to the other WLP genes (cooS1, cooS2, codH,
Clju_c06990, Clju_c08930, Clju_c20040, fhs, folD, metF,

acsA, acsC, acsD) via EMSAs. As expected, a new
CBirA-binding site was found in the coding sequence
region of fdh (Clju_c06990) (Fig. 2C), although it was
not detected in the ChIP-seq analysis. Therefore, these
results suggest that CBirA can directly regulate carbon
fixation and assimilation in C. ljungdahlii.

Next, we employed the in vivo approach to further
verify the pleiotropic regulation of CBIirA in C. ljung-
dahlii. The structure of CBirA was first evaluated by a
homology modelling using the BirA protein from Staphy-
lococcus aureus subsp. aureus ECT-R 2 as the tem-
plate. As shown in Fig. 3A, the modelled ribbon
structure of CBIrA included a typical N-terminal DNA-
binding domain and a C-terminal with enzymatic activ-
ity, thus defining CBirA as a type-ll BirA (Satiaputra
et al., 2016). Based on this model, the DNA sequence
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Fig. 2. ChIP-seq analysis of CBirA-binding sites in the C. ljungdahlii genome.

A. Genome wide mapping of CBirA-binding sites. On the y-axis is the fold enrichment of the peaks.

B. A pie chart presenting the percentage of CBIirA’s targets with functional categories defined in the C. ljungdahlii database.

C. The in vitro confirmation of CBirA binding to the coding sequence regions of two essential WLP (Wood-Ljungdahl pathway) genes (fdh and
meTr). The coding sequence regions of fdh and meTr were used as the DNA probes for EMSAs. Fdh, formate dehydrogenase; Fhs, formyl-
THF synthetase; FolD, Formyl-THF cyclohydrolase/methylene-THF dehydrogenase; MetF, methylene-THF reductase; MeTr, methyltransferase;

Codh/Acs, carbon monoxide dehydrogenase/acetyl-CoA synthase.

coding for the N-terminal 64 amino acid residues (resi-
due 2 to 65) of CBirA was deleted in the chromosome,
yielding a mutant strain (Clju AbirA-N) lacking the regu-
latory function (Fig. S3). By comparing the transcrip-
tional levels of the aforementioned 24 CPBirA’s target
genes (Fig. S2) between the Clju AbirA-N mutant and
WT strain (Clju WT), we found that most genes were
up-regulated in Clju AbirA-N (Fig. 3B and C). These
data confirmed the pleiotropic regulator role of CBirA.
Moreover, it seems likely that CBirA mainly acts as a
repressor in C. ljungdahlii.

Discovery of an atypical architecture of CIBirA-binding
sites that is wide occurrence in C. ljungdahlii

Interestingly, a further examination of the above 24 bind-
ing sites of CBirA (Fig. S2) revealed that only 13

contained a typical BirA-binding motif (Rodionov et al.,
2002) (Fig. 4A). This finding indicates the existence of
atypical motifs for the remaining 11 sites. To verify this
hypothesis, two CBirA-binding sequences (within the pro-
moter regions of Clju_c04680 and Clju_c23900, respec-
tively) were selected from the above 11 candidates for
DNase | footprinting analysis. As expected, an obvious
protection region was observed in either of the two DNA
probes in the presence of BirA protein (Fig. 4B). A com-
mon feature of these two protection regions was the two
5-nt repeats (quasi-palindromic sequence) separated by a
variable intervening spacer region, namely ‘TTTAC-N4¢-
GTTAA’ and ‘TTGTC-N49-GGTAA’ (Fig. 4C). The archi-
tecture of these two sites, to our knowledge, is different
from all the known BirA-binding motifs, which are normally
14—16 bp long and include several highly conserved
nucleotides (Rodionov et al., 2002).
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Fig. 3. Identificaiton of the pleiotropic regulator role of CBirA in C. ljungdahlii.
A. Homology modelling of CBirA. A truncation of the N-terminal DNA-binding domain of CBirA (for blocking the regulatory function of CIBirA)

was also shown.

B. Transcriptional changes of the genes responsible for oxidation reduction and energy metabolism after the truncation of the N-terminal DNA-

binding domain of CIBirA.

C. Transcriptional changes of the WLP genes after the truncation of the N-terminal DNA-binding domain of CBirA. The cultivation of C. ljung-
dabhlii cells for comparative transcriptomic analysis was performed in the modified ATCC medium. The data are presented as the means + stan-
dard deviations calculated from two independent experiments. Statistical analysis was performed by a two-tailed Student’s ttest. *P < 0.05,

**P < 0.01, and ***P < 0.001 vs. Clju WT.

To further confirm the CBirA binding to these two
sites, we separately mutated their palindromic
sequences, intervening spacers or flanking regions
(Fig. 4D), and the yielding DNA fragments were used as
probes for EMSAs. The results showed that the affinity
of the probes for CBirA was almost completely abol-
ished with the mutation of the two palindromic
sequences (04680 mut V and 23900 mut V), while the
mutation of the other regions remained the affinity to dif-
ferent extents (Fig. 4D). These data verified that the
‘TTTAC-N1¢-GTTAA’ and ‘TTGTC-N1o-GGTAA’
sequences are the CBirA-binding sites, in which the
palindromic sequences are crucial for the binding activ-
ity. Next, we searched for more CBirA-binding sites
within the remaining nine candidates (Clju_c02070,
Clju_c05330, Clju_c15080, Clju_c16810, Clju_c24130,
Clju_c26350, Clju_c29710, Clju_c29780 and
Clju_c40120) (Fig. S2) via gene sequence alignment
(SnapGene 2.3.2) using a template TTNWC-Nyg/10-
GNTAA’ (N represents any bases; W represents A or T;
the length of the intervening spacer was 16 or 19 nt). As

expected, one and three potential CBirA-binding sites
were found in the coding region and upstream non-
coding region of their corresponding genes, respectively
(Fig. 4E).

To investigate the universality of this atypical motif, we
further searched the C. ljungdahlii genome via gene
sequence alignment (SnapGene 2.3.2) using the tem-
plate “TTNAC-N1g/19-GNTAA’. The result revealed total
519 potential CBirA-binding sites. This finding suggests
that this new binding site architecture with a variable
intervening spacer may play a broad role in CBirA-
mediated metabolic regulation.

Phenotypic changes of C. ljungdahlii caused by
functional modulation of CIBirA

Since CBIrA belongs to the type-Il BirA, which has both
regulatory function and BPL activity, a derived question
is how the two functions of CBirA influence the perfor-
mance of C. ljungdahlii in gas fermentation. To answer
this question, we constructed two CBirA variants, in
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which the N-terminal DNA-binding domain and the enzy-
matically active domain were deleted and inactivated,
respectively (Fig. 3A), for phenotypic analysis.

We first purified a CBirA variant, CBIrAE, lacking the
N-terminal DNA-binding domain (from the 2nd to 65th
amino acid residue). C/BirAE was then tested for its BPL
activity. The results showed that the biotinylation degree
of the substrate BCCP (the biotin carboxyl carrier protein
that is the subunit accB of ACC) by CBirA and CBIrA®
was 96.7% and 97.6%, respectively (Fig. 5A), indicating
that the deletion of the N-terminal portion did not impair
the BPL activity of CBirA. We further constructed the
other CBIrA variants without BPL activity by mutating
essential amino acid residues in its enzymatically active
domain. Based on a homology modelling using the Pyro-
coccus horikoshii OT3 BirA as the template (Bagautdi-
nov et al., 2008), nine potentially important amino acid
residues (Pro'’8, Asn'””, Asp'”8, Leu'®, GlIu'®?, 11e3'6,
Ser®"”, Gly®'8, Glu®'®) of CIBirA were picked out for indi-
vidual or combined mutations (Fig. 5B), and the yielding
mutants were used for BPL activity assays. As shown in
Fig. 5C, the CBIrAN'"7A CBIrAP'7®A and CIBirAM (triple
mutations, P176A, N177A and D178A) mutants exhibited
significantly decreased BPL activity compared to the WT
CBIrA, whereas the other two mutants, C/BirAN (double
mutations, L190A, E192A) and CBirAF (quadruple muta-
tions, I316A, S317A, G318A, E319A), had no changes
in BPL activity. Therefore, the CBirAN'""A CBirAP178A
and CBirAM mutants were adopted for DNA-binding
activity assays (EMSAs) using the promoter region of
the bioY gene (an identified direct target of CIBIirA,
shown in Fig. S2) as the probe. The results showed that
only CBIrAN'""A still remained the binding activity to
bioY (Fig. 5D), indicating that the N177A mutation did
not impair the regulatory function of CBIrAN'"7A. Here,
the CBirAN'"7 protein was hamed CBirAR.

Next, we began to examine the phenotypic changes of
C. ljungdahlii caused by CBIrAF and CBirAR. These two
unifunctional CBirA variants were transferred into a birA-
deleted C. ljungdahlii chassis (Clju AbirA), solely or
together, via an expression plasmid (Fig. 6A). The result-
ing three mutant strains, Clju AbirA-CIBirAF, Clju AbirA-
CBIrAR and Clju AbirA-CBIrAR'E, were compared to a
control strain (Clju AbirA-CBirAVT, the Clju AbirA strain
containing a plasmid-expressed WT C/BirA) to determine

their differences in autotrophic growth in gas fermenta-
tion. As shown in Fig. 6B, Clju AbirA-CBIirAE and Clju
AbirA-CBIr*E  exhibited increased and decreased
growth rate, respectively, compared to Clju AbirA-CBir-
A"T while Clju AbirA-CBirAR lost the growth capability.
Obviously, the differences between the growth rate and
biomass of Clju AbirA-CBIrAR'E and Clju AbirA-CBirAE
indicate a negative effect of the pleiotropic regulatory
function of CBirA on C. ljungdahlii.

To better understand the improved autotrophic growth
of Clju AbirA-CBirAE over Clju AbirA-CBirAT (Fig. 6B),
the regulatory property and BPL activity of CBIirA in
these two strains were compared. For the regulatory
property analysis, the transcriptional levels of the afore-
mentioned three CBIirA’s target genes, fdh, Clju_c26350
and bioY (Fig. S2 and Fig. 2C), in Clju AbirA-CBirAE
and Cliu AbirA-CBirA"Y", were examined. The results
showed that these genes, compared to those in Clju
AbirA-BirAVT, were significantly up-regulated at most
time points in Clju AbirA-BirAF (Fig. 6C). Next, the activi-
ties of PYC and ACC, the two known biotinylated
enzymes by BirA, in Clju AbirA-CBirAE and Clju AbirA-
CBirA"T, were also compared. It was found that, com-
pared to Cliu AbirA-CBIrA"", Clju AbirA-CBIrAF had
much higher PYC activity at 48 h and higher ACC activ-
ity at 48 h and 72 h, while no obvious difference was
observed at the other time points (Fig. 6D). Therefore, it
seems likely that the deletion of the DNA-binding domain
of CBirA (CBirAF) destroys its transcriptional repression
on target genes, and consequently, CBirAE can fully
function as a BPL to activate PYC and ACC by biotinyla-
tion, leading to the improved cell growth of C. ljungdahlii
in gas fermentation (Fig. 6B).

Phylogenetic analysis on two types of BirAs in bacteria
and archaea

As aforementioned, CBIirA belongs to the type Il BirA
because it contains both the DNA-binding and enzymati-
cally active domains (Satiaputra et al., 2016); but its vari-
ant, CBirAE, has lost the regulatory function and, thus,
is more similar to the type | BirA. The different perfor-
mance of C. ljungdahlii strains in gas fermentation
caused by CBIrAF and CBirAR (Fig. 6B) indicates the
different roles of the type | and Il BirAs in bacteria.

Fig. 4. Identification of the novel BirA-binding site consensus in C. ljungdabhlii.
A. The genes associated with the typical conserved motif of BirA-binding sites.
B. DNase | footprinting analysis of the CBirA binding to Clju_c04680 and Clju_c23900.

C. Mutational analysis of the BirA-binding sites.

D. EMSAs of the CBirA binding with various mutated DNA fragments of Clju_c04680 and Clju_c23900.
E. The genes associated with the novel BirA-binding sites identified in this study. The sequences highlighted with red indicate the putative bind-
ing sites. Reactions were performed with 0.04 pmol of Cy5-labelled probes in the presence of different concentrations of BirA (40, 80 and 120

nM). Free probe is shown by an arrow.
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Fig. 5. Identification of the crucial amino acid residues for the BPL (biotin protein ligase) activity of C/BirA.

A. Detection of the biotinylation of GFP-BCCP by SDS-PAGE and Stv-induced band-shift analysis.

B. The predicted crucial amino acid residues for the BPL activity of C/BirA.

C. Detection of the GFP-BCCP biotinylation by CBirA mutants using SDS-PAGE.

D. The comparison of the binding activities of CIBIrAN'""A CBirAP'"®* and CBirAM to the DNA probe of bioY. Biotinylation reactions were per-
formed and processed as described in method. Control reactions were performed in the absence of the CBirA protein. Fluorescent proteins are
analysed by direct UV-irradiation of the gel and integration of GFP fluorescence.

Fig. 6. Dissection of the interaction between CBirA’s dual functions.

A. Construction of the C. ljungdahlii mutants, Clju AbirA-CBirA"T, Clju AbirA-CBirAE, Clju AbirA-CBirAR and Clju AbirA-CBirAR'E.

B. Comparison of the growth and product formation of the Clju AbirA-CBirA"Y", Clju AbirA-CIBirAE, Clju AbirA-CBirA™ and Clju AbirA-CBirAR'E
strains in gas fermentation.

C. Real-time qRT—PCR assay for detecting the transcriptional differences of the fdh, Clju_c26350, and bioY genes between Clju AbirA-CBirAT
and Clju AbirA-CBirAE.

D. The in vivo PYC and ACC activities of Clju AbirA-CBirA"T and Clju AbirA-CBirAE strains. All the fermentations were performed in the modi-
fied ATCC medium 1754. Clju AbirA-CBirAV™: the birA-deleted strain with a plasmid expressing the WT CBirA; Clju AbirA-CIBirAE: the birA-
deleted strain with a plasmid expressing CBirAE; Clju AbirA-CBirAF: the birA-deleted strain with a plasmid expressing CBirA%; Clju AbirA-CBir-
ARE: the birA-deleted strain with a plasmid expressing both C/BirAF and CBirAR. The data are presented as the means + standard deviations

calculated from two independent experiments. Statistical analysis was performed by a two-tailed Student’s ttest. *P < 0.05, **P < 0.01, and
#xxP < 0.001 vs. Clju AbirA-CBirAVT.
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98 LACR_1952 Lactococcus lactis )

68 Ip_0337 Lactobacillus plantarum
Ip_0854 Lactobacillus plantarum

63 LSEI_0812 Lactobacillus paracasei
Awo_c00660 Acetobacterium woodii
EF3240 Enterococcus faecalis
spr1715 Streptococcus pneumoniae
SMU.1578 Streptococcus mutans
BA_1560 Bacillus anthracis
BC1537 Bacillus cereus
Aflv_1125 Anoxybacillus flavithermus
GTNG_2114 Geobacillus thermodenitrificans
BSU22440 Bacillus subtilis
BH1685 Bacillus halodurans
Exig_1781 Exiguobacterium sibiricum
OB1764 Oceanobacillus iheyensis
Imo1904 Listeria monocytogenes
SA1289 Staphylococcus aureus
Sca_1090 Staphylococcus carnosus —
Teth514_1058 Thermoanaerobacter sp. X514
TTE1965 Caldanaerobacter subterraneus
CBO1117 Clostridium botulinum
CLJU_c26660 Clostridium ljungdahlii
CA_C0212 Clostridium acetobutylicum -
CD3558 Clostridioides difficile Clostridia
Ccar_RS12915 Clostridium carboxidivorans
CA_C0589 Clostridium acetobutylicum
Cbei_1015 Clostridium beijerinckii
Cspa_c10980 Clostridium saccharoperbutylacetonicum
MTH_RS09200 Methanothermobacter thermautrophicus
MSBR3_RS10135 Methanosarcina barkeri

Bacilli

MJ_1619 Methanocaldococcus jannaschii Archaea
Ssol_1721 Sulfolobus solfataricuse _J

TM0224 Thermotoga maritima — Thermotagae
Desaci_0088 Desulfosporosinus acidiphilus .
Dhaf_0159 Desulfitobacterium hafniense _ Clostridia
AF_0074 Archaeoglobus fulgidus — Archaea
aq_566 Aquifex aeolicus — Aquificae
CS399_03630 Fusobacterium nucleatum — Fusobacteria

Dde_2082 Desulfovibrio alaskensis
Dret_0689 Desulfohalobium retbaense
Desal_2038 Desulfovibrio salexigens
Dde_2654 Desulfovibrio alaskensis
GSU1935 Geobacter sulfurreducens
Rru_A1321 Rhodospirillum rubrum I
U715_18760 Rhodobacter capsulatus
Pden_2230 Paracoccus denitrificans
RSP_2532 Rhodobacter sphaeroides
BMEA_A0858 Brucella melitensis
RPC_1056 Rhodopseudomonas palustris
BJ6T_47850 Bradyrhizobium japonicum
BMNI_I0808 Bartonella quintana
SM11_chr2294 Sinorhizobium meliloti
K538_00165 Agrobacterium tumefaciens
GFL84_10395 Rhizobium leguminosaurum
ZMO1868 Zymomonas mobilis

H374_5350 Rickettsia prowazekii
STM4138 Salmonella enterica
CKO_03018 Citrobacter koseri

b3973 Escherichia coli

Ent638_3943 Enterobacter sp. 638
KPN_04351 Klebsiella pneumoniae Gamma-proteobacteria
VF_2425 Aliivibrio fischeri

PP_0437 Pseudomonas putida

PA4280 Pseudomonas aeruginosa

AY512_07485 Corynebacterium diphtheriae T
cg0814 Corynebacterium glutamicum

SC04927 Streptomyces coelicolor Actinobacteria
Rv3279¢c Mycobacterium tuberculosis

Mb3307¢c Mycobacterium bovis -

Delta-proteobacteria

Alpha-proteobacteria
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Here, we carried out a maximum likelihood phyloge-
netic analysis of 70 BirA proteins (28 type | and 42 type
Il) from 67 bacterial and archaeal strains that have com-
plete genome data in KEGG database. Because type |
BirA proteins lack the DNA-binding domain, the two con-
servative domains (BPL_ligase domain, PF03099; BPL_
ligase C-terminal domain, PF02237), rather than the
whole protein, of these BirAs were used for alignment.
The BPL_ligase domains and BPL_ligase C-terminal
domains from five BirAs that have determined structures
in the PDB database (PDB number: 3FJP, 2EJ9, 40P0,
1WNL, 2CGH) were picked out for the amino acid
sequence alignment, and the result was used as an initial
seed for a further alignment of the other BirA proteins.
The results showed that most bacteria have only one type
of BirA, in which the type Il BirA often occurred in the
class Bacilli, Clostridia and y-Proteobacteria, while the
type | BirA was normally found in the class o-
Proteobacteria, Antibacteria, Thermotogae, Aquificae and
Fusobacteria (Fig. 7). Moreover, the BirAs from same
species are often clustered in the same clades and sub-
clades (Fig. 7). Interestingly, the type | and type Il BirAs
were found to coexist in some bacterial hosts, including
Clostridium acetobutylicum ATCC 824 (CA_C0589 and
CA_C0212), Lactococcus lactis 111403 (L0191 and L0192)
and Francisella novicida U112 (FTN_0811 and
FTN_0568).

Function modulation of CIBirA improved autotrophic
growth of C. ljungdahlii

The above data not only defined the pleiotropic functions
of CBirA but also provided clues for further strain
improvement. It seems likely that a modified CBirA with
only enzymatically active domain is better for C. ljung-
dahlii, based on the advantage seen in the growth of
Cliu AbirA-CBirAE over Cliu AbirA-CBirA"T in gas fer-
mentation (Fig. 6B).

Thus, we overexpressed the CIBirAE-coding gene
(clbirAF) in the aforementioned Clju AbirA-N strain (chro-
mosomal deletion of the N-terminal DNA-binding domain
of CBirA) (Fig. 8A); simultaneously, the acc
(Clju_c42100-42140) and pyc (Clju_c37390) genes, cod-
ing for the C. ljungdahli ACC and PYC enzymes,
respectively, were also overexpressed separately
(Fig. 8A). Such an engineering strategy was expected to
specifically block the regulatory function, and simultane-
ously, reinforce the BPL activity of CBirA in C. ljung-
dahlii. The vyielding Clju AbirA-N-p (birAF-acc) and Clju

AbirA-N-p (birAE-pyc) strains were compared to the con-
trol strain (C. ljungdahlii Cliju WT/p containing an empty
plasmid) to determine their difference in growth and pro-
duct synthesis in gas fermentation. As expected, the
growth rate, biomass and final titer of acetic acid (a
major product) of Clju AbirA-N-p (birAE-acc) were much
higher than those of Clju WT/p (Fig. 8B and C); in con-
trast, no obvious phenotypic change was found for Clju
AbirA-N-p (birAE-pyc) (Fig. 8B and C). Besides, the over-
expression of the acc or pyc genes without clbirAE in the
Clju AbirA-N chassis did not cause phenotypic changes
(Fig. S4). Collectively, these findings strongly suggest
that the reinforcement of the biotinylation of ACC con-
tributes to the performance of C. ljungdahlii in gas fer-
mentation.

Discussion

Autotrophic bacteria have evolved unique metabolic reg-
ulatory approaches for the fixation and conversion of C1
gases. The BirA protein, despite its physiological impor-
tance for heterotrophic bacteria, remains unexplored in
autotrophic bacteria. This study has elucidated the regu-
latory scope and action mechanism of CBIirA in the
autotrophic gas-fermenting C. ljungdabhlii, providing new
insights into the function of this protein in bacteria.

It has been known that biotin synthesis is tightly con-
trolled by BirA in response to extra biotin supply and
demand in bacteria (Feng et al., 2014). When the intra-
cellular biotin level exceeds the physiological require-
ment or biotin-requiring enzyme supply declines, BirA,
together with biotin, will bind directly to the biotin opera-
tor and then repress biotin synthesis (Feng et al., 2014).
The biotin synthesis normally requires a large amount of
energy in bacteria (Satiaputra et al., 2016). In view of
that biotin synthesis is a high energy-consuming process
in cells (Feng et al., 2013), such a BirA-mediated feed-
back regulation on biotin synthesis may be crucial for
the control of energy expenditure in bacteria. Theoreti-
cally, this regulatory mechanism is especially important
for gas-fermenting clostridia because the carbon fixation
and assimilation in these autotrophic bacteria are a
net energy consumption process (Zhang et al,
2020a,2020b), and excessive energy consumption in
biotin synthesis will cause metabolic burden. But inter-
estingly, a modified CBirA with only enzymatically active
domain led to a better performance of C. ljungdahlii in
gas fermentation (Figs 6 and 8), indicating that an
uncontrolled overproduction of biotin is not the key point

Fig. 7. Maximum likelihood phylogenetic tree of BirA homologues in bacteria and archaea. The representative strains of Gram-positive/negative
bacteria and archaea are included. Type | and |l BirAs are marked in blue and red respectively.
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Fig. 8. Improved performance of C. ljungdahlii by the functional modulation of CIBirA.
A. Construction of the Clju AbirA-N-p (birA-acc) and Clju AbirA-N-p (birAE-pyc) strains.
B. Comparison of the autotrophic growth of the Clju AbirA-N-p (birAE-acc), Clju AbirA-N-p (birAE-pyc) and Clju WT/p (control) strains in gas fer-

mentation.

C. Comparison of the production of ethanol and acetic acid of the Clju AbirA-N-p (birAE-acc), Clju AbirA-N-p (birA=-pyc) and Clju WT/p strains
in gas fermentation. All the fermentations were performed in the YT (YTF medium without fructose) medium with the supplement of a mixture of
CO-CO2—Hx—N,. Clju AbirA-N-p (birAE-acc): the Clju AbirA-N strain containing the pMTL83151-birA®-acc plasmid. Clju AbirA-N-p (birAE-pyc):
the Clju AbirA-N strain containing the pMTL83151-birAE-pyc plasmid. Data shown are means + standard deviations (n = 3) calculated from trip-
licate individual experiments. Error bars show standard deviations. Statistical analysis was performed by a two-tailed Student’s t-test.

*+P < 0.01 and ***P < 0.001 vs. Cliu WT/p.

for the autotrophic growth of C. ljungdahlii. The molecu-
lar mechanism of this phenomenon remains to be
explored. Taken together, these findings suggest that C.
ljungdahlii, as a clostridial chassis for gas fermentation,
needs to be further optimized in terms of the in vivo bio-
tin supply.

Additionally, given the fact that CBirA acts as a pleio-
tropic regulator in C. ljungdabhlii (Figs 2 and 3), the above
CBirA-mediated feedback regulation in response to the
in vivo biotin level is supposed to achieve a large-scale
dynamic metabolic regulation. Of note, CBirA seems to
mainly play a repressor role because the specific dele-
tion of the DNA-binding domain of CBirA caused tran-
scriptional up-regulation of many target genes, whereas
only very few were down-regulated (Fig. 3B and C). This
finding offered the possibility for the functional improve-
ment of CBirA. For example, because CBirA has been
found to directly control the expression of some WLP
genes, the functional optimization of this protein may

contribute to the metabolism of C1 carbon sources (e.g.
CO,, CO and formate) via WLP in C. ljungdahlii. Such
an engineering strategy, to our knowledge, has never
been reported for strain improvement.

Another interesting finding in this study is that CBirA
employs a ‘flexible’ binding motif (TTNAC. . .N4g/1e...GN-
TAA) in its pleiotropic regulation. To date, most of the
reported binding motifs of TFs are reverse palindromes
or direct repeats, which are normally between 16 and
18 bp (Wang et al., 2013; Antunes et al., 2016; Bouillaut
et al., 2019). Only very TFs have been found capable of
recognizing such a ‘flexible’ binding structure. For exam-
ple, the E. coli cyclic AMP (cAMP) receptor protein
involved in regulating carbon metabolism recognizes the
binding sites containing a 6- or 8-bp spacer (Barber
et al., 1993); the Clostridium acetobutylicum CcpA exerts
its global regulation via binding the cre,,, sites that con-
sists of two inverted repeats separated by a highly vari-
able intervening spacer (Yang et al., 2017a,2017b).
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Such a variable binding structure is considered to create
more flexibility to TFs’ regulation (Yang et al,
2017a,2017b). Therefore, it can be speculated that the
binding motif ‘TTNAC...Nyg/19.. .GNTAA’ will give the
flexibility in both the regulatory scope and strength to
CBirA, thereby enabling diverse regulatory outputs.

In previous studies, researchers have proposed that
BirA-like bifunctional proteins that possess both enzymatic
and regulatory activities belong to an intermediate state
between specific enzymes and transcription factors in
evolution (Commichau and Stulke, 2008). For example,
the PutA protein in o-Proteobacteria (e.g. rhizobia) that
appeared relatively early in microbial evolution has only
enzymatic activity; but this protein in y-Proteobacteria
(e.g. Escherichia coli and Salmonella) that appeared later
has contained a ribbon-helix—helix (RHH) DNA-binding
domain and thus can play a TF role (Krishnan and Becker,
2005; Liu et al., 2017). Such an evolutionary process may
also happen to BirA, namely that type | BirAs appeared
relatively early and then became type Il BirAs by capturing
a DNA-binding domain during their evolutionary process.
As mentioned above, some microbial strains were found
to contain two BirA proteins. The study on the two BirAs in
Francisella novicida U112 has revealed that one mainly
acts as a BPL, while the other plays the regulatory func-
tion with very low BPL activity (Feng et al., 2015). There-
fore, it seems that functional differentiation has occurred
in the BirA proteins in these strains. Additionally, the group
Il BirA can be found in multiple autotrophic bacteria, such
as C. ljungdahlii, Clostridium carboxidivorans and Aceto-
bacterium woodii (Fig. 7), indicating a broad regulatory
role of BirA in autotrophs. Considering the pleiotropic reg-
ulation of BirA, it is highly possible that BirA controls some
crucial metabolic pathways in autotrophic bacteria,
thereby playing an important regulatory role in these bac-
teria.

In summary, our results elucidated the pleiotropic func-
tions of the CBirA protein in gas-fermenting C. ljung-
dahlii, which has renewed our understanding on the role
of BirA in bacteria. More importantly, the functional mod-
ulation of CBirA not only revealed the interaction
between its dual functions but also achieved the genetic
improvement of C. ljungdahlii, thereby showcasing the
potential application value of this bifunctional protein in
autotrophic bacteria.

Experimental procedures
Bacterial strains, plasmids, media and growth conditions

All strains and plasmids used in this work are listed in
Table S2. E. coli Top10 was used for all cloning experi-
ments, and BL21 (DE3) was used for protein expression.
E. coli cells were grown in LB (lysogeny broth) medium
(Bertani, 2004) supplemented with 12.5 ug ml”

chloramphenicol or 50 pg mlI" kanamycin antibiotics
when needed. C. ljungdahli DSM 13528 was grown
anaerobically at 37°C in the YTF medium (Humphreys
et al., 2015) or a modified ATCC medium 1754 (Huang
et al., 2016), in which 5 ug mi™" of thiamphenicol was
added for plasmid stability when needed.

Plasmid construction

The primers used in this work are listed in Table S3.

The pMTLcas-birA plasmid was constructed as fol-
lows: the pMTLcas-pta plasmid was digested with Sall
and Xhol, yielding a linear pMTLcas vector. The sgRNA
fragment targeting the birA gene was obtained from the
pMTLcas-pta plasmid by PCR amplification using pri-
mers birA-gRNA-for/gRNA-rev. The two homologous
arms (HAs) that flank the coding region of birA were
obtained by PCR amplification using the C. ljungdabhlii
genomic DNA as the template and primers birA-up-for/
birA-up-rev and birA-dn-for/birA-dn-rev and then linked to
the sgRNA fragment via overlapping PCR using primers
birA-gRNA-for/birA-dn-rev, yielding a DNA fragment,
sgRNA-HA1. Finally, the linear pMTLcas vector and the
sgRNA-HA1 fragment were assembled in one step using
the ClonExpress MultiS One Step Cloning Kit (Vazyme
Biotech, Nanjing, China), yielding the pMTLcas-birA
plasmid for the deletion of birA in C. ljungdabhlii.

The pMTLcas-birA-N plasmid was constructed as fol-
lows: The sgRNA fragment targeting the DNA-binding
region (4—195 nt) of birA was obtained by PCR amplifi-
cation using the pMTLcas-pta plasmid as the template
and primers birA-gRNA-for/gRNA-rev. The two HAs that
flank the DNA-binding region (4-195 nt) of birA were
obtained by PCR amplification using the C. ljungdabhlii
genomic DNA as the template and primers birA-N-up-for/
birA-N-up-rev and birA-N-dn-for/birA-N-dn-rev and then
linked to the sgRNA fragment via overlapping PCR,
yielding the sgRNA-HA2 fragment. Next, the aforemen-
tioned linear pMTLcas vector and the sgRNA-HA2 frag-
ment were assembled in one step using the
ClonExpress MultiS One Step Cloning Kit.

The pMTL83151-P1440-birA-3xFLAG plasmid for the
ChIP-seq experiment was constructed as follows: the DNA
fragments of the promoter P, and birA were obtained
from the C. ljungdahlii genome by PCR amplification using
primers 83151-P ;440-0-for/P 1 440-birA-o-rev and birA-for/
birA-FLAG-o-rev respectively. The 3xFLAG fragment was
obtained by PCR amplification using primers FLAG-for/
FLAG-83151-0-rev. The P ;445birA-3xFLAG fragment was
obtained by overlapping PCR using the Piu birA,
3xFLAG fragments as the templates and primers 83151-
P 440-0-for/FLAG-83151-0-rev. Finally, the linear
pMTL83151 plasmid and the P ;,40-birA-3x FLAG fragment
were assembled in one step using the ClonExpress MultiS

© 2021 The Authors. Microbial Biotechnology published by Society for Applied Microbiology and John Wiley & Sons Ltd., Microbial

Biotechnology, 14, 2072-2089



One Step Cloning Kit, yielding the pMTL83151-P ;445-birA-
3xFLAG plasmid.

The construction of the pMTL83151-birA plasmid was
performed as follows: the pMTL83151 plasmid was
digested with Ndel and Hindlll. The P;4-birA fragment
was obtained by PCR ampilification using primers 83151-
Ppi-a-0-for/birA-83151-o-rev and the C. ljungdahlii geno-
mic DNA as the template. Next, the P-birA fragment and
the linear pMTL83151 were assembled in one step using
the ClonExpress MultiS One Step Cloning Kit, yielding
the pMTL83151-birA plasmid. The pMTL83151-birAN177A
and pMTL83151-birAE plasmids were constructed with
the same step except primers used for PCR amplifica-
tion (83151-Pp4-0-for/177-1-rev. and 177-2-for/birA-
83151-0-rev for pMTL83151-birAN77A; P 4-for/P pipa-rev
and birA-N-for/birA-N-rev for pMTL83151-birAF).

The pMTL83151-birAN'""A-birAE plasmid was con-
structed as follows: the pMTL-8315-birAN'77A plasmid
was digested with Nhel and Hindlll. The fragments of
P,ia and birAE were obtained from the C. ljungdahlii
genomic DNA by PCR amplification using primers Ppjza-
for/Ppia-rev and birA-N-for/birA-N-rev, respectively, and
then linked via overlapping PCR using primers P;.4-for/
birA-N-rev, yielding the Pb,-,A-birAE fragment. The Ppja-
birAF fragment and the linear pMTL83151-birAN'7"A were
assembled in one step using the ClonExpress MultiS
One Step Cloning Kit.

The pMTL83151-birAF-acc plasmid was constructed
as follows: the pMTL83151-birAF plasmid was digested
with Nhel and Hindlll. The DNA fragments of P44 and
acc were obtained by PCR amplifications using the
C. ljungdahlii genomic DNA as the template and primers
BirAE-P 1445-0-fW/P 1440trev  and acc-for/acc-83151-0-rev
respectively. Finally, the linear pMTL83151-birA® was
assembled with the DNA fragments of P44 and acc in
one step using the ClonExpress MultiS One Step Clon-
ing Kit. The pMTL83151-birAE-pyc plasmid was con-
structed with the same steps except that primers pyc-for/
pyc-83151-0-rev were used.

The pUCm-T-04680 plasmid was constructed as fol-
lows: the DNA fragment of the Clju_c04680 gene was
obtained by PCR amplification using the C. ljungdahlii
genomic DNA as the template and primers E-04680-fw/
E-04680-rev and then linked to pUCm-T using TagDNA
Polymerase, vyielding the pUCm-T-04680 plasmid. The
pUCm-T-23900 plasmid was constructed with the same
steps, except that primers E-23900-fw/ E-23900-rev were
used for PCR amplification.

Gene expression and deletion in C. ljungdahlii

The plasmids were delivered into C. ljungdahlii by elec-
troporation. The preparation of electrocompetent cells
and electroporation procedure were same as previously
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described (Huang et al, 2016). Gene deletion in C.
liungdahlii was performed using the CRISPR-Cas9-
based genome editing method, and the procedure was
the same as previously described (Huang et al., 2016).

Fermentation

Inoculum preparation of thewild type C. ljungdahlii strain
and its derivatives were performed anaerobically in the
YTF medium. Fermentations were performed anaerobi-
cally in the modified ATCC medium 1754 or YT (YTF
medium without fructose), in which 5 ug ml™ of thi-
amphenicol was added when needed. Briefly, 300 pl fro-
zen stock was inoculated into 4 ml liquid YTF medium
and incubated anaerobically at 37°C for 24 h. When the
optical density (ODgoo) Of grown cells reached 1.0-1.2,
1.5 ml of the grown cells was transferred into 30 ml of
the aforementioned modified ATCC medium 1754 or YT
medium for gas fermentation. The fermentation was car-
ried out in 125 ml Wheaton serum bottles (Sigma-
Aldrich, Saint Louis, MO, USA) with a headspace of CO-
CO2-Ho-Ns (56%/20%/9%/15%; pressurized to 0.2 MPa).
The gases were added into the headspace (again at
0.2 MPa) for every 24 h.

Protein purification

The genes coding for CBirA (Clju_c26660) and the
derived CBirA mutants, including CBirAE, CBIrAN'77A,
CBirAP'"8A  CBirAM, CBirAN, CBirA® and BCCP
(Clju_c42140), were obtained by PCR amplification using
corresponding primers (Table S3) and the C. ljungdabhlii
genomic DNA as the template. The DNA fragment of gfp
was obtained by PCR amplification using primers gfp-o-
pET-28a-fw/gfp-0-bccp-rev and the pIMP1-thl9-gfp plas-
mid as the template (Yang et al., 2017a,2017b). These
genes were inserted into the pET-28a vector (Invitrogen,
Carlsbad, CA, USA), and the yielding plasmids were
transferred into E. coli BL21 (DES3) for expression. The
subsequent protein purification procedure was same as
previously described (Ren et al., 2012).

ChIP-Seq library construction and sequencing

The pMTL83151-P 1440-birA-3xFLAG plasmid carrying
the 3xFLAG-tagged birA was transformed into the Clju
AbirA strain. Cells were cross-linked with 1% formalde-
hyde for 10 min at room temperature. The reaction was
quenched by adding glycine to a final concentration of
0.125 M. Formaldehyde cross-linked cells were washed
with pre-chilled phosphate buffer saline and then soni-
cated to generate 200-500 bp DNA fragments. Immuno-
precipitation was performed using monoclonal anti-
3xFLAG antibody (Cat#F1804; Sigma) and protein A
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magnetic beads (Cat#10002D; Invitrogen) according to
the manufacturer’s instructions. Sonicated extracts, with-
out the addition of antibodies, was performed as a nega-
tive control. Proteins were then removed by incubation
with proteinase K for 2 h at 55°C. The libraries were pre-
pared using the VAHTS Universal DNA Library Prep Kit
for llumina V3 (Catalog NO. ND607; Vazyme) and
sequenced using the Novaseq 6000 system (lllumina,
San Diego, CA, USA).

Electrophoretic mobility shift assay (EMSA)

The DNA probes for EMSAs were prepared by two-step
PCR amplification. First, the unlabelled DNA fragments
were obtained by PCR amplification using the C. ljung-
dahlii genomic DNA as the template and primers E-fw/
E-rev that contained a universal sequence (5-AGCC
AGTGGCGATAAG-3’) at the 5 terminus. Next, the
labelled DNA fragments were generated by PCR amplifi-
cation using a 5-Cy5-labelled universal primer (5'-
AGCCAGTGGCGATAAG-3’) and then recovered by agar-
ose gel electrophoresis using the PCR purification Kit
(Cat#AP-GX-250; Axygen, Hangzhou, China). The
obtained DNA fragments were used as probes for EMSAs,
which were carried out as previously described (Ren
etal., 2012).

RT-gPCR

The WT C. ljungdahlii strain and the derived mutants
were grown anaerobically at 37°C in the modified ATCC
medium 1754 using syngas (CO-CO,-H»-N,). The grown
cells were harvested by centrifugation at 8600 g for
10 min. Total RNA was extracted using the kit
(Cat#cw0581; CWBIO, Beijing, China) according to the
manufacturer’s instructions. Contaminating DNA in the
extracted RNA was eliminated by DNase | (TaKaRa,
Kyoto, Japan) digestion. The RNA concentration was
determined by a NanoDrop spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA). cDNA was
obtained by reverse transcription using the PrimeScript
RT reagent kit (TaKaRa). The subsequent procedure of
gPCR was the same as described previously (Zhang
et al., 2018). The rho gene (Clju_c02220) was used as
the internal control according to the previous report
(Zhao et al., 2019).

Biotinylation activity assay

The biotinylation activity of C/BirA was measured as pre-
viously described (Sorenson et al., 2015), using BCCP
(an biotin carboxyl carrier protein that is the acetyl-
coenzyme A carboxylase subunit accB) as the substrate.
Biotinylation of GFP-BCCP was performed in 50 pl

reactions containing 0.3 uM BirA protein, 0.5 mM biotin,
25 mM ATP, 1 mM MgCl,, 30 uM GFP-BCCP and
25 mM Tris (pH 8.0). The reaction mixtures were incu-
bated for 1 h at room temperature. After incubation, free
biotin was removed from the reactions by Ni-affinity
purification using a Pronity IMAC nickel resin column
(Cat#732-6008; Bio-Rad, Hercules, CA, USA). The resin
was then washed twice with 500 ul of 25 mM Tris (pH
8.0) supplemented with 5% glycerol and 150 mM NaCl
by centrifugation at 1000 g for 1 min. Fusion proteins
were eluted from the column with 50 pl of the same buf-
fer supplemented with 200 mM imidazole and centrifuga-
tion at 1000 g for 1 min. Next, 7.5 ul of protein elution
and 0.75 pl Stv (streptavidin, 5 mg ml™, Invitrogen) were
incubated at room temperature for 15 min. The reactions
were subjected to SDS-PAGE without a heat-
denaturation step to visualize the protein complexes.
Gels were first photographed under a UV transilluminator
before Coomassie staining. The fluorescence of GFP-
BCCP was analyzed by integration of protein bands
(ImageJ; NIH, Bethesda, MD, USA) to determine the
extent of biotinylation. Control reactions (without CBirA)
were performed in parallel.

DNase | footprinting assays

To prepare the probes labelled with fluorescent FAM
(6-carboxyfluorescein), the noncoding regions upstream
of Clju_c04680 and Clju_c23900 were amplified by PCR
from the pUCm-T-04680 and pUCm-T-23900 plasmids,
respectively, using primers M13F/M13R(FAM). The
FAM-labelled probes were purified and quantified with
NanoDrop 2000C (Thermo).

The DNase | footprinting assay was performed as fol-
lows. First, 250 ng probes were incubated with indicated
amounts of purified CBirA proteins in 40 pl of binding
buffer containing 20 mM Tris—HCI (pH 7.9), 1 mM DTT,
10 mM MgCl,, 0.5 mg ml~" calf BSA and 5% (vol./vol.)
glycerol. After incubation at 25°C for 30 min, 10 pl of
RNase-free DNase | buffer, 0.015 unit of DNase | (Pro-
mega, Madison, WI, USA) and 100 nmol of fresh CaCl,
were added to digest the DNA probe at 37°C for 1 min.
The reaction was stopped by adding 140 pl stop solution
(200 mM sodium acetate, 30 mM EDTA and 0.15%
SDS). The DNA was recovered by phenol/chloroform
extraction and ethanol precipitation and then dissolved in
30 ul MiniQ water. Finally, 1 pl of sample was added to
8.5 ul of HiDi formamide and 0.5 pl of GeneScan-LIZ600
size standards (Applied Biosystems, Foster City, CA,
USA) was sequenced on a 3130xI DNA analyzer
(Applied Biosystems). The preparation of the DNA ladder
and data analysis was same as previously described
(Wang et al., 2012). Genescan results were evaluated
with Peak Scanner software v1.0 (Applied Biosystems).
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Pyruvate carboxylase and acetyl-CoA carboxylase
activity assays

The C. ljungdahlii strains were grown in the modified
ATCC medium 1754 with the supplement of a mixture of
CO-COo—Hx—N,. When the the ODggo of grown cells
reached 1.0, the cell pellets were harvested by centrifuga-
tion (7000 g, 4°C, 10 min), dissolved in the reagents from
the following assay kits (as shown below) and vortexed for
1 min for cell lysis. Finally, the cell lysate was centrifuged
at 12 000 g for 30 min, and the supernatant was used for
PYC and ACC activity assays. The preparation of cell lysis
was performed under aerobic conditions.

The PC assay kit (Cat#BC0730; Solarbio, Beijing,
China) was used to measure the activity of PYC. The
PYC activity was measured following the decrease in
absorbance at 340 nm induced by oxidized oxaloacetate
(the product from the carboxylation of pyruvate catalyzed
by PYC) in the presence of NADH.

The ACC assay kit (Cat#BC0410; Solarbio) was used to
measure the activity of ACC. The determination of the ACC
was based on the reaction of acetyl-CoA being catalyzed to
malonyl-CoA and inorganic phosphorus. The inorganic
phosphorus was further determined by a colour reaction
with molybdenum blue, and the absorbance was read at
660 nm. Standard curve was generated by using known
amounts of phosphate in combination with the molybdenum
blue reagent as described in the manufacture’s instructions.

Phylogenetic tree construction

Gene annotations were derived from SEED (Overbeek
et al, 2005) and KEGG (Kanehisa et al., 2012) data-
base. Comparative genomic analysis was performed to
predict genes with unknown functions by using Geno-
meExplorer (Mironov et al., 2000). Multiple protein align-
ments were done using MUSCLE (Edgar, 2004) and
MUFFT (Katoh and Standley, 2013). The phylogenetic
tree was constructed via the maximum likelihood method
implemented in PhyML (Guindon et al, 2010) and
MEGA (Tamura et al., 2011) and further edited with iTOL
(Letunic and Bork, 2011).
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Fig. S1. The influence of the deletion of the CBirA-encod-
ing gene (birA) on the growth and product formation of C.
ljungdahlii in fermenting fructose. (A) The effect of the birA
deletion on the growth of C. ljungdahlii grown in the medium
supplemented with biotin. (B) The effect of the birA deletion
on product formation of C. ljungdahlii grown in the medium
supplemented with biotin. All the fermentations were per-
formed in the modified ATCC medium 1754. Clju WT/p: the
wild-type strain containing an empty plasmid. Clju AbirA/p:
the birA-deleted strain containing an empty plasmid. Clju
AbirA/pbirA: the birA-deleted strain complemented with the
plasmid-carried birA expression. Data shown are means +
standard deviations (n = 3) calculated from triplicate
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individual experiments. Error bars show standard deviations.
Statistical analysis was performed by a two-tailed Student’s
ttest. ***P < 0.001 vs. the Clju WT/p strain.

Fig. S2. EMSAs for determining the CBirA binding to the
24 potential target genes provided by ChIP-seq data. The
coding sequence regions or promoter regions of genes were
used as the DNA probes for EMSAs. The concentration of
the BirA protein used in the experiment was 80 nM.

Fig. S3. EMSAs for determining the CIBIrAE (lacking the N-
terminal DNA-binding domain) binding to bioY. The pro-
moter region of the bioY gene was used as the DNA probe.
Reactions were performed with 0.04 pmol of Cy5-labelled
probes in the presence of different concentrations of
CIBIrAE (40, 80, 120 nM).

Fig. S4. The influence of the overexpression of the genes
coding for ACC (acetyl-CoA carboxylase) and PYC (pyru-
vate carboxylase) on the growth of C. ljungdabhlii in gas fer-
mentation. All the fermentations were performed in the YT
(YTF medium without fructose) medium with the supplement
of a mixture of CO-CO,-Hs-No. Clju AbirA-N-pacc: Clju
AbirA-N, carriying the pMTL83151-acc plasmid. Clju AbirA-
N-ppyc: Clju AbirA-N, carrying the pMTL83151-pyc plasmid.
Data shown are means + standard deviations (n = 3) calcu-
lated from triplicate individual experiments. Error bars show
standard deviations. ns: no significance.

Table S1. Statistics for the ChIP-seq data sets.

Table S2. Strains and plasmids used in this study.

Table S3. Primers used in this study.
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