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crops, improves the seed replacement rate and variety re-

placement rates among farmers. Horizontal area expansion 

of oilseed crops in paddy–fallows, potato–fallows, turmeric–

fallows, the North East region and command areas as the 

second crop and intercropping in pigeon pea, sugarcane, 

sorghum and cotton. Crop diversification in paddy–paddy 

systems of the southern states with paddy–oilseeds. En-

courage the use of micro-irrigation systems in oilseed 

crops by providing subsidies on micro-irrigation, specifi-

cally for oilseed crops.  

 Dynamic policy support by an effective procurement 

mechanism at minimum support price for encouraging 

farmers to cultivate oilseed crops. Appropriate policy inter-

ventions to encourage domestic production of oilseeds and 

discourage imports by imposing quantitative restrictions, 

dynamic tariffs and reducing the credit period. Setting up 

of processing facilities in traditional and non-traditional 

areas to reduce the supply chain length, creating local de-

mand and encouraging local consumption.  

 Creating awareness among consumers for optimum use 

of edible oil to maintain per capita consumption at the 

recommended levels.  

 This online survey determined oil consumption by the rural 

and urban Indian households. Total per capita oil consump-

tion was 14.43 kg per annum. Based on the edible oil consu-

mption survey, the NE region consumed less oil (11.09 kg 

per annum), followed by the north zone (11.19 kg per annum). 

The south, central, west and east zones consumed 13.85, 

12.27, 15.37 and 14.93 kg per annum respectively.  
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Mycobacterium tuberculosis has the innate ability to 
adapt and survive the intracellular environments during 
infection. Two-component signalling (TCS) systems and 
serine (Ser)/threonine (Thr) protein kinases facilitate 
metabolic and growth adaptation by directing transcri-
ptomic reprogramming in response to environmental 
stimuli. Presently, little is known about the post-transla-
tional regulation of TCS proteins through O-phospho-
rylation. Using the NetPhosBac 1.0 in silico tool, we 
screened components of M. tuberculosis TCS systems 
for potential Ser/Thr phosphosites. We report extensive 
Ser/Thr phosphorylation of sensor kinases and response 
regulator proteins, suggesting that it might be a distinct 
mechanism enabling the co-regulation of pathways impac-
ting adaptive changes in mycobacterial growth and meta-
bolism.  
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TUBERCULOSIS is a respiratory disease caused by Mycoba-

cterium tuberculosis, an intracellular pathogen responsible 

for about 1.5 million deaths every year1. The pathogenic 

success of M. tuberculosis lies in its ability to adapt and 

survive the changing growth environments during infection. 

Signal transduction systems are central to this adaptability 

and are known to play a vital role in mycobacterial patho-

genesis, virulence and persistence. There are two major arms 

of signalling pathways in mycobacteria, namely the traditional 

two-component signalling (TCS) systems and the ‘eukaryotic-

like’ serine (Ser)/threonine (Thr) protein kinases (STPKs)2,3 

that regulate diverse cellular pathways like cell division, 

transport, metabolism, persistence and virulence.  

 Typically, a TCS system comprises a sensory component – 

histidine sensor kinase (SK), and a response generating com-

ponent – response regulator (RR)4. This paired system facili-

tates the adaptation and survival of bacteria under different 

environmental stress conditions like nutrient starvation, 

hypoxia, nitrosative and oxidative stress (reviewed in Brett 

et al.5). The environmental stimulus is detected by the N-

terminal variable ‘input domain’ of SK, which leads to 

http://dx.doi.org/10.2139/ssrn.1894093
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Table 1. Mycobacterium tuberculosis Ser/Thr protein kinases (STPKs) and two-component signalling systems (TCS) 

                   Gene Known environmental activating signala 
 

STPK   

 PknA  Rv0015c  ND  

 PknB  Rv0014c  Oxygen-dependent replication  

 PknD  Rv0931c  Osmotic stress  

 PknE  Rv1743  Nitric oxide stress  

 PknF  Rv1746  ND  

 PknG  Rv0410c  Nutritional stress (glutamine/glutamate levels)  

 PknH  Rv1266c  Nitric oxide stress  

 PknI  Rv2914c  Low pH associated with low oxygen availability  

 PknJ  Rv2088  In vivo concentrations of Ni2 + and Co2+  

 PknK  Rv3080c  Stationary phase stress  

 PknL  Rv2176  ND  

TCS   

 PhoP/PhoR  Rv0757/Rv0758  Acid induction  

 NarL/NarS  Rv0844c/Rv0845  Nitrate  

 PrrA/PrrB  Rv0903c/Rv0902c  Nitrogen limitation, macrophage infection  

 MprA/MprB  Rv0981/Rv0982  Detergent, alkaline pH, Triton X-100, nutrient limitation  

 KdpE/KdpD  Rv1027c/Rv1028c  K+ limitation, osmotic stress, turgor pressure  

 TrcR/TrcS  Rv1033c/Rv1032c  ND  

 MtrA/MtrB  Rv3246c/Rv3245c  ND  

 TcrX/TcrY  Rv3765c/Rv3764c  Starvation, low iron  

 PdtaR/PdtaS  Rv1626/Rv3220c  Nutrient limitation  

 RegX3/SenX3  Rv0491/Rv0490  Phosphate starvation  

 DevR/DevS, DosT  Rv3133c/Rv3132c, Rv2027c  Hypoxia, nitrate, nitric oxide, carbon monoxide, vitamin C 

 TcrA/SK1, SK2  Rv0602c/Rv0600c, Rv0601c  Antibiotic stress  

Orphan SK/RR   

 OSK  Rv2027c   

 ORR  Rv0195   

 ORR  Rv0260c   

 ORR  Rv0818   

 ORR  Rv2884   

 ORR  Rv3143  
aData compiled from refs 5, 13, 26, 29–37. ND, No data. 

 

 

phosphorylation of the histidine residue in the autocatalytic 

kinase domain. SK phosphorylates a conserved aspartate 

residue in the ‘receiver domain’ of RR through a phos-

photransfer reaction, which in turn modulates the DNA 

binding ability of the variable ‘output domain’ of RR. M. 

tuberculosis has 12 completely paired two-component 

regulatory systems including five orphan regulators and 

one orphan histidine kinase (Table 1). Among these, multi-

ple TCS systems are known to be involved in virulence6 

and two have been shown to be essential for mycobacterial 

survival7,8. 

 Post-translational modification through Ser/Thr/Tyr phos-

phorylation, also known as O-phosphorylation, is a key 

regulatory mechanism ubiquitous to living organisms. Phos-

phorylation of proteins inactivates or activates them, impact-

ing their cellular functions or the downstream regulatory 

pathways. In comparison to eukaryotic organisms, few pro-

karyotes, including bacteria, also have STPKs that stimulate 

a wide variety of signalling networks3. The STPKs integrate 

many cellular or extracellular signals by reversible phos-

phorylation and dephosphorylation of proteins. In M. tu-

berculosis, there are 11 STPKs, viz. PknA–B, PknD–L that 

regulate metabolic homeostasis, transportation, transcrip-

tion, cell growth and division (Table 1)9–14.  

 Typically, the paired TCS system is specific since SKs 

have a kinetic preference for their cognate RRs. This intrin-

sic preference helps SKs to differentiate their cognate RRs 

from all other likely substrates. However, recently it has 

been shown that the absence of either RR or SK generally 

does not eliminate the associated response of the TCS sys-

tem, suggesting the possibility of crosstalk amongst TCS 

proteins in vivo15. Novel interactions between an SK and a 

non-cognate RR and between different DNA-binding RR 

proteins to form heterodimers have been shown to help 

coregulate the downstream expression of regulon genes16.  

 Post-translational regulation via O-phosphorylation of 

TCS proteins is an emerging paradigm of the signalling 

mechanisms in mycobacteria. Convergence of PknB and 

RegX3–SenX3 signalling pathways – integrating two diffe-

rent signals, i.e. phosphate limitation and replication state 

of M. tuberculosis17, suggests that such cross-interactions ulti-

mately lead to a more efficient gene expression and balanced 

coordination within the cell. The DevR RR of the DevRS 

two-component system known to play a role in the hypoxic 

adaptation of mycobacteria18 is regulated by its cognate 

SK along with PknB19 and PknH20 kinases. Recent findings 

from our laboratory established PknK, a cytosolic STPK, as 

the nodal point connecting atypical signalling pathways21,22. 
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Figure 1. A signalling interactome of Mycobacterium tuberculosis two-component signalling (TCS) systems and Ser/Thr protein kinases (STPK) 
proteins. Cartoon illustrating previously reported interactions between STPKs and TCS components16,19,20,31,38–40. The TCS system sensor kinases 
(SKs) along with STPKs PknB and PknH are shown as membrane receptor kinases, while the response regulators (RRs) are shown as cytosolic  pro-
teins. STPK PknK being a soluble kinase is shown as a cytosolic protein. Black solid arrows indicate SK–RR cognate pairs, blue dotted arrows indi-
cate SK–RR non-cognate pairs, pink dotted arrow indicate RR–RR and orange arrows indicate STPK–RR interactions. The 3D structures of specific 
proteins were obtained from the STRINGS database41. 

 

 

Ser/Thr phosphorylation of two essential RRs, viz. MtrA 

and PrrA by PknK underscore the significance of such inter-

actions increasing the complexity of the underlying regu-

latory mechanisms.  

 From an evolutionary point of view, cross-interactions 

between two distinctively different signalling pathways 

resulting in multiple intricate and often overlapping regu-

latory circuits may be responsible for the robust survival 

fitness of microorganisms. Four main types of interactions 

have been reported, namely SK–RR (cognate pairs), SK–RR 

(non-cognate pairs), RR–RR (heterodimers) and STPK-RR 

interactions15. So far, M. tuberculosis STPKs PknB and 

PknH have been shown to phosphorylate multiple RR pro-

teins19,20, with PknK being a recent addition to the list. 

However, there is no information on Ser/Thr phosphoryla-

tion of TCS sensor kinases (STPK–SK interaction) to date.  

 Figure 1 shows a compilation of all experimentally valida-

ted interactions of TCS systems and STPKs in M. tuberculo-

sis. It is noteworthy that out of the 12 paired TCS systems, 

PdtaS–PdtaR, SenX3–RegX3 and TrcS–TrcR systems are 

seen to be completely specific and do not interact with any 

pair other than their cognate partners15,16. This, however, 

does not exclude the possibility of these TCS systems being 

modified by Ser/Thr phosphorylation, thereby allowing 

distinctly separate control of the regulatory pathway.  

 In this study, we screened 31 TCS components listed in 

Table 1 for potential Ser/Thr phosphorylation sites using 

NetPhosBac 1.0 (ref. 23). This tool is based on an artificial 

neural networking model that predicts bacteria-specific O-

phosphorylation. The web address (http://www.cbs.dtu.dk/ 

services/NetPhosBac/) hosting NetPhosBac 1.0 was used 

for the identification of bacteria-specific putative Ser/Thr 

phosphorylation sites23. It should be noted that NetPhosBac 

1.0 takes into account the full-length of the protein irres-

pective of any specific domain regions, such as transmem-

brane regions in its analysis, and only reports phosphosites 

with scores >0.5.  

 In addition to the phosphorylation sites predicted by 

NetPhosBac 1.0, we scored the extent of phosphorylation 

for any RR or SK protein in terms of the percentage number 

of Ser or Thr residues that can be potentially phosphoryla-

ted. In our analysis, we found that both SK and RR proteins 

are susceptible to extensive STPK-mediated phosphoryla-

tion, in addition to their canonical phosphorylation sites on 

histidine and aspartate residues respectively. The complete 

data from the NetPhosBac 1.0 server are provided in Sup-

plementary Table 1.  

 As shown in Table 2, NetPhosBac 1.0 predicted Ser/Thr 

phosphosites for all the TCS proteins analysed. While the 

number of phosphosites varied, the propensity of serine 

versus threonine sites also varied, with phosphorylation on 

the former being more prevalent than the latter. Remarkably, 

KdpD sensor kinase showed the highest number of predicted 

phosphorylation sites. A large percentage of the serine resi-

dues in KdpD (55%) and MtrB (52%) SKs can be potentially 

phosphorylated by STPKs. The sensor kinase Rv0601c 

showed the least number of Ser/Thr phosphorylation sites. 

Amongst the RR proteins, TcrA had the highest percentage 

http://www.cbs.dtu.dk/services/NetPhosBac/
http://www.cbs.dtu.dk/services/NetPhosBac/
https://www.currentscience.ac.in/Volumes/123/09/1164-suppl.pdf
https://www.currentscience.ac.in/Volumes/123/09/1164-suppl.pdf
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Table 2. Predicted Ser/Thr phosphorylation in sensor kinases (SKs) and response regulators (RRs)  

  of TCS systems 

 

 

 

 

 

       Gene 

 

Total no. of Ser  

and Thr residues 

Number of  

potential Ser/Thr  

phosphorylations 

 

Percentage Ser 

phosphorylationa 
 

SK     

 PhoR  Rv0758  S-35; T-29 S-16; T-1 S ++  

 NarS  Rv0845  S-25; T-23 S-10; T-1 S ++  

 PrrB  Rv0902c  S-30; T-28 S-10; T-2 S ++  

 MprB  Rv0982  S-39; T-24 S-10; T-2 S ++  

 KdpD  Rv1028c  S-40; T-56 S-22; T-3 S +++  

 TrcS  Rv1032c  S-36; T-38 S-14; T-5 S ++  

 MtrB  Rv3245c  S-38; T-34 S-18; T-1 S +++  

 TcrY  Rv3764c  S-33; T-36 S-12; T-2 S ++  

 PdtaS  Rv3220c  S-32; T-25 S-13; T-4 S ++  

 SenX3  Rv0490  S-30; T-20 S-10; T-2 S ++  

 DevS  Rv3132c  S-26; T-33 S-11; T-1 S ++  

 DosTb  Rv2027c  S-25; T-30 S-9; T-3 S ++  

 SK1  Rv0600c  S-6; T-18 S-1; T-1 S +  

 SK2  Rv0601c  S-3; T-18 S-1 S ++  

RR     

 PhoP  Rv0757  S-9; T-17 S-3; T-3 S ++  

 NarL  Rv0844c  S-12; T-5 S-7; T-1 S +++  

 PrrA  Rv0903c  S-14; T-13 S-7; T-2 S ++  

 MprA  Rv0981  S-12; T-12 S-7; T-2 S +++  

 KdpE  Rv1027c  S-8; T-15 S-4; T-2 S ++  

 TrcR  Rv1033c  S-17; T-17 S-9 S +++  

 MtrA  Rv3246c  S-5; T-14 S-1; T-1 S +  

 TcrX  Rv3765c  S-15; T-12 S-7 S ++  

 PdtaR  Rv1626  S-7; T-14 S-2 S ++  

 RegX3  Rv0491  S-13; T-12 S-7; T-1 S +++  

 DevR  Rv3133c  S-10; T- 8 S-4 S ++  

 TcrA  Rv0602c  S-6; T-16 S-5; T-2 S ++++  

 Rv0195c  Rv0195  S-12; T-15 S-9; T-2 S +++  

 Rv0260cc  Rv0260c  S-26; T-18 S-10; T-3 S ++  

 Rv0818c  Rv0818  S-15; T-12 S-5; T-3 S ++  

 Rv2884c  Rv2884  S-10; T-17 S-6; T-2 S +++  

 Rv3143c  Rv3143  S-7; T-9 S-4 S +++ 
aPercentage of Ser phosphorylation based on the number of potential phosphosites as predicted by the 

NetPhosBac 1.0 server. Percentage of putative Ser phosphorylation is denoted as follows: + (0–25%), 

++ (25–50%), +++ (50–75%) and ++++ (75–100%). 
bOrphan histidine kinase. cOrphan response regulator. 

 

 

of serine phosphorylation. About 83% of the total number 

of serine sites in TcrA were potentially amenable for pho-

sphorylation, closely followed by orphan RRs, Rv0195 

(~75%) and Rv2884 (~60%) (Table 2).  

 The results obtained with NetPhosBac 1.0 were compared 

with recently published data24, wherein the authors have 

reported widespread O-phosphorylation in M. tuberculosis 

H37Rv strain. We found a distinct overlap between our 

observations and the data reported by Frando et al.24. Ex-

cept for PhoR sensor kinase, there were common phospho-

sites for all TCS proteins, thus providing validating the in 

silico predictions (Supplementary Table 1). Among all the 

other experimentally validated phosphosites reported so far 

in RegX3 (ref. 17), DevR20 and PrrA22 RRs, only one phos-

phosite, Thr151 in RegX3 RR (ref. 17), having a score of 

0.621 was common with our analysis. Incidentally, most of 

the published Ser/Thr phosphosites have low scores and 

thus, were not identified by NetPhosBac 1.0. Being a predic-

tion tool, these differences are conceivable; however, they 

cannot undermine the implication of widespread Ser/Thr 

phosphorylation scored by NetPhosBac 1.0 across all M. 

tuberculosis TCS systems.  

 Notably, the MtrB sensor kinase exhibits cross-inter-

actions not only with multiple non-cognate RRs15,16, but 

was also susceptible to STPK-mediated Ser/Thr phospho-

rylation. It is not surprising that the MtrAB signalling 

pathway, known to be essential for mycobacterial growth 

and cell division7, is subjected to multiple layers of regula-

tion. SK1–SK2–TcrA forms a three-component system25; 

however, its function is not yet defined. Our analysis re-

vealed that while SK1 and SK2 showed the least number 

of Ser/Thr phosphorylation sites, TcrA presented most of 

its Ser/Thr residues as potential sites for phosphorylation. 

It is possible that the lack of dual phosphorylation of SK1 

and SK2 is compensated by O-phosphorylation of the TcrA 

RR. Furthermore, it is interesting to note that TcrA RR is 

https://www.currentscience.ac.in/Volumes/123/09/1164-suppl.pdf
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also a target of MtrB16, which itself is subjected to regulation 

by dual phosphorylation. Since SKs and RRs have specific 

functional domains, such as the histidine kinase and DNA-

binding motifs, we mapped the predicted phosphosites onto 

these domains (data not shown). While no specific pattern 

was observed in the localization of Ser/Thr phosphosites 

in RR proteins, most of them were mapped in the histidine 

kinase domain of the sensor kinases. These observations 

suggest that STPK-mediated phosphorylation of TCS pro-

teins may play an important role in signal sensing, integra-

tion and transduction.  

 Although the functional significance of these interactions 

is unknown and warrants further experimentation, it is clear 

that post-translational modification of both SKs and RR 

proteins must be taken into account in order to fully un-

derstand the dynamics of a signalling pathway. This study 

triggers several questions. For example, under what condi-

tions does the non-canonical Ser/Thr phosphorylation of TCS 

systems dominate the traditional His/Asp phosphorylation 

and does it contribute to the promiscuity observed within 

the TCS systems? Since 9 out 11 STPKs are membrane 

receptor kinases, the feasibility of STPK-mediated modi-

fication of membrane histidine kinases brings forth the issue 

about spatial organization of these proteins. It should be noted 

that the two M. tuberculosis STPKs namely PknG and 

PknK are soluble, cytosolic proteins13,26,27, with PknK be-

ing also associated with the cell wall13. It is possible that cyto-

solic STPKs may be part of a larger scaffold assembly that 

facilitates protein–protein interactions and post-translatio-

nal modifications of SKs. Indeed, data suggest that PknK 

mediates ~86% phosphorylation of RR proteins24. Generally, 

cross-interactions of TCS proteins are considered to be re-

stricted to the TCS systems only. However, recently, it has 

been shown that DevS SK of the DevR/DevS two-compo-

nent system can phosphorylate non-TCS proteins28. This 

highlights the possibility of signal transduction through 

two-component system SKs outside the domain of TCS 

components. In such a scenario, it will be particularly inter-

esting to determine if STPK-mediated regulation of two-

component system SKs is a contributory factor.  

 Our findings indicate that signalling pathways are best 

studied in composite rather than in isolation and pave the 

way for deeper investigations to reveal novel mechanisms 

for regulating mycobacterial gene expression. In all likeli-

hood, these cross-interactions may well account for the 

survival fitness of this intracellular pathogen. We envision 

that uncovering these non-traditional regulatory circuits 

will facilitate the development of newer therapeutic strate-

gies to combat tuberculosis. 
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