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Protein Acetylation and Butyrylation Regulate
the Phenotype and Metabolic Shifts of the
Endospore-forming Clostridium

acetobutylicum*s

Jun-Yu Xui§1**, Zhen Xuff**, XinXin Liu9],

Clostridium acetobutylicum is a strict anaerobic, en-
dospore-forming bacterium, which is used for the produc-
tion of the high energy biofuel butanol in metabolic engi-
neering. The life cycle of C. acetobutylicum can be divided
into two phases, with acetic and butyric acids being
produced in the exponential phase (acidogenesis) and
butanol formed in the stationary phase (solventogenesis).
During the transitional phase from acidogenesis to sol-
ventogenesis and latter stationary phase, concentration
peaks of the metabolic intermediates butyryl phosphate
and acetyl phosphate are observed. As an acyl group
donor, acyl-phosphate chemically acylates protein sub-
strates. However, the regulatory mechanism of lysine
acetylation and butyrylation involved in the phenotype and
solventogenesis of C. acetobutylicum remains unknown.
In our study, we conducted quantitative analysis of pro-
tein acetylome and butyrylome to explore the dynamic
change of lysine acetylation and butyrylation in the expo-
nential phase, transitional phase, and stationary phase of
C. acetobutylicum. Total 458 lysine acetylation sites and
1078 lysine butyrylation sites were identified in 254 and
373 substrates, respectively. Bioinformatics analysis un-
covered the similarities and differences between the two
acylation modifications in C. acetobutylicum. Mutation
analysis of butyrate kinase and the central transcriptional
factor SpoOA was performed to characterize the unique
role of lysine butyrylation in the metabolic pathway and
sporulation process of C. acetobutylicum. Moreover,
quantitative proteomic assays were performed to reveal
the relationship between protein features (e.g. gene ex-
pression level and lysine acylation level) and metabolites
in the three growth stages. This study expanded our
knowledge of lysine acetylation and butyrylation in Clos-
tridia and constituted a resource for functional studies on
lysine acylation in bacteria. Molecular & Cellular Pro-
teomics 17: 10.1074/mcp.RA117.000372, 1156-1169, 2018.

Minjia Tan§, and © Bang-Ce Ye#]||

N®-lysine acetylation is a reversible, dynamic and con-
served post-translational modification (PTM), which plays piv-
otal roles in cellular physiological and pathological functions
in both eukaryotes and prokaryotes (1, 2). Recently, several
studies have proved that the side chain of lysine can be
modified by diverse acylation reactions (3), which include
propionylation (4), butyrylation (4), crotonylation (5, 6), succi-
nylation (7), malonylation (8, 9), glutarylation (10), 2-hydroxy-
isobutyrylation (11) and B-hydroxybutyrylation (12). Recent
breakthroughs in high-resolution mass spectrometry (MS)-
based proteomics have paved the way for uncovering protein
acylome mapping in various organisms (13), especially in the
microbial kingdom. Several LysAcy proteomic landscapes of
different bacteria were explored, which revealed various roles
of lysine acylation, such as in determining enzymatic activity
(14, 15), cellular motility (16, 17) and protein stability (18).
However, the regulatory mechanisms of lysine acylation in the
Gram-positive Clostridia remain to be elucidated.

Clostridium acetobutylicum is a rod-shaped, strict anaero-
bic, endospore-forming bacterium, which is used to produce
several important biofuels (19), especially butanol, which has
a higher energy content and lower volatility than ethanol (20).
In fermentation processes based on carbohydrates as sub-
strates, the complete life cycle of C. acetobutylicum can be
divided into two phases with obvious phenotypes: acidogenic
stage (acidogenesis) and soventogenic stage (solventogen-
esis) (21). Acetate and butyrate, which are formed in the
acidogenic stage, decrease the pH of the bacterial culture.
Then, the bacterium switches its metabolism to the solvento-
genesis phase to relieve the acid burden and biosynthesize
butanol, acetone and ethanol as solvent products at a ratio
of 6:3:1, which is called acetone-butanol-ethanol (ABE)" fer-
mentation (21). In addition, the concentrations of two key
metabolic intermediates acetyl phosphate (AcP) and butyryl
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phosphate (BuP), which are derived from acetyl-CoA and
butyryl-CoA, respectively, changes during the life span of C.
acetobutylicum (22). During the transitional phase from aci-
dogenesis to solventogenesis, BuP functions as phospho-
donor to its central transcriptional factor Spo0OA, triggering the
downstream expression of various metabolic enzymes and
regulators essential for the solvent fermentation and spore
maturation processes (e.g. adhE1, adc, ctfA/B, ¢%, ", and o)
(23-25). Moreover, other studies reported that AcP could
chemically acetylate lysine residues through a non-enzymatic
mechanism and its increasing concentration was associated
with elevated protein acetylation levels in Escherichia coli (26).
Based on the structural similarity of AcP, we hypothesized
that BuP could act as a butyryl donor in the butyrylation of
protein substrates. Because AcP and BuP are considered as
the major metabolite intermediates formed during the life span
of C. acetobutylicum, lysine acetylation and butyrylation were
speculated to regulate the phenotype and solvent production
in C. acetobutylicum. Up to date, current knowledge of the
physiological and metabolic changes of this bacterium is
based only on transcriptome, proteome and metabolome
analysis (22, 23, 27-30), the regulatory mechanism of C. ace-
tobutylicum at the lysine acylation level is unknown.

In this study, we conducted quantitative protein acetylome
and butyrylome analysis to explore the dynamic changes of
lysine acetylation and butyrylation during the exponential
phase, transitional phase and stationary phase of the C. ace-
tobutylicum life cycle. Our study identified 458 lysine acety-
lation sites and 1078 lysine butyrylation sites in 254 and 373
substrates, respectively. Bioinformatics analysis uncovered
the similarities and differences between the two acylation
modifications and provided comprehensive insights into the
unique role of lysine butyrylation in the regulation of the C.
acetobutylicum life span. Moreover, in vitro enzymatic activity
assay and electrophoretic mobility shift assay (EMSA) were
conducted to characterize the effect of lysine butyrylation on
the metabolic pathway and sporulation process. In addition,
quantitative proteomic assays were performed to explore the

" The abbreviations used are: ABE, acetone-butanol-ethanol; ack:
acetate kinase; AcP, acetyl phosphate; adc, acetoacetate decar-
boxylase; adhel, aldehyde-alcohol dehydrogenase 1; adhe2, alde-
hyde-alcohol dehydrogenase 2; AGC, automatic gain control; bcd,
acyl-CoA dehydrogenase; bdhA, NADH-dependent butanol dehydro-
genase; buk, butyrate kinase; BuP, butyryl phosphate; CheA, che-
motaxis histidine kinase; CheR, chemotaxis protein; CheW, che-
motaxis signal transduction protein; CheY, chemotaxis signal
receiving protein; crt, 3-hydroxybutyryl-CoA dehydratase; EMSA,
electrophoretic mobility shift assay; EP, exponential phase; FDR, false
discovery rate; FliM, flagellar switch protein; hbd, 3-hydroxybutyryl-
CoA dehydrogenase; HCD, higher-energy collisional dissociation;
HRP, horseradish peroxidase; Kac, lysine acetylation; Kbu, lysine
butyrylation; KEGG, Kyoto Encyclopedia of Genes and Genomes; LB,
Luria-Bertani broth; MotB, chemotaxis protein; NCE, normalized
collision energy; thlA, acetyl-CoA acetyltransferase; TP, transitional
phase.

intricate relationship among protein abundance, lysine acyla-
tion level, and cellular metabolite concentrations during the
three growth stages. Our findings revealed a broad scope of
acetylated and butyrylated substrates and unveiled the bio-
logical role of lysine butyrylation in both physical and fermen-
tation pathways.

EXPERIMENTAL PROCEDURES

Cell Culture of C. acetobutylicum Strain— Clostridium acetobutyli-
cum strain was cultured anaerobically at 37 °C as previously de-
scribed (22, 31). Briefly, the culture medium contained the follow-
ing materials (g/L): (NH,),SO,, 2.0; KH,PO,, 0.5; K,HPO,, 1.0;
FeSO,7H,0, 0.015; MgSO,7H,0, 0.1; CaCl,, 0.01; MnSO,H,0,
0.01; CoCl,, 0.002; FeSO,-7H,0, 0.002; Na,SeO, 0.00025; tryptone,
2.0; yeast extract, 1.0; glucose, 50. After heat shock at 90 °C for 5
min, the cells were cultured in an anaerobic box for 24 h. The cells
were then collected in its exponential phase, transitional phase and
stationary phase according to the growth curves. Three biological
replicates were analyzed.

Protein Extraction of C. acetobutylicum Strain— Bacterial cells were
lysed by sonication for 5 min in the extraction buffer containing 8 m
urea in PBS buffer supplemented with protease inhibitor mixture
(Calbiochem, Darmstadt, Germany) and 20 mm nicotinamide. After
incubation on ice for 15 min, the cell debris was removed by centri-
fugation at 20000 g for 15 min. Protein concentration at each growth
stage was determined using the protein bicinchoninic acid (BCA)
assay kit (Beyotime Biotechnology, China).

Western Blot Analysis—For each growth stage, whole cell lysates
(10 ng) were separated by SDS-PAGE and transferred to a nitrocel-
lulose membrane for 90 min at 100 V. After blocking in 5% BSA-PBST
(5% bovine serum albumin in PBS containing 0.1% Tween-20) at
25 °C for 1.5 h, the membrane was incubated overnight with pan
anti-acetyl-lysine and pan anti-butyryl-lysine antibodies at 4 °C. After
washing with PBST, the membrane was treated with horseradish
peroxidase (HRP)-conjugated anti rabbit IgG (1:5000) in PBST at
25 °C for 1 h with gentle shaking. The membrane was washed with
PBST four times for 5 min each, and then imaged using an Im-
ageQuant LAS 4000 system (GE Healthcare, UK) after chemilumi-
nescent HRP substrate treatment (Millipore, Temecula, CA).

In Solution Tryptic Digestion—For quantitative analysis of lysine
acetylome and butyrylome, protein lysates were prepared as de-
scribed in a previous study (32). Protein extracts (6 mg) were precip-
itated with 20% (v/v) trichloroacetic acid and centrifuged at 4000 X g
for 20 min. After two washes with cold acetone, the pellet was
suspended in 100 mm NH,HCO; (pH 8.0). Sequencing-grade trypsin
(Promega, Madison, WI) at a trypsin-to-protein ratio of 1:100 (w/w)
was added and the samples were incubated at 37 °C for 12 h. The
resulting peptides were reduced using 5 mm dithiothreitol (DTT) at
55 °C for 30 min and, then, alkylated with 15 mm iodoacetamide (IAA)
in the dark at room temperature for 0.5 h. Incubation for 0.5 h at room
temperature with cysteine at final concentration of 30 mm was per-
formed to stop the alkylation reaction. Finally, additional trypsin at a
trypsin-to-protein ratio of 1:100 (w/w) was added to complete the
digestion cycle at 37 °C for further 4 h. The digested peptides were
desalted using Sep-Pak tC18 6 cc (1 g) cartridges (Waters, Milford,
MA).

Stable Isotope Dimethyl Labeling—The digested peptides were
treated according to the stable isotope dimethyl labeling method
based on a previously reported protocol with slight modifications (33).
Briefly, the peptides were dissolved in 600 wl of triethylammonium
bicarbonate buffer (100 mm). Then, 30 ul of 20% (w/w) CH,O, CD,0,
and "*CD,0 were added to obtain light (L)-, middle (M)-, and heavy
(H)-labeled samples, respectively. Next, 30 ul of 3 M NaBH;CN was
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added to the L- and M-labeled samples, respectively, whereas 30 ul
of 3 M NaBD;CN was added to the H-labeled sample. Specifically, the
peptides obtained from the exponential, transitional, and stationary
phases were labeled as “H,” “M,” and “H,” respectively. The mixtures
were incubated at room temperature for 1 h and the procedure was
repeated twice. After checking the labeling efficiency for each sam-
ple, 30 ul of 20% ammonia and 20 ul of TFA were added to the
mixture to stop the reaction and acidify the samples. The labeled
samples were mixed and desalted using Sep-Pak tC18 6 cc (1 g)
Cartridges (Waters).

Affinity Enrichment of Lysine Acetylation (Kac) or Lysine Butyryla-
tion (Kbu) Peptides—Before enrichment with anti-acetyl-lysine anti-
bodies, 600 ug of the mixture was separated as the “unenriched”
sample and used for protein level normalization. For antibody enrich-
ment, the peptides were dissolved in NETN buffer (100 mm NacCl, 1
mM EDTA, 50 mm Tris-HCI, 0.5% NP-40, pH 8.0) and reacted over-
night with 10 ul of pre-washed Kac/Kbu antibody beads (PTM Bio-
labs, Hangzhou, China) at 4 °C with gentle shaking. After washing the
beads four times with NETN buffer, twice with ETN buffer (50 mm
Tris-HCI, 100 mm NaCl, 17 mm EDTA, pH 8.0), and twice with water,
0.1% TFA was added to elute the peptides. The modified peptides
were dried in a SpeedVac concentrator and desalted using C18
ZipTips (Millipore) prior to nano-HPLC-MS analysis.

Nano-HPLC-MS/MS Analysis—The acetylated or butyrylated pep-
tides were dissolved in 4 pul of solvent A (0.1% (v/v) formic acid and
2% acetonitrile in water) and loaded onto a manually packed 19 cm
reverse-phase C18 column (10 cm in length X 75 um in inner diam-
eter; C18 resin with 3 um particle size; 90 A pore diameter; Dikma
Technologies Inc., Lake Forest, CA) coupled to an EASY-nLC 1000
system (Thermo Fisher Scientific, Waltham, MA). The peptides were
eluted by 90 min gradient with 8-35% solvent B (0.1%) formic acid
and 10% water in ACN) for 54 min, 35-45% solvent B for 10 min,
45-80% solvent B for 3 min, and 80% solvent B for 3 min at a flow
rate of 300 nL/min. The samples were ionized and sprayed into an
Orbitrap Fusion mass spectrometer (Thermo Fisher Scientific) via a
nanospray ion source in a positive mode. The peptides within the
range of m/z 350-1400 were analyzed with a resolution of 120000 at
m/z 200, and the automatic gain control (AGC) target was set to 5E5
for Orbitrap. The electrospray voltage was 2.2 kV and the isolation
window (m/z) was set to 1. Top-speed mode was used for MS/MS
acquisition with a 3 s cycle time. lons with charge states 2+ to 6+
were fragmented with higher-energy collisional dissociation (HCD) at
a normalized collision energy (NCE) of 32%. The fragmented ions
were analyzed in an ion trap with 30 s dynamic exclusion duration.
Three technical replicates for all the quantitative analysis of lysine
acylome and lysine butyrylome were examined. The peptides used for
protein level normalization (“unenriched” sample) was analyzed by Q
Exactive mass spectrometer with a 60 min gradient including 8-32%
solvent B for 51 min, 32-48% solvent B for 5 min, 48—80% solvent B
for 1 min, and 80% B for 3 min at a flow rate of 300 nL/min. The mass
spectrometric analysis was conducted in a data-dependent mode.
The top 15 ions were isolated and subjected to higher-energy colli-
sional dissociation (HCD) with a normalized collision energy (NCE) of
28%. The charge exclusion was set to 1+ and more than 5+, and
the dynamic exclusion was set to 60 s. Two technical replicates were
conducted for “unenriched” sample used for protein level normalization.

Quantitative Proteomic Analysis of Protein Profiling in C. acetobu-
tylicum by Stable Isotope Dimethyl Labeling—For quantitative pro-
teomic analysis, proteins extracted from cultures in the three growth
stages (200 ng) were reduced using DTT and alkylated using IAA as
described above. After treatment with cysteine, the samples under-
went tryptic digestion overnight at a trypsin-to-protein ratio of 1:100
(w/w) at 37 °C, followed by an additional digestion process (a trypsin-
to-protein ratio of 1:100) at 37 °C for 4 h. The samples were desalted

and labeled with dimethyl labeling reagents: samples from the expo-
nential phase were labeled using the “L” labeling agents CH,O and
NaBH;CN, samples from the transitional phase were labeled using
the “M” labeling agents CD,0O and NaBH;CN, and samples from the
stationary phase were labeled using the “H” labeling agents *CD,0O
and NaBD5;CN. The labeled samples were mixed and analyzed with
nano-HPLC-MS/MS in three technical replicates.

Experimental Design and Statistical Rationale — The overview of the
mass spectrometry experiment: C. acetobutylicum cells were col-
lected in the exponential phase, the transitional phase and the sta-
tionary phase for quantitative acetylome/butyrylome and quantitative
proteomic analysis. Samples from each growth stage were labeled
using stable isotope dimethyl reagents. Samples from the exponential
phase were labeled using “L” labeling agents, samples from the
transitional phase were labeled using “M” labeling agents, and sam-
ples from the stationary phase were labeled using “H” labeling
agents. Then, the samples used for quantitative acetylome/butyry-
lome analysis were enriched with anti-acetyl-lysine antibodies. All
samples were analyzed with nano-HPLC-MS/MS. Three technical
replicates were used for both quantitative acylome and quantitative
proteome analyses. Two technical replicates of unenriched samples
were used for acylome protein level normalization.

The MS raw data were processed with the MaxQuant software
(version 1.5.1.2) (34) and the UniProt Clostridium acetobutylicum da-
tabase (3847 sequences, 2014, http://www.uniprot.org/proteomes/
?query=Clostridium+acetobutylicum&sort=score) was used. The di-
gestion enzyme was set to trypsin/P, and maximal missed cleavage
was set to 2. Precursor error tolerance was set to 20 ppm. Fragment
ion was set to 0.02 Da for Q Exactive and 0.5 Da for Orbitrap Fusion
mass spectrometers, respectively. Carbamidomethyl (C) was speci-
fied as the fixed modification and variable modifications were oxida-
tion (M), acetylation (protein N-term) and acetylation/butyrylation (K).
False discovery rate (FDR) thresholds for protein, peptide, and mod-
ification site were set to 0.01. In the quantification process, lysine
acetylation/butyrylation site identifications with localization probabil-
ity lower than 0.75 and those from reverse or contaminant protein
sequences were removed. All the raw data from the three technical
replicates were analyzed simultaneously using the MaxQuant soft-
ware. The parameters specified in the experimental Design Template
txt file were then uploaded in the MaxQuant software to combine the
data from all the replicates. Acetylation/butyrylation sites identified in
at least two replicates were retained and manual check of the acy-
lated peptides was performed to ensure the reliability of the results.
The M/L- or H/L-labeled acylated peptides ratios obtained from the
combination of the data from the three technical replicates were
auto-generated by the MaxQuant software. The ratios of acetylated/
butyrylated peptides were then normalized based on the “unen-
riched” sample of total protein quantitation. The normalized acylation
ratios of the acylated peptides were used for further analysis.

For proteomic analysis, the MS raw data were processed with
MaxQuant software (version 1.5.1.2). The digestion enzyme was set
to trypsin/P, and maximal missed cleavage was set to 2. Precursor
error tolerance was set to 20 ppm. Fragment ion was set to 0.5 Da for
Orbitrap Fusion mass spectrometers. Carbamidomethyl (C) was
specified as the fixed modification and variable modifications were
oxidation (M), acetylation (Protein N-term). False discovery rate (FDR)
thresholds for the protein, peptide, and modification site were spec-
ified to 0.01. Proteins identified in all the three technical replicates
were used to calculate the protein ratio. Statistical analysis was
conducted using the two-tailed t test. All the quantitative proteomic
analysis data were used to generate the volcano plots. Quantitative
proteomic data with p value < 0.05 and ratio >1.5 were used for
further analysis.
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All raw data and the results folder produced by the MaxQuant
software were uploaded in the iProX database.

Flanking Sequence Analysis—The iceLogo software (version 1.2)
was used to analyze the amino acid preference of the flanking se-
quence of Kac and Kbu sites (35). The acylated sites surrounded by
15 neighboring residues on both sides were chosen as the positive
set. Moreover, the Uniprot ‘C. acetobutylicum’ database was used as
the negative control. Finally, a p value < 0.05 was considered statis-
tically significant.

Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathway Anal-
ysis of the Acylated Proteins of C. acetobutylicum—The STRING
database (https://string-db.org/) was used for the KEGG enrichment
analysis of the acylated sites in C. acetobutylicum. Total genome
information was used as the background. An FDR of 0.05 was set as
the cutoff and the remaining proteins were used for further analysis.

Cloning and Mutagenesis of Butyrate Kinase (CA_C3075) and
Spo0A (CA_C2071)—The list of primers used for PCR and mutagen-
esis was supplied in supplemental Table S8. The buk and spo0OA
genes were amplified using the primers buk_F, buk_R, spoOA_F, and
spo0A_R with the genomic DNA of C. acetobutylicum as the template
(supplemental Table S8). After digestion with EcoRI/Xhol and Ndel/
BamHI, the gene were cloned into the pET28a and pET19b plasmid,
which generated pET28a-buk and pET19b-spo0A, respectively. After
verified by sequencing, point mutations were generated using the
QuckChange mutagenesis kit and the primers described in supple-
mental Table S8. E. coli BL21 (DE3) cells transformed with wild-type
and mutant pET28a-buk were cultured in Luria-Bertani (LB) medium
at 37 °C and induced overnight with 0.4 mm isopropyl-B-bp-thiogalac-
toside at 20 °C. E. coli Rosetta (DE3) cells transformed with wild-type
and mutant pET19b-spo0A were cultured overnight in terrific broth
(TB) medium in an orbital shaker (200 rpm, 37 °C) as seed culture.
Then, 5 ml of the seed culture was transferred into a 500-ml flask
containing 50 ml of TB medium and incubated at 20 °C for 24 h. Cells
were collected by centrifugation and sonicated in PBS. After sonica-
tion, cells were centrifuged at 8000 X g for 20 min, and the super-
natant was purified using a Ni-NTA column (Merck). The column was
washed with 10 ml of W1 buffer (50 mm NaH,PO,, 300 mm NaCl, 10
mM imidazole, pH 8.0) and 10 ml of W2 buffer (50 mm NaH,PO,, 300
mM NaCl, 20 mm imidazole, pH 8.0). The target proteins were eluted
with the EB buffer (50 mm NaH,PO,, 300 mm NaCl, 250 mm imidazole,
pH 8.0) and dialyzed against buffer C (37 mm NaCl, 2.7 mm KCI, 10 mm
Na,HPO,, 1.8 mm KH,PO,, 5% glycerol, pH 7.9). Protein concentra-
tion was measured using the BCA assay and purity was verified by
SDS-PAGE.

In Vitro Butyrate Kinase Assays— The activity of wild-type butyrate
kinase and its three mutants (Buk_K167Q, Buk_K239Q and
Buk_K287Q) was measured according to a previously described
method (36, 37). Enzymatic analysis was conducted in 50 mm Tris-
HCI buffer (pH = 7.6), containing 750 mm sodium butyrate, 10 mm
ATP, and 9.3 mm MgCl,. Butyrate kinase activity was assayed in the
butyryl-phosphate forming direction and absorbance at A540 nm was
monitored.

Electrophoretic Mobility Shift Assay (EMSA) of SpoOA—EMSA
probes of P, .04 (Promoter region of CA_C2071) and Ps,, (promoter
region of CA_P0162-0164) were amplified by PCR using the primers
listed in supplemental Table S8. PCR products were labeled with
biotin using a biotin labeled universal primer (supplemental Table S8).

EMSA was carried out using the chemiluminescent EMSA kit
(Beyotime Biotechnology), as previously described (38). Biotin-la-
beled DNA probes were incubated with a gradient concentration of
Spo0A at 25 °C for 20 min. For control groups, an unlabeled specific
probe (200-fold) or nonspecific competitor DNA (200-fold, sonicated
salmon sperm DNA) was used. Samples were separated using 6%
nondenaturing PAGE gels in ice-cold 0.5XTris borate-EDTA at 160 V.

Bands were visualized using the BeyoECL Plus Western blotting
detection system (Beyotime Biotechnology).

RESULTS

The Dynamic Change of Lysine Acetylation and Butyrylation
in C. acetobutylicum—Previous studies showed that, in the
physiological growth cycle of C. acetobutylicum, AcP and
BuP have one and two concentration peaks, respectively (22).
The first BuP concentration peak was identified during the
transitional phase, which coincides with the onset of solvent
production, whereas the second peak appears when butyric
acid is reused during the solventogenesis phase. On the
other hand, AcP levels mostly increased during the stationary
phase. Because acyl-phosphate chemically acylates protein
substrates because of its high-energy bonds, dynamic
changes in AcP or BuP concentration through the bacteria
growth stages could affect the acetylation/butyrylation levels
of functional proteins or metabolic enzymes and, therefore,
regulate the physiological status or the ABE fermentation
process of C. acetobutylicum.

To explore these dynamic changes of protein acylation
levels in C. acetobutylicum, bacterial cells were collected in
the exponential, transitional, and stationary phases. Western
blot analysis using pan anti-acetyl-lysine or anti-butyryl-lysine
antibodies showed high elevation of lysine butyrylation in the
transitional phase compared with that in the exponential
phase, whereas a slight increase in lysine acetylation was
observed (Fig. 1A). In addition, compared with the acylation
level during the transitional phase, global protein acetylation
and butyrylation levels did not change during the stationary
phase. To further systematically evaluate acetylated and bu-
tyrylated substrates and their dynamic changes, we con-
ducted a quantitative analysis of lysine acetylome and buty-
rylome through stable isotope dimethyl labeling during the
three growth stages (supplemental Fig. S1). After tryptic di-
gestion, peptides isolated from the exponential phase were
labeled using “L” dimethyl labeling reagents (i.e. CH,O and
NaBH;CN), peptides isolated from the transitional phase were
labeled using “M” dimethyl labeling reagents (i.e. CD,O and
NaBH,CN), and peptides isolated from the stationary phase
were labeled using “H” labeling reagents (.e. '*CD,0O and
NaBD,CN). The digested peptides were then enriched using
pan-anti-acetyl-lysine/butyryl-lysine antibodies and analyzed
by high-resolution Orbitrap MS. The MaxQuant software was
used to analyze the data, and subsequent manual verification
was conducted to verify lysine acetylation/butyrylation sub-
strates for further analysis based on previous criteria (39). In
this experiment, we identified 458 Kac sites in 254 proteins
and 1078 Kbu sites in 373 proteins (supplemental Table S1-
S3). To our knowledge, this was the first bacterial butyrylome
description provided to date.

Among the 458 lysine acetylation sites and 1078 lysine
butyrylation sites identified, 336 Kac sites and 877 Kbu sites
were quantifiable. For lysine butyrylome analysis, nearly half
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Fic. 1. Quantitative analysis of lysine acetylome and butyrylome in three growth phases in C. acetobutylicum strain. A, Western blot
analysis of the global lysing acetyllysine and butyryllysine level in protein lysates from C. acetobutylicum strain in the exponential phase (EP),
transitional phase (TP), and stationary phase (SP). Coomassie blue staining was used as the loading control. B, Scatter plot of the quantifiable
lysine acetylation sites identified in the EP and TP of the C. acetobutylicum strain. Log, of the normalized TP/EP (M/L) ratios of the quantifiable
sites were used for X axis and log,, of total intensities for each acetylated peptide for Y axis. Blue dots represent the sites of normalized M/L
ratio less than 0.67; Red dots represent the sites of normalized M/L ratio between 0.67 and 1.5; Green dots represent the sites of normalized
M/L ratio higher than 1.5. The percentage of acetylated sites in different M/L ratio ranges were presented in the pie chart. C, Scatter plot of
the quantifiable lysine acetylation sites identified in the TP and SP of the C. acetobutylicum strain. Log, of the normalized SP/TP (H/M) ratios
of the quantifiable sites were used for X axis and log,, of total intensities for each acetylated peptide for Y axis. Blue dots represent the sites
of normalized H/M ratio less than 0.67; Red dots represent the sites of normalized H/M ratio between 0.67 and 1.5; Green dots represent the
sites of normalized H/M ratio higher than 1.5. The percentage of acetylated sites in different H/M ratio ranges were presented in the pie chart.
D, Scatter plot of the quantifiable lysine butyrylation sites identified in the EP and TP of the C. acetobutylicum strain. Annotation is same in Fig.
1B. E, Scatter plot of the quantifiable lysine butyrylation sites identified in the TP and SP of the C. acetobutylicum strain. Annotation is same
in Fig. 1C.

(48%) of the modified sites bear elevated butyrylation levels
(normalized M/L ratio = 1.5) in the transitional phase, whereas
no global change of lysine butyrylation level was observed in
the stationary phases. Moreover, global acetylation levels of
whole cell lysates remained constant, showing only a slight
increase during the transitional phase (normalized M/L ratio
for 65.8% of the Kac peptides was between 0.67 and 1.5;
normalized H/M ratio for 87.2% of the Kac peptides was

between 0.67 and 1.5) (Fig. 1B-1E). Interestingly, this quanti-
tative acetylome and butyrylome study agreed with the West-
ern blot analysis regarding the appearance of the first BuP
concentration peak. However, the second BuP concentration
peak and single AcP concentration peak midway through
solventogenesis, which correspond to butyrate and acetate
reutilization, respectively, did not result in elevated acetylation
or butyrylation levels during the stationary phase.
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Fic. 2. Landscape of the acylated proteins/sites in C. acetobutylicum strain. A, The number of acetylation/butyrylation sites per protein.
B, The Venn diagram showing the number of overlapping acylated proteins or sites identified in our study. C, The KEGG analysis of the shared

acetylated and butyrylated proteins in C. acetobutylicum strain.

Next, we examined the distribution of lysine acetylation
and butyrylation sites in C. acetobutylicum. The average
number of acetylation and butyrylation sites occurring in an
individual protein was ~1.8 and 2.9, respectively. Nearly
39% (99) of the acetylated proteins and 53% (196) of the
butyrylated proteins bear no less than two modified sites
(Fig. 2A). Moreover, 200 proteins and 212 sites from C.
acetobutylicum shared lysine acetylation and butyrylation
(Fig. 2B). To further understand this finding, the metabolic
pathways in which the 200 shared acylated substrates were
enriched (supplemental Table S4). Eight major subclasses
were categorized according to the KEGG pathway analysis,
which included ribosome, butanoate metabolism, p-gluta-
mine and p-glutamate metabolism, fatty acid metabolism,
RNA degradation, purine metabolism, glycolysis/gluconeo-
genesis and pyruvate metabolism (Fig. 2C). Butanoate me-
tabolism is a specific phenotype of C. acetobutylicum and
enrichment of this pathway was unusually found in analysis
of other microbial acylomes, which indicated that lysine

acylation might play an important role in the biosynthesis
and consumption process of butyrate and butanol.

Then, we analyzed the differences between the two acyla-
tion modifications and explored their implications in C. ace-
tobutylicum. First, the iceLogo software was used to analyze
the flanking sequences adjacent to the Kac and Kbu sites to
evaluate the amino acid bias of the modified lysine. The
results revealed that tyrosine and leucine residues were sig-
nificantly over-represented at the +1 and —1 positions of the
acetylated sites (supplemental Fig. S2A). Moreover, glutamic
acid significantly occurred in proximity of butyrylated sites
(supplemental Fig. S2B), which was similar to the lysine pro-
pionylation pattern in E. coli (40). Since lysine butyrylation
differs from lysine acetylation in substrate pattern and acyla-
tion level (i.e. the butyrylation level is higher than the acetyla-
tion level during the transitional phase), it might be the mod-
ification responsible for regulating the metabolic and
physiological properties of C. acetobutylicum.
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Fic. 3. The enrichment analysis of the protein with elevated acylation level in C. acetobutylicum strain. A, The KEGG analysis of
acetylation sites and butyrylation sites with elevated acylation level in the transitional phase, including ribosome, biosynthesis of amino acids,
purine metabolism, glycolysis/gluconeogenesis, amino acid degradation, butanoate metabolism, pentose phosphate pathway, fatty acid
metabolism, pyruvate metabolism, aminoacyl-tRNA biosynthesis, oxidative phosphorylation, TCA cycle and bacterial chemotaxis. B, The
quantitative acetylation and butyrylation sites in the Pyruvate-flavodoxin oxidoreductase of C. acetobutylicum strain.

The Two Lysine Acylations Involved in the Metabolic Path-
ways of C. acetobutylicum—Enrichment analysis against the
KEGG pathway was conducted using the acetylated and bu-
tyrylated proteins with an elevated acylation level during the
transitional phase (i.e., normalized M/L ratio = 1.5, including
27.7% of the acetylated and 47.8% of the butyrylated sites
shown in Fig. 1B and 1D). Our results showed that multiple
metabolic pathways, including ribosome, biosynthesis of
amino acids, purine metabolism, glycolysis/gluconeogenesis,
amino acid degradation, butanoate metabolism, pentose
phosphate pathway, fatty acid metabolism, and pyruvate me-
tabolism, were highly enriched for both lysine acylation mod-
ifications. However, pathways for aminoacyl-tRNA biosynthe-
sis, oxidative phosphorylation, tricarboxylic acid cycle and
bacterial chemotaxis were only enriched for lysine butyryla-
tion (Fig. 3A and supplemental Table S5), which suggested
the potential regulatory function of protein butyrylation in
these pathways. Several studies have proved that proteins
with multiple acylated sites were related to ribosomal function

(32, 41-43). However, according to our results, the most
highly acylated protein, which bear 22 acetylated sites (6 of
them with normalized M/L ratio = 1.5) and 31 butyrylated sites
(19 of them with normalized M/L ratio = 1.5) was pyruvate-
flavodoxin oxidoreductase, an essential enzyme that cata-
lyzes the formation of acetyl-CoA through catabolization of
glucose and is involved in pyruvate metabolism (Fig. 3B) (21).
In the catalytic reaction, pyruvate transfers its electrons to
flavodoxin and reacts with CoA to form acetyl-CoA, and
the iron-sulfur binding sites in that enzyme are important for
its activity. In pyruvate-flavodoxin oxidoreductase, several
acetylated/butyrylated lysine sites surrounded by metal bind-
ing sites were found, such as the acetylated sites K766 and
K793 and butyrylated sites K724, K761, K766, K793, and
K797 (supplemental Fig. S3). Sequence alignment with its
homologous enzyme from Desulfovibrio africanus was per-
formed and the results showed that K761 and K797 were
conserved in the Desulfovibrio species. Since both K761 and
K797 were only butyrylated and their butyrylation level was
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Fic. 4. The acylated states of the enzymes in the acid/solvent pathway. A, Diagram showing the metabolic enzymes involved in
acidogenesis or solventogenesis. Enzymes in acidogenesis were shown in green; enzymes in solventogenesis were shown in blue; Enzymes
in both the two phases were shown in yellow. B, The quantitative acylation level of pta, ack, ptb and buk in the acid formation pathway and

adc, bdhA, adhe1 and adhe2 in the bioalcohol formation pathway.

elevated during the transitional phase (normalized M/L ratio >
1.5), the result suggested that lysine butyrylation influences
the enzymatic activity of pyruvate-flavodoxin oxidoreductase
and regulates the metabolic flux of acetyl-CoA and its deriv-
atives during different growth stages.

Lysine Butyrylation Potentially Impacts the Activity of Butyr-
ate Kinase—The typical biphasic metabolism of solventogenic
Clostridia is initiated in the acidogenic phase, followed by acid
re-assimilation and solvent production. Destruction of essen-
tial proton gradient across the membrane at low pH promotes
the assimilation of acetate and butyrate to their corresponding
CoA derivatives catalyzed by acetoacetyl-CoA/acyl-CoA
transferase, with acetoacetyl-CoA as the CoA donor. More-
over, the acid formation pathway is inhibited and the bioalco-
hol production pathways is initiated (21). As shown in Fig. 4A,
4B and supplemental Fig. S4, almost all enzymes involved in
the acid and solvent production pathways were acetylated or
butyrylated, including acetate kinase (ack), phosphate acetyl-
transferase (pta), butyrate kinase (buk), and phosphate bu-
tyryltransferase (ptb) in the acidogenesis phase; acetoacetate

decarboxylase (adc), NADH-dependent butanol dehydrogen-
ase (bdhA), aldehyde-alcohol dehydrogenase 1 (adhe 1) and
aldehyde-alcohol dehydrogenase 2 (adhe 2) in the solvento-
genesis phase; acetyl-CoA acetyltransferase (thlA), 3-hy-
droxybutyryl-CoA dehydrogenase (hbd), 3-hydroxybutyryl-
CoA dehydratase (crt) and acyl-CoA dehydrogenase (bcd) in
both phases. The acylation status of the four enzymes mod-
ified in the acidogenesis phase (ack, pta, ptb, buk) was ana-
lyzed. The results showed that the acylation level of acety-
lated and butyrylated sites did not change in pta and ack,
both increased in ptb, and only the butyrylation level in-
creased in buk.

Butyrate kinase, which catalyzes the conversion of butyryl-
CoA to butyrate through butyryl phosphate, is an essential
enzyme in the butyrate generation pathway (Fig. 5A). Interest-
ingly, four lysine sites of buk (K51, K167, K239, and K287)
showed butyrylation level higher in the transitional phase (nor-
malized M/L ratio > 1.5) than that in the exponential phase
(Fig. 5B). Sequence alignment analysis of butyrate kinase in
several bacteria showed that K239 was highly conserved, a
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Fic. 5. Mutagenesis and enzymatic activity analysis of butyrate kinase (buk). A, The annotation of butyrate kinase in the butyrate
biosynthesis pathway. B, The quantitative butyrylation sites in buk of C. acetobutylicum strain. C, Sequence alignment analysis the K239 of
buk, from Exiguobacterium sibiricum (E. sibiricum), Bacillus cereus (B. cereus), Bacillus anthracis (B. anthracis), Bacillus subtilis (B. subtilis),
Elusimicrobium minutum (E. minutum), Thermotoga maritima (T. maritima), Clostridium perfringens (C. perfringens) and C. acetobutylicum. D,
Enzymatic activities of wild-type and K167Q, K239Q and K287Q mutant of buk. Purity of the wt and mutated proteins of buk shown by

SDS-PAGE gel.

little lower for K51, whereas little or no conservative for K167
and K287 (Fig. 5C and supplemental Fig. S5). Therefore, it
was suggested that K239 might be important for the enzy-
matic activity of buk. Hence, these four butyrylated lysine
residues were mutated into glutamine, which mimicked the
neutral charge of lysine butyrylation, to explore the potential
effect of butyrylation on the enzymatic activity. Photometric
activity assay showed that K239Q mutation decreased the
activity of buk by 30%, which indicated that K239 might be
critical for buk catalytic activity. On the other hand, no obvi-
ous changes were observed in the K167Q and K287Q mu-
tants (Fig. 5D). Notably, the mutant K51Q expressed as an
inclusion body. The results suggested that lysine butyrylation
might impact the activity of buk at the initiation of solvent
production. Together, these data suggested a new role of
lysine butyrylation on butyrate metabolism in C. acetobutyli-
cum, and how lysine butyrylation regulates other import en-
zymes, especially enzymes in butanol fermentation pathways
would be explored in our further study.

Lysine Butyrylation Potentially Regulates Bacterial Che-
motaxis and Sporulation Process of C. acetobutylicum—The
evolution of C. acetobutylicum from vegetative cells to active
“clostridia stage” displays a series of morphological or phe-
notypic changes that are tightly associated with the bacterium
biphasic metabolism. A previous transcriptome analysis
showed that vegetative cells highly express chemotaxis and
motility genes during the exponential phase, to convert to
their clostridia forms in the stationary phase, triggering the
expressions of genes related with sporulation and solvento-
genesis (Fig. 6A) (25). Therefore, whether elevated butyryla-

tion level affected the physiological phenotypic changes and
sporulation/differentiation program of C. acetobutylicum was
investigated. In our experiment, several proteins functional to
bacterial chemotaxis and flagellar assembly were butyrylated,
including methyl-accepting chemotaxis proteins (CA_C0909,
CA_C3352, CA_C3688), chemotaxis signal transduction
protein CheW, chemotaxis signal receiving protein CheY,
chemotaxis histidine kinase CheA, chemotaxis protein CheR,
flagellar motor switch protein G, flagellar switch protein FliM
and chemotaxis protein MotB (Fig. 68). Among them, CheY is
located at the center of the bacterial chemotaxis pathway.
CheY transfers sensory signals from the chemoreceptors to
the flagellar switch protein FliM, thereby inducing the flagellar
motor to rotate clockwise (44). In addition, the homologous
residue of the butyrylated K103 of C. acetobutylicum CheY
was found to be acetylated in E. coli, which was reported to
negatively regulate the clockwise flagellar rotation function by
disturbing the salt bridge with the phosphorylation site (45,
46). Thus, the elevated butyrylation level of K103 in CheY
(normalized H/M ratio = 1.5) suggested its potential role in
decreasing this activity. In addition, CheA and FIliM, which
directly interact with CheY, also bear butyrylated sites (K534
of CheA and K49 of FliM) with obviously elevated levels (nor-
malized M/L ratio > 1.5). Since butyrylation neutralizes the
positive charge of the lysine amino group and further extends
the hydrocarbon chain (i.e. enhances hydrophobicity) and
increases lysine side chain dimension beyond that of Kac, we
inferred that hydrogen bonds and electrostatic interactions
among chemotaxis proteins would be disturbed by butyryla-
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Fic. 6. Lysine butyrylation in the bacterial chemotaxis and flagellar assembly. A, The endospore-forming process in the C. acetobu-
tylicum strain. The phenotypes of C. acetobutylicum strain in different growth stages were shown. B, The butyrylated protein involved in the
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tion, which might impact the mobility of this bacterium during
the stationary phase.

Furthermore, the core transcription factor Spo0OA, which
promotes spore maturation and solvent formation through
aspartyl phosphorylation, was butyrylated at K45 and K217
(Fig. 7A). In the sequence alignment analysis of Spo0A in four
species from Bacillus to Clostridium, K217 (located in the
H-T-H DNA-binding domain) was highly conserved, whereas
K45 was only conserved in the Clostridium genus (Fig. 7B).
Therefore, whether K217 butyrylation regulated the activity of
Spo0A, especially DNA-binding ability, was investigated.
K217 and K45 were mutated into glutamine to explore the
effect of butyrylation on these two residues. The EMSA assay
showed that wild-type SpoOA directly bound the spo0OA pro-
moter at low concentration, and the K45Q mutant had similar
DNA-binding affinity, whereas little or no binding ability was
observed for K217Q (Fig. 7C). Previous studies proved that
K-R mutations of the transcription factor recovered the ability
to bind target DNA in both higher eukaryotes and prokaryotes
(47, 48), Similarly, our results demonstrated that the K217R
mutant had DNA-binding affinity like that of the wild-type
protein (Fig. 7C). To further describe the effect of butyrylation
on SpoO0A, wild-type SpoOA and its K217R mutant were
chemically butyrylated with butyryl-CoA. The EMSA assay
proved that the wild-type protein lowered the binding affinity
to its own promoter, whereas no effect was detected in the
K217R mutant (Fig. 7D). According to the computational pre-
diction of Spo0A-binding sites, the TA-box (TGTCGAA) is in
the downstream region of the ribosome binding site, suggest-
ing a potentially negative auto-regulation mechanism. There-
fore, K217 butyrylation likely relieved the auto-inhibition
mechanism and promoted the expression of SpoOA during
the stationary phase. In addition, whether lysine butyrylation
could regulate the binding between SpoOA and the butanol

formation-related sol operon, which contains target genes of
Spo0A, such as adhE (encoding a bifunctional butyraldehyde/
butanol dehydrogenase), ctfA, and ctfB (encoding the two
subunits of CoA transferase) (49, 50) was also explored.
EMSA indicated that high SpoOA concentration was essential
to the interaction with the sol operon, and butyrylation did not
change the binding affinity (Fig. 7E). Together, these results
suggested that butyrylation on K217 might regulate SpoOA
auto-expression but possibly not influence the expression of
solvent-related genes.

Quantitative Proteomic Analysis of C. acetobutylicum in the
Three Growth Stages—Genome-scale transcriptional assay
and cellular AcP/BuP concentration measurement during the
exponential, transitional, and stationary phases of C. aceto-
butylicum have been previously performed (25). To further
investigate the correlation between protein expression levels,
intermediate metabolite concentrations, and lysine acylation
status in the three phases, quantitative proteomics assay was
performed (supplemental Table S6). First, gene expression at
the transcriptional and translational levels was compared.
According to the KEGG analysis, proteins with high expres-
sion levels (p < 0.05, H/L ratio > 1.5) in the exponential phase
were enriched in bacterial chemotaxis, flagellar assembly, and
pyrimidine metabolism processes (supplemental Fig. S6A and
supplemental Table S7A, S7B), which was similar to the re-
ported transcriptional data. In addition, gene expression of
ribosomal proteins was downregulated in the transitional
phase and then up-regulated in the stationary phase (supple-
mental Fig. S6A, S6B and supplemental Table S7A, S7B),
which confirmed previous studies. These results showed that
the time points chosen in this study coincided with the three
growth stages of C. acetobutylicum. However, our quantita-
tive acylome data showed that global lysine acetylation and
butyrylation levels did not change in the stationary phase,
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although AcP and BuP concentration peaks were observed
(supplemental Fig. S7A). Therefore, the intricate mechanism
involved in maintaining the global acylation status in the
stationary phase was determined.

Previous studies reported that CobB functioned as the
major lysine deacetylase conserved in bacteria, and it also
catalyzed the depropionylation and desuccinylation reactions
because of the structural similarity of acyl residues (32, 40).
Therefore, we suggested that, in C. acetobutylicum, CaCobB
(CA_C0284) could catalyze the deacetylation/debutyrylation
reactions and regulate protein acylation levels in the growth
cycle of C. acetobutylicum. Our quantitative proteomics assay
showed that the gene expression level of CaCobB remained
constant in the three growth phases.

Moreover, in the deacylation reaction catalyzed by CobB,
NAD™ acts as the acyl group receptor, and the NAD*/NADH
ratio influences the activity of CobB. In the transitional phase
of C. acetobutylicum, formation of acetate and butyrate re-
sulted in significant hydrogen increase, followed by accumu-
lation of NADH and inhibition of CaCobB activity. However,
when C. acetobutylicum entered the stationary phase, high
expression of alcohol dehydrogenase or aldehyde dehydro-
genase catalyzed the formation of NAD™ as their major reac-
tion product, which raised the NAD"/NADH ratio and pro-
moted CaCobB activity. Therefore, we hypothesized that two
factors (concentration of acyl-phosphate and NAD™ to NADH
ratio) co-determined the protein acylation levels in the differ-
ent growth phases (supplemental Fig. S7B). In the exponential
and transitional phases, the substrate acylation levels mainly

depend on the concentration of acyl donors because the
deacetylase activity of CaCobB is low. Consequently, the
increase of the acetylation or butyrylation levels depends on
the increase of acyl-phosphate concentration. Additionally,
during the stationary phase, NADH is used as the substrate
for solvent production, whereas its product NAD™ acts as
the co-factors in the deacetylation/debutyrylation reaction.
Hence, lysine acylation levels depend on both acyl-phosphate
concentration and the deacylase activity of CaCobB, which
could regulate the acylation level in the stationary phase.

DISCUSSION

Recently, proteomic advances have uncovered the diver-
sity, frequency, and regulatory function of lysine acetylation in
several microorganisms, which include E. coli (26, 51, 52),
Salmonella enterica (15), Vibrio parahemolyticus (53), Thermus
thermophiles (54), Cyanobacterium Synechococcus (55), Sac-
charopolyspora erythraea (56), Streptomyces roseosporus
(57), Mycoplasma pneumonia (58) and Mycobacterium tuber-
culosis (59, 60). In addition to acetylation, the side chain of
lysine can be modified by several other acyl moieties. In
bacteria, other protein acylomes were confirmed, such as the
propionylome of T. thermophiles and E. coli, succinylome of
E. coli (32), M. tuberculosis (61) and V. parahemolyticus (62),
malonylome of E. coli (63), S. erythraea (42), Bacillus amyloliq-
uefaciens (64) and Synechocystis sp. (41).

In this study, quantitative acetylome and butyrylome of the
ancient phylum Firmicute C. acetobutylicum, which is famous
for its ABE fermentation pathway, were investigated. Collec-

1166

Molecular & Cellular Proteomics 17.6


http://www.mcponline.org/cgi/content/full/RA117.000372/DC1
http://www.mcponline.org/cgi/content/full/RA117.000372/DC1

Quantitative Acetylome and Butyrylome in Clostridium

tively, 458 lysine acetylation sites and 1078 butyrylation sites
were identified in 254 and 373 substrates, respectively, which
is the first systematic description of lysine butyrylome in bac-
teria. Moreover, the amino acid bias of modified lysine resi-
dues was analyzed, and the differences in enriched KEGG
pathways of the two acylomes were explored. The results
showed that lysine butyrylation has specific substrate pat-
terns and pathway enrichments different from those of acety-
lation. Additionally, lysine butyrylation was proved to impact
the activity of the essential metabolic enzyme buk and to
influence the auto-regulated gene expression of the sporula-
tion regulator SpoOA. These results indicated that BuP-de-
pendent lysine butyrylation is responsible for regulating the
phenotypic changes and solvent production in C. acetobuty-
licum. Several studies proved that various signal stimulations
lead to different protein acylation levels. A previous study
reported that lysine butyrylation on histone H4 competes with
acetylation in eukaryotic spermatogenesis (65). Moreover in
E. coli, high glucose culture conditions increased global protein
acetylation and succinylation but decreased the propionylation
level of whole cell lysates (32, 40). Therefore, the complex
distribution of intermediate metabolites in the different growth
phases of C. acetobutylicum, such as AcP/BuP, acetyl/butyryl-
CoA, and NAD"/NADH, determines the acylation state of pro-
tein substrates and affects their functions. Like other research
groups, we proved that BuP is the major regulatory molecule
acting as both phospho and butyryl donor for different proteins.
For example, the transcription factor SpoOA was phosphoryl-
ated at D58 and butyrylated at K217, which co-activated SpoOA
at the gene expression level and initiated the process of en-
dospore and solvent formation in C. acetobutylicum.

At present, metabolic engineering tools and other strategies
have been used to improve butanol production in C. aceto-
butylicum (21). Promotion of butanol formation was success-
fully achieved by lowering the reaction redox potential
through the addition of glycerol and methyl viologen (66, 67).
In the past 15 years, the development of genetic manipulation
and metabolic engineering approaches facilitated the design
of biobutanol-producing strains, with the major goal of ele-
vating the metabolic flux toward the desired product by re-
ducing byproduct formation. However, engineering C. aceto-
butylicum by either eliminating the acid forming pathways (i.e.
buk-negative and pta-negative mutants) or over-expressing
solvent-catalyzed enzymes (i.e. adhE1 overexpression mu-
tant) was ineffective in increasing the yield of butanol. Due to
the complexity of the regulatory mechanism involved in the
physiological and solvent production processes of C. aceto-
butylicum, traditional metabolic engineering used in that strain
acquired limited success (21). In our study, we found the
Spo0A butyrylation could relieve auto-inhibition but had no
effect on the sol operon. In addition, we found that high levels
of NAD™ formed in the stationary phase might promote the
activity of CaCobB and then maintained the global level of
protein acylation, which avoided negatively affecting the ac-

tivity of enzymes in solventogenesis. Therefore, optimization
and manipulation of engineered pathways at the lysine acy-
lation level would be a potential new strategy for generating a
superior butanol producing C. acetobutylicum strain.

In addition, Clostridia include several orders, families, and
genera, including species beneficial to human and animal
microbiota, and human pathogens (68). For instance, C.
sporogenes and C. novyi, could be used as anticancer drug
delivery vehicles, whereas other species such as C. tetani and
C. botulinum, which produced tetanospasmin and botulinum
toxin, respectively, threaten human lives. Since these patho-
genic bacteria are like C. acetobutylicum in their anaerobic
and spore-forming traits, the full understanding of the regu-
latory mechanism of Clostridia will promote our knowledge of
the infection ability and toxicity of pathogens.
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