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RESUMEN 

La capacidad de Mycobacterium tuberculosis para sobrevivir dentro del macrófago 

contribuye grandemente a su patogenicidad, latencia y persistencia durante la infección. Este 

bacilo induce alteraciones en el ambiente intrafagosomal e inhibe la maduración del 

fagosoma, favoreciendo su supervivencia intracelular. M. tuberculosis PknG secuestra al 

macrófago precisamente al evitar la fusión fagosoma-lisosoma. En este sentido, PknG 

representa una familia de dianas novedosas para enfrentar la necesidad de nuevos 

antimicrobianos para la tuberculosis latente. Aquí, apuntamos a: (i) elucidar la base 

estructural-molecular del ATP y Mg2+ como cofactores de PknG; (ii) caracterizar los 

parámetros cinéticos que gobiernan la formación del complejo PknG:ATP; e, (iii) identificar 

péptidos capaces de unirse a PknG para investigar experimentalmente su interactoma usando 

enfoques combinatorios como “Phage Display”. Nuestros resultados confirman que PknG 

se une exclusivamente al ATP con una constante de disociación (KD) de 108.8  22.9 µM. 

El Mg2+ estabiliza térmicamente a PknG de forma ATP-dependiente. Análisis de estado pre-

estacionario muestran que la unión y disociación del ATP es rápida en el complejo 

PknG:ATP. Usando PknGN-Ext, TPR resolvimos la estructura cristalina en el estado unido al 

ADP mientras que demostramos que el ATP imposibilita la cristalización. Los análisis 

bioinformáticos de las librerías enriquecidas por Phage Display identificaron 57 potenciales 

peptidos que interactuarían con PknG. Una comparación cercana con el proteoma de M. 

tuberculosis proporcionó un subconjunto de 20 proteínas que podrían interactuar con PknG. 

Nuestros resultados confirmaron cinco proteínas asociadas a PknG previamente reportadas: 

PknG, DnaK chaperona, transportador ABC Rv1747, Proteína Ribosomal L23 y Factor de 

Elongación Tu, resaltando la validez de nuestra plataforma para descubrir el interactoma de 

PknG. Así, nuestros resultados revelan interacciones proteína-proteína putativas que podrían 

participar en la supervivencia micobacteriana, mientras que también proporcionan bases 

sólidas para desarrollar drogas antituberculosas al interrumpir estas interacciones o explotar 

estos peptidos tipo compuesto líder. 

 

Palabras clave: Mycobacterium tuberculosis; serina/treonina proteína quinasa; PknG; 

Phage Display; péptidos; secuenciamiento de próxima generación; interactoma 
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A combinatorial approach to query the PknG interactome of Mycobacterium tuberculosis 

ABSTRACT 

The ability of Mycobacterium tuberculosis to survive inside the macrophage greatly 

contributes to its pathogenicity, latency and persistence during infection. This bacillus 

induces alterations in the intraphagosomal environment and inhibits phagosome maturation, 

thus promoting mycobacterial survival. M. tuberculosis PknG hijacks the macrophage 

precisely by avoiding phagosome-lysosome fusion. In this sense, PknG represents a family 

of novel targets to cope with the need for new antimicrobials for latent tuberculosis. Here, 

we aimed to: (i) elucidate the structural-molecular basis of ATP and Mg2+ as PknG cofactors; 

(ii) characterize the kinetic parameters governing PknG:ATP complex formation; and, (iii) 

identify PknG-binding peptides to experimentally query PknG’s interactome using 

combinatorial approach such as Phage Display. Our results confirm that PknG exclusively 

binds to ATP with a dissociation constant (KD) of 108.8  22.9 µM. Mg2+ thermally stabilizes 

PknG in an ATP-dependent manner. Pre-steady-state analyses show that ATP binding and 

dissociation are rapid in the PknG:ATP complex. Using PknGN-Ext, TPR we solved the ADP-

state crystal structure while showing that ATP precludes crystallization. Phage Display and 

bioinformatic analyses identified 57 potential PknG binders. A close comparison to the M. 

tuberculosis proteome provided a subset of 20 proteins that may interact with PknG. Our 

results confirmed five previously reported PknG-associated proteins: PknG, DnaK 

chaperone, ABC transporter Rv1747, Ribosomal Protein L23 and Elongation Factor Tu, 

highlighting our platform’s validity to uncover the PknG interactome. Altogether, our results 

reveal putative protein-protein interactions that may play a role in mycobacterial survival, 

while also providing solid bases for the development of anti-tuberculosis drugs by disrupting 

these interactions or exploiting these lead-like peptide molecules.  

 

Keywords: Mycobacterium tuberculosis; serine/threonine protein kinase; PknG; Phage 

Display; peptides; next-generation sequencing; interactome 

  



5 

 

TABLE OF CONTENTS 

1 INTRODUCTION ....................................................................................................... 8 

2 RESULTS ................................................................................................................... 11 

2.1 STRUCTURAL AND BIOCHEMICAL PROPERTIES OF PKNG .................................. 11 

2.1.1 PknG_RK selectively binds to ATP resulting in increased thermal stability

 11 

2.1.2 PknG_RK:ATP is thermally stabilized by micromolar and low millimolar 

concentrations of Mg2+ ................................................................................................ 12 

2.1.3 Binding kinetics of ATP to PknG_RK ........................................................ 14 

2.1.4 The crystal structure of PknG_RK reveals an ATP-binding site coordinated 

by two Mg2+ ions ......................................................................................................... 16 

2.2 COMBINATORIAL BIOLOGY FOR THE IDENTIFICATION OF PKNG-BINDING 

PARTNERS ........................................................................................................................ 19 

2.2.1 PknG display using magnetic nanobeads .................................................... 19 

2.2.2 The NGS-PD approach greatly reduces the number of possible PknG-

binders from random combinatorial libraries .............................................................. 21 

2.2.3 The NGS-PD approach provides insights into the PknG interactome......... 24 

3 DISCUSSION ............................................................................................................. 28 

4 CONCLUSIONS ........................................................................................................ 31 

5 MATERIALS AND METHODS .............................................................................. 33 

5.1 OVEREXPRESSION AND PURIFICATION OF PKNG VARIANTS .................................. 33 

5.2 THERMAL STABILITY MEASUREMENTS USING DIFFERENTIAL SCANNING 

FLUORIMETRY .................................................................................................................. 33 

5.3 STOPPED FLOW KINETIC MEASUREMENTS ............................................................. 34 

5.4 CRYSTALLIZATION AND STRUCTURE DETERMINATION.......................................... 34 

5.5 PEPTIDE SCREENING USING PHAGE DISPLAY ........................................................ 35 

5.6 NEXT-GENERATION SEQUENCING OF PHAGE LIBRARIES ........................................ 36 

5.7 BIOINFORMATIC PEPTIDE SELECTION .................................................................... 37 

6 REFERENCES .......................................................................................................... 39 

7 SUPPLEMENTARY MATERIALS ........................................................................ 46 



6 

 

 

LIST OF TABLES 

 

TABLE 1 Candidate PknG interactors identified by the NGS-PD approach ..................... 27 

SUPPLEMENTARY TABLE S1 ..................................................................................... 46 

 

 

 

 

 

 

 

 

 

 

 



7 

 

LIST OF FIGURES 

 

FIGURE 1 Pathogenic and non-pathogenic mycobacteria inside the macrophage .............. 9 

FIGURE 2 Nucleotide specificity of PknG_RK ................................................................ 12 

FIGURE 3 The contribution of Mg2+ on the thermal stability of PknG_RK:ATP ............ 13 

FIGURE 4 Kinetic parameters of PknG_RK and ATP ...................................................... 14 

FIGURE 5 Crystallographic data of PknG_RK:ADP ........................................................ 17 

FIGURE 6 Graphical representation of His-tagged PknG capture using DynaBeads ....... 20 

FIGURE 7 Overview of the NGS-coupled Phage Display approach to screen for PknG 

interactors ............................................................................................................................ 22 

FIGURE 8 Filtering flow for the identification of high affinity peptides from Phage Display

 ............................................................................................................................................. 23 

FIGURE 9 Molecular visualization of peptides located in proposed PknG protein partners

 ............................................................................................................................................. 26 

  



8 

 

1 INTRODUCTION 

 

Tuberculosis (TB) is one of the top ten causes of death worldwide. The causative agent of 

this global epidemic is Mycobacterium tuberculosis.  According to the World Health 

Organization (WHO), TB caused approximately 1.3 million deaths in 2017 (1). During the 

same year an estimated 10 million people developed TB, and of these, 460 000 cases showed 

multidrug-resistance tuberculosis (MDR-TB). Currently, the standardized regimen for 

MDR-TB remains far from ideal with respect to treatment outcome (1). These longer, more 

expensive and more toxic treatments show a success rate of 55% with the risk of unfavorable 

outcomes such as relapse or even death (1). Despite the low success and high-treatment 

dropouts due to toxic side effects, only a few cases of new drugs are at clinical trials to 

determine their efficacy under different kinds of regimens (i.e. bedaquiline, delamanid, 

petromanide, sutezolide) (2). Consequently, it is crucial to find novel anti-TB compounds as 

well as novel molecular targets. 

The virulence of M. tuberculosis is associated with its capacity to survive inside the 

macrophage, the front line of host defense (3). Macrophages are responsible of controlling 

and eradicating pathogens by different antimicrobial mechanisms within the phagosome (4). 

In spite of this, a series of reports demonstrate that M. tuberculosis inhibits phagosome 

maturation, avoiding phagosome-lysosome fusion and inducing alterations in the 

intraphagosomal environment, thus allowing bacterial survival and replication (5, 6). 

Therefore, inhibition of phagosome maturation plays a central role for TB and appears to be 

central for promoting latency.  Accordingly, the molecular network that halts phagosome 

maturation can be conceived as an appealing new molecular target for drug development 

against TB.   

The genome of M. tuberculosis s encodes for 11 eukaryotic-like serine/threonine kinases (7). 

From these, Protein kinase G (PknG) appears to be dispensable for mycobacterial growth 

but essential for its survival within macrophages, precisely by avoiding phagosome-

lysosome fusion (8) (See Figure 1). Similar levels of PknG transcripts were found in 

pathogenic and nonpathogenic mycobacteria. However, in nonpathogenic mycobacteria 

such as Mycobacterium smegmatis, PknG expression was downregulated on a post-

transcriptional level, precluding the synthesis of the coded PknG protein (9). Moreover, it 

has been proposed that the regulation of M. tuberculosis intracellular trafficking is mediated 
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through the phosphorylation of host proteins and where PknG may be playing a key role (8). 

Nevertheless, the mechanisms and interactors by which PknG blocks phagolysosome fusion 

remain unclear. A recent report suggests that PknG interferes with the human Rab GTPase, 

Rab7l1, a protein that participates in phagosomal maturation during mycobacterial infection 

(10). Hence, increasing evidence indicates that mycobacterial survival inside the 

macrophage may be dependent on the kinase activity of PknG. 

  

FIGURE 1 Pathogenic and non-pathogenic mycobacteria inside the macrophage  

Most microorganisms, including non-pathogenic and non-PknG producing mycobacteria 

such as M. smegmatis, are readily transferred to the lysosome and degraded by hydrolytic 

enzymes. Pathogenic M. tuberculosis expresses and secretes PknG to inhibit regular 

intracellular trafficking within the macrophage. This regulatory mechanism prevents the 

fusion between the phagosome with the lysosome, allowing the bacilli to reside latently 

inside the macrophage. Redrawn from Nguyen, 2005 (11). 

 

Until recently, mycobacterial GarA was considered the only phosphorylation substrate of 

PknG in vivo (12). This protein regulates glutamate accumulation and the tricarboxylic acid 

cycle in mycobacteria by binding to three enzymes that use a-ketoglutarate (12, 13). Multiple 

studies in the past few years are now suggesting a vast list of proteins as potential 

phosphorylation targets or interactors of PknG (10, 12, 14, 15, 16, 17, 18, 19, 20). 

Interestingly, the potential role of PknG in protein synthesis has been particularly 

emphasized after identifying multiple proteins that participate in different steps of translation 
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mycobacteria

Non-pathogenic 
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Lysosome
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Phagosome

PknG
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fusion
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from ribosome biogenesis to translation initiation and elongation, and appear to be 

interacting with PknG (16, 17, 21). Whether the phosphorylation of these targets regulate 

overall protein production to M. tuberculosis and therefore interfere with cell rate growth 

remains an open question.  

PknG is an 81.5 kDa multi-domain protein composed of an unstructured N-terminal 

extension (N-Ext), a rubredoxin-like domain (RBD), a kinase domain (KD) and a C-terminal 

tetratricopeptide repeat domain (TTR) (22). A tetrahydrobenziotiophene known as AX20017 

has been reported as a specific inhibitor of PknG’s kinase activity by targeting the residues 

shaping the ATP-binding site within the catalytic domain (23, 24). Using cell fractionation, 

it was shown that the presence of AX20017 during macrophage infection severely induced 

lysosomal localization of mycobacteria, indicating a successful phagolysosome fusion (23). 

Despite these promising results, neither AX20017 nor other drugs targeting PknG have been 

successfully developed into clinical trials. In essence, downregulation of PknG expression 

or AX20017-mediated inhibition has shown to promote phagosome maturation and 

mycobacterial arrest, highlighting PknG and its interactome as an attractive potentially novel 

target for TB drug development.  

The development of new drugs can follow diverse strategies, isolation of natural compounds, 

chemical synthesis, in vitro evolution of binders or in silico drug design. In all cases, 

structural and conformational knowledge of the enzymatic target are highly desired. On one 

side, this allows for tailored experimental designs and on the other, it facilitates future 

screening and enhancement of inhibitory molecules. In the present work, PknG has been 

functionally characterized by structural and biochemical techniques. This allowed us to use 

a combinatorial library of small peptides to attempt unveiling undescribed putative PknG-

binding partners. The discovery of PknG protein interactors could suggest appealing novel 

molecular targets for drug development. Additionally, tight peptide-binders could also serve 

as promising leads of potential PknG-inhibitory drugs for further optimization. Altogether, 

here we used combinatorial biology to select highly-affine peptides and bioinformatic 

analysis to identify M. tuberculosis proteins that contain similar peptide sequences. Further 

analysis could aim to disentangle the mechanisms through which PknG inhibits phagosome-

lysosome fusion and facilitate the design of tailored drugs that target these specific pathways.   
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2 RESULTS 

 

2.1 Structural and biochemical properties of PknG  

Two variants of M. tuberculosis PknG were recombinantly expressed in E. coli and isolated 

to purity: PknG_WT and PknG_RK. In both cases, the kinase and rubredoxin-like domains 

were maintained. The PknG_RK variant lacked the first 73 residues from the unstructured 

N-terminal and the tetratricopeptide repeat domain at the C-terminal end of the protein, while 

PknG_WT consisted of the wild-type protein. PknG_RK was shown to be compact and to 

bind ADP in previous studies (22). Here, we use PknG_RK to further inquire the interplay 

between structural determinants of the core domains with PknG ligands.  

 

2.1.1 PknG_RK selectively binds to ATP resulting in increased thermal stability  

 

Despite PknG sharing common structural features and functions with related kinases, the 

specificity for ATP was not previously reported (24). To evaluate the nucleotide specificity 

of PknG_RK, we employed nano differential scanning fluorimetry (nanoDSF) to follow the 

thermal transition midpoints (Tm) of the protein at increasing concentrations of all four 

nucleotide triphosphates (NTPs), ATP, UTP, CTP and GTP. Protein thermal shift assays 

have been extensively used for fragment-based drug discovery (25, 26, 27) as it allows the 

identification of protein-ligand interactions by assesing the stability of protein complexes 

under heat denaturation conditions (28). Addition of ATP increased the thermal transition 

midpoint, indicating that PknG_RK became more heat stable in complex with ATP, an effect 

not seen in the presence of the other NTPs (Figure 2). The increase in Tm was observed to 

be ATP concentration-dependent with a tendency towards saturation (Figure 2). Non-linear 

regresion analysis utilizing a function for a one-binding site model allowed us to estimate a 

dissociation constant KD = 108.8  22.9 µM. This result indicates for the first time that PknG 

exclusively binds to ATP, resulting in a conformational switch as observed by the increased 

Tm. Additionally, this data confirms previous reports suggesting that PknG was binding ATP 

with similar affinities to other kinases (29). 
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FIGURE 2 Nucleotide specificity of PknG_RK 

PknG_RK thermal transition midpoints (Tm) measured by nano differential scanning 

fluorimetry at increasing concentrations of NTPs. Continuous lines indicate non-linear 

regression fittings.  

 

2.1.2 PknG_RK:ATP is thermally stabilized by micromolar and low millimolar 

concentrations of Mg2+ 

 

Mg2+ plays a pivotal role in the biological activity and stability of ATP. To investigate the 

relationship between PknG_RK, ATP and Mg2+ on the overall configuration of the kinase 

we used nanoDSF at varying concentrations of each ligand. When the concentration of ATP 

was increased to millimolar values the Tm of PknG_RK decreased after the initial increase 

(see below). Compensating the addition of ATP with MgCl2 at equimolar concentrations 

reduced the decrease in Tm by 30 % (Figure 3A). Thus, high concentrations of ATP (>100-

fold over PknG) resulted in a further conformational change of the protein, observed as a 

loss of thermal stability by nanoDSF. One plausible explanation arised from Mg2+ being 

chelated by the excess of free ATP, highjacking structurally important metals bound to 

PknG. In this scenario, the addition of Mg2+ should result in an increase of thermal stability 

as measured by the Tm.  
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FIGURE 3 The contribution of Mg2+ on the thermal stability of PknG_RK:ATP 

NanoDSF was performed at room temperature to report on the thermal transition midpoints 

of PknG_RK at increasing concentrations of (A) ATP, in the presence or absence of 

equimolar concentrations of MgCl2, and (B) MgCl2 or (C) EDTA in the presence or absence 

of 1 mM ATP. All reactions were prepared in 25 mM tris-HCl, pH 7.5 with 200 mM NaCl 

and 10 mM MgCl2. Continous lines indicate non-linear regression fittings while dotted lines 

connect plotted values. 

 

Indeed, when ATP was present at 1 mM, a concentration that showed a high stability of 

PknG_RK (Figure 3A), increasing concentrations of MgCl2 favored an even more 

thermally-stable complex (Figure 3B), raising the Tm by over 2°C. Thermal stability 

increased proportionally to the Mg2+ concentration and saturated at equimolar concentrations 

with ATP (1 mM) (Figure 3B). However, higher concentrations of Mg2+ (over 3 mM) 

resulted in a loss of thermal stability for PknG as observed by a net reduction of the Tm value 

at increasing concentrations of the metal ion (Figure 3B). This apparent contradictory effect 

of Mg2+ on the PknG stability could be explained by two or more binding sites for the metal 

ion. Indeed, the crystal structure of PknG_RK showed two Mg2+ ions coordinating ADP at 

the nucleotide-binding site (see below). Consistently, the structural model suggests that 

ATP, two Mg2+ and PknG establish a network of interactions that cooperatively enhance the 

binding of each reactant. Indeed, omission of ATP did not result in any major thermal 

stability changes of PknG as a function of increasing Mg2+ concentrations (Figure 3B).  

Altogether, our data indicates that ATP and Mg2+ at equimolar concentrations maximize the 

thermal stability of the complex. This can be interpreted as both ligands cooperatively 

enhancing a compact layout of the protein (30). Additionally, our data indicate that 

occupation of a second binding site for Mg2+ restores protein flexibility to PknG, as observed 

by a decrease in the Tm (31). Whether one or both Mg2+ are essential for the kinase’s activity 

remains an open question. Cellular concentrations of cytoplasmic Mg2+ in bacteria range 
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between 2 to 3 mM (32) indicating that PknG may or may not be saturated with both Mg2+. 

Lastly, we tested if the increase in thermal stability in the presence of ATP was attributed 

specifically to MgCl2 by adding EDTA, an organic compound known to form a very stable 

chelate with Mg2+. Indeed, at increasing concentrations of EDTA, the sequestering of Mg2+ 

ions compromises the Tm of PknG_RK both in the presence or absence of ATP (Figure 3C), 

supporting our previous results. 

 

2.1.3 Binding kinetics of ATP to PknG_RK 

 

Elucidating the mechanisms driving ATP binding to a protein kinase is fundamental for 

understanding its biological function in vivo as adenosine-nucleotide concentrations are 

known to fluctuate under different physiological conditions (33). To gain insights into the 

binding of ATP to PknG_RK, we used stopped-flow fluorescence spectroscopy to monitor 

in real time the Förster resonance energy transfer (FRET) between a fluorescent mant-

derivative of ATP (ATP_m) and three endogeneous tryptophan residues in PknG_RK, two 

of which locate within the kinase’s catalytic core (W106 and W163). In this setup, the 

intrinsic fluorescence of tryptophans can be transfered to a mant dye linked to the ATP due 

to close vicinity between the nucleotide and the protein’s catalytic core during binding. Thus, 

an increase of FRET in time indicates that the ligands are getting close to each other; 

viceversa, a decrease of FRET indicates that ATP_m is getting displaced away from the 

tryptophans within PknG. Similar approaches have been previously used to effectively 

characterize the kinetic parameters of nucleotide binding (34, 35, 36). 

 

FIGURE 4 Kinetic parameters of PknG_RK and ATP 

The time-dependent (A) association and (B) dissociation of an intrinsically fluorescent ATP 

(ATP_m) to and from the catalytic domain of PknG_RK was measured using stopped-flow 
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fluorescence spectroscopy coupled with Föster Resonance Energy Transfer (FRET). Non-

linear regression fittings were employed. Plotted values represent the mean of 5-7 

measurements for every reaction. (C) Comparison of the forward and reverse rates between 

PknG_RK and ATP_m calculated from (A) and (B).  

 

In this sense, we were able to follow the association and dissociation of ATP to and from the 

kinase’s nucleotide-binding site at equimolar concentrations of enzyme (3 µM) and ATP. 

Remarkably, when PknG_RK was rapidly mixed with ATP_m, a fluorescence increase of 

FRET was clearly observed, indicating that ATP and the kinase nucleotide-binding site were 

in close spatial proximity to one another (Figure 4A). In the opposite scenario, when 

PknG_RK preincubated with ATP_m was rapidly mixed with a 20-fold molar excess of non-

fluorescent ATP (ATP_d), the dissociation of the PknG_RK-bound ATP_m was evidenced 

by a decrease in fluorescence (Figure 4B). Non-linear fitting of the time traces with a single 

exponetial term allowed us to calculate the forward and backward directions of the 

nucleotide-binding event; resulting in similar apparent rates, 114.2  3.8 and 129.2  5.4, 

respectively (Figure 4C). Altogether, the kinetics underlying the formation of the 

PknG_RK:ATP complex appear to be characterized by a state of rapid equilibrium of 

binding and dissociation of ATP to and from PknG with the mant group within the nucleotide 

positioning nearby one or more of the tryptophans of the kinase. 
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2.1.4 The crystal structure of PknG_RK reveals an ATP-binding site coordinated by two 

Mg2+ ions 

 

Our biochemical and kinetic data suggest a model in which ATP and Mg2+ act cooperatively 

to stabilize PknG in a compact conformation.  Furthermore, FRET-based kinetic analysis 

indicated that ATP positions nearby PknG’s tryptophans. To investigate the structural basis 

underlying these observations, we attempted to solve the crystal models of PknG_WT and 

PknG_RK in combination with different adenosine nucleosides. Despite carrying 

preliminary crystallization trials using several commercial screens in the presence or absence 

of ATP/ADP under a sitting-drop vapor diffusion setup, we were unable to obtain any 

crystals for PknG_WT. Nevertheless, we successfully obtained crystals for PknG_RK with 

ADP (PknG_RK:ADP) (Figure 5A, Inset) using the hanging-drop approach by working 

around previously reported conditions for the same construct (22). Similar experiments using 

ATP did not lead to crystallization of PknG_RK, suggesting that the population of protein 

complexes exhibited different conformations (ADP or ATP-bound) possibly due to a fraction 

of the ATP getting hydrolyzed in solution. Considering it has been possible to crystalize 

PknG_RK with ATPɣS, a non-hydrolazable ATP analogue (22), this seems very likely. 

Ultimately, we resolved the structure of PknG_RK:ADP at 1.85 Å resolution by molecular 

replacement using the atomic coordinates of the available 1.74 Å resolution crystal (PDB 

4Y0X). 
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FIGURE 5 Crystallographic data of PknG_RK:ADP 

(A) Atomic structure of PknG_RK complexed with ADP at 1.85 Å resolution. A fragment 

of the N-terminal (73 first residues) is in pink, the rubredoxin domain is in blue and the 

kinase domain is in grey. Mg2+ and Zn2+ ions are shown in yellow and purple spheres, 

respectively. Inset shows PknG_RK:ADP crystals obtained after using the hanging-drop 

vapor diffusion method. (B) Nucleotide-binding site of PknG_RK, key residues of this 

interaction are shown. ADP and interacting residues are shown in sticks. Water molecules 

are shown in blue spheres. (C) The ADP -phosphate is coordinated by two Mg2+ ions and 

the PknG_RK residues shown. 

 

The nucleotide-binding site of PknG_RK is depicted within the catalytic core of the kinase 

domain (Figure 5A). The adenine moiety of ADP is highly coordinated by residues E233 

and V235 (Figure 5B), while the - and -phosphates of the nucleotide are stabilized by 

two Mg2+ ions (Figure 5C) that showed a clear electron density during structure 

determination and refinement. With respect to the crystal structure of PknG_RK in the 

ATPɣS-state, the second Mg2+ is binding the adenosine nucleotide’s ɣ-phosphate, however, 

in our ADP-bound structure, this ion is being stabilized by a water molecule (22). 

Furthermore, we found an electron density corresponding to another ion in the RBD domain 

which was interpreted as a Zn2+ ion according to a previous study (22). As a whole, our 

results confirm the interaction network within the kinase domain of PknG, identify essential 

residues that interact with both phosphates of ADP and show how Mg2+ mediates the 
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interaction between the nucleotide and the protein. Altogether, these results emphasize the 

indispensability of ATP and Mg2+ for the proper structural disposal and catalytic functioning 

of PknG. As such, ADP appears to promote a more stable and homogeneous conformational 

landscape of PknG_RK that results in the formation of refracting crystals (Figure 5A, inset). 

On the other hand, although ATP binding increases the thermal stability of PknG, it appears 

that the protein gains a certain degree of flexibility that ultimately hampers crystallization. 

Additionally, Mg2+ could also be promoting a larger degree of protein flexibility and 

variability. In essence, both, the gamma-phosphate of ATP and the second Mg2+, could be 

responsible for increasing the flexibility of PknG that precludes crystal formation. Similarly, 

full-length PknG may result in diverse conformations that consequently preclude 

crystallization under the same conditions that were successful for PknG_RK. 
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2.2 Combinatorial biology for the identification of PknG-binding partners 

The biochemical and structural characterization of PknG determined the experimental set-

up to attempt finding peptide sequences that may represent the PknG interactome. Here, we 

employed vast combinatorial libraries of heptapeptides with above 109 different aminoacid 

sequences covalently linked to an M13 bacteriophage capsid. The phage display library was 

used in combination with purified PknG to isolate binding peptides. In combination with 

next-generation sequencing and bioinformatic analysis, our workflow suggested a number 

of previously-described and novel potential interacting partners for PknG.   

 

2.2.1 PknG display using magnetic nanobeads 

 

To design a platform that allows the screening of multiple ligands against PknG, first we had 

to determine how to capture and maneuver our protein of interest in a mixture of other 

molecules. In order to do so, we took advantage of the cobalt-based chemistry found in 

DynaBeads magnetic nanobeads which permits the specific binding of His-tagged proteins 

from a variety of heterogenous solutions with minimal off-target binding (Figure 6). The 

plasmids for both, PknG_WT and PknG_RK, contained the corresponding sequence coding 

for a hexahistidine tag in the N-terminal domain of these proteins for purification purposes. 

Thus, the pure proteins contained a His-tag to be used in combination with nanobeads to 

develop a bionanomaterial that remains tightly bound and efficiently displays PknG at the 

surface, is magnetic for rapid separation from complex mixtures, and compatible with the 

phage-display technology (Figure 7A). Magnetic nanobeads displaying both, PknG_WT 

and PknG_RK were efficiently formed in 50 mM Tris-HCl, pH 7.5 with 150 mM NaCl 

(Buffer E). SDS-PAGE electrophoresis followed by Coomassie Blue staining and pixel 

densitometry analysis allowed us to calculate a binding capacity of the nanobeads of 25 and 

50 pMol/µl of beads for PknG_WT and PknG_RK, respectively. Altogether, the 

bionanobeads developed here allowed us to efficiently probe the PknG variants against the 

vast libraries of combinatorial peptides and isolate promising binders (see below). 
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FIGURE 6 Graphical representation of His-tagged PknG capture using DynaBeads 

Magnetic nanobeads (yellow sphere) are added to a sample containing His-tagged (red 

sphere) PknG_RK (shown) or PknG_WT to allow the selective binding of multiple proteins 

through cobalt-based immobilized metal affinity chromatography. Once bound, the protein-

containing beads can be collected at the tube wall and separated from other unbound 

molecules using a magnet. 

 

 

  

+
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2.2.2 The NGS-PD approach greatly reduces the number of possible PknG-binders from 

random combinatorial libraries 

 

Phage Display (PD) is a technique that allows the selection of highly-affine peptides 

expressed on the surface of a phage, through successive rounds of selection against a target 

(37, 38, 39, 40). Additionally, next-generation sequencing (NGS) has been used as a 

complementary tool with PD to identify enriched sequences in a high-throughput manner 

(41, 42, 43, 44, 45, 46, 47). To attempt uncovering novel PknG interactions using the Phage 

Display technique coupled to next-generation sequencing (NGS-PD), PknG_RK and 

PknG_WT were used as independent baits for three selection rounds against a commercial 

phage library containing 109 different heptapeptides (Figure 7). Each selection round 

involved four main steps: binding, washing, elution and propagation. During binding, each 

PknG variant is mixed with the phage library in Buffer E. After an incubation period, 

magnetic nanobeads are added to capture PknG-bound phages and subsequently separated 

from unbound phages with the help of a magnet (Figure 6). During washing, nanobeads 

displaying PknG-bound phages are extensively rinsed three times to ensure the removal of 

poorly-bound phages. During elution, PknG-bound phages are released by adding a 5X 

concentration of the target protein. Lastly, propagation is performed in E. coli ER2738 and 

amplified phages are recovered from the cell pellet to be readily used in the next round of 

selection by precipitation in 20% PEG 8000 with 2.5 M NaCl. Importantly, negative 

selections were performed prior to each round by incubating the initial and propagated 

libraries with the nanobeads in the absence of target to remove unspecific binders. The 

resulting supernatant is then used as the initial library for each of the positive selection 

rounds. Stringency was increased from round to round by reducing the incubation time from 

the binding step. 
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FIGURE 7 Overview of the NGS-coupled Phage Display approach to screen for PknG 

interactors 

 (A) The NEB Ph.D.TM-7 library was used for three rounds of selection against one hundred 

picomoles of his-tagged PknG_RK and PknG_WT, separately. DynaBeads were used as 

described in Figure 6 to separate PknG-bound from PknG-unbound phages. After thorough 

washes, the eluted and amplified phage libraries for each round and per protein were 

collected for downstream analysis (green arrows). (B) Each library was sequenced (NGS) 

using the MiSeq platform (Illumina). Bioinformatic tools such as sequence trimming, 

FastAptamer, SAROTUP and BLASTp were used to facilitate the identification of potential 

interactors of PknG and to filter out unspecific peptides. 

 

Eluted and propagated phage pools were collected for each round and for each PknG variant 

protein for further analysis by NGS using the MiSeq platform (Ilumina) (Figure 7B). A total 

of 8 sequencing datasets were obtained with each having individual reads ranging from 

17943 to 36467. A significant tendency of reduction of reads was observed as the number of 

selection rounds increased. Furthermore, as it would be expected, sequence abundancy was 
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higher in the propagated phage pools when compared to the eluted libraries. All datasets 

went through a four-stage processing and filtering workflow using bioinformatic tools 

(Figure 7B and 8). As such, crude datasets were first trimmed using the Galaxy server to 

ensure that the resultant reads are of high quality, eliminating 1-3% of all sequences per 

dataset (e.g. sequences that were shorter than 21 nucleotides). Next, using the FastAptamer 

software, we identified those sequences that appeared in the three rounds of selection. Our 

results indicated that approximately only 4% of all peptide sequences in each dataset are 

present in all rounds. Moreover, most of these sequences were unique peptide sequences. 

From here on, we grouped these reduced number of sequences by enrichment patterns from 

round to round (e.g. enrichment and enrichment; no change and enrichment, etc.) and only 

continued our analysis with those sequences that showed an enrichment throughout selection 

rounds, resulting in a total decrease of 86-97% sequences in each dataset. Next, we continued 

by filtering out target-unrelated peptides and phage clones that were estimated to favor 

propagation using the SAROTUP suite (48), resulting in a further decrease in total sequences 

of 66-76% per dataset. Lastly, after running these peptide sequences in BlastP against the 

proteome of M. tuberculosis, only those proteins which complied with one of three 

conditions were further considered: (i) possess more than one peptide hit, (ii) were 

previously reported in the literature, or (iii) were retrieved from the STRING interaction 

network of M. tuberculosis PknG. This last step resulted in the identification of 20 

mycobacterial proteins as potential interactors of PknG (Table 1 and Supplementary Table 

S1).  

 

 

FIGURE 8 Filtering flow for the identification of high affinity peptides from Phage 
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PknG_WT and PknG_RK eluted (_E) and amplified (_A) sequencing datasets went through 

a four-step filtering flow. Low-quality sequencing data was initially cleaned by segment 

trimming (blue). Only those sequences that were present in all three rounds were considered 

further (red). Unspecific peptides were filtered out using the SAROTUP database (green), 

leaving aside those peptides with high probability to recognize polystyrene or likely to be 

favored during amplification in E. coli. Lastly, BLASTp analysis for the resulting peptides 

was performed against the proteome of Mycobacterium tuberculosis H37Rv (purple). 

 

Additionally, the most abundant sequences present through all rounds represented between 

21-50% and 3-17% in the eluted and amplified datasets, respectively. When considering only 

the sequences that became enriched through all rounds, the most abundant peptides in the 

eluted pools represented between 16-52% and became more representative along rounds of 

selection. When performing the same analysis to the propagated pools, the most abundant 

peptides represented between 27-37% but, intriguingly, became less representative from 

round to round. Likewise, after removing target-unrelated peptides and phage clones with a 

faster propagation rate, the most abundant peptides from the eluted pools continued to be 

more representative throughout rounds as opposed to propagated pools, however, the 

predominance of these peptides in both pools increased to around 75%. Lastly, peptide 

sequences from PknG_WT and PknG_RK, both in the eluted and amplified libraries, did 

now show major resemblance, suggesting that most peptides must be binding to the missing 

domains from the truncated variant. Altogether, our data shows that a considerable decrease 

in the number of unique sequences occurs in all sequenced pools after each filtering stage 

(Figure 8); resulting in an overall decrease from 30000 reads per dataset to 20 peptide 

sequences for further validation.  

 

2.2.3 The NGS-PD approach provides insights into the PknG interactome 

 

Of the 20 mycobacterial proteins obtained from our NGS-PD approach (Table 1 and 

Supplementary Table S1), we retrieved four previously reported protein partners of PknG, 

these are: PknG, chaperone protein DnaK, 50S ribosomal protein L23 and elongation factor 

Tu. Remarkably, the ABC transporter protein Rv1747, present in the STRING database of 

PknG’s predicted functional protein-protein associations, was also recovered. In order to 

demonstrate that our NGS-PD interactomic approach provides a promising platform to 

identify possible protein partners of PknG we attempted to locate the associated peptides of 
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the four previously reported interactors in their corresponding atomic structures. Our results 

indicate that the peptides identified in these proteins are exposed (Figure 9) and thus 

strengthen the likelihood of interacting with PknG. Even further, the peptide associated to 

PknG, which was only present in the PknG_WT dataset, is located within the TPR domain 

which has been attributed to the kinase’s dimer interface through crystallographic data (24) 

and which was absent in the PknG_RK variant and its corresponding dataset. This suggests 

that our approach can also be used to potentially identify which part of the target protein is 

mediating the interaction with its putative binder. Moreover, these peptides had at least one 

serine or threonine residue, displaying potential phosphorylation sites for PknG. Altogether, 

our results highlight the potential of our NGS-coupled Phage Display approach to probe the 

proteome of PknG and possibly other proteins of interest with biologically-relevant 

outcomes. Furthermore, our data supports the notion that translation-associated 

mycobacterial proteins participate in protein-protein interactions with PknG (16, 17, 21), 

although more extensive validation is still required. 
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FIGURE 9 Molecular visualization of peptides located in proposed PknG protein partners 

Three-dimensional structures of 50S ribosomal protein L23, protein kinase G, elongation 

factor Tu and chaperone protein DnaK. The PDB entries used for this purpose were 5V93, 

2PZI, 6EZE and 4RTF, respectively. The peptides corresponding to the proteins recovered 

from the NGS-PD interactomic approach are colored in red. Peptide sequences for the 50S 

ribosomal protein L23, protein kinase G, elongation factor Tu and chaperone protein DnaK 

are VTLPDPR, GRLTSDH, HRTTPHT and QTEKNPL, respectively. 

 

50S ribosomal protein L23 Protein kinase G

Elongation factor Tu Chaperone protein DnaK



27 

 

TABLE 1 Candidate PknG interactors identified by the NGS-PD approach 

Identified protein NCBI ID Peptide hits 

Phthioceranic/hydroxyphthioceranic acid synthase WP_003900763.1 4 

Uncharacterized PPE family protein PPE54 WP_010886163.1 4 

Probable ATP-dependent helicase Lhr WP_003912132.1 3 

Probable peptide synthetase Nrp WP_003400794.1 2 

Probable lipase LipD WP_003900433.1 2 

Esterase AIR14668.1 2 

ESX-2 type VII secretion system protein WP_003917257.1 2 

Transglutaminase AIR15338.1 2 

Proline-rich mucin homolog AAD41594.1 2 

Glycerol-3-phosphate acyltransferase WP_003917012.1 2 

Probable glycine dehydrogenase WP_003900418.1 2 

Fumarate reductase flavoprotein subunit WP_003898925.1 2 

Probable acyl-CoA dehydrogenase FadE5 WP_003401312.1 2 

Probable methylmalonyl-CoA mutase large subunit WP_003407587.1 2 

PPE family protein PPE56 WP_009939158.1 2 

ABC transporter ATP-binding/permease protein 

Rv1747 * 

WP_003408545.1 1 

Serine/threonine-protein kinase PknG ** WP_003402100.1 1 

Chaperone protein DnaK ** WP_003401814.1 1 

50S ribosomal protein L23 ** WP_003403581.1 1 

Elongation factor Tu ** WP_003403463.1 1 

* Reported in the string database (49). 

** Reported in the literature (16, 17, 21, 24). 
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3 DISCUSSION 

 

The survival of Mycobacterium tuberculosis inside the macrophage is promoted by the 

inhibitory effects of PknG on phagolysosome fusion and the effective eradication of 

mycobacteria (23). With multi-drug resistance overriding our current antimicrobial toolbox, 

PknG arises as a promising target to cope with the alarming need of novel antibiotics to fight 

TB. However, the molecular basis through which PknG arrests phagosome maturation and 

a more comprehensive characterization of its interactome, both inside and outside 

mycobacteria, remains far from complete. In spite of this, molecular partners of PknG could 

be surmised as potential targets for targeted inhibitory drugs, either by inhibiting their 

phosphorylation regions or by perturbing their interaction with PknG. Here, we report a 

number of previously undescribed binders of PknG that could be further validated for 

inhibitory screening of new drugs.  

Prior studies have attempted to expand our understanding of the PknG interactome through 

various in vitro and in vivo approaches, making the list of PknG’s putative substrates and 

interactors increasingly complex (10, 12, 14, 15, 16, 17, 18, 19, 20). Despite protein kinases 

showing promiscuous activity in vitro (50), several of these reports have recovered the same 

interactors, supporting the notion that PknG may interact with various proteins (17). In order 

to identify PknG protein effectors and peptide binders, we developed an interactomic 

approach by combining next-generation sequencing, phage display and complementary 

bioinformatic analyses (NGS-PD). Phage display and next-generation sequencing have 

already been used to uncover biologically-relevant interactions (51, 52, 53, 54, 55, 56), 

however, to the best of our knowledge, this is the first time it is used to study the interactome 

of a mycobacterial protein. 

As such, NGS-PD identified a total of 20 interactions between PknG and mycobacterial 

proteins for downstream validation. We were able to recover four previously reported 

binders of PknG, including PknG itself, chaperone protein DnaK, Ribosomal Protein L23 

and Elongation Factor Tu. Equally important, for all these cases, the associated peptide was 

found to be exposed in the respective protein, suggesting a possible interaction interface with 

PknG. ABC transporter Rv1747, present in the STRING database of PknG’s predicted 

functional protein-protein associations, also came out in our results. Interestingly, the 

peptide associated to PknG only appeared when PknG_WT was screened (Supplementary 
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Table S1) and actually corresponds to a segment of the TPR domain (absent in PknG_RK) 

that has been attributed to the kinase’s dimer interface through crystallographic data (24). 

This suggests that our approach can also be used to potentially identify which part of the 

target protein is mediating the interaction with its putative binder. The recovery of chaperone 

DnaK in our work is quite remarkable as this protein facilitates the assembly of functional 

30S subunits both in vitro and in vivo (57, 58, 59). This finding, together with the 

identification of 50S ribosomal protein L23 and elongation factor Tu, is in line with the 

substantial enrichment of translation-associated proteins found in recently published 

interactomes of PknG (16, 17, 21). Thus, we support the notion that binders related to 

translation are indeed true interactors of PknG.  

Besides interacting partners, PknG requires ATP and Mg2+ for proper functioning. Here, we 

described the interplay between ATP and Mg2+ on PknG’s thermal stability with 

unprecedented detail. Our data shows that PknG_RK binds exclusively to ATP with a KD of 

108.8  22.9 µM which is in accordance to previous studies suggesting ATP usually binds 

to protein kinases with KD values of 10-100µM (29). In contrast, other related kinases were 

shown to bind GTP as well as ATP as phosphate donors (61, 62). Moreover, the results on 

the association and dissociation constants of ATP_mant to PknG_RK (114.2  3.8 and 129.2 

 5.4, respectively) were indicative of a rapid kinetic equilibrium. Under the conditions of 

our experiments, neither nucleotide-association or -dissociation were clearly favoured, 

suggesting similar proportions of ATP-bound and unbound PknG complexes, as seen in 

studies of other ATP-binding domains (63, 64). It is tempting to picture an scenario in which, 

under different ionic conditions or in the presence of a protein substrate, these rates vary and 

favour nucleotide hydrolysis. This last is specially interesting if we consider that ATP levels 

fluctuate between ~660 µM and ~3730 µM in hypoxic nonreplicating M. tuberculosis and 

growing aerobic mycobacteria, respectively (65). Whether the above parameters vary as a 

function of the interacting protein or other regulators remains to be determined.  

Our results show that in the presence of ATP, increasing concentrations of Mg2+ promote a 

more thermally-stable state of PknG_RK. Remarkably, this effect is observed even at the 

lowest tested concentration of MgCl2 (80 µM) and, as concentration increases further, it 

becomes more pronounced before stabilizing at around 2.5 mM (Figure 3B). Further 

concentrations of MgCl2 (> 3 mM) destabilize the protein kinase, a phenomenon that has 

been seen in other enzymes (66, 67) and is indicative of substrate-like cofactor inhibition 
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(68). On the contrary, when ATP concentrations surpassed the low millimolar range in the 

absence of equimolar concentrations of Mg2+, the thermal stability of PknG_RK was 

abruptly compromised (Figure 3A). This can be explained by the high affinity between ATP 

and Mg2+ ions (KD = 38 µM) and, thus, a non-physiological excess of ATP levels would 

deplete Mg2+ from PknG, resulting in destabilizing the kinase (69, 70).  

The concentration of Mg2+ in Salmonella-containing phagosomes and mammalian cells’ 

cytosol differs greatly, 10-50 µM and 0.37-1 mM, respectively (71, 72, 73). Interestingly, it 

has been shown that in bacteria, the intracellular concentration of magnesium ions matches 

extracellular levels (74). Altogether, it is plausible that PknG’s response to magnesium levels 

is partially explained by a regulatory mechanism in charge of modulating PknG’s activity as 

a function of [Mg2+]. Similar modulation of enzymatic activity as a result of heterogeneous 

concentrations of Mg2+ has been previously reported, including in a diterpene cyclase from 

M. tuberculosis that inhibits phagosomal maturation in vitro (67, 68, 75, 76). As PknG will 

encounter magnesium-deprived and rich environments throughout its life cycle (i.e. within 

M. tuberculosis and after secretion into the phagosome or the macrophage’s cytosol), it is 

interesting to speculate about such a regulatory mechanism to ensure mycobacterial 

adaptation and proper enzymatic function during macrophage infection and phagosomal 

arrest. Alternatively, Mg2+ fluctuations could hyperactivate PknG upon secretion into the 

phagosome.  

Taken together, our results shed light into all ligands of PknG, identify potential regulatory 

mechanisms and propose multiple putative protein-protein interactions that could explain 

PknG’s indispensability during mycobacterial survival. In silico and functional analysis are 

required to further characterize and validate our results, however, if proven correct, we hope 

this work opens the way for tailored anti-TB drugs aimed at disrupting these interactions. 

Even so, the identification of all these PknG peptide binders has an importance of its own as 

they could be exploited as lead-like molecules for further optimization into potential anti-

TB drugs (77). Finally, we propose that the NGS-PD methodology has the potential to be 

applied to other proteins for the discovery of peptide binders and to be an alternative 

approach to unveil interactomic networks with biologically-relevant outcomes. 
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4 CONCLUSIONS 

 

In the present study we report that PknG is not a promiscuous kinase with regards to 

nucleotide binding, it exclusively binds to ATP with a dissociation constant (KD) of 108.8  

22.9 µM. Interestingly, the association and dissociation of ATP in the ATP:PknG complex 

is fast, however, Mg2+ levels could have an influence on these parameters. In a very 

sophisticated fashion, the concentration of Mg2+ thermally stabilizes PknG in an ATP-

dependent manner, possibly suggesting a regulatory mechanism of the kinase as a function 

of Mg2+-rich and -deprived environments. Altogether, the role of ATP and Mg2+ as cofactors 

of PknG seems to contribute to the stability and possibly the function of this mycobacterial 

kinase. 

We also provide the ADP-state crystal structure of PknG_RK at 1.85 Å resolution. 

Remarkably, co-crystallization with ATP precluded crystal formation, suggesting that 

possibly the ATP-state induces a more flexible conformation of the kinase that impedes 

particles to arrange uniformly or ATP is being partially hydrolyzed and, thus, forming 

variable complexes. Despite using several commercially-available crystal screens, we were 

unable to crystallize PknG_WT, indicating that, indeed, the N-terminal extension is flexible 

enough to obstruct crystal formation, regardless of ADP or ATP binding. However, the 

importance of Mg2+ in the thermal stability and thus conformational arrangement of PknG 

indicates that it could play an important role in similar crystallization attempts.  

In this work we have established a promising interactomic approach that could serve as an 

alternative to elucidate protein-protein interactions of interest. Using combinatorial 

techniques such as Phage Display coupled to high-throughput analyses provided by next-

generation sequencing and a bioinformatic-oriented platform, we were able to 

experimentally query the interactome of PknG. Our workflow uncovered 20 proteins that 

can be considered as putative PknG interactors for further validation. Five proteins from this 

list have already been found in previous interactomic reports of mycobacterial PknG, thus 

highlighting the true potential of NGS-PD.  

Currently, the number of antimicrobials under development will not suffice the velocity at 

which antibiotic resistance is spreading. As such, we urge the development of new drugs to 

fight multidrug resistance and latent tuberculosis. The results and implications of this work 
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provide a strong basis to expand our antimicrobial toolbox by developing drugs tailored to 

disrupt specific PknG interactions that may prove essential for bacterial survival or further 

enhance lead-like peptide binders. Altogether, we highlight the significance of further 

studying the mechanism of action and interactome of PknG in order to disrupt its ability to 

survive inside the macrophage. The strategy implemented in this study can be used for other 

protein targets of other pathogenic bacteria for drug-development purposes. 
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5 MATERIALS AND METHODS 

 

5.1 Overexpression and purification of PknG variants 

 

The recombinant expression vectors pHAT-PknG_RK (Rubredoxin and Kinase domains) 

and pHAT-PknG_WT, both ampicillin resistant, were kind gifts from the laboratory of 

Professor Tom Blundell, University of Cambridge. Both protein variants were fused with a 

His-tag tail at the N-terminal to perform immobilized metal affinity chromatography 

(IMAC). Escherichia coli BL21 (DE3) cells harboring pHAT-PknG_RK or pHAT-

PknG_WT were grown separately at 37°C in LB medium supplemented with 100 µg/ml of 

ampicillin until OD600 reached 0.5. Then, 0.1 mM IPTG was added as final concentration to 

induce protein overexpression for 16 hours at 18°C. Cells were harvested by centrifugation 

(5000g for 15 minutes) and resuspended in buffer A (25 mM HEPES, pH 7.5; 500 mM NaCl; 

10% glycerol). Cells were opened by sonication and the lysate was centrifuged. Protein-

containing supernatant was loaded into a 5 ml HisTrap HP column (GE Healthcare) and 

eluted in Buffer A using a linear imidazole gradient up to 500 mM. Eluted fractions were 

pooled and furtherly purified using size-exclusion chromatography on a Superdex 200 

column (GE Healthcare) in Buffer B (25 mM tris-HCl, pH 7.5; 200 mM NaCl; 10% 

glycerol). Protein concentration of PknG_RK and PknG_WT was determined by NanoDrop 

A280 using 37.1 kDa and 82.4 kDa as molecular weights and 38.85 and 73.8 as extinction 

coefficients of both constructs, respectively. 

 

5.2 Thermal stability measurements using Differential Scanning Fluorimetry 

 

The stability of PknG_RK in the presence or absence of varying concentrations of cofactors 

was measured using the nanoDSF Prometheus NT.48 (NanoTemper Technologies). An 

excitation wavelength of 280 nm was employed to monitor changes in protein intrinsic 

fluorescence during thermal transition midpoint (Tm) by measuring fluorescence at 330 nm 

and 350 nm. 20 µl solutions were prepared in Buffer C (25 mM tris-HCl, pH 7.5; 200 mM 

NaCl; 10 mM MgCl2) using 10 µM PknG_RK and varying concentrations of either NTPs 

(0-0.6 mM), ATP (0-20 mM), MgCl2 (0-20 mM) or EDTA (0-5 mM). For MgCl2 and EDTA 
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titrations, Buffer C without MgCl2 was used. When MgCl2 was adjusted to a 1:1 molar ratio 

with ATP, a working stock of 50 mM ATP plus 50 mM MgCl2 was prepared. Approximately 

10 µl of each sample solution was loaded to a capillary and protein unfolding was measured 

using a 70% laser power at a heating rate of 1°C/min. First derivative analysis was applied 

to the unfolding curves to determine the transition midpoints and melting temperatures (Tm). 

 

5.3 Stopped flow kinetic measurements 

 

We used an SX-20 stopped flow instrument (Applied Photophysics) to obtain rapid kinetic 

measurements by monitoring either the fluorescence resonance energy transfer (FRET) 

between 2'/3'-O-(N-Methyl-anthraniloyl)-adenosine-5'-triphosphate (ATP_mant) (Jena 

Bioscience) and tryptophan as a function of time. For the FRET experiments, a 295 nm LED 

was used for excitation and fluorescence was collected at an angle of 90° after passing 

through a cut-off filter of 400 nm. 3 µM PknG_RK was rapidly mixed with 3 µM ATP_mant 

in Buffer D (25 mM tris-HCl, pH 7.5; 100 mM NaCl; 1 mM MgCl2) using the stopped flow 

apparatus. Fluorescence was recorded for 1 second maintaining pressure-hold. To obtain the 

dissociation constant of ATP_mant in complex with PknG_RK, we preincubated 3 µM 

PknG_RK with 3 µM ATP_mant for 5 minutes at room temperature and then we mixed it in 

the stopped flow machine with 60 µM dark ATP.  

 

5.4 Crystallization and structure determination 

 

For initial crystallization trials, commercially available Pi-minimal HTS (Jena Bioscience), 

PEG/Ion HT (Hampton Research), Classic HTS I and II (Jena Bioscience), and Index HT I 

(Hampton Research) screens were tested against PknG_WT in the presence or absence of 2 

mM ATP/ADP under a sitting-drop vapor diffusion setup. Alternatively, PknG_RK (20 

mg/ml) was cocrystallized with 2 mM ADP using a hanging-drop vapor diffusion setup with 

400 µl of mother liquor (100 mM HEPES, pH 7.5; 200 mM CaCl2; 25% PEG 4000) in the 

reservoir. 1 µl of the complex was mixed with 1 µl of the reservoir solution at 4°C and after 

~7 days PknG_RK:ADP crystals grew. Single crystals were cryoprotected in mother liquor 

containing 25% glycerol and flash-frozen in liquid nitrogen prior data collection. X-ray 
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diffraction data were collected at The Brazilian Synchrotron Light Laboratory (Sao Paulo, 

Brazil) at 100 K. The atomic structure of PknG_RK:ADP was determined by molecular 

replacement of a previously reported PknG_RK:ADP model (PDB ID 4Y0X) and was 

refined to a free/work R-value of 0.196/0.269 that resulted in a 1.85 Å resolution model. 

 

5.5 Peptide screening using Phage Display 

 

An M13-based library displaying 109 random 7-mer peptides (PhDTM - 7, E8100S, New 

England Biolabs) was used for screening against PknG_RK and PknG_WT independently. 

Three rounds of selection were done (R1, R2, R3). Each round consisted of a selection and 

propagation steps. Phage titer was determined by infection of E. coli ER2738 in LB-IPTG-

Xgal plates. Briefly, to remove unspecific phage clones, negative selections were performed 

before each round by incubating initial phage library (for R1) and subsequent propagated 

libraries (for R2 and R3) with DynaBeads His-Tag Magnetic Beads (ThermoFisher). 

Unspecific DynaBeads-bound phage clones were separated using a magnet and the 

remaining supernatant was used as an initial library for each of the positive selection rounds.  

For positive selections, 100 µl of initial phage library (for R1) and subsequent propagated 

libraries (for R2 and R3) were incubated with 100 picomoles of PK or RK (i.e. 

concentrations ranged 55 to 200 nM). Initial phage titer ranged 107 to 1010 for R1 to R3 

round, respectively. Target-phage incubation was done in Buffer E (50 mM Tris-HCl, pH 

7.5;150 mM NaCl) at room temperature (RT) for 60, 30 and 15 minutes for R1, R2 and R3 

respectively. Then, DynaBeads were added and incubated at RT for 30 minutes in agitation 

(1000 rpm) in order to recover target-bound phages. A magnet was used to separate unbound 

phages in the supernatant. The complex DynaBeads-target-phages was washed with 1 ml of 

Buffer E for 3 minutes at RT in agitation (1000 rpm). Three washing steps were done. To 

elute bound phages, 5X target concentration in Buffer E were added to the complexes 

DynaBeads-target-phages and incubated for 30 minutes at RT in agitation (1000 rpm). 

DynaBeads-target was recovered using a magnet, the remaining supernatant containing the 

eluted phages was stored.  

Finally, the bound phage clones were titered and propagated using E. coli ER2738. 

Previously, ER2738 was cultivated overnight in LB broth with 20 µg/ml tetracycline and 
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then a fresh culture was prepared. For phage titration, serial decimal dilutions of phage were 

prepared in Buffer E. Ten microliters of each dilution were mixed with 200 µl of OD600 0.5 

ER2738 culture and spread out on LB-IPTG-Xgal agar plates. 50 µl of the remaining eluted 

phages were inoculated for propagation when ER2738 reached an OD600. This was incubated 

at 37°C for 4 hours. Phages were recovered by precipitation with Buffer F (2.5 M NaCl; 20% 

PEG 8000). The phage pellet was resuspended in 200 µl of Buffer E. Phage titration was 

done as previously described. 

 

5.6 Next-generation sequencing of phage libraries 

 

The corresponding nucleotide sequence of the peptides was obtained by next-generation 

sequencing using the Illumina MiSeq platform. An aliquot of each library was used directly 

as template for a PCR. The following libraries were sequenced: propagated and non-

propagated original library, eluted and propagated libraries from R1, R2, and R3 for both 

PknG_RK and PknG_WT. Briefly, a first PCR was done using the primers 5'-

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCAATTCCTTTAGTGGTACCTT

TC-3', and 5'-

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTGGGGTTTTGCTAAACAAC

TTTC-3' (i.e. overhang sequences are underlined). PCR cycling parameters were one cycle 

of 95°C for 4 minutes, 15 cycles of 95°C for 30 seconds, 51°C for 30 seconds, and 72°C for 

60 seconds, followed by a final step of 72°C for 3 minutes. PCR products were resolved in 

a 2% agarose gel with an expected band size of 137 nt. PCR products were purified using 

AMPure beads according to the manufacturer’s protocol. A second PCR was done to 

incorporate the indexes (24 sample Nextera XT Index Kit, Illumina) as suggested by 

Illumina (70). The PCR settings were one cycle of 95°C for 3 minutes, followed by 8 cycles 

of 95°C for 30 seconds, 55°C for 30 seconds, and 72°C for 30 seconds, and a final step of 

72°C for 5 minutes. PCR products were purified with AMPure beads and the specificity of 

the primers was confirmed by electrophoresis in a 2% agarose. The pool library for 

sequencing was prepared according to Illumina’s instructions (78). 
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5.7 Bioinformatic peptide selection 

 

Quality control and trimming were done in the public server at usegalaxy.org (79). 

Sequences were treated as single-end data. Briefly, a leading and trailing trimming was done 

considering a threshold quality value of 3, then for sliding window trimming a window of 4 

with an average score of 20 was used. Sequences with shorter than 20 nt were discarded. 

Finally, sequences were cut to 21 nucleotides. For enrichment analysis, the FastAptamer 

software was used (80). Sequence enrichment was analyzed based on nucleotide sequences 

of eluted and propagated libraries of R1, R2, and R3. In this case, sequence abundancy was 

determined using FastAptamer count script. After, we determined the enrichment between 

selection rounds using FastAptamer enrich script; enrichment was defined as a ratio of read 

per million (RPM) values between consecutive rounds. Sequences that were reported along 

the 3 rounds of selection were selected for more analysis. Enrichment was considered when 

the ratio was equal or more than 1.5, no enrichment was considered when the ratio ranged 

0.7 to 1.5 and a decrease was defined by a ratio less than 0.7. In order to reduce the number 

of enriched candidate sequences, patterns of enrichment were evaluated according to the 

decrease or the increase of the enrichment ratio. 

To filter target-unrelated peptides we used the SAROTUP suite (48). By applying the target 

unrelated-peptide motif (TUP motif) analysis, we discarded peptides that reported positive 

for any TUP motif. Fast-growing phage-peptides and polystyrene surface-binding peptides 

were evaluated using the PhD7Faster (threshold value of 0.4) and PSBinder (threshold value 

of 0.6) scripts, respectively. Sequences that reported a score below the defined threshold 

were considered further for the selection of promising candidates. Nucleotide sequences of 

all libraries (propagated and non-propagated original library, eluted and propagated libraries 

from R1, R2, and R3) were translated to peptides in the public server Sequence Manipulation 

Suite (81). Clusters were determined using the FastAptamer cluster script for peptide 

sequences. A Levenshtein edit distance value of 3 was used for clustering (i.e. clustering was 

based in identity sequence). All sequences were considered for clustering independently of 

their pattern of enrichment.  

BLASTp was done for sequences whose pattern of enrichment reported an increase at least 

between 2 rounds and did not showed any decrease along the rounds of selection. BLASTp 

analysis was set to an E-value threshold of 2000, the substitution matrix PAM30, a word 
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size of 2 and without using composition-based statistics. BLASTp was restricted to M. 

tuberculosis H37Rv (taxid 83332). Hits were considered positive when the alignment 

covered at least 5 amino acids with more than 80% of sequence identity. Only those proteins 

with more than one identified peptide were considered further. Reported data from the 

literature (16, 17, 21, 24) or the STRING database (49) on protein interactors of PknG (String 

code 83332.Rv0410c), were also used as preliminary criteria to validate our approach by 

confirming five positive hits from our BLASTp analysis. 
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7 SUPPLEMENTARY MATERIALS 

 

SUPPLEMENTARY TABLE S2 

Source 

Peptide 

sequence 

(5’ – 3’) 

Protein name 
RPM per round 

1 2 3 

P
k
n
G

_
W

T
 (

el
u
te

d
) 

 

GRLTSDH 
Probable ATP-dependent helicase Lhr 90.34 163.06 312.3 

Serine/threonine-protein kinase PknG 

HDSPTAA 

Probable peptide synthetase Nrp 1264.79 3206.87 5839.92 

Probable lipase LipD 

Esterase 

HLRESPH 
ESX-2 type VII secretion system 

protein 

45.17 652.24 2029.92 

HSAHRGT 
Phthioceranic/hydroxyphthioceranic 

acid synthase 

406.54 869.66 3997.38 

TTLSLTI 
Uncharacterized PPE family protein 

PPE54 

45.17 108.71 187.38 

VTLPDPR 

Uncharacterized PPE family protein 

PPE54 

225.86 1005.54 2029.92 

Transglutaminase 

50S ribosomal protein L23 

HRTTPHT Elongation factor Tu 316.2 1005.54 1530.25 

P
k
n
G

_
R

K
 (

el
u
te

d
) 

 

MPRLPPA 

ESX-2 type VII secretion system 

protein 

274.37 11991.08 22478.75 

Phthioceranic/hydroxyphthioceranic 

acid synthase 

Proline-rich mucin homolog 

ABC transporter ATP-

binding/permease protein Rv1747 

SILPVTR 

Probable peptide synthetase Nrp 137.19 6762.41 13980.01 

Glycerol-3-phosphate acyltransferase 

Probable glycine dehydrogenase 

AAHTTMI 
Phthioceranic/hydroxyphthioceranic 

acid synthase 

246.93 488.01 1051.96 
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TTPALRL 

Probable ATP-dependent helicase Lhr 137.19 453.15 885.86 

Uncharacterized PPE family protein 

PPE54 

Proline-rich mucin homolog 

Glycerol-3-phosphate acyltransferase 

Probable glycine dehydrogenase 

Fumarate reductase flavoprotein 

subunit 

RPLLTDT 

Probable lipase LipD 109.75 174.29 304.52 

Esterase 

Phthioceranic/hydroxyphthioceranic 

acid synthase 

Transglutaminase 

Probable acyl-CoA dehydrogenase 

FadE5 

SNLPILA 
Probable methylmalonyl-CoA mutase 

large subunit 

54.87 104.57 332.2 

STSSFPL 

PPE family protein PPE56 27.44 69.72 193.78 

Uncharacterized PPE family protein 

PPE54 

P
k
n
g
G

_
W

T
 

(a
m

p
li

fi
ed

) 

QTEKNPL Chaperone protein DnaK 130.36 452.43 814.22 

ASLPFWR Probable ATP-dependent helicase Lhr 97.77 211.14 542.81 

MPRLPPA As described in PknG_RKe 7072.09 11582.31 21486.41 

SILPVTR As described in PknG_RKe 2835.35 5881.64 12213.33 

P
k
n
G

_
R

K
 (

am
p
li

fi
ed

) 

 

SGYTRPL 

PPE family protein PPE56 79.38 226.67 383.52 

Probable methylmalonyl-CoA mutase 

large subunit 

GPLLTKT 

Fumarate reductase flavoprotein 

subunit 

79.38 141.67 255.68 

Probable acyl-CoA dehydrogenase 

FadE5 
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