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ABSTRACT The success of Mycobacterium tuberculosis (Mtb) as a pathogen is partly
attributed to its ability to sense and respond to dynamic host microenvironments. The
cyclic AMP (cAMP) receptor protein (CRP) is closely related to the pathogenicity of Mtb
and plays an important role in this process. However, the molecular mechanisms guid-
ing the autoregulation and downstream target genes of CRP while Mtb responds to its
environment are not fully understood. Here, it is demonstrated that the acetylation of
conserved lysine 193 (K193) within the C-terminal DNA-binding domain of CRP reduces
its DNA-binding ability and inhibits transcriptional activity. The reversible acetylation sta-
tus of CRP K193 was shown to significantly affect mycobacterial growth phenotype, alter
the stress response, and regulate the expression of biologically relevant genes using a
CRP K193 site-specific mutation. Notably, the acetylation level of K193 decreases under
CRP-activating conditions, including the presence of cAMP, low pH, high temperature,
and oxidative stress, suggesting that microenvironmental signals can directly regulate
CRP K193 acetylation. Both cell- and murine-based infection assays confirmed that CRP
K193 is critical to the regulation of Mtb virulence. Furthermore, the acetylation of CRP
K193 was shown to be dependent on the intracellular metabolic intermediate acetyl
phosphate (AcP), and deacetylation was mediated by NAD1-dependent deacetylases.
These findings indicate that AcP-mediated acetylation of CRP K193 decreases CRP activ-
ity and negatively regulates the pathogenicity of Mtb. We believe that the underlying
mechanisms of cross talk between transcription, posttranslational modifications, and
metabolites are a common regulatory mechanism for pathogenic bacteria.

IMPORTANCE Mycobacterium tuberculosis (Mtb) is the causative agent of tuberculosis,
and the ability of Mtb to survive harsh host conditions has been the subject of inten-
sive research. As a result, we explored the molecular mechanisms guiding downstream
target genes of CRP when Mtb responds to its environment. Our study makes a contri-
bution to the literature because we describe the role of acetylated K193 in regulating
its binding affinity to target DNA and influencing the virulence of mycobacteria. We
discovered that mycobacteria can regulate their pathogenicity through the reversible
acetylation of CRP K193 and that this reversible acetylation is mediated by AcP and a
NAD1-dependent deacetylase. The regulation of CRPMtb by posttranslational modifica-
tions, at the transcriptional level, and by metabolic intermediates contribute to a bet-
ter understanding of its role in the survival and pathogenicity of mycobacteria.
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M ycobacterium tuberculosis (Mtb) is the causative agent of tuberculosis, and it is
estimated that more than 2 billion people worldwide are infected (1). The suc-

cess of Mtb as a pathogen is due in part to its ability to sense and respond to the
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dynamic and harsh environment of the host during infection, such as the low pH in mac-
rophage phagolysosomes, nutrient deprivation, and the hypoxic center of granulomas.

The ability of Mtb to survive these harsh conditions has been the subject of inten-
sive research. The differential expression of Mtb genes plays an important role regard-
ing its response to various environmental stresses (2). In addition, Mtb can use cyclic
nucleotides as second messengers to sense and respond to various external environ-
ments during an infection and then bind and alter the function of downstream effector
proteins to generate a cellular response (3). Cyclic AMP (cAMP) is one such signaling
molecule widely used by bacteria and eukaryotic cells. For example, cAMP signal trans-
duction in Escherichia coli mediates its central metabolic pathway, which is also the
paradigm of cAMP-mediated gene regulation in prokaryotes (4). Class I adenylate cy-
clase (AC) in E. coli catalyzes the synthesis of cAMP, which transduces the signal by
binding to cAMP receptor protein (CRP) and activating it as a transcription factor (5).
Similarly, cAMP also plays a key role in Mtb gene regulation in response to the host
environment. Heat shock, low pH levels, starvation, nitrosative stress, oxidative stress,
or propionate in culture media can increase cAMP levels in Mtb (5–7). Moreover, the
cAMP levels in Mtb and a live attenuated strain of Mycobacterium bovis (bacillus
Calmette-Guérin [BCG]) recovered from macrophages were 50-fold higher than those
in mycobacteria exposed to tissue culture medium alone (8). Unlike E. coli, the Mtb ge-
nome contains at least 15 class III AC genes (9, 10), suggesting that cAMP is a particu-
larly useful second messenger in Mtb.

CRP is a conserved protein in mycobacteria, is one of the three confirmed cAMP-
binding effector proteins of Mtb (CRPMtb, encoded by Rv3676) and belongs to the CRP/
fumarate and nitrate reduction (FNR) family of transcription factors (3). It differs from
its E. coli homolog in that binding of cAMP to CRPMtb does not affect its DNA binding
properties (5, 11). CRPMtb is considered a virulence-associated global regulator with a
regulon of at least 100 genes. The virulence of Mtb H37Rv crp deletion mutants can be
fully restored by expression of crp from either BCG or Mtb, confirming that both ortho-
logs function similarly in vivo, although BCG is an attenuated vaccine strain (12, 13).
Importantly, CRPMtb activates the expression of the resuscitation promoting factor A
gene (rpfA), a growth factor capable of resuscitating the growth of mycobacterial cul-
tures from a stationary phase (14). CRP also regulates the expression of whiB1 (14, 15),
which encodes an essential transcription factor with a nitric oxide (NO)-sensitive, oxy-
gen-stable iron-sulfur cluster (16). More recently, CRP was also shown to directly regu-
late expression of the succinate dehydrogenase (Sdh1) operon (Rv0249c–Rv0247c) by
binding to two promoters upstream of Rv0250c and Rv0249c, which contributed to the
central metabolism of Mtb (17). Alternatively, Crp-deficient Mtb was shown to have
attenuated growth in culture medium, macrophages, and a mouse model of tuberculo-
sis (TB) (12, 14). Previous studies focused on CRPMtb regulation at the level of transcrip-
tion (12–15, 18), but the molecular basis for autologous regulation of CRP activity and
downstream target genes that enable Mtb to sense and respond to its environment is
not fully understood.

Posttranslational modifications (PTM) are increasingly observed in bacteria and allow
cells to respond to a changing environment by modifying existing proteins to alter their
activity, stability, or interactions with other molecules (19–21). N«-lysine acetylation is
one type of PTM that is conserved between prokaryotes and eukaryotes. As a dynamic
and reversible process, protein lysine acetylation has been found in almost all cellular
processes, such as central metabolism, protein translation, transcriptional regulation, and
pathogen virulence (22–24). Increasing evidence has shown that protein acetylation also
plays an important regulatory role in mycobacteria. Our group identified the modulation
of central carbon metabolism by the acetylation of isocitrate lyase in Mtb (25). Both Yang
et al. (26) and our group (27) recently found that lysine 182 (K182) acetylation of dor-
mancy survival regulator (DosR) is critical in the response of Mtb to hypoxia. We, along
with one other group, have also published acetylation mass spectrometry data showing
that the K193 site of CRPMtb is acetylated (27, 28). We hypothesized that the dynamic and
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reversible acetylation of K193 is involved in the regulation of CRP activity when Mtb is
faced with different microenvironments during infection. The acetylation of CRP has
been observed to affect class II promoter activity in E. coli (29), but the role of acetylated
CRP in bacterial physiology is not well understood.

In this study, we provide evidence that the acetylation of CRP K193 results in a loss of
CRP binding to its target DNA and that the reversible acetylation status of CRP K193 reg-
ulates the transcription of its downstream genes and alters Mtb pathogenicity and stress
response. Additionally, the acetylation of K193 is directly related to mycobacterial sens-
ing of and responding to environmental signals. Finally, CRP K193 can be acetylated and
deacetylated by acetyl phosphate (AcP) and NAD1-dependent deacetylases, respectively,
in vitro and in vivo. The regulation of CRPMtb by posttranslational modifications, at the
transcript level, and by metabolic intermediates (such as cAMP and AcP) will contribute
to a better understanding of its role in the survival and pathogenicity of mycobacteria.

RESULTS
K193 acetylation of CRP limits its DNA-binding ability. Previous acetylation mass

spectrometry data revealed that the K193 residue of the CRP, which is located in the
DNA binding domain, is modified by acetylation (30). Hence, we hypothesized that K193
acetylation of CRP may affect its DNA-binding affinity and influence the transcription of
downstream target genes. To explore whether acetylation of K193 affected the DNA-
binding ability of CRP, we expressed wild-type CRP (CRPWT) and K193 site-specific muta-
tion proteins. Three DNA-binding sequences of the CRP (1D1, CCG TCT GTG AGC AAG
ATC ACA TAG CT; 1B5, GTA TCT GTG ACT AAG GTC ACA GAC GC; and 2D3, CTC TAT GTG
ACG AAG CCC ACA TCG AC) were synthesized and labeled with biotin (30). First, the
binding affinities of CRPWT proteins for the three different DNA sequences were eval-
uated by electrophoretic mobility shift assay (EMSA). The results showed that CRPWT had
the greatest affinity for 2D3 and the binding occurred in a dose-dependent manner (see
Fig. S1a and b in the supplemental material). Therefore, 2D3 was used as the target DNA
for subsequent EMSA experiments to evaluate the binding ability of CRP with K193 site-
specific mutations. Mutations of the K193 residue had distinctive effects on ability of CRP
to bind to DNA. The substitution of K193 with glutamine (CRPK193Q) to mimic acetylation
reduced its ability to bind DNA, and increasing the protein concentration did not restore
its DNA-binding capacity (Fig. 1a). However, the substitution of K193 with arginine
(CRPK193R) to mimic nonacetylation and that with alanine (CRPK193A) did not have signifi-
cant effects, and these CRPs bound to the target DNA in a dose-dependent manner
(Fig. 1a). Since the K193A mutant was able to bind to DNA as well as the wild-type pro-
tein, it can be concluded that the lysine side chain is not necessary for the ability of CRP
to bind DNA. This supports the finding that the difference in binding ability between K-
to-R and K-to-Q mutants is due to the different charge of the K193 residue, similar to its
acetylation status.

CRP contains a structurally conserved N-terminal cAMP-binding domain, and the af-
finity of CRP for DNA is differentially affected by cAMP binding. Given this information,
the DNA-binding ability of the K193 mutation proteins in the presence of cAMP was
further evaluated. For CRPWT, CRPK193R, or CRPK193A, although the shifted band intensity
did not vary with cAMP or protein concentration, the loss of the unshifted band corre-
lated with the concentrations of cAMP and CRP (Fig. 1b and c). These findings suggest
that cAMP can affect the binding and shifting of CRPMtb-DNA, but the binding under in
vitro assay conditions may be unstable, especially in the presence of high protein con-
centrations. However, CRPK193Q, which mimics acetylated K193 CRP, lost its DNA-bind-
ing ability irrespective of cAMP levels.

To further confirm the effect of K193 acetylation on CRP function, a system of geneti-
cally encoded N«-acetyl lysine was used to prepare a K193 site-directed acetylation pro-
tein (CRPK193Ace) (Fig. 1d). Consistent with the data from CRPK193Q, CRPK193Ace lost its ability
to bind target DNA, with or without cAMP (Fig. 1e). Overall, these results indicated that
deacetylation of the K193 residue is critical for the DNA-binding ability of CRP.
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Acetylation of K193 regulates the transcription of target genes in mycobacte-
ria. Since deacetylation of the K193 residue is critical for the DNA-binding ability of
CRP in vitro, it was next investigated whether (de)acetylation of K193 plays a key role
in the physiological function of CRPs in mycobacteria. CRP is highly conserved in myco-
bacteria. Based on amino acid homology analysis, there are no mutations in the C-ter-
minal DNA-binding structural domains of CRPMtb and those of CRP from Mycobacterium

FIG 1 Acetylation of K193 site affects the DNA-binding ability of CRP. (a) DNA-binding abilities of CRPWT and CRP mutants. EMSA was used to evaluate the
DNA-binding abilities of CRPWT and its derivatives at the indicated concentrations (0, 5, and 15 mM) to biotin-labeled target DNA 2D3 following a 20-min
incubation. Lane 1 represents the labeled DNA alone. (b) DNA-binding abilities of CRPWT were evaluated with different concentrations of cAMP. (c) Effect of
cAMP on DNA-binding abilities of CRPK193R, CRPK193Q, and CRPK193A evaluated by EMSA. (d) Western blot analysis of purified CRPWT and CRPK193Ace using a
specific antibody against the acetylated K193 residue of CRPMtb, in which K193 was successfully acetylated (CRPK193Ace). Antibodies specific for CRP (anti-CRP;
1:2,000) and acetylated K193 peptides (anti-K193Ace; 1:2,000) were used. (e) DNA-binding abilities of CRPK193Ace and CRPWT. The binding of CRPWT to the
target DNA 2D3 could be completed by a 500-fold excess of unlabeled 2D3 DNA as shown in lane 5 of panel a and lane 8 of panel e. The concentrations
of cAMP and proteins used in the EMSA are indicated, and each EMSA result is representative of three independent replicates. K193Q, substitution of K193
with glutamine to mimic acetylation; K193R, substitution of K193 with arginine to mimic deacetylation; K193A, substitution of K193 with glycine.
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marinum (CRPMma) and Mycobacterium smegmatis (CRPMsm), and CRPMtb differs from
CRPMsm (encoded by MSMEG_6189) only in six amino acids located in the cAMP-binding
domain (Fig. S1c). Therefore, Msm was selected to construct two chromosome CRP
K193Q and K193R variants, designated Msm-CRPK193Q (engineered CRPK193Q) and Msm-
CRPK193R (engineered CRPK193R). These variants were used to evaluate their effects on
the transcription levels of MSMEG_6189 itself and its target genes by quantitative PCR
(qPCR) (Table 1). Compared to Msm-CRPWT, the Msm-CRPK193Q variant, which mimics
complete acetylation of K193, resulted in significantly reduced transcription (by 30 to
50%) of itself and CRP-regulated genes, whereas the Msm-CRPK193R variant, which
mimics a lack of K193 acetylation, had a 3- to 5-fold increase of CRP-regulated genes
(Fig. 2). These data confirm the conclusion that acetylation of K193 reduces the ability
of CRP to bind DNA. They also support the hypothesis that the acetylation of K193
inhibits the transcription of target genes, while its deacetylation enhances transcrip-
tion in Msm. Furthermore, the data also suggest that a portion of CRPWT is typically ace-
tylated at baseline, which has been confirmed by acetylation mass spectrometry data
for Mtb (27, 28).

Chromosome mutants of CRP K193 affect mycobacterial growth. Next, the
growth curves of the Msm-CRPK193Q and Msm-CRPK193R mutants were assessed. The
results showed that both mutants delayed the growth of Msm from the lag phase
(Fig. 3a), with CRPK193R and Msm-CRPK193Q entering the stationary phase after 42 and 46
h, respectively. By comparison, Msm-CRPWT required 38 h to enter the stationary phase.
In addition, the colonies and pellicle biofilms of the mutants were analyzed. While
Msm-CRPWT had flat colonies with more folds, the Msm-CRPK193Q colonies were flat
with dense folds and relatively extended, and Msm-CRPK193R colonies were more
pleated and beaded with light yellow (Fig. 3b). Moreover, compared to Msm-CRPWT,

TABLE 1 Target genes regulated byMSMEG_6189 inMsm

Msm ORF Gene product Gene Mtb ORF
MSMEG_0929 Conserved ErfK family lipoprotein lprQ Rv0483
MSMEG_5700 Resuscitation-promoting factor rpfA Rv0867c
MSMEG_3197 Lipase Rv1592c
MSMEG_3233 Cytochrome d ubiquinol oxidase subunit cydA Rv1623c
MSMEG_4891 Alkyl hydroperoxide reductase ahpC Rv2428
MSMEG_1919 Regulatory protein whiB1 Rv3219

FIG 2 Positive charge of CRP K193 is essential for its transcriptional activity. The transcription levels
of CRPMsm (MSMEG_6189) and its target genes in chromosome CRP variants. MSMEG_3197 and
MSMEG_6190 in Msm correspond to Rv1592c and Rv3677 in Mtb, respectively. The transcript levels
were determined by qPCR and 22DDCT methods. Each experiment consisted of three independent
replicates. The expression of the tested gene was normalized to that of 16S rRNA and compared to
that in Msm; significance was determined by ANOVA. *, P , 0.05; **, P , 0.01; ***, P , 0.001; ****,
P , 0.0001.
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which had a flat biofilm and few folds or protrusions, the biofilm of Msm-CRPK193R was
thicker with more folds, and the biofilm of Msm-CRPK193Q was thinner with more folds
and particles (Fig. 3c). The bacterial morphology and cell length were also analyzed,
but no significant differences were observed for Msm-CRPWT (4.57 mm), Msm-CRPK193R

(4.38 mm), and Msm-CRPK193Q (4.85 mm) (Fig. 3d and e). Taken together, these data sug-
gest that the K193 site of CRP and a certain level of acetylation are critical for the
growth of Msm.

Acetylation of K193 causes attenuated growth in high-stress environments.
CRP as a global regulator plays a vital role in the adaptation of bacteria to environmen-
tal changes during infection (31–33). Therefore, the survival ability of the mutant
strains was assessed under different stress conditions similar to the internal environ-
ment of a macrophage, including hypoxia, low pH, oxidative stress, heat shock, and
the presence of a surfactant (0.05% sodium dodecyl sulfate [SDS]), to evaluate the
effect of K193 acetylation on CRP-regulated bacterial adaptation to macrophage-
related stresses. The results revealed that survival of the Msm-CRPK193R strain was sig-
nificantly higher than that of Msm-CRPWT (by approximately 0.5 log CFU [lgCFU]) when
the bacterial cells were treated with different stresses (Fig. 4a to f). However, aside
from treatment with H2O2 (5 mM) and SDS (0.05%), the stress resistance of Msm-
CRPK193Q was comparable to that of Msm-CRPWT, opposite to the trend observed with
the Msm-CRPK193Q variant. The number of surviving Msm-CRPK193Q cells decreased sig-
nificantly from 8.0 lgCFU to 4.7 lgCFU at low pH, 4.1 lgCFU under hypoxic conditions,
and 6.2 lgCFU with heat treatment (Fig. 4c to f).

FIG 3 Growth phenotypes of CRP K193 site-specific mutation strains. (a) Growth curves of Msm-CRPWT, Msm-CRPK193R, and Msm-
CRPK193Q in 7H9-OADC medium. Data are means and standard deviations (SD) (n $ 3). (b and c) Colony morphology (b) and biofilm
formation (c) of Msm-CRPWT, Msm-CRPK193R, and Msm-CRPK193Q. The colonies were grown in 7H10-OADC medium for 4 days at 37°C.
Biofilms were grown at the air-medium interface in 12-well tissue culture plates in Sauton’s medium for 4 days at 37°C. (d)
Morphological observations of Msm. (e) Lengths of Msm bacterial cells. Each experiment consisted of three independent replicates.
K193R, substitution of K193 with arginine to mimic deacetylation; K193Q, substitution of K193 with glutamine to mimic acetylation.
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FIG 4 Acetylation of CRP K193 regulates the resistance of mycobacteria to external stress environments. (a to f) Survival ability of mutant strains
exposed to different stress conditions, including 0.05% SDS (a), 5 mM H2O2 (b), hypoxia (c), low pHs of 3.5 (d) and 4.5 (e), and heat treatment (f).
After treatment, bacteria were serially diluted 10-fold and plated on 7H10-OADC for determination of the number of CFU per milliliter. Error bars
represent SD from at least three independent experiments. (g) Expression levels of CRP and acetylation levels of K193 under different conditions. The
loading control for panels g and h is shown in Fig. S3a and b. (h) Expression of CRP and acetylation levels of K193 with different concentrations of
cAMP. CRPs were immunoprecipitated using the anti-CRP antibody (1:2,000) and the specific anti-K193Ace (1:2,000) acetylation antibody. Relative
intensity represents the ratio of grayscale between different stress conditions and the normal condition (7H9-OADC). Relative K193Ace-CRP represents
the grayscale ratio of K193 acetylation level to CRP level. Western blots were repeated independently at least three times. ns, not significant; *, P ,
0.05; **, P , 0.01; ****, P , 0.0001.
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The above data focus on comparisons between the K193Q and K193R variants,
since they mimic either complete acetylation or deacetylation extremes of K193. To
understand the spectrum of Msm WT K193 acetylation, the acetylation was evaluated
under different growth conditions using a specific custom antibody against the acety-
lated CRPMtb K193 residue. The results showed that exposure of Msm to different
stresses resulted in increased expression of CRP and decreased acetylation at the K193
site compared to growth in 7H9-OADC (Fig. 4g). Additionally, cAMP levels are signifi-
cantly elevated in host cells infected with Mtb (5, 8). Therefore, the ability of cAMP to
regulate the acetylation of CRP K193 in mycobacteria was evaluated. The results
revealed that Msm treated with different concentrations of cAMP had reduced K193
acetylation levels, while the expression of CRP was increased (Fig. 4h). Taken together,
the above results indicate that mycobacteria can regulate CRP activity through the re-
versible acetylation of CRP K193 by sensing levels of cAMP and adverse environmental
conditions, which may contribute to the survival of mycobacteria in macrophages.

Acetylation of CRP K193 reduces bacterial virulence in vitro and in vivo. In the
case of Mtb, CRPMtb is an important transcriptional regulator strongly associated with
pathogenicity (5, 14). It was hypothesized that the acetylation status of CRP K193 could
regulate bacterial virulence. First, the intracellular survival ability of two CRP K193
mutants and the WT strain were evaluated. The results revealed that the invasion rates
and intracellular survival rates of Msm-CRPK193R significantly increased for 6 to 48 h
postinfection at a multiplicity of infection (MOI) similar to that of the wild-type strain.
However, Msm-CRPK193Q exhibited the lowest intracellular survival ability among the
three infected strains (Fig. 5a).

To further ascertain whether different levels of CRP K193 acetylation affect the viru-
lence of mycobacteria in vivo, C57BL/6 mice were infected with the mutant and wild-
type bacterial strains by intravenous injection. The results showed that from 8 h to 11
days after infection, the bacterial load of the Msm-CRPK193R strain in the lungs, spleens,
and livers of infected mice was significantly higher than that of the wild-type strain.
However, the opposite results were observed in the lungs and spleens of mice infected
with Msm-CRPK193Q; the load of Msm-CRPK193Q in the liver was not significantly different
from that of Msm-CRPWT on days 2, 5, and 8 postinjection (Fig. 5b to f). Compared to two
mice infected with Msm-CRPWT, which died on days 5 and 8, six mice infected with Msm-
CRPK193R died at the end of the 25-day experiment, whereas there were no deaths over
the course of the experiment in mice infected with Msm-CRPK193Q (Fig. 5g). As expected,
the inflammatory infiltration and alveolar wall damage in the lung tissue of Msm-
CRPK193R-infected mice were more pronounced than those in Msm-CRPWT- and Msm-
CRPK193Q-infected mice (Fig. 5h). Taken together, these results confirmed that reversible
acetylation of CRP K193 regulates the colonization and pathogenicity of mycobacteria.

CRP K193 is acetylated by AcP. The above results confirmed that the CRP can alter
its DNA-binding affinity by reversible acetylation of K193 and thereby regulate down-
stream gene expression to ultimately affect the pathogenicity of mycobacteria.
Therefore, the mechanism responsible for regulating the acetylation of CRP K193 in
mycobacteria was evaluated.

The N«-amino group of a lysine residue can be acetylated either through canonical
enzymatic acetylation or nonenzymatically by AcP in bacteria (34, 35). It was reported
previously that CRP acetylation is elevated when AcP levels are high in E. coli (29, 34,
35). Therefore, the modification of CRPMtb with different concentrations of AcP was
evaluated in vitro. The results revealed that CRPMtb could be acetylated by AcP dose-
and time-dependently, according to AcP concentration and incubation time in vitro
(Fig. 6a). AcP is an intermediate of the phosphotransacetylase-acetate kinase (AckA)
pathway (36), which is reversible. To determine whether acetylation of CRP is regulated
by AcP in vivo, ackA was deleted in Msm, M. marinum (Mma-DackA), and Mtb H37Ra
(Mtb-DackA) strains (Fig. S2). Unfortunately, the knockout Msm strain was not success-
fully obtained.

Theoretically, following the knockout of the ackA gene (encoding AckA), different
carbon sources will produce different products according to the metabolism of AcP.
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FIG 5 Acetylation of CRP K193 modulates bacterial virulence in mouse model. (a) Replication of bacteria in RAW264.7 cells. The net growth
between 2 and 24 h was calculated from the fold change in CFU per milliliter recovered at these time points. Error bars represented SD
from at least three independent experiments. (b to f) Bacterial burdens in different organs at different time points. The lungs, spleen, and
liver were harvested at different time points (8 h, 2 days, 5 days, 8 days, and 11 days) after intravenous injection, and CFU were counted to
quantify the number of bacteria in these organs. (g) Survival rates of mice infected by intraperitoneal injection. Eight-week-old C57BL/6
female mice were intravenously administered 1.0 � 108 bacteria in 200 mL PBS. Control mice were given 200 mL PBS. The number of live
mice was determined daily. (h) Hematoxylin-and-eosin-stained lungs of bacterium-treated C57BL/6 mice. ns, not significant; *, P , 0.05; **,
P , 0.01; ***, P , 0.001; ****, P , 0.0001.
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FIG 6 Acetylation of CRP K193 is regulated by AcP. (a) Western blotting was used to verify whether CRP can be
acetylated by AcP in vitro with the indicated concentrations of AcP (lanes 2, 3, 5, and 6). Lane 1 represents CRP alone.
CRP was immunoprecipitated using an anti-His antibody (1:5000). CRP acetylation levels were determined using the
pan anti-acetyllysine antibody (1:2,000). (b to e) Intracellular concentrations of AcP at different phases of growth. Mma
(b to d) and Mtb (e) cells were harvested at the indicated time points. The intracellular concentrations of AcP at early
exponential phase (b), late exponential phase (c), and stationary phase (d) were measured. Error bars indicate SD from
triplicate measurements. (f and g) Expression of CRP and the acetylation level of K193 in the wild-type strain and the
ackA knockout strain with different carbon sources. Mma (f) and Mtb (g) were cultured in 7H9-AC (BSA and catalase)
with different carbon source supplementation. CRP was immunoprecipitated using an anti-CRP antibody (1:2,000), and

(Continued on next page)
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First, the intracellular concentrations of AcP in two DackA strains at different growth
stages were determined using glucose and acetate as single carbon sources. As
expected, compared to the wild-type strains, the AcP depletion pathway was blocked
in the DackA strains when glucose was used as a single carbon source, leading to an
accumulation of AcP. The AcP synthesis pathway was blocked in the knockout strains
when acetate was used as a single carbon source, and the intracellular concentration
of AcP decreased. There was no significant difference in intracellular AcP concentra-
tions when strains were cultured in 7H9 broth with oleic acid-albumin-dextrose-cata-
lase (OADC) enrichment (Fig. 6b to e). The concentrations of AcP in mycobacteria at
different growth phases were evaluated, and the intracellular AcP concentration pro-
gressively increased with the bacterial growth phase (Fig. 6b to d).

Since AcP was shown to acetylate CRP in vitro, the acetylation of CRP was further
evaluated in Mma-DackA and Mtb-DackA strains under different carbon source condi-
tions. The results shown in Fig. 6f and g indicated that the acetylation level of CRP K193
was consistent with intracellular AcP concentration in the DackA mutants and the con-
trol strains. Compared to the control Mma and Mtb strains, and with glucose as the car-
bon source, higher intracellular AcP levels in the Mma-DackA and Mtb-DackA strains
increased CRP K193 acetylation (Fig. 6f and g). In contrast, with acetate as the carbon
source, the AcP levels and the acetylation of CRP K193 were decreased in the Mma-
DackA and Mtb-DackA strains. Acetylation did not differ significantly among DackA
strains and control strains when AcP levels were steady during growth in 7H9 medium.
These results support the hypothesis that AcP can act as an acetyl donor for CRP and the
acetylation of CRP by AcP is a common modification mechanism used by mycobacteria.

CRP193Ace could be deacetylated by an NAD+-dependent deacetylase. Currently,
the deacetylation of acetyllysines is thought to be catalyzed by lysine deacetylase.
CobB of the sirtuin family has been shown to deacetylate YfiQ-dependent acetylation
and AcP-dependent acetylation in E. coli (37–40). Rv1151c (encoded by Rv1151c) is the
only homolog of sirtuin found in the Mtb genome, which possesses NAD1-dependent
deacetylase activity (27). Therefore, the regulation of CRP acetylation through deacety-
lation by Rv1151c was assessed. The results showed that CRP could be deacetylated
by Rv1151c in a NAD1-dependent manner in vitro. The presence of nicotinamide
(NAM) (10 mM), an inhibitor of NAD1-dependent deacetylases, prevented effective
deacetylation by Rv1151c, indicating that CRP was a substrate for Rv1151c (Fig. 7a).
Next, a Rv1151c knockout strain of H37Ra was used to determine whether CRP could
be deacetylated in vivo in Mtb (25). The results showed that CRP K193 was acetylated
in both the wild-type and Rv1151c deletion strains but that K193 acetylation levels in
the mutant strain were significantly increased compared to those in the wild-type
strain. The deacetylation effect on K193 CRP in the wild-type strain was inhibited by
treatment with NAM (5 mM) in the culture medium (Fig. 7b), suggesting that acety-
lated CRP K193 can be deacetylated by an NAD1-dependent deacetylase both in vitro
and in vivo. Since the acetylation of CRP K193 was significantly changed by different
stress conditions and was downregulated by cAMP (Fig. 4g and h), the expression of
Rv1151c was assessed to determine its potential regulation by cAMP levels and differ-
ent stresses. It was found that deacetylase expression was significantly increased when
the bacteria were exposed to different concentrations of cAMP (Fig. 7c) or different
stress conditions (Fig. 7d). Taken together, these data suggest that acetylated CRP
K193 can be deacetylated by an NAD1-dependent deacetylase both in vitro and
in vivo.

FIG 6 Legend (Continued)
K193 acetylation level was determined using the anti-K193Ace antibody (1:2,000). Relative intensity represents the ratio
of grayscale between the ackA knockout strain and the WT with each carbon source. Relative K193Ace-CRP represents
the grayscale ratio of K193 acetylation to CRP levels. Each experiment consisted of three independent replicates.
Statistical significance was determined with Student’s t test. ns, not significant; *, P , 0.05; **, P , 0.01; ***, P , 0.001;
****, P , 0.0001.
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DISCUSSION

Mtb successfully invades host cells and has evolved multiple mechanisms to adapt
to adverse conditions in the host, among which the second messenger cAMP plays a
key role in gene regulation when Mtb responds to host-relevant conditions (2, 5). CRP,
one of three cAMP effectors identified in Mtb, is an important global transcriptional
regulator of Mtb during infection, especially in response to conditions of stress such as
hypoxia and low pH (30). A previous study reported a widespread transcriptional alter-
ation, covering more than one-fifth of the total Mtb genome (17). Although CRPMtb

plays a prominent role in cellular processes, the mechanistic basis whereby CRP regu-
lates its own function and downstream gene expression to influence the pathogenicity
of Mtb is not fully understood. Previous protein acetylation mass spectrometry data of
mycobacteria consistently detected acetylated K193 in CRP (27, 28). In this study, the
important role played by acetylated K193 in regulating its binding affinity to target
DNA and influencing the virulence of mycobacteria was revealed.

The mutant of CRP K193 that mimicked complete deacetylation, Msm-CRPK193R, up-
regulated the transcription of regulatory genes by 3- to 5-fold (Fig. 2). In contrast, the
Msm-CRPK193Q strain, which mimicked complete K193 acetylation, resulted in reduced
transcription, with a 30 to 50% downregulation compared to the CRPWT strain (Fig. 2).
These findings indicate that CRPWT in the physiological state does not remain fully (de)
acetylated but that (de)acetylation is a reversible and dynamically changing process
where the target gene transcription profile likely lies between these two extremes. CRP
expression was increased when the bacteria were placed in adverse environments,
which was consistent with a previous study (25). Meanwhile, the acetylation level of
the K193 site was significantly decreased (Fig. 4g) when mycobacteria were exposed to
the different stresses, which confirmed the hypothesis that K193 acetylation is a
dynamic process. In addition, the K193R and K193Q mutants both exhibited growth
defects relative to the wild-type strain, supporting the hypothesis that some acetyla-
tion is ideal for mycobacterial growth.

FIG 7 CRP K193 can be deacetylated in vitro and in vivo. (a) Rv1151c deacetylates CRP in a dose-dependent
manner in vitro. Purified CRPK193Ace (5 mM) was incubated with NAD1 (1 mM) and Rv1151c (8 mM) at 25°C for 2
h. The acetylation levels were evaluated by Western blotting with anti-CRP (1:2,000) and anti-K193Ace (1:2,000)
antibodies. (b) Acetylation levels of CRP in wild-type H37Ra (Ra) and a MRA_1161 (Rv1151c, homolog in H37Ra)
deletion mutant (knockout [KO]) in vivo. (c and d) Expression of Rv1151c under different cAMP concentrations
(c) and different stress conditions (d). Cell extracts (20 mg per lane) were analyzed by Western blotting with
anti-CRP (1:2,000), anti-K193Ace (1:2,000), and anti-Rv1151c (1:2,000) antibodies. The loading controls for panels
c and d can be found in Fig. S3c and d. Relative intensity represents the ratio of grayscale between different
stress conditions and the normal condition (7H9-OADC). Results are representative of three independent
experiments.
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Furthermore, CRP expression was increased and the acetylation level of K193 was
decreased when mycobacteria were treated with different concentrations of cAMP
(Fig. 4h). It has been reported that the activity of AC is directly affected by pH, fatty
acids, and carbon dioxide (CO2) and the expression of AC is controlled by hypoxia and
starvation in Mtb, which ultimately increases cAMP levels (2, 5–8). Increased cAMP in
host cells during infection is a strategy that Mtb uses to suppress innate immune func-
tion, dampen the phagocytic response, and reduce intracellular killing (5). Therefore,
we concluded that Mtb regulates CRP activity by increasing CRP expression, but also
through the reversible acetylation of CRP K193 when sensing cAMP and unfavorable
conditions of the microenvironment. This ultimately contributes to its own survival
within the host. The regulation of CRP acetylation by cAMP concentration before and
after macrophage infection would be accompanied by a direct effect on the interaction
between CRP and DNA.

Results from the mouse infection model showed that the CRPK193Q strain mimicking
acetylation is less pathogenic in terms of bacterial burden in the lungs and spleen as
well as by immunohistochemical assays. The survival assays also showed similar trends:
six Msm-CRPK193R-infected mice and two Msm-CRPWT-infected mice died, while all
Msm-CRPK193Q-infected mice survived the infection. Therefore, reversible K193 acetyla-
tion regulates the physiological function of CRP, which in turn alters the pathogenicity
of mycobacteria in vivo. A similar scenario has been observed in the regulation of
DosR, the well-known dormancy survival regulator in Mtb (26, 27). There is growing evi-
dence that acetylation is involved in the functional regulation of transcription factors
in prokaryotes, such as CheY (41, 42) and RcsB in E. coli (43), PhoP in Salmonella (44),
and NrtR in Msm (45), suggesting that regulation of this PTM or even cross talk with
other PTMs is a conserved regulatory mechanism in bacteria. The close interrelation-
ship between transcriptional and PTM networks affects physiological consequences,
reflecting a high degree of complex regulation in prokaryotes.

Given the effect of acetylation modification on mycobacterial virulence, the mecha-
nism of CRP acetylation was explored. In general, protein acetylation can be categorized
into two types: the enzymatic action of the acetyltransferase Pat and the nonenzymatic
action of AcP (34, 35). AcP, the high-energy intermediate of the phosphotransacetylase-
acetate kinase pathway, has been reported to be a major acetyl donor regulating global
acetylation in E. coli and Bacillus subtilis (36). AcP has been shown to influence the func-
tion of RcsB (37), isocitrate dehydrogenase and malate dehydrogenase (46, 47), ACs (48),
topoisomerase (49), and enolase (23), as well as class II promoter activity of CRP in E. coli
(29) and the virulence of Salmonella via acetylation (46, 50). Recent reports show that
AcP can also acetylate MtrA (51) and NrtR in mycobacteria (45). In the current study,
under conditions of AcP accumulation, i.e., using ackA mutants with glucose as the sin-
gle carbon source, the transcription of CRP was repressed and acetylation of K193 was
increased (Fig. 6f and g). Therefore, there is a negative correlation between intracellular
AcP levels and CRP activity. The acetyltransferase Pat (encoded by Rv0998) has acetylase
activity that is directly regulated by cAMP binding in vitro (52, 53). Due to the negative
correlation between cAMP concentration and the acetylation of CRP K193 in mycobacte-
ria (Fig. 4h), we hypothesized that K193 is primarily acetylated nonenzymatically by AcP.
Given the importance of CRP in regulating Mtb virulence (14), central metabolism (12,
14), and its response to adverse host conditions (31, 32), the role of AcP in Mtb physiol-
ogy should not be underestimated, but it does require additional research. The growth
of Mtb has been shown to be inhibited after the deletion of acka or pta in the presence
of acetate as the sole carbon source (54). This is also observed in other nonmycobacterial
species, such as E. coli (55, 56). This behavior is quite similar to that observed in Msm-
CRPK193R and Msm-CRPK193Q mutants (Fig. 3a), suggesting that a substantial part of the
pta and ackmutant effects may be due to the acetylation status of CRP.

Of note, CRP acetylated by AcP can be deacetylated by an NAD1-dependent deace-
tylase (encoded by Rv1151c) (Fig. 7a and b). cAMP at 0.01 mM and different stresses
significantly increased the expression of Rv1151c in Mtb (Fig. 7c and d). Intracellular
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cAMP concentrations from infected macrophages ranged between 0.26 and 3.2 mM
(57), suggesting that the reversible acetylation of Mtb can be regulated by the expres-
sion of Rv1151c when Mtb senses changes to the cAMP concentration in host cells.
Therefore, we believe that the decreased fraction of acetylated CRP is due to Rv1151c
upregulation and more deacetylase activity when mycobacteria are exposed to the dif-
ferent stresses and increased cAMP (Fig. 4g and h). To be certain, the ability of cAMP to
regulate the deacetylase activity of Rv1151c in vivo requires further investigation. To
the best of our knowledge, this is the first time that the expression of Rv1151c was
found to be directly regulated by stresses and cAMP levels, similar to macrophages.
Rv1151c had increased expression in the lungs of Mtb-infected guinea pigs at 30 and
90 days (58). In the current study, we suggest that cAMP signaling affects protein acet-
ylation modification in Mtb not only since CRP is a cAMP-binding protein, as is cur-
rently thought, but also through cAMP-dependent upregulation of Rv1151c.

In summary, the current study found that mycobacteria can regulate their pathogenicity
through the reversible acetylation of CRP K193. Moreover, this reversible acetylation is medi-
ated by AcP and a NAD1-dependent deacetylase. We believe that the complex intercon-
nected regulatory networks among different transcriptional and posttranslational networks
are common regulatory mechanisms in prokaryotes. In mycobacteria, the superposition of
metabolic intermediates such as cAMP, AcP, and NAD1 to this system further complicates
the overall global regulatory network.

MATERIALS ANDMETHODS
Bacterial strains. The CRP K193 mutant strain of M. smegmatis (Msm) was constructed using a

CRISPR-Cas12a system described by Yan et al. (59). Rv1151c, the NAD1-dependent deacetylase found in
the Mtb genome, is encoded by Rv1151c in Mtb H37Rv and by MRA_1161 in H37Ra. H37Ra and its
Rv1151c deletion (DRv1151c) mutant were used in this study (27). E. coli DH5a was used for genetic
manipulation of DNA, and E. coli BL21(DE3) was used for expression of the recombinant CRPs and K193
site-specific mutation proteins.

Expression and purification of recombinant proteins. For purification of WT and different K193
site-specific mutant CRPs, pET28a-crp, pET28a-crpK193Q, pET28a-crpK193R, and pET28a-crpK193A were
constructed using the corresponding primers (Table S1). Site-directed mutagenesis of CRP was performed
using the KOD-Plus mutagenesis kit according to the manufacturer’s recommendations (Toyobo, Japan)
and verified by sequencing. All recombinant plasmids were individually transformed into E. coli strain BL21
(DE3) cells, and the resultant strains were grown in LB medium containing 50mg/mL kanamycin at 37°C.

The expression of CRPs was induced with isopropyl-b-D-1-thiogalactopyranoside (IPTG; 0.4 mM;
Sinopharm, Shanghai, China) for 8 h at 25°C. Afterward, cells were harvested by centrifugation and stored
at280°C. The collected bacteria were lysed and then centrifuged at 13,000 rpm for 30 min to clarify the su-
pernatant. The proteins were purified by Ni21 affinity chromatography (Ni Sepharose 6 Fast Flow, Qiagen,
Shanghai, China) following the manufacturer’s instructions, which was performed at 4°C. Expression and
purification of Rv1151c were performed according to the methods in our previous report (27).

EMSA. Electrophoretic mobility shift assays (EMSAs) were carried out to test the binding of DNA
probes with CRP and site-mutated proteins, using the LightShift chemiluminescent EMSA kit (Thermo
Fisher Scientific, USA). The biotin-labeled target DNA probes, 2D3-F (59-CTC TAT GTG ACG AAG CCC ACA
TCG AC-39) and 2D3-R (59- GTC GAT GTG GGC TTC GTC ACA TAG AG-39), were synthesized by Sangon
Biotech (Shanghai, China); they were heated to 95°C for 10 min and then annealed by gradual cooling to
25°C to form double-stranded oligonucleotides. Biotin-labeled DNA, CRP, and reaction components
were added in the order recommended by the instructions for the binding reaction at 25°C for 20 min.
Following incubation, the entire reaction volume was electrophoresed on a 6% nondenaturing Tris-gly-
cine polyacrylamide gel.

Generation of homogenous CRP-containing Ne-acetyllysine at K193. To generate a recombinant
CRP that homogeneously contained acetylated K193, a genetic engineering system was used to direct
the site-specific incorporation of N«-acetyllysine to the amber codon, as described previously (60).
Briefly, the recombinant plasmid pT7-crp was constructed, and then the codon of the K193 site was
mutated from AAG to TAG to obtain the site-specific mutant recombinant plasmid. This plasmid and
two others (pAckRS-3 and pPylT) were then introduced into E. coli Rosetta and plated on LB agar plates
containing spectinomycin (150 mg/mL), kanamycin (50 mg/mL), and ampicillin (150 mg/mL). The
recombinant E. coli strains containing these three plasmids were grown to log phase (optical density at
600 nm [OD600] = 0.6) in LB medium supplemented with the same antibiotics. The culture was then sup-
plemented with IPTG (1 mM), N-acetyllysine (2 mM; Sigma-Aldrich, Santa Clara, CA, USA), and NAM
(10 mM; Sigma-Aldrich, Santa Clara, CA, USA) and incubated for 10 h at 25°C. CRP acetylated at K193
was purified by Ni21 affinity chromatography at 4°C (Ni Sepharose 6 Fast Flow, Qiagen, Shanghai, China)
according to the manufacturer’s instructions.

Observation of mycobacterial phenotype in vitro. The mutant strains were cultured in 7H9-OADC
to log phase, adjusted to an OD600 of 0.2, and diluted to 1024 using 10-fold gradients. The resulting
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bacterial suspension (100 mL) was plated in 7H10-OADC medium and incubated at 37°C for 4 to 8 days.
Colony morphology was observed and recorded under a Zeiss Stereo-Discovery V20 microscope.

To evaluate biofilm formation, mycobacteria cultured to log phase were centrifuged at 3,750 rpm for
10 min, washed twice, and resuspended in Sauton’s medium to an OD600 of 0.1. The bacterial solution
was then diluted 20 times, and the solution (1 mL/well) was added to a 12-well plate in triplicate. After 4
to 8 days of stable incubation in Parafilm-coated 12-well plates, the bacterial biofilms were observed
and recorded using a Zeiss Stereo-Discovery V20 microscope.

The morphology of individual bacteria were captured by transmission electron microscopy (TEM;
JEM-Z300FSC CRYO ARM 300 microscope; JEOL, Japan). Mycobacteria were cultured in 7H9-OADC to log
phase, harvested, and washed three times with phosphate-buffered saline (PBS). Bacteria were then
resuspended in fixing reagent (2.5% glutaraldehyde [EM grade; Solarbio, Beijing, China]), stained with
5% uranyl acetate and 3% lead citrate for 15 min, and then dried at 55°C.

In vitro acetylation assay. The in vitro acetylation reaction was carried out by adding CRP (20 mg) to
a concentration gradient of AcP in a volume of 100 mL. Reaction mixtures were thoroughly mixed and
incubated at 37°C for 2 or 4 h. Specific protein concentrations are indicated in the figure legends.

In vitro deacetylation assay. Deacetylation of CRP by Rv1151c (encoded by Rv1151c in M. tuberculo-
sis) was performed in deacetylation reaction buffer containing Tris-HCl (50 mM; pH 8.0), NaCl (135 mM),
KCl (2.5 mM), and MgCl2 (1 mM) in the presence or absence of NAD1 (1 mM) and in the presence or ab-
sence of NAM (10 mM). Specific protein and NAM concentrations are indicated in the figure legends.

Determination of bacterial resistance to adverse environments. Msm-CRPWT, Msm-CRPK193R, and
Msm-CRPK193Q strains were cultured to log phase (OD600 = 0.6 to 0.8), harvested, resuspended in PBS
three times, and then transferred to different conditions in 7H9-OADC medium (0.012% oleic acid, 5%
bovine serum albumin [BSA], 2% dextrose, and 5% catalase) including 42°C, 55°C, hypoxia, pH 3.5, pH
4.5, H2O2 (5 mM), 0.05% SDS, and different concentrations of cAMP, at 37°C (unless stated otherwise)
with shaking at 100 rpm. Following treatment, the bacterial solutions were diluted to generate 10-fold
gradients, and 100 mL of each was applied to a 7H10-OADC solid plate. The plates were cultured at 37°C
for 3 to 4 days, and CFU were counted.

Preparation of antisera. Antibodies against the CRP or the acetylated K193 residue of CRPMtb were
customized by GL Biochem Ltd. (Shanghai, China). To generate the antibodies, purified recombinant
CRP and synthesized peptides, including GASRETVN(K-Ac)ALADFAH-Cys and GASRETVNKALADFAH-Cys,
were used as antigens to immunize rabbits. The study was approved by the ethics committee at GL
Biochem Ltd. Over 2 months, rabbits were immunized four times, and the antiserum was collected. For
the specific antibody against K193 acetylation, a control peptide (GASRETVNKALADFAH) was used to
remove nonspecific antibody from the anti-K193Ace antisera. The sensitivity and specificity of the anti-
body were evaluated by enzyme-linked immunosorbent assay (ELISA).

Western blotting. Standard Western blot procedures were used in this study. Purified recombinant
protein or cell extracts were separated on a 12.5% gel by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and transferred to a polyvinylidene difluoride (PVDF) membrane. The primary antibodies
used were anti-CRP (1:2,000) and anti-K193Ace (1:2,000). After incubation with primary antibodies, the
membranes were washed and incubated with horseradish peroxidase-conjugated anti-rabbit immuno-
globulin secondary antibodies, followed by detection using an enhanced chemiluminescence Western
blot substrate (Bio-Rad, USA).

qPCR assay. Bacteria were grown to log phase (OD600 = 0.6) in 7H9-OADC–0.05% Tween 80 medium
(Becton, Dickinson, Sparks, MD, USA) and were harvested and processed by disruption using bead beat-
ers. Total RNA was extracted using an RNAprep Pure Cell/Bacteria kit according to the manufacturer’s
recommendations (Tiangen, Shanghai, China). The cDNA was synthesized from 1 mg of total RNA using
the HiScript II one-step RT-PCR kit (Dye Plus) (Vazyme, Nanjing, China). qPCR was performed in triplicate,
and cDNA was amplified using Taq Pro universal SYBR qPCR master mix (Vazyme, Nanjing, China). The
relative transcriptional level for each gene was determined according to the 22DDCT method, and 16S
rRNA was used as the gene of reference. qPCR primers are listed in Table S1.

Cell infection model. Mouse macrophage-like RAW264.7 cells were grown at 37°C and 5% CO2 in
Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS). Cells
were seeded at 1 � 106 cells/well in 12-well plates. The bacteria were diluted to achieve an MOI of 20
and then incubated with cells for 4 h at 37°C in 5% CO2. After the supernatant medium was discarded
and infected cells were washed twice with PBS, the cells were incubated in DMEM with 10% FBS contain-
ing gentamicin (100 mg/mL) for 2 h. Infected cells were lysed at the desired postinfection time points
using 0.025% SDS. The number of viable intracellular bacteria was determined by serial dilutions and
plating. Bacterial growth was measured as the fold change in the number of CFU per milliliter obtained
from macrophages between two time points (61).

Animal studies. Eight-week-old C57BL/6 female mice were used in this study. Mice were randomly
divided into indicated groups (six mice/group). Quantitative (1.0 � 108 CFU bacteria) challenge experi-
ments of Msm-CRPWT, Msm-CRPK193Q, and Msm-CRPK193R were performed on mice by intravenous injec-
tion through the tail vein, and samples were taken at different time points after injection to evaluate the
virulence of the three strains in the mouse model. Mice were assessed twice per day for death.

Histopathology analysis. Lungs of experimental animals were fixed in 4% neutral buffered parafor-
maldehyde solution for 24 h. Lung tissue was then embedded in paraffin. A series of sections (5 mm)
were stained with hematoxylin and eosin following standard protocols. The pathology was evaluated by
experienced pathologists in a blind manner.
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AcP estimation. AcP was measured as described previously (34, 62, 63). The efficiency of conversion
of AcP to ATP is approximately 51 to 55% (62, 64, 65), so the concentration of AcP was estimated by
measuring the content of ATP according to the following methods.

The Mtb culture was centrifuged at 8,000 rpm for 10 min at 4°C, and the pellet was resuspended in
buffer (0.5 mL; 10 mM sodium phosphate [pH 7.5], 10 mM MgCl2, 1 mM EDTA). One-quarter volume of
precooled 3 M perchloric acid (HClO4) was added, and the mixture was incubated on ice for 45 min, fol-
lowed by centrifugation at 12,000 rpm for 5 min at 4°C. The supernatant was collected and neutralized
by the addition of one-quarter volume of saturated KHCO3. After centrifugation at 12,000 rpm at 5 and
4°C, activated carbon powder (;7.5 mg per 100 mL lysate) was added, and the mixture was incubated
on ice for 15 min to remove endogenous ATP. The carbon powder was removed by rotating filtration
through a 0.45 mm PVDF filter (Merck KGaA, Darmstadt, Germany). An ATP conversion assay system
(200 mL total; 1 mL 100 mM MgCl2, 4 mL 2 mM ADP; Sigma-Aldrich, Santa Clara, CA, USA) and AckA (4 mL;
0.1 mg/mL; Sigma-Aldrich, Santa Clara, CA, USA) were combined, and the mixture was incubated at 30°C
for 90 min. ATP was measured by mixing 50 mL conversion mixture with 50 mL CellTiter-Lumi Plus
(Beyotime Biotechnology, Shanghai, China) reagent.

Ethics statement. Animal procedures were approved by Fudan University School, and this study
was carried out in strict accordance with the National Research Council Guide for Care and Use of
Laboratory Animals (SYXK [Shanghai 2007–0025]). All surgery was performed under sodium pentobarbi-
tal anesthesia, and all efforts were made to minimize suffering.

Statistical analysis. Statistical significance was assessed by analysis of variance (ANOVA), and an
unpaired two-tailed Student’s t test was done using GraphPad Prism 8.0 software; P values of ,0.05
were considered significant.
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