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Abstract: Mycobacterium tuberculosis (Mtb), the causative agent of tuberculosis (TB), still 
remains an urgent global health issue, mainly due to the emergence of multi-drug resistant strains. 
Therefore, there is a pressing need to develop novel and more efficient drugs to control the disease. 
In this context, targeting the pathogen virulence factors, and particularly its signal mechanisms, 
seems to be a promising approach. An important transmembrane signaling system in Mtb is 
represented by receptor-type serine/threonine protein kinases (STPKs). Mtb has 11 different 
STPKs, two them, PknA and PknB, have been reported as essential, while PknG and PknH are 
important for virulence and adaptation, since they have been shown to be fundamental for the 
growth of the pathogen in infection models. Therefore, STPKs represent a very interesting group of 
pharmacological targets in M. tuberculosis. In this work, the principal inhibitors of these mycobacterial STPKs 
will be presented and discussed. In particular, medicinal chemistry efforts have been focused on discovering new 
antimycobacterial compounds, targeting three of these kinases, namely PknA, PknB and PknG. Generally, the 
inhibitory effects on the enzymes did not correlate with a significant antimycobacterial action in whole-cell assays. 
However, compounds with activity in the low micromolar range have been obtained, demonstrating that targeting 
Mtb STPKs could be a new promising strategy for the development of drugs to treat TB infections. 
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1. INTRODUCTION 

Mycobacterium tuberculosis (Mtb) is an intracellular 
pathogen and the causative agent of tuberculosis (TB). 
Current anti-TB therapies tend to be rather effective against 
the treatment of this pathology, but their use is correlated 
with significant disadvantages, including several forms of 
toxicities, drug resistance and severe side effects [1]. One of 
the biggest problems is the development of multi-drug 
resistant Mtb strains [2, 3]. Moreover, the available 
treatments are sometimes inefficient at cleansing the body 
of all the bacteria, so some organisms can endure the 
pharmacological therapy [4]. Therefore, there is a great need 
to exploit new druggable targets [5, 6] and to develop more 
efficient anti-TB agents to control the disease.  
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In this context, targeting essential virulence factors, like Mtb 
protein kinases, seems to be a very promising approach. 

Signal transduction in Mtb involves two-component systems 
driven by histidine kinases [7, 8], and 11 eukaryotic-like 
serine/threonine kinases [9]. In addition, Mtb produces and 
secretes one Tyr kinase, PtkA [10], which is required for 
Mtb growth in macrophages [11]. While this kinase has not 
been considered for drug discovery yet, it is interesting to 
note that the substrate of PtkA appears to be the phosphatase 
PtpA, an essential protein for the inhibition of the 
acidification and maturation of host macrophages [12]. PtkA 
is able to transfer phosphate groups to the tyrosine 
phosphatase PtpA, although the role of PtpA 
phosphorylation in Mtb physiology remains to be fully 
elucidated [10].  
While the two-component sensor system, composed of a His 
kinase and a response regulator, has not been studied in-
depth for the development of drugs [13, 14], there is a 
growing interest in the discovery of new compounds able to 
inhibit Mtb serine/threonine protein kinases. 

2. SERINE/THREONINE PROTEIN KINASES 
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Signal transduction is a fundamental mechanism that 
connects extracellular signals to intracellular regulatory 
mechanisms, allowing the adaptation of the organisms to 
changes in environmental conditions. Thanks to this system, 
an extracellular signal is sensed by a protein (sensor), 
transduced across the membrane, and then converted in an 
intracellular response. Reversible protein phosphorylation is 
one of the major mechanisms by which signal transduction 
can be achieved.  

In bacteria, the most widely used mechanism of 
signal transduction is generally the two-component system 
driven by histidine kinases [15]. This system consists of two 
separate proteins, in which the sensor is a transmembrane 
protein that, upon the binding of a ligand, can regulate 
through phosphorylation the transducer, usually a 
transcription factor, which controls the expression of 
specific genes.  

Another important transmembrane signaling system 
is regulated by the receptor-type serine/threonine protein 
kinases (STPKs). This class of proteins is also called 
“eukaryotic-like” for its structural similarity to the well-
known eukaryotic serine/threonine kinase domains, despite 
their low sequence homology (< 30%) [16]. STPKs 
generally consist of an extra-cytosolic receptor domain and 
an intracellular kinase domain. Once the extracellular signal 
is sensed by the receptor domain, the cytosolic kinase 
domain phosphorylates substrate proteins, such as 
transcription factors, enzymes, structural proteins etc. This 
process then promotes a cascade of downstream 
modifications, leading to an alteration of the cellular 
metabolism. 

Differently from the two-component system, STPKs 
are usually poorly distributed among bacteria, with the 
exception of Acidobacteria, some Cyanobacteria and 
Actinobacteria, including Mycobacteria [17]. Indeed, Mtb 
has 11 different STPKs [18], indicating the importance of 
this signal transduction mechanism. Among them, PknA, 
PknB, PknG and PknL were found to be highly conserved 
among mycobacteria, suggesting their involvement in key 
physiological processes in Mtb. Nevertheless, only two 
STPKs (PknA and PknB) have been reported as essential for 
Mtb growth in vitro [19], while the non-essential kinases 
PknG and PknH are required for growth in animal models 
or in macrophages in vitro, thus playing an important role in 
virulence and adaptation [20, 21]. 

Based on their sequence, STPKs have been grouped 
in five homology clusters, clades I-V, encompassing PknA-
PknB-PknL, PknF-PknI-PknJ, PknD-PknE-PknH, PknG, 
and PknK, respectively [22]. Two STPKs (PknG and PknK) 
are soluble proteins, while the others have been proposed to 
be transmembrane proteins. In bacterial STPKs, and 
differently from the eukaryotic ones, the catalytic domains 
are at the N-terminus, and linked to the sensor C-terminal 
domain through a single transmembrane helix [23]. N-
terminal domains are bilobed, with the N-lobe consisting of 
a curled -sheet and a long -helix, and the C-lobe of -
helices [24-28]; all of them are characterized by the presence 
of the 11 conserved subdomains, which are common to 
eukaryotic protein kinases, despite the low sequence identity 
[16, 22]. These subdomains are characterized by conserved 

motifs, endowed with specific functions. In particular, 
subdomains 1-4 and part of 5 comprise the N-terminal lobe 
of the kinase domain, responsible for ATP binding, whereas 
subdomains 5-11 are responsible for the binding of the 
protein substrate and the transfer of the phosphate group 
[15].  

The bacterial STPKs are characterized by the 
presence of an arginine which precedes a conserved aspartic 
acid in the active site [29]. Similarly to many eukaryotic 
STPKs, they are activated by the auto-phosphorylation of 
specific amino acids located in the activation loop, a 
conserved region bordered by the Asp-Phe-Gly and Ala-
Pro-Glu amino acid sequences [28, 30, 31]. The activation 
mechanism involves the phosphorylation of Ser/Thr 
residues in the activation loop upon binding of ATP at the 
active site [32, 33], leading to a conformational change from 
the catalytically inactive dephosphorylated state to the 
active phosphorylated form [29]. Biochemical and structural 
studies of the catalytic domains of PknA, PknB, PknE and 
PknI suggest a regulation of mycobacterial STPKs through 
a “back-to-back” dimerization of the N-lobes of the kinase 
domains [34, 35]. The dimerization, promoted by the 
binding of the sensor domain to a ligand, stabilizes the active 
conformation of the kinase domain, facilitating 
intermolecular autophosphorylation, thus producing a fully 
active kinase domain, able to phosphorylate the substrates. 
Finally, the dephosphorylation by PstP restores the inactive 
unphosphorylated monomeric form [35]. 

Depending on the specificity of their substrates, Mtb 
STPKs play different biological roles, being involved in a 
large variety of processes such as transcriptional regulation, 
cell wall biosynthesis, cell division and cell metabolism 
[23]. Therefore, the understanding of the biological role of 
STPKs is strictly related to the characterization of their 
physiological substrates. However, with the exception of 
PknA, PknB and PknG, which are relatively well-studied, 
STPK substrates are still poorly characterized. In this 
context, recent advances in proteomics and phospho-
proteomics approaches started shedding light on the STPK-
protein phosphorylation network, that regulates the 
mycobacterial cell cycle [36, 37]. 

2.1. PknA and PknB 

PknA and PknB, the only two essential STPKs [19], 
are respectively encoded by the Rv0015c and Rv0014c 
genes, which are present in a conserved operon. This operon 
includes pstP, encoding the only known Mtb Ser/Thr 
phosphatase [30], rodA encoding a peptidoglycan synthase 
involved in the control of cell shape and elongation [38], and 
pbpA coding for a class B penicillin-binding protein, 
involved in cell wall biosynthesis. Due to their location in 
this operon, which is in the proximity of the origin of 
replication, PknA, PknB and PstP were supposed to regulate 
cell division and growth [23, 39]. PknB indeed plays a 
fundamental role in cell shape regulation and hypoxia-
induced cellular replication [40, 41], and it is essential for 
the growth and survival of Mtb in the host [42]. Moreover, 
it was demonstrated that the transcription of pknA and pknB 
is increased in the exponential growth phase [43] or during 
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macrophage infection [44, 45], while pknB was found to be 
down-expressed in a nutrient starvation model of Mtb 
persistence [46]. 

The two kinases are reported to be involved in 
several pathways, for instance in peptidoglycan synthesis, 
and in morphological changes associated with cell division 
[47, 48]. The extra-cytoplasmic domain of PknB comprises 
four penicillin-binding proteins and STPK-associated 
(PASTA) domains, predicted to bind peptides of 
peptidoglycan [49], whose major function seems to reside in 
proper PknB localization, at mid-cell and cell poles [50].  

In particular, it was recently found that PknB 
phosphorylates the pseudo-kinase domain of MviN, which 
then recruits the FhaA protein through its forkhead-
associated (FHA) domain, essential for peptidoglycan 
synthesis [47]. Moreover, they also have a role in other 
pathways, such as central carbon metabolism, through the 
phosphorylation of the regulatory protein GarA [51, 52], or 
in mycolic acid synthesis, by regulating the activity of 
MabA, KasB, and InhA [53-55]. Finally, PknA was shown 
to inhibit cell division protein FtsZ, which is involved in 
septum formation [56]. 

Despite the available information about the 
substrates of PknA and PknB, a deep comprehension of the 
roles of the two kinases in Mtb physiology is still lacking. 
However, different approaches employing integrated 
proteomics, phosphoproteomics, transcriptomics, 
lipidomics and metabolomics analyses have recently been 
used, providing new insights into the different signaling 
pathways involving PknA and PknB [37, 57]. These studies 
revealed that the STPK-protein interaction map includes a 
number of different binding proteins, involved in different 
functions. For instance, the role of PknA and PknB in 
several pathways related to cellular growth, including ATP 
synthesis and electron transport has been evidenced, 
highlighting a previously undescribed role in the regulation 
of translation. Moreover, the kinases also showed a role in 
the regulation of the genes encoding VapC and MazF toxins, 
which block the translation in response to different stresses 
[37, 57]. These results further emphasize the value of PknA 
and PknB as targets for the development of anti-TB drugs.  

2.2 PknG 

PknG is probably the most studied actinobacterial 
STPK, because of its pivotal role in virulence [20, 21] and 
its involvement in the industrial production of glutamate by 
Corynebacterium glutamicum [58]. In particular, PknG is 
important for its roles in Mtb pathogenicity, being involved 
in the inhibition of the phagosome-lysosome fusion in 
infected macrophages [21, 59]. In addition, PknG also plays 
a role in cellular metabolism, by phosphorylating the FHA 
protein GarA [60, 61], involved in the regulation of the 
tricarboxylic acid cycle and the glutamate biosynthesis [20, 
52]. Furthermore, PknG was recently demonstrated to 
phosphorylate in vivo the 50S ribosomal protein L13, 
important for the formation of the biofilm and in the 
maintenance of the redox homeostasis [62, 63]. However, 
these two substrates alone cannot account for the several 
roles proposed for PknG, and for the phenotype of the 

knock-out Mtb strain [20, 36]. Indeed, PknG also seems to 
be involved in resistance to antimicrobial agents [64], 
glycogen metabolism [65] and biosynthesis of rhamnose  
[66]. 

The most recent studies, performed by integrated 
proteomics and phosphoproteomics approaches, identified a 
number of previously undescribed potential PknG binding 
proteins, including the S50 ribosomal protein L2 [67] or 
MurC [37], highlighting the role of this STPK also in amino 
acid, lipid and cell wall biosynthesis. Moreover, PknG was 
also found to interact with the RelB-like and VapB antitoxin 
proteins, suggesting a role in the adaptation to changes in 
environmental conditions, including dormancy [67, 68]. 

From a structural point of view, PknG is a 
multidomain protein, containing an unstructured N-terminal 
extension, a rubredoxin (Rdx)-like domain, adjacent to the 
catalytic site, and a C-terminal dimerization domain 
containing tetratricopeptide repeats [27]. Differently from 
most Mtb STPKs, PknG is not an RD kinase [29]; as such, 
it is not regulated by phosphorylation of the activation loop. 
Conversely, four autophosphorylation sites are present in 
the N-terminal extension, which represent the interaction 
sites with the FHA domain of GarA [69]. Moreover, the Rdx 
domain, containing two CxxCG motifs which act as ligands 
of a divalent metal ion, and are associated with the kinase 
domain, forms a deep substrate-binding cleft [27]. Thus, the 
ability to bind metals as well as the absence of 
phosphorylation in the activation, suggest a possible redox-
dependent regulation [27, 63]. Recently, biochemical and 
structural studies have proposed a regulation of the PknG 
kinase activity based on its substrate GarA, in which the N-
terminal extension and the tetratricopeptide repeats domain 
of PknG optimize the affinity for the substrate, and Rdx 
regulates the kinase activity by restricting the accessibility 
to the active site [70]. Even if the precise mechanism of 
regulation still needs to be completely elucidated, this 
particular regulation of the kinase activity, relying on 
substrate selectivity, paves the way for the development of 
new STPK inhibitors, endowed with novel modes of action 
[70]. 

2.3 Others Mtb STPKs 

Currently, relatively little is known about the 
substrates and functions of the remaining Mtb STPKs, 
especially because they are not essential for Mtb growth [9]. 
Nevertheless, all of these transmembrane receptors have 
important roles, particularly in virulence and/or adaptation 
[7].  

For instance, PnkD, although not essential, was 
demonstrated to contribute to the survival of the bacteria in 
phosphate-poor environments [71, 72]. Indeed, pknD gene 
is located in an operon which also contains pstS2, encoding 
a phosphate-binding protein, in a locus comprising several 
genes involved in phosphate transport [73]. Moreover, PknD 
was shown to phosphorylate Rv0516c, a putative regulator 
of the sigma factor SigF [74], thus probably having a role in 
osmosensory signaling pathway [75]. The crystal structure 
of the extracellular sensor domain of PknD has been solved, 
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showing a six-bladed -propeller, built on a remarkably 
rigid and symmetric framework [76]. Each blade contains 
four antiparallel -strands, with the first strand in the center 
of the structure and the last strand at the outer edge. The 
most variable residues in the blade subdomains are in a 
cluster forming a “cup” motif, which is analogous to the 
ligand-binding surface of several other -propeller proteins; 
this suggests that PknD could bind different ligands, and 
then transmit signals through quaternary structure 
conformational changes of the intracellular kinase domain 
[76]. Interestingly, PknD proved to be essential in animal 
models for central nervous system TB, the most serious 
form of the disease, primarily affecting young children [77]. 
In particular, PknD was found to be necessary for invasion 
of brain endothelia, probably assisting bacterial adherence 
by the association with host extracellular matrix 
components. These findings demonstrate that PknD is an 
important element in the mechanism of bacterial invasion 
and virulence, though it can be contrasted by a specific 
antiserum, thus representing a promising therapeutic 
potential [77, 78]. Indeed, the vaccination with recombinant 
Mtb PknD was demonstrated to prevent TB meningitis in a 
guinea pig model [78]. 

PknE, PknH, PknI and PknK, toghether with PknG, 
have important roles in Mtb intracellular survival [21, 79-
82]. For instance, PknE has been demonstrated to promote 
the suppression of apoptosis, as shown by the use of a pknE-
deleted Mtb strain [79, 83], and to be involved in adaptive 
responses [84] and HIV co-infection [85]; PknH is 
implicated in Mtb dormancy [86] and in the regulation of 
cell wall biosynthesis [87], while PknI plays a role in the 
redox homeostasis during oxidative stress [88]. Moreover, 
advances in integrated proteomic approaches allowed to 
assign novel biological functions to the different STPKs. For 
instance, the involvement of PknE in the regulation of cell 
division and in transport, the role of PknI in carbohydrate 
biosynthesis, and the implication of PknJ in nucleotide 
biosynthesis were elucidated [37, 57].  

These new results further highlight the great potential 
of targeting STPKs, for the identification of novel 
antitubercular drugs. 

3. STPKs AS TARGETS FOR THE DEVELOPMENT 

OF ANTITUBERCULAR AGENTS 

Since the identification of these kinases in the 
genomic sequence of Mtb in 1998 [18], significant 
developments have been made in the definition of their role 
in the physiologic regulation of Mtb growth and survival. 
Therefore, STPKs represent a very interesting group of 
pharmacological targets in M. tuberculosis. Among these 
kinases, PknA, PknB and PknG have been targeted by 
medicinal chemistry efforts, with the aim of disclosing new 
antimycobacterial compounds.  

In the following paragraphs, the principal inhibitors 
of these mycobacterial STPKs will be presented and 
discussed. 

3.1 PknA inhibitors 

PknA and PknB are crucial for cell wall formation 
and resuscitation from dormancy; in addition, they perform 
multiple regulatory functions in metabolism and adaptation 
to environmental stress [41, 43, 89, 90]. Both PknA and 
PknB are attractive drug targets since these kinases are 
essential for bacterial growth [19, 39, 91]. Few compounds 
have been identified as PknA inhibitors so far. A screening 
of the Nested Chemical Library disclosed 4 compounds 
belonging to different chemical classes, able to inhibit 
PknA, provided with a low in vitro activity (% inhibition at 
100 M: between 37 and 86%) [92]. These data were used 
for subsequent molecular modeling studies [93], but no 
biological data have been hitherto reported. 

3.2 PknB inhibitors 

The role of PknB in Mtb survival was investigated 
through experiments of gene editing: the expression of wild-
type pknB from pRBexint-pknB was sufficient to rescue 
knock-out pknB mutants, showing the importance of this 
enzyme [37]. 

A study to identify potential PknB inhibitors was 
carried out, and the effects of the selected compounds on 
Mtb growth were evaluated. Considering that the 
physiologic substrates of the enzyme were still to be clearly 
identified, the preliminary assays (performed on a panel of 
18 commercially available inhibitors of eukaryotic STPKs) 
were carried out using myelin basic protein (MBP) as 
surrogate substrate [30, 44]. Even though MBP can be 
phosphorylated at five different sites by PknB [31], it is 
considered to be a poor substrate. The putative physiologic 
substrates of PknB were then discovered through a 
proteomic approach in a soluble protein extract of Mtb, 
allowing the identification of GarA, a protein containing the 
FHA domain, as the best candidate [60]. The screening 
identified staurosporine (1) and two derivatives, K-252-a 
(2) and K-252-b (3) (Figure 1), characterized by an indole-
carbazole chromophore moiety, thought to be responsible 
for the interaction with the ATP binding site, as the most 
potent inhibitors: the IC50 values were 0.6 ± 0.05 µM for (1), 
96 ± 7 nM for (2), and 106 ± 6 nM for (3) [39].  

The antimycobacterial activity of these compounds 
was assayed against Mtb H37Rv, M. smegmatis mc2155 and 
M. aurum A+ (which is usually extremely susceptible to 
antitubercular drugs). The results showed that (2) is capable 
of inhibiting the growth of both Mtb H37Rv and M. 
smegmatis mc2155 at a concentration of 20 µM, while its 
MIC against M. aurum A+ was found to be 5 µM. (1) 
showed inhibitory effects on Mtb H37Rv, with MIC values 
in the range 25 µM - 50 µM. (3) could not inhibit the growth 
of the mycobacterial strains at the maximum tested 
concentration (40 µM), probably due to its poor 
permeability through the cell wall [39]. In order to evaluate 
the relationship between the inactivation of PknB and the 
inhibition of Mtb growth, the pknB gene and the nearby 
regions were cloned in the mycobacterial replicating vector 
pOMK. The resulting plasmid, pOMK-pknB, was 
introduced in M. smegmatis mc2155 and the overexpression 
of PknB was evaluated through Western blotting. As a 
control, M. smegmatis mc2155 was transformed with the 
empty vector, and the resistance of the modified 
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mycobacteria against (2) was evaluated. In two independent 
experiments, the MIC calculated for the strains of M. 
smegmatis mc2155 transformed with pOMK-pknB were 
two-fold higher than those obtained with the control strain, 
confirming that PknB is the actual target of (2) in vivo [39].  
 

 
Considering the structural similarity between STPKs 

and eukaryotic kinases [94], as well as the high degree of 
conservation of the active site of these enzymes, the activity 
of known eukaryotic kinase inhibitors was also evaluated on 
STPKs. A significant example is represented by 2-
Aminopurine (4) in Figure 2. It is an adenine analogue 
which is known to inhibit multiple cellular targets and 
several eukaryotic kinases [95, 96]. Since (4) inhibits 
eukaryotic kinases at concentrations in the millimolar range, 
this compound was assayed on mycobacterial STPKs. 
Kinase inhibition in vitro assays showed an IC50 value of 2.2 
mM [97], which is four-fold higher than the value obtained 
on the eukaryotic kinase PKR (10 mM) [98].  

 

Fig. (2). Structure of compound (4).  

 
 
This result demonstrated that (4) can also act as a 

competitive inhibitor of mycobacterial kinases and in 
particular as a PknB inhibitor; thus, this compound was 
selected to develop more potent inhibitors [97]. The first 
compounds were designed, based on the fact that metal ions 
have been used for centuries as anti-infectives. Indeed, in 
vivo literature data indicate that metallic ions can inhibit the 
bacterial growth, by interfering with the enzymatic 
machinery. Therefore, the activity of several divalent 
transition metal ions (dissolved in DMSO), namely Zn2+, 
Ag2+, Cu2+, Fe2+, Co2+, Ni2+, Cd2+ e Hg2+, on PknB 
autophosphorylation was evaluated. Using a luminescence 
kinase assay, the amount of unused ATP was quantified to 

provide an inversely proportional correlation with the 
autophosphorylation activity. In the presence of Cd2 +, Cu2+ 
e Ag2+, PknB autophosphorylation was almost completely 
abolished, even at 50 µM concentration; Zn2+ and Hg2+ 

exerted a partial inhibitory activity, while the presence of 
Ni2+, Fe2+ and Co2+ did not produce any significant effect. 

The activity of metallic salts in aqueous solution was 
also investigated to determine the influence of their 
ionization in polar solvents on PknB inhibition. With the 
only exception of Cd2+, all other metallic ions showed a 
comparable inhibition, confirming that their action is not 
significantly influenced by the solvent [97]. 

In order to determine if the inhibitory activity of 
these ions was selective for PknB, their effect was also 
evaluated on other STPKs, like PknG and PknL. The 
experiments showed that, among the six tested metallic ions, 
Ag2+ was capable of inhibiting both PknG and PknL, while 
Hg2+ was active only on PknL. These results proved that 
Ag2+ and Hg2+ act as broad-spectrum STPK inhibitors. 
Circular dichroism was employed to determine if PknB 
maintained its structural integrity when exposed to polar 
metallic ions at a concentration of 50 μM. This experiment 
showed that metallic ions inhibit the kinases by binding their 
active site, without inducing any structural deformation 
[97]. Then, new coordination complexes were developed as 
inhibitors of mycobacterial STPKs, to exploit their 
advantages over the classical organic inhibitors, i.e. the 
variability of oxidation states and the different spatial 
dispositions. Previously, Feng et al. developed highly 
specific kinase inhibitors against GSK3R, PAK1 and PIM1 
by introducing ruthenium Ru(II) in the structure of (1), 
which was otherwise a non-specific kinase inhibitor [99]. 
Inspired by this observation, a similar metal-complex 
derivatization approach was employed for (5) (Figure 3), an 
equipotent analog of (4). Moreover, other transition metals 
were considered, to develop organometallic inhibitors 
provided with an increased specific inhibition and a better 
ability to cross membranes. Differently from the parent 
compound, (5) bears a propyl group at the N-9 position, 
which increases its solubility in organic solvents, thus 
allowing the reaction of complex formation. The ligand per 
se did not lead to a significant improvement of the inhibitory 
activity: (5) exhibited an IC50 value of 1.3 mM against PknB, 
much like the parent compound (4) (2.2 mM).  

 

Fig. (3). Structure of compound (5). 
 

Six metal complexes (6) - (11) were synthesized. The 
addition of the metal to the ligand (5) significantly increased 
the potency of the compound, shifting the IC50 values from 
the millimolar to the micromolar range. All compounds 
inhibited PknB activity with an IC50 value in the micromolar 
range (5-20 μM), at a concentration of 50 μM. Additionally, 

 
Fig. (1). Structures of compounds (1), (2) and (3). 
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the complex with Hg2+ (9) proved to be able to inhibit PknG 
and PknL, while the complex with Ag2+ (11) was active only 
on PknL. The remaining complexes did not exhibit any 
significant effect on PknG or PknL. Overall, these data 
indicate that the inhibition pattern of the metal complexes is 
very similar to that observed for the uncoordinated ions. 
Specifically, (9) and (11) proved to be particularly effective 
against Mtb in whole-cell assays.  

In order to determine whether the inhibition of PknB 
was due to a competitive binding to the ATP-binding pocket 
or to the effect of metal ions on the kinase active site, the 
inhibitory activity of (6) - (11) was examined against 
glucose-1-phosphate adenylyltransferase from Thermotoga 
maritima, an enzyme harboring a similar ATP binding 
pocket as Mtb kinases. (6) - (11) did not show any inhibition 
of activity against this enzyme up to 50 μM concentration. 
This observation supports the hypothesis that the inhibitory 
activity of (6) - (11) is due to an effect of the metal ions on 
the kinase active site. The organometallic complexes 
developed in this study exhibited both in vitro and in vivo 
inhibitory effects. To assess the antibacterial activity of 
these complexes on other strains, MIC values against M. 
smegmatis, B. subtilis and E. coli were determined. The MIC 
values of (9) and (11) increased in all these three strains, 
suggesting that the target is specific to Mtb; notably, M. 
smegmatis has only 4 STPKs, in E. coli these enzymes are 
absent and B. subtilis has only one homolog of PknA. 

Therefore, it is plausible to theorize that the strong 
inhibitory effect observed in M. tuberculosis may be due to 
the inhibition of Mtb-specific STPKs [96]. 
 
 
Table 1. IC50 (PknB) and MIC (Mtb) values of the metal 
complexes of (5), (6) - (11). 
 

Complex IC50 (µM) MIC (µM) 

(6) 6.8 ± 0.18 > 50 

(7) 10.5 ± 0.28 > 50 

(8) 10.2 ± 0.47 > 50 

(9) 5.0 ± 0.19 6.25 

(10) 16.6 ± 0.16 > 50 

(11) 12.9 ± 0.11 12.5 

 
An HTS screening allowed the investigation of a new 

class of compounds, leading to PknB inhibitors. PknB was 
cloned and purified, and then used in an in vitro kinase assay 
to evaluate the activity of 970 compounds from the NCL 
library. The IC50 values of the 20 most potent inhibitors were 
determined. Five representative terms (12)-(16) are shown 
in Figure 4, and the obtained results were all comparable 
[100]. 
 
 

 
 
 
 

 
Fig. (4). Structures of compounds (12)-(16).  
 
 
 

Wehenkel and co-workers observed that 

mitoxantrone (17) (Figure 5), an anthraquinone derivative 

commonly used in cancer treatment, is a PknB inhibitor 

capable of preventing mycobacterial cell growth [101]. The 

crystal structure of the complex demonstrates that 

mitoxantrone is an ATP‐competitive inhibitor of PknB, 

suggesting a strategy for drug design based on ATP‐
competitive lead compounds, such as mitoxantrone 

derivatives. 
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Fig. (5). Structure of compound (17). 

 

 

The kinase inhibitor 1-(5-isoquinolinesulfonyl)-2-
methylpiperazine H7 (18) in Figure 6 was found to be able 
to inhibit the growth of two strains of mycobacteria, the 
slower M. bovis Bacille Calmette-Guerin (BCG) and the 
faster M. smegmatis mc2155, in a dose-dependent manner 
[102]. Millimolar concentrations of (18) can induce a 40% 
decrease in the growth of M. bovis BCG. Moreover, H7 
determines a 2log decrease in the viable count of M. 
smegmatis within 48 hours, and a 50% reduction in the 
viable count of M. bovis within 10 days. At micromolar 
concentrations, the compound proved to be a potent 
inhibitor of PknB. (18) also showed an interesting inhibitory 
activity on RNA polymerase II, a protein involved in the 
growth and development of the mycobacterium [103].  

 
Fig. (6). Structure of compound (18). 
 

As (18) exhibits a variable effect on eukaryotic 
kinases, in vitro tests were performed to verify that 
mycobacterial STPKs were the actual targets of the 
compound; PknB was used as the model enzyme, and MBP 
was employed as the artificial substrate. These experiments 
showed that a 6 µM dose of (18) is capable of inducing an 
81% inhibition of PknB-mediated MBP phosphorylation, 
compared to the control [102]. This result corroborates the 
hypothesis of a correlation between mycobacterial STPKs 
and the regulation of cellular growth [23]. Additionally, (18) 
could also be active on other members of the STPK family 
[102]. 

Substituted aminopyrimidine-based compounds 
have recently emerged as new inhibitors of PknB. The 
inhibitory activity of this series was evaluated by 
determining their effect on the phosphorylation of the 
substrate GarA in vitro [60]; an interesting compound (19), 
showing an IC50 value of 1.35 µM, was identified and 

employed as a lead for further studies [104]. A SAR 
exploration of this compound was performed, starting from 
2,4-dichloroquinazoline. The most potent compounds of the 
series were (20) and (21) (Table 2) [104]. The 
antimycobacterial activity of this series was evaluated 
through an Alamar blue cell viability assay [105]: all 
compounds proved to be weakly active or completely 
inactive. This discrepancy was attributed to the physico-
chemical characteristics of these molecules, which prevent 
the crossing of the mycobacterial cell wall.  
 
Table 2. Structure and IC50 values of compound (19) 
and its derivatives (20) and (21). 

 

 

 R R’ IC50 (µM) 

(19) CH3 

 

1.35 

(20) 

  

0.322 

(21) 

  

0.107 

 
Moreover, the significant binding of these 

compounds to plasma protein (> 99%) drastically lowers the 
amount of free compound. In order to improve the activity 
of these inhibitors in vivo, many efforts were made to lower 
their logD values and explore the effect of this variation on 
the activity. The quinazoline ring was substituted with a 
pyrimidine, and many aryl and amino groups were 
introduced at position 2, maintaining the 
cyclopropylaminopyrazole ring at position 4. This strategy 
afforded the most potent compounds (22) - (27), reported in 
Table 3 [104].  

 
 

Table 3. Structures, IC50 and MIC (Mtb) values of 
compounds (22)-(27) 

 

 

 R 
IC50 
(µM) 

MIC 
(µM) 
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(22) 
 

0.086 63 

(23) 

 

0.087 125 

(24) 
 

0.084 63 

(25) 
 

0.115 63 

(26) 
 

0.084 63 

(27) 

 

0.064 125 

 

Recently, phytomolecules have gained popularity as 
potential scaffolds for the development of novel anti-TB 
drugs, deriving from natural sources [106]. Copp and Pearce 
described 333 natural products for the treatment of TB, 
including lipids and fatty acids, simple aromatic 
compounds, phenols, quinones, peptides, alcaloids, 
terpenes, steroids etc. [107]. Three of the most effective 
compounds included cryptolepine hydrochloride (28), 
ermanine (29) and demethylcalabaxanthone (30), shown 
in Figure 7. (28) is an alkaloid, extracted from a Western 
African plant, called Cryptolepis sanguinolenta [108]. (29) 
(5,7-dihydroxy-3’,4’-dimethoxyflavone) derives from 
Tanacetum microphyllum; it has anti-inflammatory 
properties and can reduce ear edema in many murine models 
[109]. (30) is a xantonic derivative obtained by powders, 
fresh arils and seeds of Garcinia mangostana, as a result of 
repeated methanol extractions [110]. QSAR analyses on 
these molecules showed that they could be optimal 
candidates for the development of new drugs [111]. Protein-
ligand interactions were investigated; the binding 
experiments showed that all these molecules could be 
potential inhibitor of the target protein PknB [111]. 
However, the available data about these phytomolecules as 
novel antimycobacterial agents are quite limited [112]. 

 
Fig. (7). Structures of phytomolecules (28)-(30). 

 
Recently, compound IMB-YH-8 (31) (Figure 8) was 

identified as a PknB inhibitor, with the potentiality to 
become a lead for the development of new antitubercular 
agents. Indeed, it is capable of inhibiting both PknB 
autophosphorylation and dose-dependent PknB-induced 
GarA phosphorylation. Conversely, it does not inhibit 
human Akt1 or other Ser/Thr kinases from Mtb, with the 
only exception of the homologous PknA. (31) binds PknB 
with moderate affinity: molecular docking experiments 
revealed that it interacts with the catalytic domain of the 
enzyme. (31) also proved to be able to influence the 
transcriptional activity of Mtb, inducing changes in PknB-
modulated SigH regulatory pathways. Additionally, the 
compound was found to be effective on both resistant and 
multi-drug resistant Mtb isolates. To confirm the inhibitory 
activity of (31) on PknB, its effect on PknB 
autophosphorylation and on PknB-induced GarA 
phosphorylation was measured through a non-radioactive 
assay [113]. PknB autophosphorylation occurs at its Ser and 
Thr residues [31, 44, 114], while the reaction on its 
substrate, the protein GarA, occurs at a single N-terminal 
threonine (Thr22) [60]. (31) inhibited PknB 
autophosphorylation with an IC50 value of 20.2 µM. 
Phosphorylated and unphosphorylated GarA proteins were 
separated through Mn2+–Phos-tag SDS-PAGE: in this 
technique, performed in the presence of MnCl2, 
phosphorylated proteins migrate more slowly as a 
consequence of their phosphate group being bound by the 
Phos-tag (20 µM). The treatment with (31) resulted in an 
increased intensity of the band corresponding to 
unphosphorylated GarA, proving that the compound is 
indeed capable of inhibiting PknB-induced GarA 
phosphorylation in a dose-dependent fashion. 
 

 

 

Fig. (8). Structure of compound (31). 
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Fig. (9). Discovery and structure of the PknA/B Mtb dual inhibitor (33). 

 
 

As PknB is involved in cell wall synthesis and cell 
shape regulation [43, 47, 115], the effect of (31) on PknB 
inhibition in vivo, and its impact on cellular morphology 
were evaluated [113]. Mtb H37Rv cells were treated with 
the inhibitor, and then analyzed through scansion electron 
microscopy. While untreated cells were rod-shaped with a 
smooth surface, the administration of 1 µg/mL of (31) for 5 
days resulted in a weakening of the structural integrity of the 
cells. Indeed, a significant amount (61.5%) of lysed cells 
was observed in the treated Mtb H37Rv strains. As PknB is 
known to be essential to guarantee the integrity of the cell, 
these findings support the hypothesis that (31) acts by 
inhibiting PknB action in vivo [113]. 

3.3 PknA and PKnB inhibitors (dual inhibitors) 

A screening performed on a library of kinase 
inhibitors led to the discovery of a compound provided with 
inhibitory activity towards PknB on Mtb. The optimization 
of this lead (32), performed on the basis of the crystal 
structure of PknB and on a model of PknA, led to the 
discovery of the first PknA - PknB dual inhibitor (Figure 9) 
[116]. The optimized compound achieved potent inhibition 
of both kinases. Interestingly, a binding pocket unique to 
mycobacterial kinases was identified. Structural 
modifications designed to fill this pocket resulted in a 100-
fold differential against a broad selection of mammalian 
kinases. Reducing the lipophilicity further improved the 
antimycobacterial activity, with the most potent compound 
(33) achieving a MIC of 4.7 μM against the H37Ra Mtb 
strain. 

3.4 PknG inhibitors 

The ability of Mtb to survive in macrophages and 
establish a long-term infection in the host is one the main 
determinant of its virulence [117, 118]. In this context, 
PknG plays a key role in maintaining the integrity of the 
phagosome within macrophages. Thus, PknG inhibition 
leads to lysosome-phagosome fusion, which, in turn, 
determines the degradation of the pathogen [21].  

Considering the importance of this target, the 
identification of PknG inhibitors has been the subject of 
several studies [119, 120]. The homologous enzyme from E. 
coli was cloned and used as a model, while MBP was chosen 
as its substrate; then, 1000 compounds from the kinase 
inhibitor library (NCL) were screened by a radioactive 
biochemical PknG kinase assay. Among these compounds, 
AX20017 (34) emerged as a potent PknG inhibitor (Figure 
10) [100].  

The inhibitory activity of (34) against the 11 known 
mycobacterial kinases revealed that the compound is highly 
selective for PknG, and it does not affect human kinases. 

The 2.4 Å x-ray crystal structure of PknG in complex 
with (34) was reported [27], revealing that the inhibitor is 
buried deep within the adenosine-binding site (residues Pro-
85-Met-94), targeting an active conformation of the kinase 
domain. Remarkably, although the topology of the kinase 
domain is reminiscent of eukaryotic kinases, the binding 
pocket of (34) is surrounded by a set of amino acid side 
chains that are not found in any human kinase. 

 
Fig. (10). Structure of compound (34). 

This lead was optimized to improve its ADME 
parameters, affording a series of derivatives which were 
tested by the same assay: the best compounds exhibited IC50 
values in the range 90-500 nM. The selected inhibitors also 
underwent a lysosome transfer assay, to verify their ability 
to induce lysosome-phagosome fusion within macrophages. 
Some derivatives showing IC50 values in the sub-nanomolar 
range against PknG proved to be inactive; the best 
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compounds, which proved to be active both against PknG 
and in the macrophage assay, were AX14585 (IC50 = 0.4 
μM) and AX35510 (IC50 = 0.2 μM) [100].  

As marine microorganisms have always provided a 
significant number of secondary metabolites, endowed with 
antitumoral and antimicrobial properties [121-123], 
Sclerotiorin (35) (Figure 11) was tested against PknG, 
showing good IC50 and ki values (76.5 ± 3.9 µM and 27.2 ± 
7.8 µM, respectively) [119]. In order to determine the 
binding affinity of (35), an efficient in vitro approach, based 
on microscale thermophoresis (MST), was employed [124]. 
The dissociation constants (KD) of PknG-(34) and PknG-
(35) were 8.5 ± 0.2 mM and 11.4 ± 0.7 mM respectively, 
revealing that both the inhibitors are moderate PknG 
inhibitors [119]. Then, the cytotoxicity of (34) and (35) was 
evaluated through an MTT assay, against HeLa and MCF-7 
cells, and against J774A macrophages. The viability of the 
cells treated with sclerotiorin was above 90% even at 100 
mM, revealing that the inhibitor does not influence cell 
growth. On the contrary, (34) proved to be toxic on HeLa 
and MCF-7 cells, with IC50 values of 200 mM and 91.3 mM, 
respectively; conversely, it did not influence the growth of 
J774A macrophages, showing an 89% cell viability at 100 
mM. However, (35) proved to be ineffective at inhibiting the 
growth of Mtb, showing that PknG is not essential for the 
survival of the pathogen in vitro [119]. In brief, (35) proved 
to be able to inhibit PknG autophosphorylation and reduce 
the growth of intracellular mycobacteria in a dose-
dependent manner, without provoking significant side 
effects on mammal cells. The fact that the compound is 
effective only on intracellular microorganisms [21] might 
prevent the development of resistant strains. Moreover, it 
could also be extremely efficient in vivo, since it would seem 
to be able to inhibit the kinases in the macrophage, without 
crossing the mycobacterial membrane. The association of 
(35) with rifampicin resulted in a reduction of the 
mycobacterial growth, directly proportional to the 
concentration of (35) [119]. Therefore, the moderate PknG 
inhibitory activity, the ability to reduce mycobacterial 
growth inside macrophages and the low cytotoxicity of (35) 
strongly support the use of this compound in antitubercular 
therapy. 
 

Fig. (11). Structure of (35). 
 

 

A set of triazolylmethoxy aminopyrimidines were 
investigated as potential PknG inhibitor; their activity 
against the purified enzyme was evaluated (Table 4) using 
MBP as a substrate and (34) as reference inhibitor. The 
enzymatic activity was assessed by measuring the amount 
of ADP produced by PknG, using the ADP-Glo luciferase 

reporter kit. All tested compounds had different substituents 
at N1 of the 1,2,3-triazole and at position 6 of the pyrimidine 
ring; the best results were obtained when the triazole bore a 
n-hexyl, benzyl or 4-Br-benzyl group, and when a phenyl, 
4-Cl-phenyl, 4- methoxyphenyl or naphthyl moiety was 
attached to position 6 of the pyrimidine. The positive control 
(34) showed a 41% (41 ± 0.02) inhibition at 100 µM, in the 
selected biological assay; the activities of the candidate 
inhibitors are reported in Table 4. Despite most of them 
displayed a comparable or better potency with respect to the 
reference compound, only (36) proved to possess 
antimicrobial properties, showing a MIC value of 50 µg/mL 
against Mtb H37Rv [120]. 

 

Table 4. Structures and% Inhibition at 100 µM of 

compounds (36)-(43). 

 

 

 R R’ 

% 

Inhibition 

at 100 

µM 

(36)  
 

23 ± 1.86 

(37)  
 

43 ± 2.94 

(38) 
  

29 ± 3.03 

(39) 
  

53 ± 0.61 

(40) 
 

 

43 ± 0.61 

(41) 
 

 

35 ± 5.97 

(42) 
  

41 ± 0.78 

(43) 
 

 

34 ± 6.10 

 

A recent virtual screening study led to the 
identification of compound (44) (Figure 12), which showed 
a 43% inhibition against PknG at 25 μM. Moreover, it was 
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able to inhibit the growth of M. bovis BCG and it was found 
to be non-toxic against the host macrophages. These 
findings suggest that its scaffold could be further explored 
for the development of novel PknG inhibitors [125]. 

 

Fig. (12). Structure of compound (44). 

 

4. CONCLUSION 

A number of researches is now available, concerning 
the importance of Mtb Ser/Thr kinases as drug targets for the 
development of novel anti-TB agents. These enzymes 
appear to be implicated in bacterial growth, virulence and 
adaptation, supporting the role of these enzymes in bacterial 
growth and providing the proof-of-concept about their 
druggability. Until now, the crystal structures of PknA, 
PknB, PknE, PknG and PknH have been solved [24, 25, 27, 
76, 126, 127].  

In vitro inhibitory activities show that these enzymes 
possess a druggable active site. In several cases, the 
inhibitory activity on the isolated enzyme did not correlate 
with the antimycobacterial effect in whole-cell assays. This 
discrepancy is probably due to the highly lipophilic nature 
of the mycobacterial cell wall (high content of mycolic 
acids), which lowers the permeability of the pathogen to 
xenobiotics. Despite this problem, MIC in the low 
micromolar range have been obtained for several PknA, 
PknB and PknG inhibitors, showing that it is possible to find 
compounds that target Mtb Ser/Thr kinases able to inhibit 
mycobacterial growth.  

In conclusion, even if the available data concerning 
the activity of these compounds on infected macrophages 
and in vivo in infected animals, as well as information 
regarding their selectivity with respect to mammalian 
enzymes are still limited, it would seem that targeting Mtb 
Ser/Thr kinases could be a promising new strategy for the 
development of novel drugs for the treatment of Mtb 
infections. 
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