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The SH3-binding domain of chorismate mutase
protein of Mycobacterium tuberculosis contributes
to mycobacterial virulence

Ravi Pal,1,2 Vandana Maurya,1,3 Supriya Borah,1 and Sangita Mukhopadhyay1,4,*

SUMMARY

Crystal structure of the secretory chorismate mutase protein ofMycobacterium tuberculosis (MtbCM) re-
veals presence of a proline rich region on its surface that serve as a recognition site for protein-protein
interaction. This study shows that MtbCM upregulates IL-10 which favors M. tuberculosis by affecting
PKCε-MKP-1-p38 MAPK signaling. MtbCM translocates to the Golgi-network where it interacts with
AKAP9 via its SH3-binding domain to inhibit AKAP9-PKCε interaction and reducing PKCε phosphoryla-
tion. In the absence of phosphorylated PKCε, IRAK3 fails to stabilize MKP-1 resulting in higher p38
MAPK activation and IL-10 production. M. smegmatis expressing MtbCM survived better in infected
mice. Mutation in SH3-binding domain ablated MtbCM-AKAP9 interaction resulting in IL-10 production
and decreased bacterial survival. This study highlights the importance of SH3-binding domain in host-path-
ogen interaction and a role of MtbCM in modulation of cytokine response and mycobacterial virulence in
addition to its role in shikimate pathway.

INTRODUCTION

Shikimate pathway is a multistep process for the synthesis of aromatic amino acids using carbohydrates (phosphoenolpyruvate and erythrose

4-phosphate) to chorismate.1 The chorismate is further converted to prephenate by an enzyme called chorismatemutase. Chorismatemutase

(CM) is one of the most important enzymes for aromatic amino acid biosynthesis found in microorganisms (bacteria and fungi) but absent in

mammals.2 It regulates the balance of aromatic amino acids inside the cell. Chorismate mutase catalyzes the conversion of chorismate to

prephenate to form tyrosine and phenylalanine by subsequent action of prephenate dehydrogenase or prephenate dehydratase respec-

tively.3 Based on the structure, chorismate mutases can be classified into two major groups; AroH class (with trimeric pseudo a/b barrel struc-

ture) or AroQ class (with dimeric helix bundle structure).

Many pathogenic organisms like Erwinia herbicola, Meloidogyne javanica, Rhodococcus equi, and Mycobacterium tuberculosis (Mtb)

possess secretory chorismate mutase.1,4 During infection, M. javanica secretes chorismate mutase into plant vascular tissue and converts

the plant cells into giant feeder cells with amulti-lobed nucleus.5 In Xanthomonas oryzae, chorismatemutase attenuates intensity of the infec-

tion to deceive immune response of the plant and enables higher survival of the bacteria.6 During Salmonella typhimurium infection, aroQ,

encoding a putative chorismate mutase, and pheA encoding a bifunctional chorismate mutase/prephenate dehydratase involved in phenyl-

alanine biosynthesis are highly expressed.7 All these examples point to a critical role of chorismate mutase in the virulence of pathogens.

Despite the availability of curable drugs, tuberculosis (TB) is one of the leading causes of human death for decades. Genome sequencing

ofM. tuberculosis has identified two putative genes, Rv1885c and Rv0948c encoding the chorismate mutase enzyme.1 Despite low sequence

similarity (15%), both these proteins show chorismatemutase activity.8 Rv1885c possesses anN-terminal signal sequence (33 amino acids) and

is secreted out of mycobacterium. Extracellular Rv1885c is devoid of this signal sequence which indicates that the signal is cleaved-off at the

time of secretion.1 Although Rv1885c has chorismatemutase activity, it shares low sequence similarity with Escherichia coli (20%) or yeast (10%)

chorismate mutase.1,9 The crystal structure of Rv1885c (MtbCM) shows that it is a dimer, and belongs to AroQ class of protein.8 MtbCM has a

proline-rich (P-X-X-P) motif on the protein surface and resembles the eukaryotic SRC Homology 3 (SH3) binding domain. Interestingly, this

SH3 binding domain is absent in non-secretory chorismate mutase (Rv0948c).

Secretory nature of MtbCM and a proline rich region on its surface that can participate in protein-protein interactions.8 Indicate the prob-

able role of MtbCM in host-pathogen interactions. Among the cytokines, interleukin-10 (IL-10) is important in establishing a successful

M. tuberculosis infection in host,10–13 whereas tumor necrosis factor-alpha (TNF-a) induces protective responses against the bacilli.14 In

the present study, MtbCM-mediated modulation of IL-10/TNF-a cytokine response and macrophage innate signaling is examined. It is
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observed that MtbCM is a virulent factor helping the bacilli for a successful infection. MtbCM is secreted out and localizes to Golgi bodies in

macrophages where it interacts with the AKAP9 protein (a scaffolding protein) through its SH3 binding domain. MtbCM-AKAP9 interaction

inhibits phosphorylation of protein kinase C epsilon (PKCε) affecting the downstream MKP-1-p38 mitogen-activated protein kinase (MAPK)

signaling axis resulting in upregulation of IL-10 but downregulation of TNF-a production.We have further shown that the SH3 binding domain

ofMtbCM is important for themycobacterial virulence. This study highlights the important role ofMtbCMand its SH3 binding domain in host-

pathogen interaction and mycobacterial virulence which will help in designing novel and effective therapeutics to manage TB.

RESULTS
MtbCM is found to be secreted in the culture filtrate of Msmeg-MtbCM

Chorismate mutase is a secretory protein of M. tuberculosis.15 Therefore, first, we examined whether Msmeg-MtbCM retained the ability to

secreteMtbCM.MtbCMgenewas expressed in a non-pathogenicM. smegmatis strainmc2 155, which is widely used as a surrogate bacterium

to characterizeM. tuberculosis proteins16 and was cultured in the Sauton’smediumwith kanamycin and hygromycin. When the absorbance at

600 nm reached about 0.8–1.0, the culture was harvested, and culture filtrate (CF) was examined for the presence of secretedMtbCMbyWest-

ern blotting using anti-MtbCMAb. The Ab was found to be specific toMtbCMas a single band corresponding toMtbCMwas detected in the

lysate prepared fromMsmeg-MtbCMbut not in the lysate prepared fromMsmeg-pVV (Figure S1A). It was observed that Msmeg-MtbCMwas

able to secreteMtbCM in the CF (Figure S1B). GroEL1 protein was used as a control to eliminate the presence of bacteriumor bacterial lysis in

the culture filtrate. This indicates that MtbCM is secreted even when expressed inM. smegmatis. In the next experiment, RAW 264.7 macro-

phages were infected either with Msmeg-MtbCM orMsmeg-pVV at anMOI of 1:10. Cells were next harvested and observed for the presence

of MtbCM following immunofluorescence technique usingmouse anti-MtbCMAb and Alexa Fluor 488–conjugated goat anti-mouse second-

ary Ab. Positive staining for MtbCM was observed in the cells infected with Msmeg-MtbCM but not with Msmeg-pVV (Figure S1C). This in-

dicates that Msmeg-MtbCM was able to secrete MtbCM during infection in macrophages. Also, this result again indicates that anti-MtbCM

Ab specifically recognizes the CM protein of M. tuberculosis. MtbCM is an important enzyme of the shikimate pathway. MtbCM belongs to

the AroQ* class of enzymes and is required for aromatic amino acid biosynthesis.15 Therefore, a growth curve assay was performed to observe

the role of MtbCM in the growth kinetics of M. smegmatis. For this, 7H9 broth cultures were inoculated with an equal inoculum of either

Msmeg-MtbCM or Msmeg-pVV, and absorbance at 600 nm was measured after every 4 h till the culture reaches saturation phase. Based

on the absorbance values, growth rates were compared, and it was observed that ectopic expression of MtbCMdid not impart any significant

changes to the growth patterns of M. smegmatis (Figure S1D).

MtbCM upregulates IL-10 but downregulates TNF-a cytokine induction and provides better survival of the bacilli in

macrophages

Next, we checked whether MtbCM acts as a virulence factor and enhances bacterial survival inside macrophages. The RAW 264.7 macro-

phages or the mouse peritoneal macrophages were infected with either Msmeg-pVV16 (control) or Msmeg-MtbCM, and intracellular survival

of the bacilli was examined. We observed that with similar extent of phagocytosis (Figure 1A), as compared to Msmeg-pVV, Msmeg-MtbCM

could survive better in RAW 264.7 macrophages (Figure 1B).

Cytokines are crucial in establishing mycobacterial infection and pathology.17 For example, anti-inflammatory cytokine like IL-10 favors

mycobacterial survival inside host cells, whereas pro-inflammatory cytokine like TNF-a provides immunity to the host against the bacilli.18–20

Since MtbCM provides a survival advantage to the bacilli (Figure 1B), it was interesting to examine whether MtbCM modulates IL-10 and

TNF-a induction profiles in macrophages. Therefore, RAW 264.7 macrophages were infected with either Msmeg-MtbCM or Msmeg-pVV

at MOI of 1:10. Culture supernatants were harvested at 24 h and 48 h time points for measuring IL-10 and TNF-a cytokines. It was observed

that RAW 264.7 macrophages infected with Msmeg-MtbCM produced higher levels of IL-10 but a lower amount of TNF-a as compared to

macrophages infected with control Msmeg-pVV (Figures 1C and 1D). Similar results were observed in the Balb/c peritoneal macrophages

infected with Msmeg-MtbCM versus Msmeg-pVV (Figures 1E–1G). Thus, MtbCM generates an anti-inflammatory milieu in macrophages

which probably favors mycobacterial survival inside the host.

MtbCM manipulates IL-10 induction by regulating the PKCε-MKP-1-p38 MAPK signaling axis in macrophages

MAPKs are required for regulation of cytokine production. p38MAPK is known to favor IL-10 production.21,22 SinceMtbCM upregulates IL-10

cytokine in macrophages, therefore, p38 MAPK activation was compared in RAW 264.7 macrophages infected with either Msmeg-MtbCM or

Msmeg-pVV. It was observed that macrophages infected with Msmeg-MtbCM had a higher amount of phosphorylated p38 MAPK as

compared to macrophages infected with Msmeg-pVV (Figures 2A and 2B). This indicates that MtbCM is involved in p38 MAPK activation.

To further confirm the direct role of p38 MAPK in MtbCM-mediated upregulation of IL-10, RAW 264.7 macrophages were next infected

with Msmeg-MtbCM in the absence or presence of SB203580 (a pharmacological inhibitor of p38 MAPK). After 6 h of infection, cells were

harvested and mRNA levels of IL-10 were measured in all the groups using real-time PCR (qPCR). It was observed that treatment of

SB203580 downregulated IL-10 transcripts levels in macrophages infected with Msmeg-MtbCM when compared with macrophages infected

with Msmeg-MtbCM without SB203580 (Figure 2C). Also, culture supernatants were collected after from RAW 264.7 macrophages infected

with Msmeg-MtbCM in the absence or presence of SB203580 and IL-10 levels were quantified by EIA at both 24 h and 48 h time points. It was

observed that macrophages pre-treated with SB203580 had a reduced level of IL-10 during infection with Msmeg-MtbCM as compared to
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macrophages infected with Msmeg-MtbCMwithout SB203580 (Figure 2D). This indicates that MtbCM upregulates IL-10 directly by targeting

the p38 MAPK signaling cascade.

The mitogen-activated protein kinase phosphatases (MKPs) are phosphatases that dephosphorylate MAP kinases and regulate their ac-

tivity in cells. MKP-1 is known to dephosphorylate p38 MAPK and inhibit its activity.22 Since Msmeg-MtbCM-infected macrophages showed

increased activation of p38 MAPK, the level of MKP-1 was expected to be lower in macrophages infected with Msmeg-MtbCM than macro-

phages infected with Msmeg-pVV. When the levels of MKP-1 were measured in RAW 264.7 macrophages infected with Msmeg-MtbCM and

compared with macrophages infected with Msmeg-pVV, it was observed that macrophages infected with Msmeg-MtbCM had reduced

MKP-1 as compared to macrophages infected with Msmeg-pVV (Figures 3A and 3B).

MKP-1 stabilization in the macrophages is shown to be dependent upon IRAK3 localization.22 It is observed that cytoplasmic translocation

of IRAK3 from the nucleus is important for maintaining steady levels of MKP-1.22 Since a reduced level of MKP-1 was observed in cells infected

withMsmeg-MtbCM, the nuclear levels of IRAK3were next investigated inmacrophages during infectionwithMsmeg-MtbCMand compared

with that of infection with Msmeg-pVV. Therefore, RAW 264.7 macrophages were infected with either Msmeg-MtbCM or Msmeg-pVV at an

MOI of 1:10 and after 2 h of infection, cells were washed to remove extracellular bacteria and further incubated for 3 h and harvested for anal-

ysis of IRAK3 localization by immunofluorescence. It was observed thatmacrophages infectedwithMsmeg-MtbCMhad nuclear enrichment of

IRAK3 as compared to themacrophages infectedwithMsmeg-pVV (Figure 3C). This observation indicates thatMtbCM inhibits IRAK3 function

by restricting its cytoplasmic localization and thus affects MKP-1 stabilization.

Phosphorylation of PKCε is important for its kinase activity.23 Our earlier reports have shown that the kinase activity of PKCε is essential for

the nuclear export of IRAK3 to the cytoplasm.22 We observed that infection with Msmeg-MtbCM resulted in poorer cytoplasmic migration of

IRAK3 from nucleus, indicating the possibility of defective activation/phosphorylation of PKCε in macrophages infected withMsmeg-MtbCM.

Figure 1. MtbCM renders survival advantage to M. smegmatis in macrophages and increases IL-10 but inhibits TNF-a production in macrophages

RAW 264.7 macrophages were infected with either Msmeg-pVV orMsmeg-MtbCM atMOI of 1:10. After 2 h, cells were washed to remove extracellular bacilli and

were either harvested and lysed for CFU counts (A) or incubated for various time points and then lysed for determining CFU counts (B). The culture supernatants

were harvested at 24 h and 48 h for measuring IL-10 (C) and TNF-a (D). In another set, peritoneal macrophages were infected with either Msmeg-MtbCM or

Msmeg-pVV at MOI of 1:10 and after 3 h, 24 h and 48 h, cells were lysed for bacterial CFU counts (E) and culture supernatants were harvested for measuring

IL-10 (F) and TNF-a (G) by two-site sandwich EIA respectively. Results are shown as Mean G SEM of 3 independent experiments. Unpaired t-test was used to

calculate the p values.
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Therefore, the phosphorylation status of PKCε was next examined in macrophages infected with Msmeg-MtbCM and was compared with

macrophages infected with Msmeg-pVV. It was observed that macrophages infected with Msmeg-MtbCM had lesser phosphorylated

PKCε levels as compared to macrophages infected with Msmeg-pVV (Figures 3D and 3E). This indicates that MtbCM inhibits phosphoryla-

tion/activation of PKCε resulted in its decreased kinase activity causing reduced export of IRAK3 from the nucleus to the cytoplasm. Taken

these observations together, it can be concluded that MtbCM upregulates IL-10 production by targeting the PKCε-IRAK3-MKP-1-p38 MAPK

signaling axis.

Next, it was checked whether MtbCM truly targets PKCε to regulate MKP-1-p38 MAPK signaling axis. Therefore, we used DCP-LA, a lino-

leic acid derivative, which is known to selectively and directly activates PKCε. In brief, RAW 264.7 macrophages were infected with Msmeg-

pVV/Msmeg-MtbCM in the absence or presence of 100 nM DCP-LA and levels of phospho-p38 MAPK as well as MKP-1 were checked. Inter-

estingly, we observed that RAW 264.7 macrophages infected with Msmeg-MtbCM had higher phospho-p38 MAPK as compared to RAW

264.7 macrophages infected with Msmeg-pVV which was expected (Figure 3F). However, in presence of the PKCε activator, DCP-LA, level

of phospho-p38 MAPK was reduced in macrophages infected with Msmeg-MtbCM and is almost similar to the level observed in macro-

phages infected with Msmeg-pVV (Figure 3F). When the levels of MKP-1 in these groups were checked, it could be observed that MKP-1

expression level was poorer in Msmeg-MtbCM-infected RAW 264.7 macrophages as compared to Msmeg-pVV-infected macrophages, as

expected (Figure 3G). However, the expression of inhibited-MKP-1 is re-increased after addition of DCP-LA (PKCε activator) in Msmeg-

MtbCM-infected RAW 264.7 macrophages (Figure 3G). These data indicate that MtbCM targets the PKCε-MKP-1-p38 MAPK signaling axis.

Since, the importance of PKCε-MKP-1-p38 MAPK signaling axis in the regulation of IL-10 by MtbCM was established using RAW 264.7

macrophages, and sinceMtbCMalso increased IL-10 inmouse-derivedmacrophages similar to RAW264.7macrophages, it was next checked

whether MtbCM targets the PKCε-MKP-1-p38 MAPK signaling axis similarly in mouse-derived macrophages. Accordingly, peritoneal macro-

phages from Balb/c mice were infected with either Msmeg-MtbCM or Msmeg-pVV and the levels of phospho-PKCε-IRAK3-phospho-p38

MAPK was compared in these macrophages. It could be observed that as similar to RAW 264.7 macrophages, Msmeg-MtbCM reduced

PKCε activation by inhibiting its phosphorylation in peritoneal macrophages also (Figure 4A) which resulted into decreasedMKP-1 and higher

p38MAPK activation (Figures 4B and 4C) leading to higher IL-10 production (Figure 1F). This study highlights role of MtbCM inmodulation of

macrophage cytokine response by targeting the PKCε-MKP-1-p38 MAPK signaling axis.

AKAP9 is an interacting partner of MtbCM

Many eukaryotic kinases are characterized by the presence of the Src Homology 3 (SH3) domain which is important for controlling protein-

protein interactions in several cell signaling cascades.24 MtbCM is known to possess an SH3 binding domain near the C-terminal end.8 Since

MtbCM is secreted during infection, it might interact with one or more host protein(s) through its SH3 binding domain to influence the

Figure 2. MtbCM increases p38 MAPK activation and targets p38 MAPK signaling cascade for upregulating IL-10 production in macrophages

RAW 264.7 macrophages were either treated with medium alone (cells) or infected with either Msmeg-pVV or Msmeg-MtbCM with MOI of 1:10. After 2 h of

infection cells were washed to remove extracellular bacilli and further incubated for another 3 h. Next cells were harvested, and lysed to examine the levels

of phosphorylated (p-p38 MAPK) and total p38 MAPK by Western blotting using anti-p-p38 MAPK and anti-p38 MAPK Ab respectively (A) and densitometric

quantification of Western blots was carried out using ImageJ software (B). In another set of experiments RAW 264.7 macrophages were infected for 2 h with

either Msmeg-pVV or Msmeg-MtbCM at MOI of 1:10 in the absence or presence of SB203580 (10 mM). Cells were either harvested after 3 h and used for

cDNA synthesis and qPCR was performed to observe transcription levels of IL-10 with GAPDH as an internal control (C) or were cultured for 24 h and 48 h to

detect IL-10 in the culture supernatants by EIA (D). Results shown are Mean G SEM of 3 independent experiments. Unpaired t-test was used to calculate the

p values.
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downstream PKCε signaling cascades. To further gain insights into the mechanism of action of MtbCM in regulating PKCε signaling, a pro-

teomics-based identification of MtbCM-interacting partner(s) was performed. Therefore, metal affinity chromatography was used to purify

recombinant MtbCM, and eluted fractions were run on 10% SDS-PAGE gel followed by Coomassie Brilliant Blue (R250) staining. A purified

fraction of recombinant MtbCM was observed at �25 kDa (Figure S2A). Next, bacterial lipopolysaccharide (LPS)-treated RAW 264.7 macro-

phages were harvested and lysed and cell lysate was incubated with TALON beads containing MtbCM for 12 h–14 h at 4�C. Beads were then

harvested and the bound proteins were resolved by 10% SDS-PAGE. TALON beads alone (without MtbCM) incubated with the cell lysate

were used as control. Next, silver staining was performed on the SDS-PAGE gel. Specific bands observed in the presence of MtbCM were

cut and subjected to further processing for MS/MS analysis using MALDI-TOF. The data were analyzed using MASCOT DATA SEARCH soft-

ware and a protein A-kinase anchor protein-9 (AKAP9) was identified as the interacting partner of MtbCM (Figures S2B and S2C).

MtbCM binds with AKAP9 during infection and inhibits AKAP9-PKCε interaction

Based on the mass spectrometry analysis, AKAP9 was identified as the interacting protein of MtbCM. To confirm the interaction of MtbCM

with AKAP9 during infection conditions, RAW 264.7 macrophages were infected with Msmeg-MtbCM. The cells were harvested and AKAP9

was immunoprecipitated using rabbit anti-AKAP9 Ab. Rabbit IgGwas used as an isotype control. The pulled-down products were resolved on

SDS-PAGE gel followed by Western blotting using anti-MtbCM Ab. It was observed that MtbCM was co-immunoprecipitated with AKAP9 in

macrophages infected with Msmeg-MtbCM (Figure 5A).

AKAP9 is a Golgi localized, scaffolding protein that assembles and facilitates phosphorylation of several protein kinases.25 It has been

found that the activation loop site of PKC is phosphorylated by phosphoinositide-dependent kinase 1 (PDK1)26 and it has been shown

that PDK1 is important for the PKCε phosphorylation at Ser(729).27 It has been reported that PKC scaffolding by AKAPs can have a profound

Figure 3. MtbCM affects the PKCε-IRAK3-MKP-1 signaling cascades in macrophages

RAW264.7macrophages were either treatedwithmediumalone (cells) or infected with eitherMsmeg-pVV orMsmeg-MtbCM atMOI of 1:10. After 2 h of infection

cells were washed to remove extracellular bacilli and incubated further for 3 h. Cells were lysed and the levels of MKP-1 were examined byWestern blotting using

anti-MKP-1 Ab (A). GAPDH was used as loading control and densitometric quantification of Western blots was performed using ImageJ software (B). Results

shown are Mean G SEM of 3 independent experiments. In another experiment, RAW 264.7 macrophages were infected with either Msmeg-pVV or Msmeg-

MtbCM at 1:10 MOI. After 2 h of infection, cells were washed to remove extracellular bacilli and further incubated for another 3 h. Next cells were washed,

fixed with 4% paraformaldehyde followed by permeabilization using 0.1% Triton X-100 and stained with anti-IRAK3 Ab at a dilution of 1:1000. Next, cells

were washed and incubated with Alexa Flour-488 conjugated goat anti-rabbit secondary Ab at a dilution of 1:1000. After mounting with DAPI containing

mounting medium, cells were observed under confocal microscope (C), (Scale bar: 5 mm). Results shown are representative of 3 different experiments. Also,

lysates in Figure 3A were used to check the levels of phospho-PKCε and total PKCε by Western blotting using anti-phospho-PKCε Ab and total PKCε Ab

respectively (D) and densitometric quantification of Western blot was performed using ImageJ software (E). Results shown are Mean G SEM of

3 independent experiments. Unpaired t-test was used to calculate the p values for Figures 3B and 3E. In another experiment, RAW 264.7 macrophages were

either treated with medium alone (cells) or infected with either Msmeg-pVV or Msmeg-MtbCM with MOI of 1:10 in the absence or presence of DCP-LA

(100 nM). After 2 h of infection, cells were washed with 1X PBS to remove extracellular bacilli and incubated for another 2 h. Cells were harvested and protein

lysates were prepared and analyzed for phosphorylated p38 MAPK (p-p38 MAPK) and total p38 MAPK (F) as well as MKP-1 (G) protein levels by Western

blotting using specific antibodies. GAPDH was used as a loading control. Results shown are representative of 3 different experiments.
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effect on tuning the PKC activity.28 Interestingly, AKAP9-PKCε interaction is shown to be essential for the regulation of PKCε phosphorylation

and activity.29 Since Msmeg-MtbCM-infected macrophages showed downregulation of PKCε phosphorylation and as AKAP9-PKCε interac-

tion is essential for regulation of PKCε phosphorylation, we speculated that, interaction of MtbCM with AKAP9 could result in inhibition of

AKAP9-PKCε complex formation which subsequently causes reduction in PKCε phosphorylation. To confirm this hypothesis, RAW 264.7 mac-

rophages were infected with Msmeg-MtbCM or Msmeg-pVV. Cells were harvested and AKAP9 was immunoprecipitated using anti-AKAP9

Ab. The pulled-down products were resolved on SDS-PAGE followed by Western blotting using anti-PKCε Ab. In the presence of MtbCM,

weaker AKAP9-PKCε interaction was observed (Figure 5B) which probably resulted in reduced PKCε phosphorylation as observed in

Figure 3D.

MtbCM localizes to Golgi body

AKAP9 is a Golgi resident protein andMtbCMwas found to interact with AKAP9. Since MtbCMwas shown to be secreted during infection of

macrophages with Msmeg-MtbCM, it is possible that MtbCM is migrated to Golgi where it interacts with AKAP9. Therefore, it was investi-

gated whether MtbCM is localized in Golgi. Accordingly, HEK-293T cells were co-transfected with pEGFP-MtbCM and mCherry-TGOLN2

plasmids (a marker for the trans-Golgi network). HEK-293T cells co-transfected with backbone vector (pEGFP) and mCherry-TGOLN2 were

used as control group. After 24 h of transfection, cells were harvested, fixed, and observed under confocal microscope. It was found that

pEGFP-MtbCM was co-localized with mCherry-TGOLN2 (Figures 6A and 6B). This observation indicates that MtbCM gets localized to the

Golgi body.

To further confirm theGolgi localization ofMtbCMduring infection, RAW264.7macrophages were infectedwith eitherMsmeg-MtbCMor

Msmeg-pVV. After 2 h, cells were washed to remove extracellular bacilli and incubated further for 3 h. Golgi fractions were isolated and the

presence ofMtbCM in theGolgi fractionwas examined byWestern blotting using anti-MtbCMAb andMtbCMwas found to be present in the

Golgi fraction of macrophages infected with Msmeg-MtbCM but not in that infected with Msmeg-pVV (Figure 6C). Also, it was possible to

pull-down MtbCM along with its interacting partner AKAP9 from the enriched Golgi fraction of Msmeg-MtbCM-infected cells. These obser-

vations confirm that during infection, MtbCM migrates to Golgi where it interacts with AKAP9 (Figure 6D).

SH3 binding domain ofMtbCM is important for the regulation of IL-10 production and survival of bacilli insidemacrophages

In the earlier section, it has been shown that MtbCM is localized to Golgi where it interacts with AKAP9. Since, MtbCM contains an SH3

binding domain,8 it was next investigated whether MtbCM interacts with AKAP9 through its SH3 binding domain. Therefore, all the four

proline residues in the SH3 binding domain (PPEPP motif) of MtbCM were replaced with serine residues by site-directed mutagenesis (Fig-

ure S3A). The mutant MtbCM (MtbCM-PS4) was cloned in the pVV16 vector and expressed in M. smegmatis (Msmeg-MtbCM-PS4) and

expression of the mutant protein was confirmed by Western blotting using anti-MtbCM Ab (Figure S3B). Next, it was examined whether

the mutant protein (MtbCM-PS4) was secreted during infection of macrophages with Msmeg-MtbCM-PS4. The immunofluorescence mi-

croscopy indicated the presence of MtbCM-PS4 protein in macrophages infected with Msmeg-MtbCM-PS4 but not with Msmeg-pVV sug-

gesting that mutation in the SH3 binding domain of MtbCM did not affect the secretion of the protein by the bacilli during infection of

macrophages (Figure S3C).

Since MtbCM is a functional chorismate mutase enzyme,1 therefore, the enzymatic activity of MtbCM-PS4 was compared with MtbCM.

Accordingly, lysates were prepared from Msmeg-pVV, Msmeg-MtbCM, and Msmeg-MtbCM-PS4, and chorismate mutase activity was

measured. It was observed that both Msmeg-MtbCM and Msmeg-MtbCM-PS4 had significantly higher chorismate mutase activity as

Figure 4. MtbCM targets the PKCε-MKP-1-p38 MAPK signaling axis in infected peritoneal macrophages

Peritoneal macrophages isolated fromBalb/cmice were either treated withmedium alone (cells) or infected with eitherMsmeg-pVV orMsmeg-MtbCM atMOI of

1:10. After 2 h of infection, cells were washed with 1X PBS to remove extracellular bacilli and were further incubated for 3 h. Cells were lysed and protein levels of

phospho-PKCε and total PKCε (A), as well as MKP-1 (B) and phospho-p38 MAPK and total p38 MAPK (C) were assessed by Western blotting using specific Abs.

GAPDH was used as loading control for (B). Results shown are representative of 3 different experiments.
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compared to Msmeg-pVV (Figure S4). Interestingly, lysates prepared from Msmeg-MtbCM and Msmeg-MtbCM-PS4 had comparable cho-

rismate mutase activity (Figure S4) indicating that mutation in the SH3 binding domain (PPEPP to SSESS) did not affect the enzymatic activity

of MtbCM.

To examine the role of the SH3 binding domain of MtbCM in the MtbCM-AKAP9 interaction, RAW 264.7 macrophages were infected with

eitherMsmeg-MtbCMorMsmeg-MtbCM-PS4 for 2 h. The extracellular bacteria were removed and cells were incubated for another 3 h. Next,

cells were harvested and AKAP9 was immunoprecipitated using anti-AKAP9 Ab. The immune complex was subjected to Western blotting

using either anti-MtbCMAb or anti-PKCεAb. Though a stronger interaction was observed betweenMtbCMandAKAP9, whichwas expected,

a poorer interaction was observed between AKAP9 andMtbCM-PS4 indicating that the SH3 binding domain of MtbCM plays a crucial role in

its interaction with AKAP9 (Figure 7A). As expected, higher AKAP9-PKCε interaction was observed in macrophages infected with Msmge-

MtbCM-PS4 as compared to macrophages infected with Msmeg-MtbCM (Figure 7A).

It has been observed that MtbCM interferes with PKCε-p38 MAPK signaling axis and IL-10 induction due to its direct interaction with

AKAP9 which is mediated through the SH3 binding motif of MtbCM. Thus, it can be speculated that the SH3 binding domain of MtbCM

is responsible for the regulation PKCε-p38 MAPK signaling cascades and the consequent production of IL-10. Therefore, PKCε and p38

MAPK phosphorylation levels were compared in macrophages infected with Msmeg-MtbCM versus Msmeg-MtbCM-PS4. It was observed

that macrophages infected with Msmeg-MtbCM-PS4 had increased levels of PKCε phosphorylation (Figure 7B) but decreased p38 MAPK

phosphorylation (Figure 7C) when compared with macrophages infected with Msmeg-MtbCM and comparable to the levels observed in

Msmeg-pVV. Thus, MtbCM-PS4 that fails to interact with AKAP9 favors a more robust AKAP9-PKCε interaction to increase phosphorylation

of PKCε which subsequently results in decreased p38 MAPK phosphorylation.

Since the PKCε-p38 MAPK signaling axis is critical for IL-10 production in macrophages,22 the levels of IL-10 production were compared in

RAW 264.7 macrophages infected with Msmeg-MtbCM versus Msmeg-MtbCM-PS4. Accordingly, RAW 264.7 macrophages were infected

with Msmeg-pVV or Msmeg-MtbCM or Msmeg-MtbCM-PS4 with an MOI of 1:10. Uninfected cells were used as control. Levels of IL-10 cyto-

kine were measured in culture supernatants at 24 h and 48 h time points. It was observed that Msmeg-MtbCM-PS4-infected cells had lower

levels of IL-10 as compared to Msmeg-MtbCM-infected macrophages and comparable to the levels observed in Msmeg-pVV (Figure 7D).

These observations further indicate that MtbCMmodulates IL-10 production by its interaction with AKAP9 through the SH3 binding domain.

Figure 5. MtbCM interacts with AKAP9 and inhibits AKAP9-PKCε interaction in infected macrophages

RAW264.7macrophages were infected withMsmeg-MtbCMatMOI of 1:50. After 5 h of infection cells were harvested, lysed andAKAP9was immunoprecipitated

(IP) using anti-AKAP9 Ab. The pull-down product was immunoblotted (IB) with anti-MtbCM Ab to detect MtbCM and total levels of AKAP9 and MtbCM in both

the groups were shown as input controls (A). Results shown are representative of 3 different experiments. In another experiment, RAW 264.7 macrophages were

infected with Msmeg-MtbCM at MOI of 1:50. After 5 h, cells were harvested, lysed and AKAP9 was immunoprecipitated (IP) using anti-AKAP9 Ab. The pull-down

product was immunoblotted (IB) using anti-PKCεAb to detect PKCε (B). Total levels of AKAP9, PKCε andMtbCM in both the groups were shown as input controls.

Results shown are representative of 3 different experiments.

ll
OPEN ACCESS

iScience 27, 111044, November 15, 2024 7

iScience
Article



To understand whether the SH3 binding domain of MtbCM plays a role in dictating the survival of the bacilli in macrophages, RAW 264.7

macrophages were infected with either Msmeg-pVV or Msmeg-MtbCM or Msmeg-MtbCM-PS4 at MOI of 1:10 and intracellular survival of

mycobacteria was monitored. It was observed that as compared to Msmeg-pVV, survival rate of Msmeg-MtbCM was significantly higher

in macrophages at all the time points tested (3 h, 24 h, and 48 h). However, the survival rate of Msmeg-MtbCM-PS4 was poorer with a com-

parable CFU count with Msmeg-pVV (Figure 7E). These observations indicate that the SH3 binding domain of MtbCM is important for its

virulence.

Next, the importance of AKAP9 in the regulation of IL-10 by MtbCM was examined by silencing AKAP9 in RAW 264.7 macrophages using

AKAP9-specific siRNA and more than 90% inhibition of AKAP9 was observed in this macrophage receiving AKAP9 siRNA (AKAP-KD) as

compared to RAW 264.7 macrophages receiving control siRNA (AKAP-CT) (Figure 7F). An increased induction of IL-10 was observed in

AKAP-CT infected with Msmeg-MtbCM when compared with IL-10 level induced in AKAP-CT infected with either Msmeg-pVV or Msmeg-

MtbCM-PS4, which was expected (Figure 7G). Interestingly, an increased IL-10 induction was observed in AKAP-KD infected with either

Msmeg-pVV or Msmeg-MtbCM-PS4 when compared with AKAP-CT infected with either Msmeg-pVV or Msmeg-MtbCM-PS4 and the level

of IL-10 in AKAP-KD infected with Msmeg-pVV/Msmeg-MtbCM-PS4 was almost equal to the level of IL-10 induced in AKAP-CT infected

with Msmeg-MtbCM (Figure 7G). Expectedly not much difference in IL-10 level was observed in AKAP-CT versus AKAP-KD, both infected

with Msmeg-MtbCM which was expected (Figure 7G). These data indicate that IL-10 signaling in Msmeg-pVV/Msmeg-MtbCM-PS4-infected

RAW 264.7 macrophages was regulated upstream by AKAP9 andMtbCM by directly interacting with AKAP9 through its SH3 binding domain

could manipulate APAP9 signaling resulting in increased IL-10 production during infection of macrophages with Msmeg-MtbCM.

To confirm the role of MtbCM in the virulence of mycobacteria, we next infected Balb/c mice with 5 3 107 CFU of either Msmeg-pVV or

Msmeg-MtbCM or Msmeg-MtbCM-PS4. After day 3, day 5, and day 15, mice were sacrificed and the liver, lung, and spleen tissues were har-

vested for counting bacterial burden.We observed higher CFU counts of Msmeg-MtbCM in all the organs at all the time points as compared

to Msmeg-pVV or Msmeg-MtbCM-PS4 (Figures 8A–8D). This indicates that in the mouse model of infection, MtbCM provides a survival

advantage to M. smegmatis and the SH3 domain of the MtbCM is important for its virulence. When we examined the levels of IL-10 in the

lysates prepared from lung and spleen at day 7, it was observed that IL-10 levels were higher in both lung and spleen of mice infected

with Msmeg-MtbCM as compared to mice infected with Msmeg-pVV or Msmeg-MtbCM-PS4 (Figures 8E and 8F). These studies indicate

that the SH3 domain of MtbCM plays an important role in activation of IL-10 and mycobacterial virulence during infection in mice.

Figure 6. MtbCM localizes to Golgi network where it interacts with AKAP9

HEK-293T cells were transiently co-transfected with either pEGFP-MtbCM or pEGFP along with mCherry-TGOLN2. Cells were fixed using 4% formaldehyde and

were observed under confocal microscope. DAPI was used to stain the nucleus (blue), (Scale bar: 1mm) (A). Colocalization coefficient was calculated using ZEN 2

(blue edition) software and was shown as Mean G SEM from 50 cells of 3 independent experiments (B). In another experiment, RAW 264.7 macrophages were

infected with either Msmeg-pVV or Msmeg-MtbCM atMOI of 1:50. Next, Golgi fractions were isolated. About 25 mg of PNS and Golgi fractions were resolved on

SDS-PAGE and immunoblotted using either anti-AKAP9 Ab or anti-MtbCMAb to show the presence of AKAP9 andMtbCM in the Golgi fraction (C). GAPDH was

used as a negative control andGM130 was used as a Golgi marker. Next, AKAP9 was immunoprecipitated from cell lysates prepared frommacrophages infected

with Msmeg-pVV/Msmeg-MtbCM using anti-AKAP9 Ab and the pull-down product was immunoblotted using anti-MtbCM Ab to confirm AKAP9-MtbCM

interaction (D). Results are representative of 3 independent experiments.
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DISCUSSION

M. tuberculosis has infected more than 10 million people in 202330 and is the leading cause of deaths from a single infectious agent.

M. tuberculosis possesses a battery of virulence factors to modulate host immune responses to favor its intracellular survival and establish-

ment of the disease. The complete genome sequence ofM. tuberculosis has revealed several known as well as putative virulent factors, and

many of them are secretory in nature.31 The secretory proteins ofM. tuberculosis are shown to inhibit the protective host immune responses

by blocking one or more cellular processes.32–36

Cytokine signaling plays a crucial role in dictating the host innate and subsequent adaptive immune responses required in clearing the

invading pathogen. Several reports have shown thatM. tuberculosis modulates various cytokine levels in infected macrophages to enhance

its intracellular survival and establishment of infection.36,37 IL-10 is one of the cytokines inducedbymacrophages infectedwithM. tuberculosis.

IL-10 predominantly polarizes the T-helper (Th) cells to be skewed toward the Th2-type which is known to favor intracellular survival of my-

cobacteria.11,38,39 Also, IL-10 inhibits pro-inflammatory Th1 cytokines like IFN-g,40,41 IL-12 and TNF-a40,42 to suppress the Th1-type immune

responses which is important for host’s protective immunity against the bacilli.43 M. tuberculosis is known to employ various strategies to

modulate macrophage signaling cascades to skew Th polarity toward the Th2-type.44–47 It has been found that mycobacterial cell wall com-

ponents can inhibit transcriptional responses to IFN-g48,49 or reduce its production.50 On the other hand, M. tuberculosis can induce IL-10

cytokine production through activation of TLR2-signaling pathway through ligands like Rv126551 or M. tuberculosis heat shock protein

6052 or PPE1811 which presumably enhances intracellular survival of bacilli in mice infection model.12,38 Interestingly, anti-PPD T cell response

Figure 7. SH3 binding domain of MtbCM is important for its interaction with AKAP9 and IL-10 signaling and survival of bacilli inside macrophages

RAW264.7macrophageswere infectedwith eitherMsmeg-MtbCMorMsmeg-MtbCM-PS4 withMOI of 1:50. After 5 h, cells were harvested, lysed andAKAP9was

immunoprecipitated (IP) with anti-AKAP9 Ab and the pull-down product was immunoblotted (IB) with either anti-MtbCM Ab or anti-PKCε Ab (A). The results are

representative of 3 independent experiments.

(B andC) Again, RAW264.7macrophages were left uninfected or infectedwith eitherMsmeg-pVV orMsmeg-MtbCMorMsmeg-MtbCM-PS4 atMOI 1:10. After 2 h

of infection, cells were washed to remove extracellular bacilli and further incubated for another 3 h. Next cells were harvested and lysates were analyzed either for

phosphorylated PKCε (p-PKCε) and total PKCε (B) or for phosphorylated p38 MAPK (p-p38 MAPK) and total p38 MAPK (C) by Western blotting using specific

combinations of primary and secondary antibodies. In another experiment, RAW 264.7 macrophages were infected with either Msmeg-pVV or Msmeg-MtbCM

or Msmeg-MtbCM-PS4 at MOI of 1:10. After 24 h and 48 h, culture supernatants were collected for measuring IL-10 by two-site sandwich EIA (D). Results were

shown as Mean G SEM of 3 independent experiments. Also, RAW 264.7 macrophages were infected with either Msmeg-pVV or Msmeg-MtbCM or Msmeg-

MtbCM-PS4 at MOI of 1:10. After 2 h of infection, cells were washed to remove extracellular bacilli and incubated for various time points, lysed and plated for

CFU counts (E). In another experiment, RAW 264.7 macrophages were transfected with either control siRNA (AKAP-CT) or AKAP9 siRNA (AKAP-KD). After 24 h,

cells were harvested, lysed and inhibition of AKAP9 protein levels was checked by Western blotting using anti-AKAP9 antibody and GAPDH was used as

loading control (F). Next, AKAP-CT or AKAP-KD RAW 264.7 macrophages were infected with either Msmeg-pVV or Msmeg-MtbCM or Msmeg-MtbCM-PS4

with MOI of 1:10 or treated with medium alone (cells). After 2 h of infection, cells were washed to remove the extracellular bacilli and incubated further for 6 h.

Cells were harvested and used for RNA isolation and cDNA synthesis and then qPCR was performed to find the mRNA levels of IL-10 (G). RPS29 transcript

level was used as internal control. Results were shown as MeanG SEM of 3 independent experiments. Unpaired t-test was used to calculate the p values.
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is shown to be skewed toward the Th2-type in active TB patients further establishing a link between IL-10/Th2 and active TB infection.47,53,54

Thus, it appears that several Mtb factors are involved in manipulating macrophage signaling cascades to activate IL-10 production and tar-

geting these proteins are crucial to implement appropriate therapeutics to control TB infection. It is pertinent to note that blocking the Th2

component is more important than enhancing the existing Th1 response.44,45 In this context, it is important to identify the crucial virulent fac-

tor(s) and the mechanism(s) that enhances IL-10/Th2 response during mycobacterial infection.

In the present study, we demonstrate that the secretory chorismate mutase (Rv1885c) can upregulate IL-10 production in macrophages. It

has been shown that during infection, the secreted MtbCM localizes to the Golgi bodies of macrophages where it interacts with AKAP9 pro-

tein which is a scaffolding protein and facilitates phosphorylation of protein kinases55 including PKCε.29 AKAP9-PKCε interaction is required

for phosphorylation of PKCε and hence its activation.27 PKCε binds to the AKAP9 to get phosphorylated by PDK1.26 Herein, we show that in

the presence of MtbCM, AKAP9-PKCε interaction was inhibited resulting in poorer PKCε phosphorylation. Earlier, we demonstrated that

PKCε-IRAK3-p38 MAPK signaling axis is critical for induction of IL-10 cytokine in macrophages.22 MtbCM-mediated suppression of PKCε

phosphorylation/activation restricts its ability to regulate IRAK3 export from the nucleus to the cytoplasm resulting in downregulation of

MKP-1 stabilization. MKP-1 is a phosphatase that maintains the phosphorylation status of p38 MAPK in the cells22 and IL-10 expression in

macrophages is directly linked to phosphorylation status of p38 MAPK.56 MtbCM-mediated activation of p38 MAPK resulted in higher IL-

10 production which might be one of the reasons for enhanced intracellular survival of the bacilli.12,13,39 Similarly, PPE18 protein of Mtb

also targets the PKCε-IRAK3-p38 MAPK signaling to activate IL-10 production, however, PPE18 targets the TLR2 11–15 leucine rich repeat

(LRR) domain unlike MtbCM that targets AKAP9. Thus, Mtb uses multipronged strategies to activate IL-10 cytokine, once during infection

by manipulating TLR2-triggered signaling engaging PPE18 and other proteins and also later by targeting the AKAP9-signaling after infection

through secretory MtbCM protein. Thus, it appears that M. tuberculosis spatially and temporally manipulates the macrophage signaling to

induce IL-10 through several effector proteins to successfully survive and persist inside macrophages.

In a structure-based study, it was found that MtbCM possesses SH3 binding domain at C-terminus.8 The presence of such motifs are com-

mon features of many eukaryotic kinases and are important for cellular signaling and communication.24 The present study highlights the role

of the SH3 domain of MtbCM in the modulation of macrophage effector function and mycobacterial virulence. It was shown that the MtbCM

Figure 8. MtbCM confers the survival advantage and activates IL-10 production in mice

Balb/cmice (n= 8) were infected intravenously with equal number (53107) of eitherMsmeg-pVV orMsmeg-MtbCMorMsmeg-MtbCM-PS4 (A), and sacrificed after

3 (B), 5 (C) and 15 (D) days post-infection for determination of CFU counts in liver, lung and spleen. Also, IL-10 was measured in the tissue lysates of lung (E) and

spleen (F) by two-site sandwich EIA. The Data represent meanG SEM of 8 mice per group for each time point. Unpaired t-test was used to calculate the p values.
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interacts with AKAP9 via its SH3 binding domain and modulates IL-10 production. Mutation in the SH3 binding domain of MtbCM (MtbCM-

PS4) resulted in reduced IL-10 production and poor intracellular survival of the bacteria. This indicates that the SH3 binding domain ofMtbCM

has a prominent role in IL-10 signaling and mycobacterial virulence.

Shikimate pathway is conspicuously absent in mammals and chorismate mutase, one of the seven enzymes in this pathway is essential for

the synthesis of aromatic amino acids inM. tuberculosis. This attributemakes the shikimate pathways andMtbCMan attractive drug target for

the treatment of TB. The present study has identified that in addition to its chorismate mutase enzyme activity, MtbCM is also important

for mycobacterial virulence. This additional informationmight help in the development of more specific drugs againstMtbCM to tackle tuber-

culosis. To the best of our knowledge, we demonstrate that SH3 binding domain of a Mtb protein (MtbCM) modulates host immune re-

sponses skewing the response toward the Th2-type and regulates mycobacterial virulence.

Limitations of the study

Our studies have a few limitations. The entire study has been done usingMycobacterium smegmatis expressing chorismatemutase protein of

M. tuberculosis (MtbCM). However, it is very much needed to carry out this study using wild-type versus MtbCM knock-outM. tuberculosis in

macrophage and inmicemodel to consistently prove a role of MtbCM inmycobacterial virulence by favoring a Th2/IL-10-dominated immune

environment. Future research is required to carry out through RNA-seq studies to investigate other pathways that might be modulated by

MtbCM to influence various macrophage innate-effector functions in addition to modulation of IL-10/TNF-a cytokine signaling axis. Another

limitation in this study is that we found that the SH3-binding domain of MtbCM contributes to mycobacterial virulence, therefore, studies

need to be carried out focusing SH3-binding domain of MtbCM as a therapeutic target to conclude the importance of SH3-binding domain

in favoring mycobacterial growth which can pave the way for translational research advancements in the area of host-directed

immunotherapy.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-phospho-PKC ε Ab Abcam, USA Cat# Ab88241

Rabbit anti-PKC ε Ab Abcam, USA Cat# Ab63638

Mouse anti-phospho-p38 MAPK Ab BD Biosciences, USA Cat# 612288

Mouse anti-p38 MAPK Ab BD Biosciences, USA Cat# 612169

Rabbit anti-MAPK-1 Ab (DUSP 1) Abcam, USA Cat# Ab61201

Rabbit anti-IRAK3 Ab Cell Signaling Technology, USA Cat# 4369

Rabbit anti-AKAP9 Ab Thermo Fisher Scientific, USA Cat# 360300

Rabbit anti-GAPDH Ab Abcam, USA Cat# Ab9485

Anti-GroEL Ab Gift from Dr S. Mande, NCCS, Pune, India

Anti-GM130 Ab Abcam, USA Cat# Ab52649

Alexa Fluor 488-conjugated goat anti-rabbit Ab Thermo Fisher Scientific, USA Cat# A11034

Alexa Fluor 488-conjugated goat anti-mouse Ab Thermo Fisher Scientific, USA Cat# A11029

Bacterial and viral strains

M. smegmatis strain mc2155 Kind gift from Dr Dipankar Chatterjee,

IISC, Bangalore, India

E. coli BL21 (DE3) Kind gift from Dr Abhijit A. Sardesai,

CDFD, Hyderabad, India

Chemicals peptides and recombinant proteins

IPTG (Isopropyl b-D-1-thiogalactopyranoside) Sigma-Aldrich, USA Cat# I6758

Freund’s Incomplete Adjuvant Sigma- Aldrich, USA Cat# F5506

SB203580 Sigma-Aldrich, USA Cat# S8307

Chorismic acid Sigma-Aldrich, USA Cat# C1716

Protease inhibitor cocktail Roche,

Germany

Cat# 04693159001

Lipopolysaccharide (LPS) Sigma-Aldrich, USA Cat# L2630

DCP-LA (PKCε Activator) Sigma-Aldrich,

USA

Cat# D5318

siRNA transfection kit

AKAP9 siRNA Transfection Medium Santa Cruz Biotechnology Cat# sc-36868

siRNA Transfection Reagent Santa Cruz Biotechnology Cat# sc-29528

Control siRNA-A Santa Cruz Biotechnology Cat# sc-37007

Si/shRNA DILUENT RNase free H2O Santa Cruz Biotechnology Cat# NA

AKAP9 siRNA (m) Santa Cruz Biotechnology Cat# sc-45365

Critical commercial assays

Micro BCATM Protein Assay kit Thermo Fisher Scientific, USA Cat# 23235

IL-10 cytokine BD Biosciences,

USA

Cat# 555252

TNF-a cytokine BD Biosciences. USA Cat# 555268

Experimental models: cell lines

RAW 264.7 macrophages Cat# NA

HEK-293T cells Cat# NA

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

Male and female Balb/c mice of 6–8 weeks of age were used for this study. Mice weremaintained at the animal house facility of the Center for

DNA Fingerprinting and Diagnostics, Hyderabad, and the experimental protocols were performed as per the guidelines of the Institutional

Animal Ethics Committee (IAEC).

Isolation of peritoneal macrophages

About 1 mL of 4% thioglycolate was injected intraperitoneally in Balb/c mice. Mice were sacrificed after 4 days using CO2 asphyxiation. The

adherent macrophages were cultured with Dulbecco’s Modified Eagle Medium (DMEM) (Invitrogen, USA) supplemented with 10% Fetal

Bovine Serum (FBS, Thermo Fisher Scientific, USA), 1% Antibiotic-Antimycotic (Invitrogen, USA) and 1% Glutamax (Invitrogen, USA).

Generation of anti-MtbCM antibody in mice

MtbCM-specific antibody was generated in Balb/c mice as per approved guidelines of the Institutional Animal Ethics Committee (IAEC)

of CDFD, Hyderabad. Mice were subcutaneously immunized with recombinant MtbCM (100 mg/mouse) in incomplete Freund’s adjuvant

(IFA, Sigma Aldrich, USA). After day 21 of the first immunization, two subcutaneously booster doses of the recombinant MtbCM protein

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: organisms/strains

Balb/c Mice (Male/Female Any) CDFD Animal house facility Cat# NA

Recombinant DNA

Primers for cloning of MtbCM

(F: 50 ATCATATGTTGCTTACC

CGTCCACGTGA 3’ &

R: 50 ATCTCGAGGGCCGG

CGGTAGG 30 )

Eurofins Cat# NA

Primers for Msmeg-MtbCM-PS4

(F: 50 GCCAGCGCGAGTAGTGAG

AGTAGTGATCTATCGGCAT 3’ &

R: 50 CGGTCGCGCGGGGGCCTC

GGCGGCCTAGATAGCCGTA 30)

Eurofins Cat# NA

Primers for Msmeg-MtbCM

(F: 50 ATCCATATTTGCTTACCC

GTCCACGTGA 3’ &

R: 50 ATCGGATCCGAGGGCC

GGCGGTAGG 30)

Eurofins Cat# NA

Oligonucleotides

IL-10 cytokine primers (F: 50 CGGGA

AGACAATAACTGCACCC 3’ &

R: 50 CGGTTAGCAGTATGTTGTCCAGC 30)

Eurofins Cat# NA

GAPDH primers (F: 50 CATCACTGC

CACCCAGAAGACTG 3’ &

R: 50 ATGCCAGTGAGCTTCCCGTTCAG 30 )

Eurofins Cat# NA

RPS29 primers (F: 50 GGTCACCAG

CAGCTCTACTG 3’ &

R 50 GTCCAACTTAATGAAGCCTATGTCC 30)

Eurofins Cat# NA

Software and algorithms

Prism 8.0 GraphPad Cat# NA

ImageJ Open Source Cat# NA

Microscopy

LSM 700 Zeiss confocal microscope Carl Zeiss Micro-Imaging Cat# NA
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(100 mg/mouse) with IFA were injected at 21-day intervals. On day 73, mice were sacrificed, and sera were collected. The specificity of the

MtbCM antibody was confirmed by Western blotting.

Infection of mice

Balb/c mice of 6–8 weeks of age were infected with 5 3 107 CFU of either Msmeg-pVV or Msmeg-MtbCM or Msmeg-MtbCM-PS4 by intra-

venous injection. To confirm that equal numbers of bacteria were administered, the inoculums were first cultured on 7H10 plates containing

antibiotics (kanamycin and hygromycin B) and counted for CFU. At each time point (day 3, 5, and 15), survival of the bacilli inmouse organs was

determined using methods as described previously.57 Briefly, the mice were sacrificed and liver, lung and spleen were removed aseptically

and homogenized in sterile PBS-T. Mouse tissue homogenates were diluted in PBS-T and 100 mL aliquots from each dilution were plated on a

Middlebrook 7H10 agar plate containing 10%OADC, 25 mg/mL kanamycin, and 50 mg/mLof hygromycin B. The plates were incubated at 37�C
and the CFUs were determined after 4 days.

List of antibodies and conjugates used

Rabbit anti-PKC epsilon (phospho S729) antibody (Ab) (Abcam, USA), rabbit anti-PKCεAb (Abcam, USA), mouse anti-phospho-p38MAPKAb

(BD Biosciences, USA), mouse anti-p38 MAPK Ab (BD Biosciences, USA), rabbit anti-MKP-1 Ab (Abcam, USA), rabbit anti-IRAK3 Ab (Cell

Signaling Technology, USA), rabbit anti-AKAP9 Ab (Thermo Fisher Scientific, USA), anti-GAPDH mouse Ab (Abcam, USA), Alexa Fluor

488-conjugated goat anti-rabbit Ab (Thermo Fisher Scientific, USA), Alexa Fluor 488-conjugated goat anti-mouse Ab (Thermo Fisher Scien-

tific, USA).

Cloning, expression and purification of recombinant MtbCM protein

The MtbCM was amplified from M. tuberculosis H37Rv genomic DNA using specific set of primer pair (Forward Primer; 50-ATC
ATATGTTGCTTACCCGTCCACGTGA-30 and Reverse primers; 50- ATCTCGAGGGCCGGCGGTAGG-30). Amplification was carried out using

a thermal cycler with denaturation at 95�C, annealing at 61�C, and extension at 72�C for 30 cycles. The polymerase PCR products were cloned

into the corresponding sites of the pET23a (Novagen, USA) expression vector containing 6X-His-tag at the C-terminus. E. coli BL21(DE3) cells

were transformed with pET23a-MtbCM and were grown in 1 L of LB (Luria-Bertani) liquid medium supplemented with 100 mg/mL ampicillin

and 10% glycerol. To induce protein expression, Isopropyl b-D-1-thiogalactopyranoside (IPTG) was added to the mid-log phase culture at a

final concentration of 0.1 mM. The cells were incubated at 27�C/150 rpm for 5 h in an incubator shaker to allow protein expression. Following

induction, the cells were harvested by centrifugation and re-suspended in lysis buffer (10 mM Tris-HCl, 100 mM NaCl, and 10% glycerol,

pH 7.5) with 0.1 mM phenylmethylsulfonyl fluoride (PMSF) and disrupted using a sonicator. After another round of centrifugation for

10 min at 10,000 3 g, the supernatant was applied to a Talon cobalt affinity resin (Clontech, USA). The nonspecific proteins were removed

by washing the column with 5-bed volume of lysis buffer containing 30 mM imidazole. The desired protein fractions were eluted with lysis

buffer containing 300mM imidazole. The fractions containing protein were collected, pooled, and dialyzed against PBS buffer to remove salts

and imidazole. The purity of the protein was checked by SDS-PAGE followed by Coomassie Brilliant Blue staining.

Generation of recombinant M. smegmatis expressing MtbCM (Msmeg-MtbCM)

MtbCM was amplified from M. tuberculosis H37Rv genomic DNA using a specific set of primers (Forward primer; 50-ATC
CATATTTGCTTACCCGTCCACGTGA-30 and reverse primer; 50 -ATCGGATCCGAGGGCCGGCGGTAGG-3’. The PCR products were cloned

into the corresponding NdeI and BamHI sites of pVV16 vector containing 6 histidine-tag (6X-His-tag) at its C-terminus. The presence of

MtbCM sequence in the framewas further confirmed by sequencing the recombinant clones (pVV16-MtbCM).M. smegmatis competent cells

were transformed with pVV16-MtbCM via electroporation. Positive transformants were selected onMiddlebrook 7H10 agar plates containing

10% OADC (Oleic Albumin Dextrose Catalase, HIMEDIA, India), kanamycin (25 mg/mL), and hygromycin B (50 mg/mL). Single bacterial col-

onies were picked up and MtbCM expression was confirmed by immunoblotting using anti-MtbCM Ab raised in-house in mice (Balb/c).

Site-directed mutagenesis of SH3 binding domain in MtbCM

Site-directedmutagenesis was performed by using primers containing the requiredmutations. Tomutate all four proline to serine residues of

the SH3 binding motif of MtbCM, the set of primers (forward Primer; 50- GCCAGCGCGAGTAGTGAGAGTAGTGATCTATCGGCAT-30 and
reverse Primer; 50- CGGTCGCGCGGGGGCCTCGGCGGCCTAGATAGCCGTA-30). The primers were used to amplify the whole pVV16-

MtbCM plasmid. The template plasmid was digested using Dpn1 enzyme and the mixture was transformed into XL-1 Blue comp cells.

The selected mutants (MtbCM-PS4) were confirmed by DNA sequence analysis. Next, M. smegmatis competent cells were transformed

with pVV16-MtbCM-PS4 via electroporation. Positive transformants were selected on Middlebrook 7H10 agar plates containing 10%

OADC, kanamycin (25 mg/mL), and hygromycin B (50 mg/mL). Single bacterial colonies were picked and MtbCM-PS4 expression was

confirmed by immunoblotting using anti-MtbCM Ab.

Detection of MtbCM in bacterial culture

Msmeg-MtbCMwas grown in Sauton’smediumwith kanamycin (25 mg/mL) and hygromycin (50 mg/mL). Once the culture reached absorbance

at 600 nm to 0.8–1.0, the culture filtrate (CF) was harvested by centrifugation, and CF was filtered using 0.45-micron filter. Next, the CF was
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concentrated about 200 times using a 3 kDa cut-off centricon filter (Millipore, USA) at 4�C. ConcentratedCFwasmixedwith 1X Laemmli buffer

and boiled at 95�C for 5–10 min. The bacterial cell lysate was also prepared by sonicating the pellets in lysis buffer [10 mM Tris-HCl, 100 mM

NaCl, and 10% glycerol, pH 7.5) with 0.1 mM phenylmethylsulfonyl fluoride (PMSF)] and mixed with 1X Laemmli buffer and boiled at 95�C for

5–10 min. Next, bacterial cell lysate and CF were resolved on SDS-PAGE followed by Western blotting using anti-MtbCM antibody and HRP

(horseradish peroxidase) conjugated anti-mouse secondary Ab (Sigma-Aldrich, USA). GroEL1 was used as a negative control for bacterial

cell lysis.

Growth kinetics

Colonies of Msmeg-MtbCM orM. smegmatis harboring the empty vector alone (pVV16) (Msmeg-pVV) were inoculated in 10 mL 7H9 broth to

prepare the primary inoculum. About 1mL of the primary culture of eitherMsmeg-pVV orMsmeg-MtbCM containing 100million bacteria was

inoculated into 100 mL of secondary culture. Absorbance at 600 nm was measured every 4 h till the culture reached to stationary phase.

Growth rate (r) was calculated using the formula:

r = ðln ½Absorbance 2 =Absorbance 1�Þ = ðT2 � T1Þ
Where Absorbance 1 and Absorbance 2 indicate the absorbance measured at time T1 and T2 respectively.

Cell culture

RAW 264.7 macrophages and HEK-293T cells were cultured in DMEM supplemented with 10% Fetal Bovine Serum (FBS), 1% Antibiotic-

Antimycotic and 1% Glutamax. The cells were not authenticated internally, as they were pre-authenticated by a non-profit organization

(ATCC). Additionally, both cell lines were confirmed to be free of mycoplasma contamination.

Infection of macrophages

RAW 264.7 macrophages cultured in antibiotic-free medium were infected with either Msmeg-MtbCM or Msmeg-pVV or Msmeg-MtbCM-

PS4 at the multiplicity of infection (MOI) of 1:10 or 1:50. After 2 h of infection, cells were washed to remove extracellular bacilli. Cells were

further incubated at various time points for carrying out different experiments. Culture supernatants were harvested for measuring cytokines

after 24 h and 48 h of infection.

Cytokine assay

The interleukin-10 (IL-10) and tumor necrosis factor-alpha (TNF-a) cytokines secreted in the macrophage culture supernatants, tissue lysates

and blood sera of infected mice were quantified by two-site sandwich enzyme immunoassay (EIA) following the manufacturer’s protocol (BD

Biosciences, USA) as described earlier.11

Isolation of golgi fraction

Golgi fractions were isolated as described earlier.34,58 About 120 million RAW 264.7 macrophages were infected with either Msmeg-pVV or

Msmeg-MtbCM with MOI 1:50. After 5 h of infection, cells were washed and resuspended in lysis buffer (10 mM Tris-HCl, pH 7.4; 250 mM

sucrose; 20 mM EDTA, pH 8.0 and protease inhibitor cocktail). The lysate was centrifuged at 5,000 rpm for 10 min to isolate the post-nuclear

supernatant (PNS). PNS was resuspended with 62% of sucrose to a final concentration of 37% w/v and is poured as the first layer in the ultra-

centrifuge tube followed by 35% and 29% sucrose solution. The tubes were centrifuged at 100,000 3 g for 2.5 h. The Golgi fractions were

isolated from the band appearing between the interface of 35% and 29% sucrose gradient.

Pull-down assay

RAW 264.7 macrophages were infected with either Msmeg-pVV or Msmeg-MtbCM or Msmeg-MtbCM-PS4 at MOI of 1:50. After 5–6 h of

infection, infected cells were harvested, and the lysates were prepared using a lysis buffer containing 50 mM Tris; 100 mM NaCl; 1% NP-

40; 1X Protease inhibitor cocktail (Roche, Germany); 1 mM PMSF and 1X phosphatase (Sigma-Aldrich, USA). The lysate was further incubated

with 1 mg of anti-AKAP9Ab overnight at 4�C. The next day, lysate was incubated with Protein A/G beads (Santa Cruz, USA) at 4�C and after 2 h

of incubation, beads were pelleted down and washed with lysis buffer. After washing, beads were incubated with 1X Laemmli buffer and

boiled at 95�C for 5–10 min. Next, beads were loaded onto 10% SDS-PAGE followed by Western blotting using anti-MtbCM Ab or anti-

PKCε Ab.

Transfection of HEK-293T cells

HEK-293T cells were transiently transfected using Lipofectamine 2000 (Invitrogen, USA) using the manufacturer’s protocol. Briefly, for co-

transfection, 0.5 mg of each plasmid and 3 mL of Lipofectamine 2000 mixture were diluted separately in 100 mL of Opti-MEM (Invitrogen,

USA) and incubated at room temperature. After 20 min of incubation, the mixture was added to HEK-293T cells and cultured in

Opti-MEM. After 6 h of transfection, cells were replenished with fresh complete DMEMmedium and after 24 h of transfection cells were har-

vested for further experiments.

ll
OPEN ACCESS

iScience 27, 111044, November 15, 2024 17

iScience
Article



Immunofluorescence

RAW 264.7 macrophages were infected with either Msmeg-MtbCM of Msmeg-pVV at MOI of 1:10. Cells were harvested and were fixed with

4% paraformaldehyde solution for 15 min. Next cells were washed with PBS and permeabilized using PBS containing 0.15% Triton X-100

(Sigma-Aldrich, USA) for another 15 min. After permeabilization, blocking was carried out using 5% BSA in PBS for 2 h. After blocking, cells

were incubated with primary Ab overnight at 4�C. Next cells were washed and incubated with Alexa Fluor 488–conjugated secondary Ab

(Molecular Probes, USA) for 60 min. Cells were washed and mounted with an antifade mounting medium with DAPI (Vector Labs, USA)

and observed under LSM 700 Zeiss confocal microscope (Carl Zeiss Micro-Imaging).

HEK-293T cells transfected with either a combination of mCherry-TGOLN2 and pEGFP (pEGFP-N1) or mCherry-TGOLN2 and pEGFP-

MtbCM were harvested after 24 h post-transfection. Cells were washed with PBS and were fixed using a 4% paraformaldehyde solution.

Next cells were washed and mounted with an antifade mounting medium with DAPI. Cells were visualized under LSM 700 Zeiss confocal

microscope.

Knock-down of AKAP9 by small interfering RNA (siRNA)

Knock-down of AKAP9 in RAW 264.7 macrophages were performed using mouse specific AKAP9 siRNA (sc-45365) following the manufac-

turer’s protocol (Santa Cruz Biotechnology, USA). The control group received non-targeting siRNA (sc-37007). Briefly, for 12 well plate,

60 pmol siRNA duplex was diluted in siRNA Transfection Medium (3 mL in 200 mL, sc-36868). The siRNA Transfection Reagent (sc-29528)

was also diluted in transfection medium (3 mL in 200 mL) and both the solutions were mixed and incubated for 30 min at room temperature.

The mixture was then added to the cells in a serum free medium for 5 h following which FBS was added. After 24 h, cells were harvested to

check the level of AKAP9 protein expression in control (AKAP-CT) and AKAP9 knock-down (AKAP-KD) macrophages by Western blotting us-

ing anti-AKAP9 Ab.

RNA isolation, cDNA synthesis and quantitative real-time PCR (qPCR)

Cells were homogenised in the Trizol solution (Ambion, USA) for RNA isolation, and chloroform was added. After brief vortexing and incu-

bation for 2–3 min at room temperature, the samples were centrifuged, and transparent supernatant was collected. An equal amount of iso-

propanol was added, and the mixture was centrifuged for 30 min at 14000 rpm (4�C). The pellets were washed twice with 70% ethanol at

14000 rpm (4�C) for 15 min. The pellet was air-dried and dissolved in nuclease-free water. The RNA quantity and quality were analyzed by

Nanodrop. cDNA synthesis was carried out using Moloney Murine Leukemia Virus (M-MLV) reverse transcriptase or SuperScript III reverse

transcriptase as per the manufacturer’s protocol (Invitrogen, USA). Real-time PCR for IL-10 was carried out with primers (Forward primer;

50-CGGGAAGACAATAACTGCACCC-3’; and Reverse primer; 50-CGGTTAGCAGTATGTTGTCCAGC-30) using CFX96 Real-time PCR system

(Bio-Rad, USA) with DyNamo flash SYBRGREEN qPCRmaster mix (Invitrogen, USA) for detection. The fold change (2�DDCt) method was used

to calculate the differential rate of transcription using CFX Maestro Software (Bio-Rad, USA). GAPDH (Forward primer; 50- CATC

ACTGCCACCCAGAAGACTG-3’: and Reverse Primer; 50- ATGCCAGTGAGCTTCCCGTTCAG-30) or RPS29 (Forward primer; 50-GGTCAC

CAGCAGCTCTACTG-30 and Reverse primer; 50-GTCCAACTTAATGAAGCCTATGTCC-30) transcript level was used as the internal control.

Intracellular survival assay

For ex vivo intracellular survival assay, RAW 264.7 macrophages were infected with either Msmeg-MtbCMorMsmeg-pVV or Msmeg-MtbCM-

PS4 atMOI of 1:10. Next, macrophages were harvested at various time points (3 h, 24 h, 48 h), lysed, and plated over 7H10 agar supplemented

with 10%Middlebrook OADC, 25 mg/mL kanamycin and 50 mg/mL hygromycin B for determining intracellular viable bacteria by colony-form-

ing unit (CFU) counting.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented asMeanG SEM, and Student’s t-test was used to determine the statistical significance of differences between the groups.

p < 0.05 was considered to be significant.
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