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Metal ions are essential trace elements for all living organisms and play critical catalytic, structural, and allosteric roles in many enzymes and transcription factors. Mycobacterium tuberculosis (MTB), as an intracellular pathogen, is usually found in host macrophages, where the bacterium can survive and replicate. One of the reasons why Tuberculosis (TB) is so difficult to eradicate is the continuous adaptation of its pathogen. It is capable of adapting to a wide range of harsh environmental stresses, including metal ion toxicity in the host macrophages. Altering the concentration of metal ions is the common host strategy to limit MTB replication and persistence. This review mainly focuses on transcriptional regulatory proteins in MTB that are involved in the regulation of metal ions such as iron, copper and zinc. The aim is to offer novel insights and strategies for screening targets for TB treatment, as well as for the development and design of new therapeutic interventions.
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1 Introduction

Tuberculosis (TB) is a major infectious disease caused by Mycobacterium tuberculosis (MTB) and poses a serious threat to global public health. According to the 2023 report of the World Health Organization, in 2022, TB was the second most common single infectious disease in the world after coronavirus disease (COVID-19), causing almost twice as many deaths as AIDS (WHO, 2023). More than 10 million people still develop TB each year (WHO, 2023). Despite the century-long fight against TB, the progress in research for its prevention and treatment has been slow, mainly due to insufficient studies of the mechanisms of its pathogenesis and latent infection.

Metal ions, including iron (Fe), zinc (Zn), copper (Cu), nickel (Ni), cobalt (Co), and manganese (Mn), are essential for a wide range of physiological processes. Their importance lies in their catalytic role in biochemical reactions as cofactors for redox, electron transfer, and hydrolase enzymes, as well as their structural allosteric effect on the structure of biomolecules (Lee et al., 2012; Sharma et al., 2023). All forms of life require trace amounts of metal ions to perform their physiological functions. It is estimated that about 30% of proteins and nearly 50% of enzymes require trace amounts of metal ions as cofactors for their life activities or structural modifications (Shafeeq et al., 2013). Metal ions play an important role not only in growth, replication, and cellular metabolism (Waldron and Robinson, 2009; Botella et al., 2012; Burcham et al., 2020) but also in the proliferation of pathogens and in the synergistic interaction between the host and the formation of antimicrobial radicals (Nairz et al., 2014).

MTB is an intracellular pathogen whose survival rate is suppressed by the mammalian immune system by affecting its metal ion homeostasis (Figure 1). Specifically, metal toxicity and metal starvation represent two important pathways through which the host immune system combats MTB. Host cells inhibit the growth of MTB by depriving it of essential metal ions necessary for survival, while using metal ions such as iron, copper, and zinc to inhibit MTB growth (Weiss and Schaible, 2015). An imbalance in metal ion concentration can lead to the inactivation of metalloproteins or the generation of reactive oxygen species (ROS) via the Fenton reaction, which can be toxic to cells (Eijkelkamp et al., 2015; Eom and Song, 2019). Therefore, MTB ensures its survival in the host by regulating the transport of metal ions in macrophages. The crucial part of this process involves proteins that are relevant to the regulation of metal ion concentration. These proteins act synergistically to maintain metal ion homeostasis and resistance by modulating the expression of metal ion transporter proteins.




Figure 1 | The mechanism of transcriptional regulators in metal ion homeostasis in MTB. (A) The mechanism of iron homeostasis regulated by IdeR. The main function of the IdeR is to repress the expression of iron uptake genes when the intracellular iron concentration is enriched, thus preventing the iron concentration from becoming too high to reach toxic levels (Bradley et al., 2020). When iron ion level is high, IdeR binds with Fe2+ and this complex binds to the promoter region of targeted genes which are regulated by IdeR. IdeR downregulates the expression of siderophores (include MBT and cMBT) synthases, associated transport proteins, and genes involved in iron uptake; and upregulates the expression of iron storage proteins. MTB and cMTB have an extremely high affinity for iron ions and can withdraw it from insoluble hydroxides and iron-binding proteins (Gobin and Horwitz, 1996; Rodriguez et al., 2022). MTB increases cMBT secretion to obtain more iron ions by chelating them from outside of bacteria. When iron ion level is low, IdeR dissociates from the promoters of the target genes and then the iron uptake genes are expressed (Marcos-Torres et al., 2023). (B) The mechanism of copper homeostasis regulated by CsoR, RicR and Rv0474c. CsoR, RicR and Rv0474 were all upregulated when copper ion is high. CsoR binds to the promoter of its own copper-sensitive operon (cso) containing four genes (rv0967-rv0970). Cu+-CsoR complex dissociate from cso, resulting in upregulation of four genes (rv0967-rv0970) (Liu et al., 2007). Copper also de-represses RicR from its own promoter as well as other promoters (Liu et al., 2007; Festa et al., 2011; Marcus et al., 2016). Cu+-RicR complex dissociates from its own promoter as well as other promoters including mymT, lpqS, rv2963 (a putative permease gene), socAB, mmcO, and ricR, resulting in up-regulation of these genes (Festa et al., 2011). When Rv0474 binds with Cu2+, this complex can interact with rpoB promoter and leads to the repression of RpoB (Raghunandanan et al., 2018). (C) The mechanism of zinc homeostasis regulated by SmtB (Rv2358) and Zur (Rv2359). Zn2+ significantly weakens the affinity of SmtB for DNA, enabling RNA polymerase to load and initiate transcription of the operon (Canneva et al., 2005). Zur is activated by Zn2+, and it is then able to bind to the promoter region of the znuABC gene cluster encoding proteins which are involved in zinc uptake (Lucarelli et al., 2007).



Hence, an in-depth and systematic study of the regulatory mechanisms governing regulatory proteins is essential for elucidating the interaction between MTB, metal ions, and the host. In this review, we mainly focus on elucidating the roles of transcriptional regulatory proteins in MTB that regulate metal ions such as iron, copper and zinc, with the aim of providing ideas and new strategies for screening new targets for TB treatment and developing and designing new therapeutic interventions (Supplementary Table S1).




2 Metal ion-dependent proteins



2.1 Iron- dependent transcriptional regulatory proteins

Iron is essential for MTB survival and plays a crucial role in the dysregulated metabolism of TB. This metal serves as a limiting factor for MTB infection, making it challenging for the bacterium to replicate and persist in environments with low iron concentrations (Phelan et al., 2018). Conversely, an excess of intracellular iron promotes lipid peroxidation by generating reactive oxygen species (ROS) via the Fenton reaction, eliminating MTB (Chen et al., 2021).

Like almost all mammalian pathogenic bacteria, MTB must acquire iron ions from the host. Although iron is the fourth most abundant element in the earth’s crust, free iron ions are very scarce. Additionally, the concentration of iron ions in host tissues is further diminished as they can bind to iron-binding proteins like transferrin, lactoferrin and ferritin (Weinberg, 1974; Hood and Skaar, 2012; Marcela Rodriguez and Neyrolles, 2014). The host also has molecular mechanisms to inhibit bacterial iron acquisition. One such mechanism involves siderocalin (Scn), a protein that binds to MTB iron carriers capturing host iron, and preventing MTB from acquiring iron. Additionally, haptoglobin (Hpt) binds to free haemoglobin (Hb) with high affinity, thereby reducing the peripheral iron concentration in the host (Spagnuolo et al., 2011). The host tries to limit the available iron for microbial growth. To compete for iron ions, MTB has evolved a range of molecular mechanisms that target both the utilization and storage of iron ions. These adaptations are especially prominent under conditions like long-term hypoxia, low pH, and other environmental factors within the host, allowing MTB to optimize its iron acquisition strategies. MTB can produce two types of iron carriers: the fat-soluble mycobactin (MBT) and the water-soluble carboxymycobactin (cMBT)/exochelin (Gobin et al., 1995; Gobin and Horwitz, 1996; Yeruva et al., 2006; Fang et al., 2015; Tinaztepe et al., 2016; Arnold et al., 2020). MBT located in the bacterial cell membrane and cMBT is an extracellular iron carrier. The cMBT can be released externally and has the ability to obtain insoluble iron from host iron sources such as transferrin and ferritin (Macham et al., 1975; Gobin and Horwitz, 1996; Ratledge, 2004). The iron homeostasis of MTB is closely related to the oxidative stress response and must be tightly regulated because excess iron can be toxic to MTB (Imlay, 2013; Pandey and Rodriguez, 2014; Moraleda-Muñoz et al., 2019; Guth-Metzler et al., 2020).

In MTB, genes associated with iron homeostasis are tightly regulated by iron-dependent transcription factors, mainly including IdeR (Iron-dependent regulator, Rv2711), HupB (HU homologue, histone-like protein, Rv2986c), and Rv1474c (Iron-dependent regulatory protein). IdeR belongs to the DtxR family and acts as a virulence factor in MTB (Feese et al., 2001). Survival of the IdeR-deficient strains was compromised in macrophage and mouse models, underscoring the significant contribution of IdeR to the iron homeostasis, growth and virulence of MTB (Pandey and Rodriguez, 2014). IdeR consists of 230 amino acids and the first 140 amino acid residues share 88% similarity with DtxR, implying a similar function between IdeR and DtxR (Eckelt et al., 2015). The main function of the IdeR is to repress the expression of iron uptake genes when the intracellular iron concentration is enriched, thus preventing the iron concentration from becoming too high to reach toxic levels (Bradley et al., 2020). When intracellular iron levels are low, the metal-free IdeR is inactive and iron uptake genes are expressed (Marcos-Torres et al., 2023). IdeR plays a crucial role in bacterial iron homeostasis, regulating the expression of iron carrier synthases, associated transport proteins, and genes involved in iron uptake and storage (Feese et al., 2001; Gold et al., 2001; Merchant and Spatafora, 2014; Pandey and Rodriguez, 2014). IdeR also influences genes related to Fe-S clusters and metabolic enzymes (Gold et al., 2001; Pandey and Rodriguez, 2014; Deng and Zhang, 2015; Kurthkoti et al., 2015; Cheng et al., 2018; Zondervan et al., 2018; Marcos-Torres et al., 2023). While inhibiting iron uptake, IdeR activates iron storage genes, illustrating how IdeR helps bacteria respond to changes in iron availability and oxidative stress (Rodriguez et al., 2002; Pandey and Rodriguez, 2014; Kurthkoti et al., 2015). When the concentration of iron is high, IdeR binds to iron ions. This binding activates the regulator, allowing it to recognize highly conserved DNA sequences located in the promoter region of its target genes. It was found that under conditions of iron deprivation, IdeR failed to bind with the promoters of target genes. As a result, all genes related to iron uptake were induced, and the synthesis of MTB iron storage proteins was inhibited (Gold et al., 2001). IdeR also regulates mycobacteriocin synthesis by repressing the transcription of genes associated with mycobacteriocin synthesis in the presence of iron. Additionally, IdeR acts as a positive regulator for the expression of the MTB iron storage proteins, ferritin BfrA and BfrB (Gold et al., 2001). Analysis of binding site mutations and metal competition revealed that IdeR contains a high-affinity binding site for Zn2+, assigned to the physical metal binding site II. When Zn2+is present, IdeR needed a 30-fold reduction in Fe2+ concentration to activate DNA binding, as opposed to Fe2+ alone. This suggests that IdeR plays a role of a multifunctional metal repressor in conditions where Zn2+ serves as a structural metal and Fe2+ triggers physiologically relevant promoter binding.

HupB (Rv2986c), also known as MDP1 and LBP, is a cell wall-associated iron-regulated protein expressed at very low iron concentrations. HupB activates the synthesis of siderophores in MTB. When iron ion levels are lower, HupB mutant strains exhibit a significant reduction in both iron carriers and a decrease in the level of transcript levels of mbt, which encodes the MBT biosynthesis. The HupB-complemented strain exhibited a similar level of iron carrier production compared to that of the wild type (Pandey et al., 2014b). In contrast, IdeR was expressed in the presence of excess iron in the cell. HupB and IdeR precisely regulate siderophores biosynthesis under low and high iron concentrations, respectively (Pandey and Rodriguez, 2014; Pandey et al., 2014a; Granados-Tristán et al., 2023). HupB promotes the expression of MBT and cMBT, and it induces the Th2 immune response. However mutant strains lacking HupB fail to survive in macrophages, highlighting the crucial role of HupB in the host interactions (Pandey et al., 2014b; Choudhury et al., 2022). Moreover, the expression of HupB was detected in TB patients (Yeruva et al., 2006), and anti-HupB antibody level was found to be elevated in these patients with low serum iron levels, indicating an up-regulation of HupB expression (Sivakolundu et al., 2013). The presence of this protein in vivo, coupled with its essential role in countering MTB survival within the host, suggests that HupB could be a promising anti-TB vaccine candidate (Pandey et al., 2014b).

In addition, Rv1474c, a transcriptional iron-dependent regulatory protein, regulates the expression of the essential protein aconitase (Acn), which contains a [4Fe4S] cluster. Acn plays a role not only in the energy cycle but also binds to predicted iron-responsive RNA elements. Rv1474c orchestrates the iron-dependent regulation of Acn in vivo, when MTB is grown under iron-deficient conditions. Besides ferric ions, Rv1474c can bind tetracycline and affect its DNA-binding capability (Balakrishnan et al., 2017).




2.2 Copper-dependent transcriptional regulatory proteins

Copper is essential for various biochemical processes and plays a crucial role in enzymatic reactions (White et al., 2009; Stafford et al., 2013; Marcela Rodriguez and Neyrolles, 2014). As a specialized aerobic bacterium, MTB requires copper for replication (Grosse-Siestrup et al., 2021), but Copper uptake systems have not been identified in MTB (Marcela Rodriguez and Neyrolles, 2014). Copper is a well-known antimicrobial agent (Samanovic et al., 2012; Shi et al., 2014), and macrophages use it as the defensive weapon against MTB, therefore copper resistance is necessary for the virulence of MTB (Wolschendorf et al., 2011). The high concentration of copper ions effectively targets and exerts bactericidal effects on phagocytosed microorganisms (Fu et al., 2014; Darwin, 2015). In the host, MTB encounter Cu+ within the phagolysosomes of macrophages, and Cu+ can undergo Fenton chemistry in vitro, reacting with hydrogen peroxide to produce hydroxyl radicals (OH-), which in turn damages lipids, proteins and DNA (Hood and Skaar, 2012). In response to excessive levels of copper ions, bacterial pathogens adopt complex copper-sensing and detoxification mechanisms. At a transcriptional level, copper resistance operons typically follow a basic framework comprising: (a) copper-metal transcriptional regulators (usually repressors): (b) copper-binding proteins; and (c) P-type ATPases (Festa and Thiele, 2012). Among these, the copper transporter protein B (MctB) and ATPase CtpV are pivotal components. They play a crucial role in the proliferation of pathogens by mitigating copper toxicity within the host, particularly during macrophage phagocytosis, thereby limiting levels of copper ions (Wolschendorf et al., 2011; Botella et al., 2012; Hodgkinson and Petris, 2012; Neyrolles et al., 2013). Within MTB, the regulatory proteins such as CsoR (Rv0967), RicR (Rv0190), Rv0474 and SigC (Rv2069) have the capacity to modulate copper ion concentrations. CsoR, RicR and Rv0474c function at levels of copper ions that are toxic, whereas SigC functions under conditions of copper deficiency.

The copper inducible transcriptional repressor CsoR was firstly founded in MTB (Liu et al., 2007) and regulates the copper-sensitive operon (cso), containing four genes (rv0967-rv0970), namely rv0967 (CsoR), rv0968 (conserved protein), rv0969 (a copper exporting ATPase, CtpV) and rv0970 (probably conserved integral membrane protein). The crystal structure of CsoR indicates that the protein forms a homodimer with each monomer bound to one molar equivalent of Cu+ (Liu et al., 2007). The binding variant of copper reduces the binding affinity of DNA. This resulted in down-regulation of the copper-sensitive manipulator (cso) at the transcriptional level in response to copper stress. Csor (rv0967) and CtpV (rv0969) genes in the cso operon are induced by an increasing level of copper ions but not by nickel and Zinc ions (Liu et al., 2007). Transcriptome analysis of MTB cultures exposed to different copper concentrations showed that 30 copper-responsive genes in MTB changed, with half of them (including rv0967c) only being induced with the addition of 50 μM copper ions (Ward et al., 2008). CtpV is a putative copper exporter and is utilized by MTB to maintain resistance to copper toxicity. It is reported that a mutant strain of CtpV resulted in changes at the transcription level of 98 genes, which explains the increased stress experienced by the bacteria in the absence of this detoxification mechanism (Ward et al., 2010). Mice infected with the CtpV mutant showed reduced lung damage and immune response and a significantly longer survival time compared to wild-type (Ward et al., 2010). The study of CtpV is the evidence of a link between bacterial copper responses and MTB virulence, supporting the hypothesis that copper responses may play an important role for intracellular pathogens (Ward et al., 2010).

RicR (Rv0190) is the second copper transcriptional repressor found in MTB to defend against copper toxicity (Higgins and Giedroc, 2014; Shi et al., 2014). RicR is homologous to CsoR and regulates more genes than CsoR, including mymT (encodes a mycobacterial metallothionein), lpqS (encodes a putative lipoprotein), rv2963 (a putative permease gene), socAB (small open reading frame induced by copper A and B), mmcO (a mycobacterial lipoprotein), and ricR itself (Shi et al., 2014). Disruption of RicR leads to the greater regulatory impact on copper-stressed bacteria compared to CsoR (Festa et al., 2011). It is unclear why MTB has two copper-specific sensors similar to CsoR, but this may be related to the different set points or cellular sensitivities of copper sensed by CsoR and RicR (Higgins and Giedroc, 2014). Deletion or disruption of a single RicR-regulated gene had no effect on virulence in mice. Disruption of any of the RicR-regulated genes, except mymT, was not sufficient to sensitize MTB to copper. It is suggested that several RicR regulated genes are required simultaneously in vivo to counteract copper toxicity, or the regulator is also important for resistance to host defence mechanisms that are not dependent on copper (Shi et al., 2014).

In addition, it was observed that the transcriptional regulatory protein Rv0474 in MTB can repress its own transcription under sufficient copper concentrations. Conversely, in the presence of high levels of copper ions, it stimulates its own expression, acting as a copper-responsive transcriptional regulator protein under conditions of elevated copper toxicity. Upon binding with copper, Rv0474 is directed to the promoter region of the gene encoding the RNA polymerase B subunit (RpoB). This interaction leads to the repression of both RpoB and the regulatory mechanism mediated by Rv0474. Of note, this regulatory function is specific to pathogenic Mycobacterium spp (Raghunandanan et al., 2018). Additionally, Rv0474 exhibits elevated expression levels during the transition from dormancy to resuscitation in MTB (Gopinath et al., 2015). It is suggested that Rv0474 could serve as a crucial target for drug design in the treatment of TB during latent infection.

Sigma factor C (SigC) has been associated with MTB virulence in various animal models. It plays a role in preventing copper starvation and serves as a transcriptional regulator of copper ion acquisition when copper is limited (Grosse-Siestrup et al., 2021). Previous studies have revealed that the growth of sigC-deficient strains was slower than that of the wild-type strain in a copper ion-deprived medium. Transcriptomic analysis revealed differential expression of genes controlled by the nrp operon and 40 additional genes under lower copper concentrations. However, supplementation with copper ions reversed the growth defects and eliminated the transcriptional differences in most of the genes. In addition, prolonged induction of SigC resulted in increased expression levels of rv0846-rv0850, which encode the copper-responsive regulator RicR and its operon genes. This increase suggested that prolonged induction of SigC leads to excessive copper uptake.




2.3 Zinc-dependent transcriptional regulatory proteins

Intracellular Zinc ions play a crucial role in the functioning of the host immune system. The significance of Zinc for the host’s immune function of host is underscored by statistics indicating an increased incidence of several infectious diseases in developing countries associated with Zinc deficiency. Adequate dietary supplementation of Zn may have a positive impact on the prevention of infectious diseases (Shafeeq et al., 2013). Zn catalyzes physiological and biochemical reactions by forming stable complexes with enzymes and proteins. Most zinc-containing enzymes play a crucial role in hydrolysis or related transfer reactions essential for cell survival. As more protein structures were analyzed, the number of zinc-containing proteins with Zn action sites in MTB significantly increased. Zn was found to be an important component of a number of enzymes, including Zn metallopeptidases, carbonic anhydrases, and fructose bisphosphate aldolases (Marcela Rodriguez and Neyrolles, 2014). Clinical studies have confirmed that Zn ions can effectively counteract MTB (Mazumder et al., 2018). In high concentrations of Zn2+, Zinc ions can bind to non-homologous proteins in MTB more effectively than the natural metal ions that typically bind to these proteins. This ultimately leads to protein dysfunction, effectively inhibiting the growth of MTB (Lucarelli et al., 2007).

In MTB, two key zinc regulatory proteins, SmtB (Rv2358) and Zur (Rv2359), work together to regulate the uptake or release of zinc ions. Using M. smegmatis (Ms) as a model system, it was found that smtB and zur genes are co-transcribed from a common promoter induced by Zn (Milano et al., 2004). The SmtB (Rv2358) protein appears to be responsible for the zinc-dependent repression of the smtB-zur operon. Binding of SmtB to Zn significantly weakens the DNA binding affinity, enabling RNA polymerase to load and initiate transcription of the operon (Canneva et al., 2005). Zur (zinc uptake regulator, formerly known as FurB) is a transcriptional repressor, which controls 21 genes whose expression is up-regulated under Zn2+ limiting conditions (Maciag et al., 2007). When MTB infects the host, intracellular zinc ions can be accumulated in macrophage phagolysosomes. High level of zinc ions are used to response MTB infection (Botella et al., 2011). There are significant fluctuations in Zn2+ concentration in MTB throughout the infection process. Zn2+ rapidly accumulates in phagosomes, but MTB has been demonstrated to counteract the toxic effects of Zn2+ on macrophages through the use of P1-type ATPase (Wagner et al., 2005; Botella et al., 2011).

The host utilizes the pathogen’s requirement for metal ions to generate factors that restrict the metal supply, a phenomenon referred to as trophic immunity (Zackular et al., 2015). However, this defence mechanism seems ineffective in controlling MTB infection (Dow et al., 2021). When MTB senses low concentration of Zn ions, calprotectin activates the Zn shedding regulator Zur in vitro (Rv2359) (Dow et al., 2021). In vitro, extended periods of low Zn2+ concentration lead to a plethora of physiological changes, such as differential expression of specific antigens, altered lipid metabolism, and different morphologies on the cell surface. In addition, Zn2+-restricted MTB enhances defences against oxidative stress by increasing the expression of proteins involved in DNA repair and antioxidant activity. This includes the upregulation of KatG and AhpC proteins associated with the toxicity response, along with altered utilization of redox cofactors to counteract oxidative stress (Dow et al., 2021).




2.4 Additional metal ion transcriptional regulatory proteins

There are other metal transcriptional regulators in MTB that regulate metal ions such as Ni, Cd and Co. Within the family of metal-sensing transcriptional regulatory proteins in MTB, the ArsR-SmtB family exhibits the greatest diversity, featuring various different metal-binding and non-metal-binding motifs. There are 12 ArsR homologues in MTB (Gao et al., 2011, 2012), and the ArsR-SmtB proteins primarily function as de-repressors, detaching from the target gene DNA upon binding to metal ions, thereby facilitating DNA transcription. Four proteins from this family, namely KmtR (Kanamycin resistance regulator, Rv0827c), CmtR (cobalt/magnesium transporter regulator, Rv1994c), SmtB (Rv2358), and NmtR (nickel-cobalt resistance regulator,Rv3744), have been successively investigated (Cavet et al., 2003; Campbell et al., 2007; Chauhan et al., 2009; Gao et al., 2011). These four proteins serve as metal-sensing entities, with KmtR and NmtR sensing nickel-cobalt, CmtR sensing cadmium and lead, and SmtB sensing Zn (Gao et al., 2012). To clarify, CmtR also senses Cd and lead (Pb), while SmtB senses Zn.




2.5 Other proteins and metabolites that affect metal ion concentration



2.5.1 Metabolites

Recently, a novel MTB strategy for Zn acquisition has been identified. To take up Zn ions, MTB secretes and imports low-molecular-weight zinc-binding compounds named kupyaphores. This zinc-binding compound metabolite, characterized by a low molecular weight, is synthesized by a biosynthetic cluster (Rv0097-Rv0101) containing five genes in the MTB genome, with a full length of 10.8 kbp. Kupyaphores act as metal carriers. They are synthesized during the early stages of MTB infection, based on the required needs. Their properties allow them to regulate host-pathogen interactions as well as Zn imbalance. At different concentrations of Zn ions, kupyaphores secreted by MTB are tightly regulated, contributing to MTB survival under nutrient-poor and low-toxicity conditions (Mehdiratta et al., 2022). MTB lacking kupyaphores cannot store sufficient amounts of Zn ions.




2.5.2 Enzymes

RiP1 hydrolase (Rv2869c), an intramembrane protein is essential for MTB replication in the mouse infection model. However, the physiological role of this regulatory system is unclear (Schneider et al., 2014; Nelson et al., 2023). Studies have shown that RiP1 induces the expression of a small RNA, which represses PdtaR-regulated proteins by sensing NO and excess copper ions. This process promotes the expression of genes associated with virulence, enhancing MTB survival during infection (Buglino et al., 2021). RiP1 demonstrates its adaptability to stress conditions by cleaving membrane-bound transcriptional regulators. RiP1 is essential for MTB growth under low iron and Zn conditions. It has been reported, and supported by transcriptomics, that RiP1 and SigL synergistically promote MTB growth under low-iron conditions. Additionally, it was demonstrated that deletion of RiP1 and SigL produced an amplified iron starvation response (Nelson et al., 2023).




2.5.3 Secretory system

When bacteria infect the host, MTB can interact with host dendritic cells (DC) and macrophages (Macrophages (Mø)) through the secretion system. In this case, the secreted protein ESX regulates the immune function of host cells and mediates MTB survival of within the host. The ESX secretion system is involved in the virulence and pathogenicity of MTB, comprised of five independently functioning subsystems (ESX-1, ESX-2, ESX-3, ESX-4, and ESX-5), the ESX secretion system is the main secretion system for specific proteins in MTB. This ESX-3 secretion system plays an important role in the metabolism and growth of Mycobacterium, with its mutations severely inhibiting the growth of the bacteria (Gokhale and Iyer, 2022). ESX-3 is highly conserved in several Mycobacterium species, and is one of the VII secretion systems of proteins involved in the TB pathogenesis (Bitter et al., 2009; Stoop et al., 2012). ESX-3 secretion system is required for MBT-mediated iron acquisition (Siegrist et al., 2009), and expression of the esx-3 operon is regulated by Zur and IdeR, to maintain the dynamic balance of Zn and iron, respectively (Rodriguez et al., 2002; Serafini et al., 2013; Kim et al., 2017; Li et al., 2020). Under high iron and Zn concentrations, metalloproteins negatively regulate ESX-3 transcription (Granados-Tristán et al., 2023). In M. smegmatis, ESX-3 T7SS is involved in metal dynamic homeostasis, therefore, we hypothesized that ESX-3 T7SS is closely related to the virulence of MTB. ESX-3 secretes a heterodimer consisting of EsxG (TB9.8) and EsxH (TB10.4), which disrupts phagocytic vesicle maturation in macrophages and plays an essential role in exerting toxicity in mice (Tinaztepe et al., 2016). In addition, the secretion of EsxG and EsxH is regulated by iron and Zn.

ROS are unavoidable and unfavourable factors during intracellular MTB infection. Excess ROS can induce oxidative stress and control bacterial infection by destroying essential cellular components in bacteria such as proteins, lipids, and nucleic acids (Imlay, 2003). CmtR-Zur-ESX3-Zn2+, a new regulatory pathway that contributes to the survival of Mycobacterium under oxidative stress, was identified in M. bovis (Li et al., 2020) The expression of CmtR (Rv1994c), a metal-sensing regulatory protein belonging to the ArsR-SmtB family is significantly induced under H2O2 stress. CmtR can interact with the negative regulatory protein, Zur, to repress the expression of the esx-3 operon, which leads to the accumulation of intracellular Zn ions in Mycobacterium and thus facilitates the detoxification of ROS. Zn2+ serves as an effector molecule of CmtR, and CmtR can use it to repress its own expression, further facilitating antioxidant adaptations in bacteria. Similarly, CmtR can induce EsxH expression and inhibit phagosome maturation in macrophages (Li et al., 2020). In essence, CmtR is important for bacterial survival in macrophages and infected mouse lungs.




2.5.4 Transporter proteins

NicT (Rv2856), a member of the NiCoT family of proteins in MTB, acts as a nickel and cobalt transporter with the capability to transport metals and antibiotics. It actively exports various drugs, and the presence of nickel may contribute to cross-resistance to specific antibiotics. Overexpression of NicT in M. smegmatis enhances tolerance to several antibiotics, including norfloxacin, sparfloxacin, ofloxacin, gentamicin, nalidixic acid, and isoniazid. The relatively low accumulation of norfloxacin in cells overexpressing NicT proteins suggests its involvement in the process of active exocytosis (Adhikary et al., 2022). NicT may serve as a promising target for new drugs or vaccines, offering potential for the development of novel therapies against drug-resistant TB.






3 Discussion

To meet the World Health Organization’s goal of ending the global TB epidemic by 2030, there is an urgent need for the development of new chemotherapeutic agents and safe, effective vaccines. The emergence of multidrug-resistant TB has led to more complex and challenging TB treatment regimens. In the past 40 years, only three new drugs for TB, pretomanid, delamanid, and bedaquiline, have been introduced to the market (Kundu and Basu, 2021). Research on antimicrobial therapeutics targeting metal ions in MTB is promoted due to the increasing number and variety of drug-resistant bacteria and the scarcity of new drug options. Transcription regulatory proteins in MTB that control vital metal ions associated with virulence represent promising targets for antimicrobial drug development (Yang et al., 2022). Therefore, we summarized the targets in the regulation of metal ions and provide an overview of recent advances in antituberculosis drug discovery against metal ions in MTB.

Metals such as iron, copper, and Zinc play crucial roles in key metabolic processes, pathogenicity, and proliferation of MTB, as well as in defence against host-mediated free radical formation (Nairz et al., 2014). Metal-dependent transcriptional regulatory proteins can quickly respond to varying metal concentrations in the host, allowing the microorganism to adapt to harsh conditions of the host’s environment and exploiting the host environment for their own proliferation and survival. Understanding the transcriptional regulatory network of MTB is crucial to elucidate its pathogenesis and survival mechanisms within the host. This knowledge may be a fundamental source of theoretical insight into the pathogenesis and treatment of TB.

Gaining a deeper understanding of the metal-ions-dependent stress encountered by bacteria during infection, along with the molecular mechanisms used by them to adapt to the encountered stressors paves the way for the development of the most effective drugs. Metallotoxicity and metal chelation can be used as effective means of controlling bacterial growth. Both these phenomena hold significant promise, especially in managing drug-resistant bacterial strains in clinical settings. Elucidating metal-responsive regulatory proteins from different pathogenic bacteria, along with their target genes and the factors influencing their metal specificity, will guide future TB control strategies and enhance current metal-based therapeutic approaches. Unraveling the mechanisms involved in metal utilization and access may unveil new drug or vaccine targets, unlocking pathways for innovative therapies against infections and diseases. Deciphering these mechanisms is critical to understanding how MTB adapts to metal stress at the host-pathogen interface and its role in pathogenesis.

IdeR, as an essential gene in MTB, is a very promising drug target. Inhibition of IdeR leads to fatal iron toxicity in MTB and increased sensitivity to antibiotics (Rodriguez et al., 2022). Recent research efforts have shifted towards drug development, with a significant focus on IdeR. Biochemical studies, including the characterization based on the determination of the crystal structure of IdeR and the kinetics of iron binding to DNA, have established a robust foundation for undertaking structure-based development of anti-IdeR drugs. In 2017, Rohilla et al. conducted a virtual screening against the DNA-binding domain of IdeR, which was screened against the NCI database and investigated using gel mobility shift assay (EMSA) (Rohilla et al., 2017). The results identified nine molecules with inhibitory effects on the activity of IdeR. Resolving the co-crystal structures of these small molecule inhibitors with IdeR will aid in further analyzing the key amino acid sites where IdeR exerts its important functions. This will contribute to the development of more effective inhibitors in the future. Inhibitors that restrict the survival of MTB in host macrophages have been screened in a high-throughput manner. It is reported that the compound sAELO57 acts as an iron chelator, limiting the access of MTB to iron and exhibiting activity against intracellular bacteria. sAELO57 showed enhanced inhibition of MTB growth under conditions where cholesterol was the main carbon source. The growth rate of the IdeR knockout strain was slowed down, and this effect was further reduced by the presence of sAEL057 (Theriault et al., 2022). Targeting transcription factors poses a challenge due to the necessity of disrupting intricate protein-protein or protein-DNA interactions. However, since IdeR dimerization and DNA binding rely on metal binding, blocking this metal interaction could be an effective strategy to inhibit IdeR function (Wisedchaisri et al., 2007; Rodriguez et al., 2022).Conducting high-throughput screening of natural or synthetic inhibitors is needed to exploit the apparent sensitivity of MTB to iron dysregulation (Rodriguez et al., 2022).

HupB(Rv2986c) is a lucrative but under-explored target. The crystalline structure of HupB has been investigated (Bhowmick et al., 2014). This may encourage researchers to perform high-throughput screening (HTS)-based drug discovery, scaffold jumping, and hit identification. Shyam et al. have proposed two research directions, the first of which is aimed at accelerating drug discovery through the use of zinc databases for scaffold jumping and drug repurposing. The second is to assess the potential of mycobactin biosynthesis inhibitors to interact with HupB proteins (Shyam et al., 2022). Because Rv1474c lacks homologues in the human host, it holds promise as a potential drug target for the designing novel anti-mycobacterial drugs (Balakrishnan et al., 2017).

The prolonged latent infection of MTB, has led to the emergence of multi-drug-resistant strains, presenting a significant challenge in the treatment, prevention, and control of TB due to extensive antibiotic use. Understanding the modulated immunometabolic pathways of the host following infection is crucial for the development of new therapies. Current research focuses on the development of host-directed therapies (HDT) combined with existing antimicrobials, aiming to enhance host defence. The pathophysiology of TB is closely linked to iron metabolism, a vital factor for MTB survival. Phelan (Phelan et al., 2018) et al. concluded that iron chelators, beyond their direct impact on iron utilization, have a multifaceted influence on immune metabolic function by regulating iron supply to enhance the immune response of the host to TB infection. This suggests their potential as a strategy for host-directed therapy (HDT). Additionally, ferritin, a crucial regulator of macrophage iron homeostasis, enhances host defence against MTB infection. Nuclear receptor coactivator 4 (NCOA4) is a cargo receptor identified in recent years for inducing ferritin degradation. MTB infection promotes NCOA4-mediated ferritin degradation in macrophages. This process increases the intracellular MTB bioavailability of iron, consequently promoting bacterial growth. MTB infection enhances NCOA4-mediated ferritin degradation through p38/AKT1 and TRIM21-mediated proteasomal degradation of HERC2, the E3 ligase of NCOA4. In a mouse model, NCOA4 deficiency in myeloid cells accelerated clearance of MTB. Taken together, this finding reveals a strategy by which MTB manipulates harnesses host ferritin metabolism for its own intracellular survival, highlighting a potential target for host-directed treatment of TB (Dai et al., 2023).

In addition to existing vaccines and antibiotics, metallodrugs have attracted great interest from the pharmaceutical industry. This interest is primarily attributed to their irreversible binding and antimicrobial activity on the active centers of specific enzymes, which may play an important role in the pathogenesis of TB. Combinatorial chemistry has become an important tool for the development of new approaches against MTB. Coelho et al. evaluated the anti-mycobacterial activity of phenylhydroxyformate complexes associated with two ligand metals, Cu2+ and Co2+. They found that both compounds exhibited intracellular inhibitory activity in the intracellular environment of macrophages (Coelho et al., 2020).At a concentration of 200 µg/mL, no cytotoxicity was observed, and the effect was comparable to that of rifampicin. The complexes exhibited the ability to inhibit MTB growth, even in the persistent infection phase. The potential interaction of the metal complexes with urease, an enzyme crucial for bacterial survival in a phagocytic environment in vivo, underscores the prospect of these metals in the development of novel anti-tuberculosis drugs.

Since MTB has evolved a set of molecular mechanisms of protection against Zn2+ toxicity, the use of metal-based therapies to combat MTB requires unique delivery methods or novel materials. Zn and other metal ion acquisition systems can act as protective antigens, offering opportunities for the development of novel vaccines and therapeutic approaches (Shafeeq et al., 2013). In vitro and in vivo studies have shown that Zn oxide nanoparticles (ZnONPs) can kill MTB and MTB-infected macrophages with relatively low cytotoxicity to host cells (Taranath and Patil, 2016; Yaghubi Kalurazi and Jafari, 2021; Behzad et al., 2022; Geng et al., 2023).

In conclusion, it is urgent to meet the persistent and need for TB therapeutics by continuously exploring new drug targets and developing new compounds. In the post-genomic era, advanced genetic tools, innovative molecular biology techniques, and a deeper understanding of the interactions between pathogens and host immunity will undoubtedly facilitate the discovery of new biological targets for chemotherapy, as well as the development of small-molecule drugs.
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