
Acetyl-CoA synthetase (ACS) is the enzyme that irreversibly 
catalyzes the synthesis of acetyl-CoA from acetate, CoA-SH, 
and ATP via acetyl-AMP as an intermediate. In this study, 
we demonstrated that AcsA1 (MSMEG_6179) is the predo-
minantly expressed ACS among four ACSs (MSMEG_6179, 
MSMEG_0718, MSMEG_3986, and MSMEG_5650) found 
in Mycobacterium smegmatis and that a deletion mutation 
of acsA1 in M. smegmatis led to its compromised growth on 
acetate as the sole carbon source. Expression of acsA1 was 
demonstrated to be induced during growth on acetate as the 
sole carbon source. The acsA1 gene was shown to be nega-
tively regulated by Crp1 (MSMEG_6189) that is the major 
cAMP receptor protein (CRP) in M. smegmatis. Using DNase 
I footprinting analysis and site-directed mutagenesis, a CRP- 
binding site (GGTGA-N6-TCACA) was identified in the up-
stream regulatory region of acsA1, which is important for re-
pression of acsA1 expression. We also demonstrated that in-
hibition of the respiratory electron transport chain by inacti-
vation of the major terminal oxidase, aa3 cytochrome c oxi-
dase, led to a decrease in acsA1 expression probably through 
the activation of CRP. In conclusion, AcsA1 is the major ACS 
in M. smegmatis and its gene is under the negative regulation 
of Crp1, which contributes to some extent to the induction 
of acsA1 expression under acetate conditions. The growth of 
M. smegmatis is severely impaired on acetate as the sole car-
bon source under respiration-inhibitory conditions.
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Introduction

The survival and fitness of bacteria in a given environment 

rely on their ability to utilize available nutrients efficiently. 
Mycobacterium tuberculosis, the causative agent of tubercu-
losis, is an intracellular pathogen that resides and replicates 
within host macrophages. During infection, host-derived fatty 
acids and cholesterol have been suggested to be important car-
bon and energy sources for M. tuberculosis (Bloch and Segal, 
1956; Pandey and Sassetti, 2008; Lee et al., 2013; VanderVen 
et al., 2015). Intriguingly, acetate was found in tissue extracts, 
and acetate accumulation has been detected in the lung of 
guinea pigs infected with M. tuberculosis (Somashekar et al., 
2011). Mycobacteria including M. tuberculosis are capable of 
using acetate as the sole carbon source in vitro (Shin et al., 
2011; Masiewicz et al., 2012; Puckett et al., 2017). Therefore, 
it has been suggested that acetate could be also a potential car-
bon source during infection (Munoz-Elias and McKinney, 
2005; Pandey and Sassetti, 2008; Beste et al., 2013).
  Assimilation of acetate is initiated by acetate activation, the 
process that converts acetate to acetyl-CoA. Acetate activa-
tion is accomplished by two separate pathways, the pathway 
comprising two sequential reactions catalyzed by acetate kin-
ase (ACK) and phosphotransacetylase (PTA) and the single- 
reaction pathway catalyzed by acetyl-CoA synthetase (ACS) 
(Wolfe, 2005). In the ACK-PTA pathway, ACK catalyzes the 
reaction that converts acetate to acetyl phosphate using ATP 
as a phosphate donor, and the resulting acetyl phosphate is 
subsequently converted to acetyl-CoA by PTA (Reinscheid 
et al., 1999; Wolfe, 2005). During growth on excess glycolytic 
or acetyl-CoA-producing substrates including glucose, pyru-
vate, and fatty acids, as well as under TCA cycle-inhibitory 
conditions, the ACK-PTA pathway operates reversely to avoid 
the accumulation of acetyl-CoA in the cell (Brown et al., 1977; 
Sadykov et al., 2013; Enjalbert et al., 2017), which indicates 
the ACK-PTA pathway not only functions in acetate assim-
ilation, but also in acetate production (Kumari et al., 1995; 
Enjalbert et al., 2017). ACS irreversibly catalyzes the synthesis 
of acetyl-CoA from acetate, CoA-SH, and ATP via acetyl- 
AMP as an intermediate (Berg, 1956; Webster, 1963; Wolfe, 
2005). ACS is a member of the acyl-AMP-forming enzyme 
superfamily (Van den Berg and Steensma, 1995; Wolfe, 2005; 
Kuprat et al., 2020). The Km value of ACS for acetate is lower 
than that of ACK (Fox and Roseman, 1986; Kumari et al., 
1995; Wolfe, 2005). Therefore, when the concentration of 
acetate is low in the environment, acetate assimilation is as-
sumed to occur preferentially by the high-affinity ACS path-
way. Mycobacteria possess functional ACS enzymes that 
generate acetyl-CoA from acetate (Li et al., 2011; Rücker et 
al., 2015; Liu et al., 2018). Similar to other bacterial ACSs, 
the mycobacterial ACSs can also convert propionate to pro-
pionyl-CoA (Li et al., 2011; Liu et al., 2018).
  The regulation of the gene encoding ACS at the transcrip-
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tional level has been studied extensively in several bacteria. 
In Escherichia coli, expression of acs is upregulated during 
entry into the stationary phase and in the presence of ace-
tate, and the induction of acs expression is controlled in re-
sponse to changes in intracellular levels of cAMP by a glo-
bal transcriptional regulator, CRP (cAMP receptor protein) 
(Kumari et al., 2000; Beatty et al., 2003). The involvement of 
FIS (factor for inversion stimulation) and IHF (integration 
host factor) in negative regulation of acs expression has been 
also demonstrated in E. coli (Browning et al., 2004). Further-
more, expression of acs has been demonstrated to be posi-
tively regulated by FNR (fumarate and nitrate reductase re-
gulator) in E. coli (Kumari et al., 2000). Since FNR is an oxy-
gen-responsive transcriptional regulator, it has been suggested 
that acs expression is regulated in response to changes in oxy-

gen tensions (Kumari et al., 2000; Clark and Cronan, 2005). 
In Bacillus subtilis, expression of acs is controlled by CcpA 
(catabolite control protein A) and the GTP-sensing trans-
criptional regulator CodY in response to carbon availability 
(Grundy et al., 1994; Zalieckas et al., 1998; Molle et al., 2003). 
In mycobacteria, expression of acs has been demonstrated 
to be induced during growth on acetate as the sole carbon 
source, and disruption of the acs gene has been shown to 
impair growth on acetate as the sole carbon source (Hayden 
et al., 2013; Chopra et al., 2014; Rücker et al., 2015; Liu et 
al., 2018). It was recently reported that expression of acs is 
positively regulated by the nitrogen-sensing regulator GlnR 
in response to changes in nitrogen levels in Mycobacterium 
smegmatis (Liu et al., 2018).
  Protein acetylation at lysine residues is an important regu-

 Strains and plasmids used in this study
Strain/plasmid Relevant phenotype/genotype References

Strains
E. coli DH5α Φ80dlacZΔM15 ΔlacU169 recA1 endA1 hsdR17 supE44 thi1 gyrA96 relA1 Jessee (1986)
E. coli BL21 (DE3) F-, ompT hsdSB (rB

-, mB
-) dcm gal λ (DE3) Promega

M. smegmatis Δcrp1 MSMEG_6189 (crp1) insertion mutant derived from M. smegmatis mc2155; Hygr Lee et al. (2014)
M. smegmatis Δcrp2 MSMEG_0539 (crp2) deletion mutant derived from M. smegmatis mc2155 Ko and Oh (2020)
M. smegmatis Δpta MSMEG_0783 (pta) deletion mutant derived from M. smegmatis mc2155 This study
M. smegmatis ΔackA MSMEG_0784 (ackA) deletion mutant derived from M. smegmatis mc2155 This study
M. smegmatis ΔacsA1 MSMEG_6179 (acsA1) deletion mutant derived from M. smegmatis mc2155 This study
M. smegmatis ΔglnR MSMEG_5784 (glnR) deletion mutant derived from M. smegmatis mc2155 This study
M. smegmatis ΔramA MSMEG_5651 (ramA) deletion mutant derived from M. smegmatis mc2155 Ko et al. (2021)
M. smegmatis ΔramB MSMEG_0906 (ramB) deletion mutant derived from M. smegmatis mc2155 Ko et al. (2021)
M. smegmatis Δaa3 MSMEG_4268 (ctaC) deletion mutant derived from M. smegmatis mc2155 Jeong et al. (2018)

Plasmids
pKOTs Hygr; pKO-based vector constructed by inserting the HindIII-KpnI fragment containing 

pAL500Ts and pUC ori derived from pDE
Jeong et al. (2013)

pEMII Kmr; promoterless lacZ Ko et al. (2021)
pUC19 Ampr; lacPOZ’ Yanisch-Perron et al. (1985)
pT7-7 Ampr; T7 promoter, ribosome binding site, and translation start codon overlapping with NdeI site Tabor and Richardson (1985)
pMV306 Kmr; integration vector containing int and the attP site of mycobacteriophage L5 for integration 

into the mycobacterial genome
Stover et al. (1991)

pBluescript II KS+ Ampr; lacPOZ’ Stratagene
pUC19acsA1FootR pUC19::0.278-kb EcoRI-HindIII fragment containing the acsA1 promoter region This study
pUC19pta pUC19::2.305-kb EcoRI-HindIII fragment containing the pta This study
pUC19Δpta pUC19::0.940-kb EcoRI-HindIII fragment containing 1.365 kb-deleted pta This study
pKOTsΔpta pKOTs::0.945-kb EcoRV-HindIII fragment containing Δpta This study
pKOTsΔackA pKOTs::0.909-kb EcoRV-HindIII fragment containing ΔackA This study
pKOTsΔacsA1 pKOTs::0.804-kb EcoRV-HindIII fragment containing ΔacsA1 This study
pKOTsΔglnR pKOTs::0.880b EcoRV-HindIII fragment containing ΔglnR This study
pEMIIacsA1 pEMII:: 0.437-kb ClaI-XbaI fragment containing the acsA1 promoter region This study
pBSIIacsA1 pBluescript II KS+:: 0.437-kb ClaI-XbaI fragment containing the acsA1 promoter region This study
pBSIIacsA1M pBSIIacsA1 with two point mutations (AC→GT) in CBS This study
pEMIIacsA1M pEMII:: 0.437-kb ClaI-XbaI fragment from pBSIIacsA1M This study
pEMIIicl1 pEMII:: 0.542-kb ClaI-XbaI fragment containing the icl1 promoter region Ko et al. (2021)
pT7-7Crp pT7-7::0.693-kb NdeI-HindIII fragment containing crp1 (MSMEG_6189) with 6 His codons 

before its stop codon
Bong et al. (2019)

pT7-7Crp2 pT7-7::0.693-kb NdeI-HindIII fragment containing crp2 (MSMEG_0539) with 6 His codons 
before its stop codon

This study

pMV306crp pMV306::1.239-kb ClaI-HindIII fragment containing crp1 Lee et al. (2014)
pMV306acsA1 pMV306::2.588-kb XbaI-HindIII fragment containing acsA1 This study
pMV306ctaC pMV306::1.37-kb XbaI-HindIII fragment containing ctaC Jeong et al. (2018)

*Abbreviations: Ampr, ampicillin resistance; Hygr, hygromycin resistance; Kmr, kanamycin resistance.
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latory mechanism that reversibly modulates the activity of 
ACS post-translationally. Acetylation of ACS by protein ly-
sine acetyltransferase (PAT) has been shown to inhibit the 
enzyme activity (Starai and Escalante-Semerena, 2004; Gard-
ner et al., 2006; Yu et al., 2008; Crosby et al., 2010). Deace-
tylation of acetylated ACS has been shown to lead to reac-
tivation of the ACS activity. The deacetylation reaction is 
catalyzed by the NAD+-dependent deacetylase CobB in Sal-
monella enterica and AcuC and SrtN in B. subtilis (Starai et 
al., 2002; Gardner and Escalante-Semerena, 2009). In my-
cobacteria, PAT acetylates ACS in a cAMP-dependent man-
ner, and the sirtuin-like deacetylase SrtN deacetylates ACS 
using NAD+ (Gu et al., 2009; Xu et al., 2011; Lee et al., 2012; 
Hayden et al., 2013; Nambi et al., 2013).
  cAMP is a universal secondary messenger and used for in-
tracellular signal transduction in bacteria, fungi, and com-
plex eukaryotes. Fluctuations in cAMP levels modulate down-
stream regulatory effects through allosteric binding to cAMP- 
binding proteins such as CRP and PAT. The CRP proteins 
are global transcription factors with a quaternary structure 
of homodimer. They are involved in the regulation of ex-
pression of many genes that are implicated in diverse meta-
bolic and cellular processes in prokaryotes, including carbon 
utilization, respiration, virulence, reactivation of non-repli-
cating dormant cells, and stress responses, etc (Utsumi et al., 
1989; Rickman et al., 2005; Shimada et al., 2011; Aung et al., 

2014; Green et al., 2014; Heroven and Dersch, 2014). Unlike 
M. tuberculosis with a single CRP, M. smegmatis has two 
genes (MSMEG_6189, crp1; MSMEG_0539, crp2) encoding 
CRP. Crp1 shares 78% sequence identity with Crp2 at the 
amino acid level (Sharma et al., 2014; Aung et al., 2015). 
Although Crp1 and Crp2 have been demonstrated to possess 
different biochemical properties such as their binding affinity 
for cAMP and cAMP-induced changes in DNA-binding affi-
nity (Sharma et al., 2014; Aung et al., 2015), the close simil-
arity in the sequences of their helix-turn-helix (HTH) domains 
suggests that the two proteins are likely to recognize similar 
DNA-binding sequences (Sharma et al., 2014). Recently, Crp1 
has been demonstrated to be the major CRP in M. smegmatis, 
and the failure of obtaining a crp1crp2 double knockout mu-
tant allowed us to suggest that CRP might be indispensable 
for survival or growth of M. smegmatis (Ko and Oh, 2020).
  In this study, we revealed that AcsA1 (MSMEG_6179) is the 
major ACS among four ACSs found in M. smegmatis. Ex-
pression of acsA1 was demonstrated to be induced during 
growth of M. smegmatis on acetate as the sole carbon source. 
The acsA1 gene was shown to be under the negative regu-
lation of CRP. We also demonstrated that inhibition of the 
respiratory electron transport chain (ETC) by inactivation 
of the major terminal oxidase, aa3 cytochrome c oxidase, 
led to a decrease in acsA1 expression probably through the 
activation of CRP.

 Oligonucleotides used in this study
Oligonucleotide Nucleotide sequences (5 3 ) Purpose
F_acsA1lacZ ATATTCTAGACCGACAGTTGCACCGCA acsA1::lacZ fusion 
R_acsA1lacZ ATATATCGATGGCCTCGGCGTACAACTC acsA1::lacZ fusion
F_acsA1_M TTCGGTGACTAGGCTCGTAGCCATGTCGAACCC Site-directed mutagenesis
R_acsA1_M GGGTTCGACATGGCTACGAGCCTAGTCACCGAA Site-directed mutagenesis
F_ptamut ATATAAGCTTCGAGATGCGTGATCGGCAC Δpta construction
R_ptamut ATATGAATTCCACCACGGCGTATTTCAGC Δpta construction
F_ackAmut ATATAAGCTTTCCCCGACCTCAACACCG ΔackA construction
R_ackArec CGCAGTCGGTGGATGTAGACGAACGTCTTGCCGCCGTG ΔackA construction
F_ackArec CACGGCGGCAAGACGTTCGTCTACATCCACCGACTGCG ΔackA construction
R_ackAmut ATATCGCCGAAATCCTCCGCAG ΔackA construction
F_acsA1mut ATATAAGCTTCGCAGGTTGACCTTGTGCC ΔacsA1 construction
R_acsA1rec GTTTGGCGATGGGCGAGAGTCTGCCAGGACAACCGC ΔacsA1 construction
F_acsA1rec GCGGTTGTCCTGGCAGACTCTCGCCCATCGCCAAAC ΔacsA1 construction
R_acsA1mut ATATTGGTCGGCATGATCCACGG ΔacsA1 construction
F_glnRmut ATATAAGCTTGCGTAGATGGCTGCTCCG ΔglnR construction
R_glnRrec GTCTGGTACGTCCTCGCCCACTACCCGTCTCCAACAGG ΔglnR construction
F_glnR1rec CCTGTTGGAGACGGGTAGTGGGCGAGGACGTACCAGAC ΔglnR construction
R_glnRmut ATATAGCTCACGCACCACCACC ΔglnR construction
F_acsA1comp ATATTCTAGAGACAGTTGCACCGCACCG ΔacsA1 complementation
R_acsA1comp ATATAAGCTTCGGCACCATCGTCAACCAGG ΔacsA1 complementation
F_TAMRA_pUC19 GTTTTCCCAGTCACGACGTTGTA DNase I footprinting
F_acsA1FootR ATATGAATTCCGCAGGTTGACCTTGTGCC DNase I footprinting
R_ acsA1FootR ATATAAGCTTCGGCGGATAGGCTGACGG DNase I footprinting
F_crp2over ATATCATATGGACGAAGTGCTGGCGC crp2 overexpression
R_crp2over ATATAAGCTTTCAGTGATGGTGATGGTGATGGTTCGCGCGCCGCGCGAG crp2 overexpression
F_sigA_RT CTTGAGGTGACCGACGATCT qRT-PCR
R_sigA_RT AGCTTCTTCTTCCTCGTCCT qRT-PCR
F_acsA1_RT CCAAGCGGTTGTCCTGGCAG qRT-PCR
R_ acsA1_RT GGTTCGCCTTCCCAGTGGATG qRT-PCR
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Materials and Methods

Bacterial strains, plasmids, and culture conditions
The bacterial strains and plasmids used in this study are 
listed in Table 1. E. coli strains were grown in Luria-Bertani 
(LB) medium at 37°C. M. smegmatis strains were grown in 
Middlebrook 7H9 medium (Difco) supplemented with 10 
mM glucose (7H9-glucose), 10 mM acetate (7H9-acetate), 
or 10 mM propionate (7H9-propionate) as a carbon source 
and 0.02% (v/v) Tween 80 as an anti-clumping agent at 37°C. 
M. smegmatis strains were grown aerobically in a 250-ml 
flask filled with 50 ml of growth medium on a gyratory shaker 
(200 rpm). Ampicillin (100 μg/ml for E. coli), kanamycin 
(50 μg/ml for E. coli and 15 μg/ml or 30 μg/ml for M. smeg-
matis), and hygromycin (200 μg/ml for E. coli and 50 or 25 
μg/ml for M. smegmatis) were added to the growth medium 
when required.

DNA manipulation and electroporation
Standard protocols and manufacturers’ instructions were 
followed for recombinant DNA manipulations (Green and 
Sambrook, 2012). Transformation of M. smegmatis with plas-
mids was carried out by electroporation as described else-
where (Snapper et al., 1990). The primers used for PCR and 
site-directed mutagenesis are listed in Table 2.

Construction of plasmids
(i) The temperature-sensitive suicide plasmids for the con-
struction of mutant strains of M. smegmatis: to construct 
pKOTsΔpta, PCR was conducted with the F_ptamut and 
R_ptamut primers as well as the chromosomal DNA of M. 
smegmatis as a template. The amplified 2315-bp DNA frag-
ment was restricted with HindIII and EcoRI and cloned into 
pUC19 digested with the same enzymes, yielding pUC19pta. 
The 1,365-bp DNA fragment within pta was excised from 
pUC19pta by restriction with BamHI, and the linear plas-
mid was self-ligated, resulting in pUC19Δpta. A 950-bp DNA 
fragment was amplified by PCR with the F_ptamut and 
R_ptamut primers and pUC19Δpta as a template. The pro-
duct was digested with HindIII and cloned into pKOTs re-
stricted with EcoRV and HindIII, resulting in pKOTsΔpta.
  To construct pKOTsΔackA, two rounds of recombination 
PCR were performed. Using the chromosomal DNA of M. 
smegmatis as a template, two primary PCR reactions were 
performed with the primers F_ackAmut and R_ackArec, as 
well as with the primers F_ackArec and R_ackAmut to ge-
nerate two 38-bp overlapping DNA fragments (448 and 504 
bp, respectively). Both PCR products contain the same 609-bp 
deletion within ackA in the overlapping region. In the secon-
dary PCR, a 914-bp DNA fragment with in-frame deletion of 
ackA was obtained using both the primary PCR products as 
templates and the F_ackAmut and R_ackAmut primers. The 
secondary PCR product was restricted with HindIII and cloned 
into pKOTs digested with EcoRV and HindIII, resulting in 
pKOTsΔackA.
  To construct the pKOTsΔacsA1, two rounds of recombi-
nation PCR were conducted. Using the chromosomal DNA 
of M. smegmatis as a template, two primary PCR reactions 
were performed with the primers F_acsA1mut and R_acsA1rec, 

as well as with the primers F_acsA1rec and R_acsA1mut to 
generate two 36-bp overlapping DNA fragments (426 and 
419 bp, respectively). Both PCR products contain the same 
1,628-bp deletion within acsA1 in the overlapping region. 
In the secondary PCR, an 809-bp DNA fragment with dele-
tion of acsA1 was obtained using both the primary PCR pro-
ducts as templates and the F_acsA1mut and R_acsA1mut 
primers. The secondary PCR product was restricted with 
HindIII and cloned into pKOTs digested with EcoRV and 
HindIII, yielding pKOTsΔacsA1.
  To construct the pKOTsΔglnR, two rounds of recombina-
tion PCR were conducted. Using the chromosomal DNA of 
M. smegmatis as a template, two primary PCR reactions were 
performed with the primers F_glnRmut and R_glnRrec, as well 
as with the primers F_glnRrec and R_glnRmut to generate two 
38-bp overlapping DNA fragments (426 and 497 bp, respec-
tively). Both PCR products contain the same 572-bp deletion 
within glnR in the overlapping region. In the secondary PCR, 
an 885-bp DNA fragment with deletion of glnR was obtained 
using both the primary PCR products as templates and the 
F_glnRmut and R_glnRmut primers. The secondary PCR pro-
duct was restricted with HindIII and cloned into pKOTs di-
gested with EcoRV and HindIII, yielding pKOTsΔglnR. 
(ii) pEMIIacsA1: to construct pEMIIacsA1, a DNA fragment 
comprising the 5’ portion (99 bp) of acsA1 and the 329-bp 
DNA sequence upstream of acsA1 was amplified with the 
F_acsA1lacZ and R_acsA1lacZ primers using the chromo-
somal DNA of M. smegmatis as a template. The PCR product 
was restricted with ClaI and XbaI and cloned into pEMII, 
yielding pEMIIacsA1.
(iii) pBSIIacsA1: to construct pBSIIacsA1, PCR was con-
ducted with the primers F_acsA1lacZ and R_acsA1lacZ as 
well as the pEMIIacsA1 as a template. The amplified 448-bp 
DNA fragment was restricted with ClaI and XbaI and cloned 
into pBluescript II KS+ digested with the same enzymes, 
yielding pBSIIacsA1.
(iv) pEMIIacsA1M: to construct the pEMIIacsA1-derived 
pEMIIasA1M plasmid with mutations in the CRP-binding 
site (CBS), PCR-based site-directed mutagenesis was per-
formed with pBSIIacsA1 following the Quick Change site- 
directed mutagenesis procedure (Stratagene). Synthetic com-
plementary oligonucleotides 33 bases long containing the 
substituted nucleotides in the middle of their sequences (F_ 
acsA1_M and R_acsA1_M) were used to mutagenize the CRP- 
binding site, resulting in pBSIIacsA1M. The 437-bp ClaI- 
XbaI fragment from pBSIIacsA1M was cloned into pEMII, 
yielding pEMIIacsA1M. Mutations were verified by DNA 
sequencing.
(v) pT7-7Crp2: a 710-bp DNA fragment encompassing the 
crp2 gene and six His codons immediately before its stop 
codon was amplified by PCR with the primers F_crp2over 
and R_crp2over using the chromosomal DNA of M. smeg-
matis as a template. The PCR product was restricted with 
NdeI and HindIII and cloned into pT7-7, yielding pT7- 
7crp2.
(vi) pUC19acsA1FootR: the plasmid was used as a template to 
generate TAMRA (6-carboxytetramethylrhodamine)-labeled 
DNA fragments containing the acsA1 upstream region. For 
the construction of pUC19acsA1FootR, a 308-bp DNA frag-
ment containing the CBS was amplified by PCR with the 
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F_acsA1FootR and R_acsA1FootR primers using the chro-
mosomal DNA of M. smegmatis as a template. The PCR 
product was restricted with EcoRI and HindIII and cloned 
into pUC19, yielding pUC19acsA1FootR.
(vii) pMV306acsA1: pMV306acsA1 was used for comple-
mentation of the ΔacsA1 mutant strain. To construct pMV-
306acsA1, a 2,598-bp DNA fragment containing the acsA1 
gene of M. smegmatis was amplified by PCR with the F_ 
acsA1comp and R_acsA1comp primers using the chromo-
somal DNA of M. smegmatis as a template. The PCR product 
was restricted with XbaI and HindIII and cloned into pMV-
306, resulting in pMV306acsA1.

Construction of mutant strains of M. smegmatis
The Δpta, ΔackA, ΔacsA1 and ΔglnR deletion mutants of M. 
smegmatis were constructed by allelic exchange mutagenesis 
using the corresponding pKOTs-derived suicide plasmids 
pKOTsΔpta, pKOTsΔackA, pKOTsΔacsA1, and pKOTsΔglnR, 
respectively, as described previously (Jeong et al., 2013). In 
brief, the temperature-sensitive suicide plasmid was intro-
duced into M. smegmatis by electroporation. Transformants 
were selected at 30°C (replication-permissive temperature) on 
7H9-glucose agar plates containing hygromycin, and the se-
lected transformants were grown in 7H9-glucose liquid me-
dium supplemented with hygromycin for 3 days at 30°C. 
Heterogenotes of M. smegmatis, which were generated by a 
single recombination event, were selected for their hygromycin 
resistance on 7H9-glucose agar plates at 42°C (replication- 
nonpermissive temperature). The selected heterogenotes were 
grown on 7H9-glucose medium without antibiotics for 3 days 
at 37°C. Isogenic homogenotes were obtained from the het-
erogenotes after a second recombination by selecting them 
for sucrose resistance on 7H9-glucose agar plates containing 
10% (w/v) sucrose at 37°C. The allelic exchange was verified 
by PCR with isolated genomic DNA.

RNA sequencing analysis
Comparative RNA sequencing analysis on the wild-type (WT) 
and Δcrp1 mutant strains of M. smegmatis grown aerobi-
cally to an OD600 of 2.0–2.1 (late exponential phase) has been 
reported previously (Ko and Oh, 2020). For RNA sequenc-
ing analysis on the Δcrp2 mutant, three biological replicate 
cultures of the WT and Δcrp2 strains were grown aerobically 
to an OD600 of 2.0–2.1. Total RNA of each culture was isolated 
as described previously (Kim et al., 2010). rRNA was removed 
from the isolated total RNA using a Ribo-Zero rRNA Removal 
Kit (Bacteria) (Illumina). The RNA sequencing libraries were 
created using a TruSeq RNA Sample Prep Kit v2 (Illumina) 
with the standard low-throughput protocol. Sequencing of 
the six libraries was conducted on an Illumina HiSeq 4000 
platform at Macrogen Inc. using the Hiseq 3,000–4,000 se-
quencing protocol and TruSeq 3,000–4,000 SBS Kit v3 re-
agent (Illumina). Paired-end reads (101 bp) were then map-
ped to the reference genome sequence of M. smegmatis 
mc2155 (GCF_000015005.1_ASM1500v1) with the program 
Bowtie 1.1.2 using default settings. The differentially ex-
pressed genes (DEGs) were subsequently identified pair-wise 
by the edgeR package in R language (Robinson et al., 2010). 
The RNA sequencing data for the Δcrp1 and Δcrp2 mutants 

have been deposited in NCBI’s Gene Expression Omnibus 
and are accessible through the GEO Series accession num-
bers GSE158137 and GSE203178, respectively.

β-Galactosidase assay and determination of the protein con-
centration
The β-Galactosidase activity was measured spectrophoto-
metrically as described previously (Oh and Kaplan, 1999). 
The protein concentration was determined using a Bio-Rad 
protein assay kit (Bio-Rad) with bovine serum albumin (BSA) 
as a standard protein.

Quantitative real-time PCR
RNA isolation from M. smegmatis strains and cDNA synthesis 
were performed as described elsewhere (Kim et al., 2010) 
except for the use of a random hexamer primer (Thermo-
Fisher) in place of the gene-specific primers in cDNA syn-
thesis. The contamination of DNA in the isolated RNA was 
checked by PCR with the primers to be used in quantitative 
real-time PCR (qRT-PCR). To determine the transcript levels 
of acsA1 and sigA, qRT-PCR was performed in a 20-μl mix-
ture containing 5 μl of the template cDNA, 15 pmol of each 
of two gene-specific primers, 10 μl of TB GreenTM Premix 
Ex TaqTM (Tli RNase Plus) (TaKaRa), 0.4 μl of the ROX pas-
sive fluorescent dye, and 2.6 μl of distilled water. Thermal 
cycling was initiated with 1 cycle at 95°C for 2 min, followed 
by 40 cycles of 95°C for 5 sec and 64°C for 30 sec. The sigA 
gene encoding the principal sigma factor was used as a ref-
erence gene for qRT-PCR to normalize the expression levels 
of acsA1. Melting curve analysis was performed for each re-
action to examine whether a single PCR product was ampli-
fied during qRT-PCR. The primers used for qRT-PCR are 
listed in Table 2.

Protein purification
C-Terminally His6-tagged Crp1 and Crp2 proteins were ex-
pressed in the E. coli BL21 (DE3) strain harboring the pT7-7 
derivative plasmids pT7-7crp and pT7-7crp2, respectively. 
The strains harboring the pT7-7 derivatives were cultivated 
aerobically to an OD600 of 0.4–0.6 at 37°C in LB medium con-
taining 100 μg/ml ampicillin. Expression of the crp1 and crp2 
genes was induced by the addition of isopropyl-β-D-thio-
galactopyranoside (IPTG) to the cultures to a final concen-
tration of 0.5 Mm, and then cells were further grown for 4 h 
at 30°C. Cells were harvested from 300 ml cultures and re-
suspended in 10 ml of buffer A (20 Mm Tris-HCl; pH 8.0 and 
200 mM NaCl) containing DNase I (10 U/ml) and 10 mM 
MgCl2. The resuspended cells were disrupted twice using a 
French pressure cell, and cell-free crude extracts were ob-
tained by centrifugation twice at 20,000 × g for 15 min. The 
crude extracts were loaded into a column packed with 500 μl 
of the 80% (v/v) slurry of Ni-Sepharose high-performance 
resin (GE Healthcare). The resin was washed with 40 bed 
volumes of buffer A containing 5 mM imidazole and washed 
further with 20 bed volumes of buffer A containing 60 mM 
imidazole. His6-tagged CRP proteins were eluted from the 
resin with buffer A containing 250 mM imidazole. The eluted 
protein was desalted using a PD-10 desalting column (GE 
Healthcare) equilibrated with appropriate buffer.
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DNase I footprinting analysis
DNase I footprinting was carried out using fluorescence 
(TAMRA)-labeled DNA fragments and purified Crp1 and 
Crp2 protein. A 341-bp TAMRA-labeled DNA fragment con-
taining the acsA1 upstream region was generated by PCR 
using the F_acsA1FootR and TAMRA-labeled F_TAMRA_ 
pUC19 primers. The pUC19acsA1FootR plasmid was used 
for PCR as a template to generate the DNA fragments with 
the TAMRA-labeled noncoding strand. The PCR products 
were purified after agarose gel electrophoresis, and the DNA 
concentration was determined using a Multiskan SkyHigh 
Microplate spectrophotometer (ThermoFisher). DNA binding 
reaction mixtures were composed of 5 pmol of labeled DNA 
probes, various amounts of purified Crp1 or Crp2, 20 mM 
Tris-HCl (pH 8.0), 0.2 mM MgCl2, 2.1 mM KCl, 0.04 mM 
DTT, 11.1% (v/v) glycerol, and 200 μM cAMP in a final vol-
ume of 190 μl. The mixture was incubated for 10 min at 25°C 
prior to DNase I treatment. DNase I treatment, DNA puri-
fication, and electrophoresis on 6% (w/v) denaturing poly-
acrylamide gels were performed as described previously (Ko 
and Oh, 2020). Reference sequencing was performed by using 
a Thermo sequenase dye primer manual cycle sequencing kit 
(ThermoFisher) with the primer F_TAMRA_pUC19 and 
the template plasmid pUC19acsA1FootR.

Results

Expression levels of the genes involved in acetate activation 
in the WT and CRP mutant strains of M. smegmatis
Mycobacterium smegmatis has the genes that encode the ho-

mologs of PTA, ACK, and ACS that are implicated in ace-
tate activation (Fig. 1A). The pta (MSMEG_0783) and ackA 
(MSMEG_0784) genes encode PTA and ACK, respectively. 
The pta gene is expected to form an operon with the down-
stream ackA gene in M. smegmatis as in other bacteria (Ka-
kuda et al., 1994; Reinscheid et al., 1999; Rücker et al., 2015). 
Mycobacterium smegmatis has four genes (MSMEG_6179, 
acsA1; MSMEG_0718, acsA2; MSMEG_3986, acsA3; MSMEG_ 
5650, acsA4) encoding ACS. The relative expression levels of 
acsA1, acsA2, acsA3, and acsA4 were extrapolated from their 
reads per kilo base pair per million mapped reads (RPKM) 
values obtained from our previous RNA sequencing analysis 
on the WT strain of M. smegmatis grown on glucose as the sole 
carbon source (Lee et al., 2018). The RPKM values of acsA1, 
acsA2, acsA3, and acsA4 indicated that the transcript level 
of acsA1 in the WT strain was much higher than those of 
acsA2, acsA3, and acsA4 (Fig. 1B). The result implies that 
AcsA1 is the predominantly expressed ACS in M. smegmatis. 
The genome of M. smegmatis has two genes (MSMEG_6189, 
crp1; MSMEG_0539, crp2) encoding CRP. Our RNA sequ-
encing analysis using the WT, Δcrp1, and Δcrp2 mutants of 
M. smegmatis revealed that expression of the acsA1 and acsA4 
genes were derepressed in Δcrp1 mutant by 6.1- and 16.8- 
fold relative to the WT strain, respectively, when the strains 
were aerobically grown on glucose as the sole carbon source 
(Fig. 1B). Deletion of crp2 resulted in a much less derepre-
ssion of acsA1 and acsA4 relative to their expression in the 
WT strain than that of crp1. These results suggest that CRP, 
especially Crp1, is likely to be involved in repression of acsA1 
and acsA4. In contrast, expression of the pta-ack operon was 
rather slightly decreased in the Δcrp1 and Δcrp2 mutants com-
pared to that in the WT strain. Besides acetate activation, the 

The scheme of acetate metabolism in M. smegmatis and the heatmap showing the fold change (FC) in expression of the genes involved in acetate 
activation and the glyoxylate shunt in the Δcrp1 and Δcrp2 mutants relative to that of the WT strain. (A) The acetate activation pathways, glyoxylate shunt, 
and TCA cycle are marked in blue, orange, and green, respectively. (B) Relative expression levels of the genes involved in acetate activation and the glyoxylate 
shunt in the Δcrp1 and Δcrp2 mutants relative to that in the WT strain are visualized using the heatmap and the numbers indicating the log2 FC in gene 
expression. The RPKM values of the genes in the WT strain grown aerobically to an OD600 of 0.4–0.5 are indicated next to the heat map (Lee et al., 2018). 
ACK, acetate kinase; PTA, phosphotransacetylase; ACS, acetyl-CoA synthase; ICL, isocitrate lyase; MS, malate synthase; CIT, citrate synthase; ACN, aconi-
tase; ICD, isocitrate dehydrogenase; KGD, α-ketoglutarate decarboxylase; KOR, α-ketoglutarate,ferredoxin oxidoreductase; SSA DH; succinic semialdehyde
dehydrogenase; SCS, succinyl-CoA synthetase; SDH, succinate dehydrogenase; FUM, fumarate dehydrogenase; MQO, malate,quinone oxidoreductase.
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glyoxylate shunt consisting of two reactions catalyzed by iso-
citrate lyase (ICL) and malate synthase (MS) is required for 
M. smegmatis to grow on acetate as the sole carbon source 
(Fig. 1A) (Ko et al., 2021). As shown in Fig. 1B, RNA sequenc-
ing analysis confirmed our previous report that the icl1 gene 
encoding the major ICL is under the negative regulation of 
Crp1 (Ko et al., 2021).
  Since AcsA1 appears to be the predominantly expressed ACS 
and under the negative regulation of CRP in M. smegmatis, 
we focused on the regulation of acsA1 expression by CRP in 
this study.

Roles of the ACK-PTA and ACS pathways in acetate utiliza-
tion
There are two possible pathways for acetate activation from 
acetate to acetyl-CoA in M. smegmatis, the ACK-PTA and 
ACS pathways (Fig. 1A). To determine which pathway is more 
important for acetate activation, we first constructed null mu-
tants of M. smegmatis carrying a deletion within pta, ackA, or 
acsA1. The WT and mutant strains were assessed for their 
growth in 7H9 medium supplemented with glucose or acetate 
as the sole carbon source to examine the roles of the pta, ackA, 

and acsA1 genes in utilization of acetate in M. smegmaits. 
No difference between the WT, Δpta, ΔackA, and ΔacsA1 mu-
tant strains was observed regarding the growth rate when the 
strains were grown on glucose (Fig. 2A). When acetate was 
supplied as the sole carbon source, the growth rate of the Δpta 
and ΔackA mutants was comparable to that of WT (Fig. 2B). 
In contrast, the ΔacsA1 mutant strain showed significantly 
retarded growth compared to the WT strain when acetate 
was supplied as the sole carbon source (Fig. 2B). Since the my-
cobacterial ACSs also possess the activity of propionyl-CoA 
synthetase (Li et al., 2011; Liu et al., 2018), we examined whe-
ther deletion of acsA1 affects growth of M. smegmatis on 
propionate. As shown in Fig. 2C, the ΔacsA1 strain showed 
the growth rate comparable to that of the WT strain in 7H9- 
propionate, which is likely to be due to the presence of pro-
pionyl-CoA synthetase (PrpE: MSMEG_5404) in M. smeg-
matis. Inactivation of the pta or ackA gene did not affect 
the growth of M. smegmatis on propionate, either (Fig. 2C). 
Introduction of the pMV306acsA1 plasmid carrying the in-
tact acsA1 gene into the ΔacsA1 mutant restored growth of 
the mutant on acetate to the WT level (Fig. 2D), indicating 
that the defect in acetate utilization observed for the ΔacsA1 
mutant was the result of acsA1 inactivation. Taken together, 
these results indicate that the ACS pathway serves as the ma-
jor pathway for acetate activation and that AcsA1 is impor-
tant for acetate activation in M. smegmatis during growth 
on acetate.

Negative regulation of the acsA1 gene by Crp1
RNA sequencing analysis showed that expression of acsA1 
was significantly (6.1-fold) and marginally (1.5-fold) higher 

Growth of the WT, Δpta, ΔackA, and ΔacsA1 strains of M. smegmatis 
on glucose, acetate or propionate as the sole carbon source. The WT and 
mutant strains of M. smegmatis were grown aerobically at 37°C in 7H9 
medium supplemented with 10 mM glucose (A), 10 mM acetate (B), or 
10 mM propionate (C) as the sole carbon source. (D) For complementation 
of the ΔacsA1 mutant, pMV306acsA1 (a pMV306-derived plasmid carrying
the intact acsA1 gene and its own promoter) was introduced into the mutant. 
The ΔacsA1 mutant harboring pMV306acsA1 (ΔacsA1::acsA1), as well as 
the WT and ΔacsA1 strains with the empty vector pMV306, was grown aer-
obically in 7H9-acetate. Growth of the strains was measured spectrophoto-
metrically at 600 nm at the indicated time points. All values provided were 
determined from three biological replicates. The error bars indicate the 
standard deviations.

Expression levels of the acsA1 gene in the WT, Δcrp1, and Δcrp2 
strains of M. smegmatis. (A) The WT, Δcrp1, and Δcrp2 strains contain-
ing the acsA1::lacZ translational fusion plasmid pEMIIacsA1 were grown 
aerobically to an OD600 of 0.45 to 0.5 in 7H9 medium supplemented with 
10 mM glucose or 10 mM acetate as the sole carbon source. Cell-free crude 
extracts were used to measure β-galactosidase activity. (B) Complemen-
tation of the Δcrp1 mutant. For complementation of the Δcrp1 mutant, 
pMV306crp (a pMV306-derived plasmid carrying the intact crp1 gene and 
its own promoter) was introduced into the mutant. As control strains, 
the WT and Δcrp1 strains with the empty vector pMV306 were used in the
experiment. All the strains were grown aerobically to an OD600 of 0.45–0.5 
in 7H9 medium supplemented with 10 mM glucose as the sole carbon source. 
The expression level of acsA1 was quantitatively determined by qRT-PCR
and normalized to sigA (the gene encoding the principal sigma factor) 
expression. The expression level of acsA1 in the WT strain grown in 7H9-
glucose medium was set at 1, and the relative values were expressed for the 
mutant strains. All values provided were determined from three biological
replicates. The error bars indicate the standard deviations. ** p < 0.01.
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in the Δcrp1 and Δcrp2 mutants than that in the WT strain, 
respectively. Using an acsA1-lacZ translational fusion, we ex-
amined whether acsA1 expression is induced in M. smegmatis 
grown on acetate and whether Crp1 and Crp2 are involved 
in the regulation of acsA1 expression. As shown in Fig. 3A, 
expression of acsA1 was induced by 4.4-fold in WT grown on 
acetate relative to that in WT grown on glucose. Expression 
of acsA1 was shown to be derepressed in the Δcrp1 mutant 
compared to that in the WT strain under both glucose and 
acetate conditions. On the other hand, the Δcrp2 mutant 
showed acsA1 expression comparable to the WT strain under 
both glucose and acetate conditions. The fold change in der-
epression of acsA1 in the Δcrp1 mutant relative to the WT 

strain was shown to be smaller under acetate conditions than 
that under glucose conditions. These results indicate that the 
major Crp1 negatively regulates the expression of acsA1 in 
M. smegmatis during growth on glucose and acetate and that 
its repression effect is greater under glucose conditions. It is 
noteworthy that expression of acsA1 was still 2.9-fold induced 
in the Δcrp1 mutant under acetate condition compared to 
the same mutant strain grown under glucose condition. Our 
qRT-PCR analysis showed that introduction of the intact 
crp1 gene into the Δcrp1 mutant led to restoration of acsA1 
expression to that observed in the WT strain when the strains 
were grown on glucose (Fig. 3B), indicating that derepression 
of acsA1 observed in the Δcrp1 mutant resulted from null 
mutation of crp1.
  To identify the CRP-binding site(s) in the upstream region 
of acsA1, DNase I footprinting analysis was conducted with 
purified Crp1 or Crp2 and TAMRA-labeled DNA fragments 
containing the acsA1 upstream region. In the presence of 
200 μM cAMP in the reaction mixtures, the presence of Crp1 
or Crp2 in the reaction mixtures protected an 18-bp DNA re-
gion from DNase I cleavage at position proximal to the start 
codon of acsA1 (Fig. 4A and B). The protected region con-
tains a putative CRP-binding sequence (CBS: GGTGA-N6- 
TCACA) that is similar to the known CRP-binding consensus 
sequence (TGTGA-N6-TCACA) (Fig. 4B). To examine the role 
of the identified CBS in the regulation of acsA1 expression 
in M. smegmatis, we determined the effect of CBS mutation 
on acsA1 expression in the WT strain of M. smegmatis grown 
on glucose or acetate by using pEMIIacsA1M that contains 
mutations within CBS (Fig. 5). Two transition mutations were 
introduced into the CBS (GGTGA-N6-TCACA to GGTGA- 
N6-TCGTA) on pEMIIacsA1 to construct pEMIIacsA1M (the 
mutated nucleotides are marked by underlines). Since the CBS 
is located close to the start codon of acsA1 gene (Fig. 4B), the 
right half site of CBS was mutated to avoid mutation of the 
ribosome binding site. As expected, expression of acsA1 was 

Effects of mutation in the identified CBS on acsA1 expression. 
The acsA1 promoter activity was determined by using the pEMIIacsA1- 
derived translational fusion plasmid pEMIIacsA1M with mutation within
the CBS, as well as pEMIIacsA1 as a control. The WT strains of M. smeg-
matis harboring the translational fusion plasmids were grown aerobically 
to an OD600 of 0.45 to 0.5 in 7H9 medium supplemented with 10 mM glu-
cose or 10 mM acetate as the sole carbon source. Cell-free crude extracts 
were used to measure β-galactosidase activity. All values provided were 
determined from three biological replicates. The error bars indicate the 
standard deviations. *p < 0.05; **p < 0.01.

Binding of Crp1 and Crp2 to the acsA1 regulatory region. (A) DNase
I footprinting analysis of the acsA1 regulatory region bound by purified 
Crp1 and Crp2. The DNA fragments containing the noncoding strand la-
beled with TAMRA at their 5’ ends were incubated with increasing concen-
trations of purified Crp1 or Crp2 (0.15, 0.3, and 0.6 μM) in the presence of 
200 μM cAMP and then subjected to DNase I footprinting reactions. The 
regions protected by Crp1 or Crp2, which indicate the CRP-binding sites 
(CBS), are marked by a thick black line. Lanes G, A, T, and C represent the 
sequence ladders. (B) The upstream sequence of the acsA1 gene showing its 
start codon and identified CRP-binding site. The start codon of acsA1 is 
indicated by the underline and the arrow indicating the transcriptional 
direction. The numbers on the left side of the sequence show the positions 
of the leftmost nucleotides relative to the first nucleotide of the acsA1
gene. The nucleotides within the CBS, which underwent site-directed 
mutagenesis, are indicated by *.
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strongly induced by acetate in the control WT strain with 
pEMIIacsA1. Under both glucose and acetate conditions, ex-
pression of acsA1 from pEMIIacsA1M was significantly in-
creased compared to that from pEMIIacsA1 (Fig. 5). Dere-
pression of acsA1 by CBS mutation occurred to a degree sim-
ilar to that observed for the Δcrp1 mutant relative to the WT 
strain (see Figs. 3A and 5). These results clearly indicate that 
the identified CBS serves as the binding site of CRP for re-
pression of acsA1 expression.
  As shown in Figs. 3A and 5, expression of acsA1 was still 
induced by acetate in the Δcrp1 mutant and the WT strain 
carrying the CBS-mutated pEMIIacsA1M, suggesting that 
(an) additional regulatory system(s) other than CRP might 
operate to induce acsA1 expression in M. smegmatis during 
growth on acetate. It has been demonstrated in Corynebac-
terium glutamicum that the LuxR-type transcriptional re-
gulator RamA (Cg2831: regulator of acetate metabolism A) 
serves as an activator in the acetate-inducible genes involved 
in acetate metabolism such as aceA encoding ICL, pta, and 
ack (Cramer et al., 2006; Auchter et al., 2011). M. smegmatis 
possesses the RamA homolog (MSMEG_5651) that shares 
38% sequence identity and 57% similarity with RamA of C. 
glutamicum. In M. smegmatis, M. tuberculosis, and C. gluta-
micum, the aceA and icl1 genes have been demonstrated to 
be upregulated during growth on acetate, which is achieved 
by RamB-mediated induction of the genes in the presence 
of acetate (Gerstmeir et al., 2004; Micklinghoff et al., 2009; 
Auchter et al., 2011; Ko et al., 2021). There is another known 
transcriptional regulator GlnR that has been reported to ne-
gatively regulate the acetate-inducible icl1 gene and the prpDBC 
operon involved in the methylcitrate cycle in M. smegmatis 
under nitrogen-limiting conditions (Liu et al., 2019; Qi et al., 
2021). GlnR has been also shown to serve as an activator for 
expression of acsA1, prpE encoding propionyl-CoA synthe-
tase, and pat encoding protein acetyltransferase under nitro-
gen-limiting conditions (Liu et al., 2018). To ascertain the in-
volvement of RamA, RamB, and GlnR in the regulation of 
acsA1 expression, the expression level of acsA1 was determined 
in the WT, ΔramA, ΔramB, and ΔglnR strains of M. smegmatis 

carrying pEMIIacsA1. When expression of acsA1 in the WT 
strain was compared to that in the ΔramA, ΔramB, and ΔglnR 
mutants of M. smegmatis, inactivation of ramA, ramB and 
glnR did not result in noticeable changes in acsA1 expression 
in M. smegmatis under both glucose and acetate conditions 
(Fig. 6). These results indicate that none of RamA, RamB, and 
GlnR is involved in the regulation and induction of acsA1 
expression under acetate conditions in M. smegmatis.

A decrease in acsA1 expression under respiration-inhibitory 
conditions
The Δaa3 mutant strain of M. smegmatis lacking the aa3 cy-
tochrome c oxidase of the respiratory ETC has been reported 
to exhibit a reduced respiration rate by ~50% (Jeong et al., 
2018). The intracellular level of cAMP has been demonstrated 
to increase in the Δaa3 mutant strain of M. smegmatis com-
pared to that in the WT strain, which was shown to accom-
pany with an increase in expression of genes under the po-
sitive regulation of Crp1 in the mutant (Ko and Oh, 2020). 
Since expression of acsA1 is negatively regulated by Crp1 like 
that of icl1 (Ko et al., 2021), we assumed that expression of 
acsA1 and icl1 would be reduced in the Δaa3 mutant strain 
relative to that in the WT strain. As ACS is important for 
utilization of acetate, so ICL of the glyoxylate shunt is also 
crucial for M. smegmatis to grow on acetate, which is because 
the glyoxylate shunt is only the anaplerotic pathway that re-
plenishes intermediates of the TCA cycle from acetyl-CoA 
in M. smegmatis grown on acetate as the sole carbon source. 
If our assumption is correct, the ability of the Δaa3 mutant 
to grow on acetate would be compromised compared to that 
of the WT strain. To examine this assumption, growth of the 
WT and Δaa3 mutant strains was compared in 7H9 medium 
supplemented with glucose or acetate as the sole carbon source. 
When glucose was supplemented as the sole carbon source, 
the Δaa3 mutant carrying the empty vector pMV306 showed 
the slower growth and reached the stationary phase at a lower 
cell density than the WT strain with pMV306 probably due to 
the reduced respiration rate as reported previously (Jeong et 
al., 2018) (Fig. 7A). When acetate was the sole carbon source, 
growth of the Δaa3 strain with pMV306 was severely impaired 
compared to the WT strain with pMV306 (Fig. 7B). Consis-
tent with this result, the Δaa3 mutant did not form colonies 
on the solid 7H9-acetate plate (data not shown). Introduction 
of the pMV306ctaC plasmid carrying the intact ctaC gene 
into the Δaa3 mutant restored growth of the mutant on both 
glucose and acetate to the WT level (Fig. 7A and B), indicat-
ing that the severe defect in acetate utilization observed for 
the Δaa3 mutant is due to inactivation of the ctaC gene encod-
ing subunit II of the aa3 cytochrome c oxidase. Next, expre-
ssion of acsA1 and icl1 genes was examined in the WT and 
Δaa3 mutant strains of M. smegmatis carrying pEMIIacsA1 
and pEMIIicl1, respectively (Fig. 7C). Because the Δaa3 mu-
tant strain barely grew under acetate conditions, the WT and 
Δaa3 mutant strains were cultivated under acetate conditions 
as follows: the WT and Δaa3 mutant strains with pEMIIacsA1 
or pEMIIicl1 were first grown to an OD600 of 0.3 in 7H9-glu-
cose medium, harvested and washed twice with 7H9 me-
dium without carbon source, followed by further cultivation 
for 3 h in 7H9-acetate medium. Under acetate conditions, ex-
pression of acsA1 and icl1 was reduced in the Δaa3 mutant 

Expression levels of the acsA1 gene in the WT, ΔramA, ΔramB, and 
ΔglnR strains. The WT and mutant strains containing pEMIIacsA1 were 
grown aerobically to an OD600 of 0.45 to 0.5 in 7H9 medium supplemented 
with 10 mM glucose or 10 mM acetate as the sole carbon source. Cell-free 
crude extracts were used to measure β-galactosidase activity. All values pro-
vided were determined from three biological replicates. The error bars 
indicate the standard deviations.
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by 39% and 70%, respectively, compared to that in the WT 
strain. Taken together, the results imply that acetate activa-
tion and the glyoxylate shunt operate less efficiently in M. 
smegmatis under respiration-inhibitory conditions, which 
results in detrimental effects on growth of M. smegmatis on 
acetate as the sole carbon source.

Discussion

In this study, we demonstrated that AcsA1 (MSMEG_6179) 
functions as the major ACS in acetate activation required for 
growth of M. smegmatis on acetate as the sole carbon source. 
This suggestion was extrapolated from the much higher RPKM 
value of AcsA1 than those of the other ACSs (MSMEG_0718, 
MSMEG_3986, and MSMEG_5650) (Fig. 1B) and the com-
promised growth of ΔacsA1 mutant of M. smegmatis on ace-
tate as the sole carbon source (Fig. 2B). Among the four ACS 
genes found in M. smegmatis, our RNA sequencing result 
showed that acsA1 and acsA4 (MSMEG_5650) are under the 
negative regulation of CRP (Fig. 1B). Recently, Liu et al. (2018) 
reported that expression of acsA1 and acsA4 are acetate-in-
ducible, while expression of acsA2 (MSMEG_0718) and acsA3 
(MSMEG_3986) is relatively constitutive. Importantly, we 
have recently suggested that Crp1 is implicated in induction 
of the acetate-inducible icl1 gene encoding the major ICL 
in acetate-grown M. smegmatis (Ko et al., 2021). These find-
ings allowed us to assume that acetate inducibility of acsA1 
and acsA4 might be related to CRP. Since the expression ex-
tent of acsA4 was found to be very low compared to that of 
acsA1 (the RPKM values of acsA1 and acsA4 are 179. 1 and 
6.9. respectively), we focused on studying expression of acsA1 
in this study. Our RNA sequencing analysis and reporter gene 
assay showed that expression of acsA1 is derepressed in the 
Δcrp1 mutant relative to that in the WT strain when the strains 
were grown on glucose (Figs. 1B and 3A). Derepression of 

acsA1 was also observed to occur in the Δcrp1 mutant dur-
ing growth on acetate (Fig. 3A). DNase I footprinting analy-
sis and site-directed mutagenesis revealed that the upstream 
region of acsA1 possesses a CBS which contains the sequ-
ence (GGTGA-N6-TCACA) that is similar to the known CRP- 
binding motif (TGTGA-N6-TCACA) and centered at position 
-11.5 relative to the start codon of acsA1 (Figs. 4 and 5). The 
position of the identified CBS implies that the binding of CRP 
to its binding site hinders the initial elongation step or the 
formation of the open complex during transcription, leading 
to repression of acsA1 expression. Although both Crp1 and 
Crp2 have the ability to bind to the identified CBS as shown 
in Fig. 4, our result showed that only Crp1 serves as a re-
pressor of acsA1 expression (Fig. 3A), which is probably be-
cause Crp1 is the major CRP with much higher expression 
than Crp2 (Ko and Oh, 2020). Taken together, our findings 
clearly indicate that Crp1 serves as a repressor for expression 
of acsA1. The cellular levels of cAMP in the WT strain grown 
on glucose have been demonstrated to be approximately two- 
fold higher than those in the WT grown on acetate (Ko et 
al., 2021). Increased cAMP levels in glucose-grown cells are 
assumed to enhance the functionality of Crp1, which in turn 
leads to more repression of acsA1 in glucose-grown M. smeg-
matis than in acetate-grown M. smegmatis. This assumption 
explains a possible mechanism underlying CRP-mediated in-
duction of acsA1 expression under acetate conditions. Since 
we failed to obtain a Δcrp1Δcrp2 double mutant of M. smeg-
matis probably due to the indispensability of CRP for growth 
of M. smegmatis, the implication of CRP in the regulation of 
acsA1 expression had to be examined using the Δcrp1 mutant. 
Due to the presence of Crp2 in the Δcrp1 mutant, it is pos-
sible that the role of CRP in induction of acsA1 expression 
under acetate-growth conditions might be underestimated 
and that the observed induction of acsA1 expression in the 
Δcrp1 mutant might be attributable to Crp2. However, the 
finding that induction of acsA1 expression also occurred in 
the WT strain carrying pEMIIacsA1M with CBS mutation 

Growth of the WT and Δaa3 strains of M. smegmatis on glucose or acetate as the sole carbon source and expression levels of acsA1 and icl1 in the WT 
and Δaa3 strains. The WT and Δaa3 strains containing pMV306, as well as the complemented Δaa3 strain with pMV306ctaC (Δaa3::ctaC), were grown aerobi-
cally in 7H9 medium supplemented with 10 mM glucose (A) or 10 mM acetate (B). Growth of the strains was measured spectrophotometrically at 600 nm at
the indicated time points. (C) Expression levels of acsA1 and icl1 in the WT and Δaa3 strains. To determine the expression levels of acsA1 and icl1 in the 
strains grown on acetate, the WT and Δaa3 strains with pEMIIacsA1 and pEMIIicl1, respectively, were grown aerobically to an OD600 of 0.3 in 7H9-glucose
medium. The cultures were harvested and washed twice with 7H9 medium to remove glucose. The washed cells were resuspended in 7H9-acetate medium 
and further grown aerobically for 3 h. Cell-free crude extracts were used to measure β-galactosidase activity. All values provided were determined from 
three biological replicates. The error bars indicate the standard deviations. *p < 0.05.
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during growth on acetate (Fig. 5) strongly indicates that in 
addition to CRP, there is another regulatory system that is 
involved in induction of acsA1 expression by acetate. Our 
reporter gene assays using the ΔramA, ΔramB, and ΔglnR 
presented in Fig. 6 suggest that the RamA, RamB, and GlnR 
transcriptional regulators, which are known to be involved in 
the regulation of acetate-inducible genes, are not responsible 
for acetate-inducible expression of acsA1 in M. smegmatis. 
Further study is required to identify a regulatory system other 
than CRP, which is implicated in upregulation of acsA1 ex-
pression under acetate conditions relative to under glucose 
conditions.
  Besides the regulation of acsA1 expression by CRP, intra-
cellular cAMP levels are likely to influence acetate metabo-
lism through the cAMP-dependent allosteric activation of PAT 
that inactivates AcsA1 and Icl1 in M. smegmatis by acetyla-
tion (Hayden et al., 2013; Liu et al., 2018; Xu et al., 2018). 
The PAT protein (MSMEG_5458 in M. smegmatis) belongs 
to GCN5-related N-acetyltransferase (GNAT) superfamily 
and catalyzes acetyl transfer from acetyl-CoA to its target 
proteins (Nambi et al., 2010, 2012; Liu et al., 2018). It con-
sists of an N-terminal cAMP-binding domain and a C-ter-
minal GNAT domain and requires the binding of cAMP to 
the N-terminal domain for its catalytic activity (Nambi et al., 
2010, 2012; Hayden et al., 2013; Liu et al., 2018). Based on our 
results in conjunction with the previous reports regarding 
PAT (Nambi et al., 2010, 2012; Hayden et al., 2013; Liu et al., 
2018), we present a model explaining the enhancement of 
acetate activation in M. smegmatis grown on acetate relative 
to M. smegmatis grown on glucose (Fig. 8). When M. smeg-
matis is grown on glucose as the sole carbon source, intra-
cellular cAMP levels are increased by two-fold compared to 
those in M. smegmatis grown on acetate (Ko et al., 2021). The 
activity of both CRP and PAT is expected to increase by al-
losteric activation resulting from the increased cAMP levels, 
thereby leading to the reduced expression of acsA1 and the 
reduced activity of AcsA1 by acetylation in M. smegmatis 
grown on glucose. Conversely, reduced cAMP levels in M. 
smegmatis grown on acetate cause both an increase in acsA1 
expression and alleviation of the PAT-mediated inactivation 
of AcsA1, which ultimately results in enhanced acetate ac-
tivation. In agreement with this model, the Δaa3 mutant, in 
which cAMP levels have been reported to increase by 3.2- 

fold relative to the WT strain (Ko and Oh, 2020), showed the 
decreased expression of acsA1 and icl1 that are under the ne-
gative regulation of Crp1 (Ko et al., 2021). The observed se-
verely impaired growth of Δaa3 mutant on acetate as the sole 
carbon source is likely to result from combined effects of re-
duced expression of acsA1 and icl1 by CRP, inhibition of ace-
tate metabolism by the activation of PAT, and growth retar-
dation by respiration inhibition in the mutant.
  During host infection, M. tuberculosis has been suggested to 
utilize fatty acids and cholesterol as important carbon sources 
(Bloch and Segal, 1956; Pandey and Sassetti, 2008; Lee et al., 
2013; VanderVen et al., 2015). Low oxygen tensions and pH 
in granulomas are expected to inhibit the respiratory ETC of 
M. tuberculosis, leading to less efficient operation of the TCA 
cycle. Under these conditions, the ACK-PTA pathway op-
erates to generate acetate from acetyl-CoA to mitigate toxic 
effects of acetyl-CoA accumulation in the bacterial cell (Brown 
et al., 1977; Sadykov et al., 2013; Enjalbert et al., 2017). Unless 
acetate activation by ACS is inhibited under respiration-in-
hibitory conditions, removal of acetyl-CoA would be ham-
pered by the futile cycle of the interconversion between ace-
tyl-CoA and acetate. If expression of acs is under the nega-
tive regulation of CRP in M. tuberculosis like that in M. smeg-
matis, CRP-mediated repression of acs under respiration- 
nhibitory conditions might help M. tuberculosis avoid the 
futile cycle to enhance the growth fitness under the conditions. 
Further study is required to reveal whether the gene encod-
ing ACS is regulated by CRP in M. tuberculosis.
  In conclusion, we here demonstrated that AcsA1 is the major 
ACS among four ACSs found in M. smegmatis. Expression 
of acsA1 was demonstrated to be induced during growth 
on acetate compared to that during growth on glucose. The 
acsA1 gene was shown to be under the negative regulation 
of CRP, which contributes to some extent to the induction 
of acsA1 expression under acetate conditions. We also de-
monstrated that inhibition of the ETC led to the severely com-
promised growth of M. smegmatis on acetate as the sole car-
bon source, which might result from both a decrease in acsA1 
and icl1 expression through the activation of CRP and the 
inactivation of AcsA1 and Icl1 through their acetylation by 
PAT.

Model for the transcriptional and 
post-transcriptional regulation of acsA1 
by changes in cAMP levels in M. smeg-
matis grown on glucose or acetate as the 
sole carbon source. CRP, cAMP receptor 
protein; PAT, lysine acetyltransferase.
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