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Abstract 

Emergence of multi drug resistant (MDR) and extensively drug resistant (XDR) 

Mycobacterium tuberculosis poses a serious threat to TB control as the available treatment 

options are less effective in these cases. Therefore, new strategies are required for identification 

of new drugs and drug targets. The M. tuberculosis dihydrodipicolinate synthase is a putative 

drug target with no potent inhibitor. Here in this study, we have used a comprehensive 

computational approach to identify small molecule inhibitors and validated them in vitro.  As 

similar structures tend to have similar functions, therefore 3 approaches, namely, (a) known 

inhibitor-based approach, (b) substrate analogues, (c) product analogues were used for 

compound screening from various chemical libraries. The fourth approach we have taken is 

fragment library screening. 
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In vitro studies revealed that β-hydroxypyruvic acid tartronic acid are  inhibitors of Mtb-rDapA 

with maximum inhibition 48% and 51% at 500µM concentrations respectively. We have also 

observed that β-hydroxypyruvic acid is a time dependent inhibitor of Mtb-rDapA. Further, 

thermal shift assays showed that β-hydroxypyruvic acid interacts with Mtb-rDapA and the 

thermal stability of Mtb-rDapA shifted by 3˚C. Among the product analogues of Mtb-DapA, 

dipicolinic acid showed to bind to Mtb-rDapB shifting thermal stability of Mtb-rDapB by 0.5˚C 

in binding.  Additionally, we have designed a new approach by combining substrate and 

product analogues to achieve better inhibitions. In vitro assays validated that this combination 

approach increased maximum inhibition up to 100%. We envision that these compounds would 

serve as potent leads for tuberculosis drug discovery. 

Keywords: Docking, lead discovery, molecular dynamic simulation, tuberculosis, coupled 

assay   

1. Introduction 

Tuberculosis (TB) is a communicable disease and is one of the top 10 causes of deaths 

worldwide. The disease is caused by the bacillus Mycobacterium tuberculosis (Mtb). 

According to World Health Organization’s 2020 Global Tuberculosis Report, about 10 million 

people got TB infections in 2019, out of which 1.4 million died [1]. Emergence of multi drug 

resistant (MDR) and extensively drug resistant (XDR) M. tuberculosis poses a serious threat 

to TB control as the available treatment options are less effective in these cases. Therefore, 

new strategies are required for identification of new drugs and drug targets.   

The mycobacterial cell wall has a particularly distinguishing feature consisting of mycolyl-

arabinogalactan- peptidoglycan (mAGP) complex [2]. The peptidoglycan chains are 

interconnected by a tetrapeptide side chain consisting of L-alanine, D-glutamic acid, meso-

diaminopimelic acid (mDAP) and D-alanine. mDAP is synthesized by diaminopimelate (DAP) 
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pathway, which is also the synthetic pathway for the essential amino acid lysine [3]–[5] in M. 

tuberculosis (Mtb). This pathway is conserved[6] and essential because absence of DAP results 

in cell lysis and death [7]. Further, this pathway is absent in human and therefore the DAP 

pathway is a suitable drug target.  

In the first step of DAP pathway, aspartokinase catalyzes the phosphorylation of L-aspartate to 

L-β -aspartyl-4-phosphate. The second step is the conversion to L-aspartate-beta-semialdehyde 

(ASA) by aspartate semialdehyde dehydrogenase. This is followed by a Schiff base formation 

with pyruvate and condensation of ASA to form (4S)-4-hydroxy-2,3,4,5-tetrahydro-(2S)-

dipicolinate (HTPA) catalyzed by dihydrodipicolinate synthase (DapA) . Next, HTPA is 

reduced to 2,3,4,5-tetrahydrodipicolinic acid (THDP) catalyzed by dihydrodipicolinate 

reductase (DapB) using NADPH as an electron donor. THDP then undergoes a series of 

biochemical transformations to yield meso-diaminopimelate (m-DAP) and lysine. In this study, 

we have focussed on Mtb-DapA and Mtb-DapB enzymes as the enzyme Mtb-DapA catalyses 

the 1st committed step of the pathway. The crystal structures of both these enzymes are 

available. 

The three-dimensional structure of Mtb-DapA was determined earlier and refined at 2.28 Å 

(PDB ID 1XXX) [8]. The crystal structure reveals a tetrameric state of the enzyme with 4 

identical subunits. Each tetramer is a dimer of dimers, where two monomers are bound to each 

other to form a tight dimer. The functionally important residue of the active site of the enzyme 

is Lys171, underlying key catalytic role in the Schiff base formation. The Mtb-DapB crystal 

structure was resolved in complex with NADPH and dipicolinic acid (PDB ID 1C3V). Mtb-

DapB is a tetramer of identical subunits, with each subunit composed of two domains 

connected by two flexible hinge regions [9]. 
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Several attempts have been made in search for potent inhibitors against DAP enzymes [10]–

[13], but but a potent inhibitor still to be found for a better inhibitor remains. Several structural 

analogues of natural substrate pyruvate were studied by Karsten et al. against E. coli DapA 

[14]. Among them, α-ketobutyrate (Ki= 0.83mM) and α-ketovalerate (Ki= 0.7mM) are 

carboxylic acids having keto group at alpha position similar to pyruvate, only with higher 

carbon chain lengths. Glyoxalate, a 2-carbon carboxylic acid having aldehyde group had the 

lowest Ki of 0.016mM against E. coli DapA. Further, they have also reported 3-fluoropyruvate, 

fluorinated analogue of pyruvate, with Ki 0.22mM [14]. Along the same line, alpha-

ketopimelic acid (αKPA) was reported as a potent Mtb-rDapA inhibitor with maximum 

inhibition of 88% and IC50 21µM [11]. Further, 8 conformationally constrained diketopimelic 

acid analogues were tested against E. coli DapA, with maximum inhibition observed at 49% at 

5mM concentration [15]. The reaction intermediate mimics of E. coli DapA namely, dipicolinic 

acid and isopthalic acids were studied as competitive inhibitors [16]. Piperidine and pyridine-

2,6-dicarboxylate analogues, including N-oxide of dipicolinic acid and di-imidate of dimethyl 

pyridine-2,6-dicarboxylate were studied previously. These compounds were reported to have 

IC50 value of 0.2 mM against the E. coli DapA [10], [17]. Turner et al. designed 2 irreversible 

inhibitors diethyl (E)-4-oxo-2-heptenedioate and diethyl (E, E)-4-oxo-2,5-heptadienedioate 

mimicking reaction intermediate 4-hydroxytetrahydrodipicolinate. These compounds showed 

only 50% inhibition at concentration range 0.5–50mM [18]. 

In this work we have used a comprehensive computational approach to identify small molecule 

inhibitors and validated them in vitro.  As similar structures tend to have similar functions [19], 

therefore 3 approaches, namely, (a) known inhibitor-based approach, (b) substrate analogues, 

(c) product analogues were used for compound screening from various chemical libraries. The 

fourth approach we have taken is fragment library screening. The known inhibitor-based 

approach was based on our previous report of αKPA being Mtb-DapA inhibitor [11]. Further, 
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from the same study, several rules had been deduced for designing Mtb-DapA inhibitors, such 

as optimum carbon chain length, presence of keto or hydroxyl group at alpha position. This 

study is a continuation to the previous report and we have added knowledge onto the rules for 

chemical inhibitor screening.  

 2.Materials and Methods: 

2.1 Ligand dataset:  

Ligands were shortlisted using 4 different approaches: 

a) Known inhibitor-based screening:  For structure similarity search, αKPA was used as 

start compound [11] and screening of the compounds with keto group was carried out from 

chemical libraries. Ligands were retrieved from PubChem [20] 

(https://pubchem.ncbi.nlm.nih.gov/) and ZINC [21] (https://zinc.docking.org/) 

databases as ready-to-dock compounds (Figure 1). As similar structured tend to have 

similar functions, therefore initially compounds with ≥90% structure similarity was 

screened from PubChem and ZINC databases. Following to that, extended PubChem 

search was carried out to retrieve all compounds with ≥70% structure similarity with 

αKPA.  

b) Substrate analogue study:  Pyruvate is one of the substrates of Mtb-DapA enzyme. 

Compounds designed by substituting pyruvate with functional groups like methyl, 

hydroxyl, carboxyl are shown in Figure 2.  A few compounds were also designed by 

substituting fluorine (F) at different positions. Due to the small size and high 

electronegativity of fluorine, these compounds are expected to be highly polar. 

Substrate analogues were selected from Sigma-Aldrich Commercial compound library 

[22] (Figure 3a). 
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c) Product analogue study: Product analogues of Mtb-DapA enzyme were shortlisted 

from Sigma-Aldrich chemical library [22]. In silico screening of product analogues 

were performed against Mtb-DapB protein (Figure 3b). 

d) Fragment library screening: Fragments are small molecular weight compounds with 

the ability to bind to different parts of target and cover a large chemical space. Enamine 

golden library (shared by José A. Marquez group at European Molecular Biology 

Laboratory (EMBL) Grenoble) [23] with 1204 active fragments was screened against 

Mtb-DapA protein (Figure 3c). These were obtained in SMILES format, which were 

converted into 3D structure files using the open-source cheminformatics tool RDKit 

[24]. The ligand data file was read into a pandas DataFrame followed by salt removal, 

hydrogen addition and converting the SMILES into 3D SDF files. 

 

 

Figure 1: Step by step methodology for known inhibitor-based screening 
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Figure 2: Design of substrate analogues 

 

Figure 3: Infographics for workflow (a) Substrate analogue study, (b) Product analogue study 

and (c) Fragment library screening 
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2.2 In silico prediction of protein ligand binding 

2.2.1 Molecular docking: The starting coordinates for three-dimensional crystal structure of 

Mtb-DapA (PDB ID: 1XXX and 5J5D) and Mtb-DapB (PDB ID: 1C3V) were retrieved 

from RCSB Protein Data Bank [25], [26]. For computational studies, only a single chain 

was selected. Here we have used Autodock Vina [27], Glide [28] and CCDC-GOLD 

[29] software for docking. 

• Molecular docking using Autodock Vina: Autodock Vina requires both protein and ligand 

to be prepared in PDBQT format. The input structure for docking was prepared after 

removal of water, addition of missing residues and energy minimization using UCSF 

Chimera [30]. Protein and ligand structures were converted to PDBQT format using 

MGLTools. The docking grid of 1XXX was constructed with volume of 60 Å × 60 Å × 60 

Å centered on the receptor active site amino acid residue Cα of LYS 171, x = 9.785, y = 

42.020, z = 69.219. For 1C3V, binding pocket has the volume of 126 Å × 58 Å × 126 Å 

and centered on the receptor active site amino acid residue NZ of LYS, x = 133.816, y = 

24.659 z = 25.207. In both cases default grid point spacing of 0.375 Å was used. Multiple 

ligands were docked using a batch script. The output gives both binding poses and binding 

affinities. Binding affinities were extracted using a R script [31] and ligands were 

shortlisted. 

• Molecular docking using Glide: The Crystal structure of Dihydrodipicolinate Synthase 

from Mycobacterium tuberculosis in complex with alpha-ketopimelic acid was used for 

molecular docking using Glide (PDB ID 5J5D)[11]. The structure was optimized using 

“Protein Preparation wizard” module from Schrödinger Drug Discovery Suite 2017-2. The 

alpha-ketopimelic acid bound to K171 was removed and this step was followed by one 

more round of optimization using “Protein Preparation wizard” module. At this step the 

neutral charge of the K171 side chain of the amine group was set and two water molecules 
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with hydrogen bonds to alpha-ketopimelic acid ligand were preserved. Screening of the 

library of small molecules was carried out using Glide software in extra-precision mode 

using XP scoring function [32]. 

• Molecular docking using GOLD: Virtual screening and rescoring has 4 scoring functions 

of GOLD (Genetic Optimisation for Ligand Docking) namely, GoldScore, ChemScore, 

ASP and ChemPLP [33]–[36]. As each scoring function can perform differently with each 

ligand, so this screening and rescoring method would provide more assertive hits. The 

binding pocket for docking was selected around reported active site residues of Mtb-DapA. 

The first step is the virtual screening of the fragment library using all 4 different scoring 

functions and each run was repeated 3 times. From each score table value, mean and median 

values were calculated and used as a threshold for selection of compounds for the next 

rescoring. From each rescoring, consensus fragments were shortlisted for binding analysis. 

 

2.2.2 Binding analysis & selection criteria: The docking poses were analysed for hydrogen 

bonds using PyMOL [37] and LigPlot [38]. For each case, only ligands forming at least 2 

hydrogen bonds with at least one being with active site residue were considered. In the known 

inhibitor-based approach, we added 2 more criteria prior to visual rescoring as the number of 

compounds were too high (Figure 1). These were (a) analysis of top 3% of docked poses and 

(b) analysis of docked poses of the compounds with topological polar surface area (tPSA) 

91.7Å2. This tPSA parameter was selected using a regression analysis of a 39-compound 

dataset from previous work [11]. Regression based statistical modelling was performed by 

considering different molecular properties like molecular weight, partition coefficient, 

topological polar surface area, number of hydrogen bond donors and acceptors. This model 

shows a linear relationship between tPSA and maximum % inhibition with significant P value. 

We obtained a positive linear relationship with a significant P value (0.00563) 
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2.3 Molecular dynamic simulation: 

The analysis of stability of receptor-ligand complexes was carried out through molecular 

dynamic simulation using GROMACS version 4.5.5 and 5.1.2 [39]–[41]. 

Protein topology file was generated using All-atom GROMOS53a6.ff force field [42]. Ligand 

topologies were generated using PRODRG server [43]. Protein-ligand complexes were 

neutralized for charges using appropriate number of Na+ ions and wrapped in a periodic box 

of TIP3P water that was extended to 10 Å from the solvent [44]. Long-range electrostatics and 

bond lengths within the proteins were restrained using Particle Mesh Ewald method and LINCS 

algorithm respectively[45], [46]. 1000 steps energy minimization was performed using steepest 

descent method to ensure that the system has no steric clashes or inappropriate energy. The 

solvent and ions around the complex were then equilibrated with respect to temperature (300K) 

and pressure of 1 atmosphere for 100 picosecond (ps) time. Finally, production dynamics was 

run, and data were collected at every 2 ps time step. 

2.3.1 Trajectory analysis 

For analysis of trajectories, GROMACS MD simulation toolkit was used. Trajectories of the 

structure at start and structure at the end of simulation were compared using Root mean squared 

deviation (RMSD) and per-residue root mean square fluctuation (RMSF). The number of H-

bond formed between protein and ligand over time were extracted. 

2.4 Cloning, expression and purification  

All regular chemicals were of ExelaR grade. 

2.4.1 Expression of Mtb-rDapA and Mtb-rDapB: The Mtb-rDapA and Mtb-rDapB open 

reading frames were cloned in the expression vector pET28a [11]. For the expression of Mtb-

rDapA and Mtb-rDapB proteins, recombinant plasmids were transformed into E. coli 

BL21(DE3) and transformants were grown at 37oC in Luria Bertani Broth containing 50µg/ml 

Kanamycin. At the optical density 0.6, cultures were induced by adding Isopropyl-D-thio-β-
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galactopyranoside (IPTG) to a final concentration of 0.75mM for DapA and 0.5mM for DapB 

and incubation continued with shaking (220 rpm) for 5 hours at 25oC. The cells were harvested 

by centrifugation at 6000 rpm for 15min at 4oC. The pellet was resuspended in sonication buffer 

(4ml/100 ml culture) containing 20mM Tris-HCL, pH 7.9, 500mM NaCl, 5mM imidazole, 

1mM phenyl methyl sulfonyl fluoride (PMSF), 5%v/v glycerol. Lysozyme was added to the 

suspension to final concentration of 1mg/ml of sonication buffer and incubated on ice for 30 

minutes. Cells were lysed by sonication with 30s pulse and 30s rest on ice for 5 mins followed 

by centrifugation at 18,000g for 30 min at 4oC. Expressed proteins were soluble in supernatant.  

2.4.2 Purification of 6x His-tagged proteins: Purification of Mtb-rDapA and Mtb-rDapB 

were carried out by affinity chromatography using Nickel-Nitrilotriacetate (Ni-NTA) resin 

column. Ni-NTA resin column was equilibrated with equilibration buffer (20mM Tris-HCl pH 

7.9, 500mM NaCl). Soluble fraction was incubated with 1ml Ni-NTA resin for 2-3 hours at 

4℃. The supernatant was loaded on to the column and washed with 25 column volumes of 

binding buffer (20mM Tris-HCl pH 7.9, 500mM NaCl, 5mM imidazole, 5% v/v glycerol), 15 

column volumes of wash buffer-1 (20mM Tris-HCl pH 7.9, 500mM NaCl, 20mM imidazole, 

5% v/v glycerol), 15 column volumes of wash buffer-2 (20mM Tris-HCl pH 7.9, 500mM NaCl, 

60mM imidazole, 5% v/v glycerol). Elution of bound protein was carried out by elution buffer 

(20mM Tris-HCl pH 7.9, 500mM NaCl, 250mM imidazole, 5% v/v glycerol). After each step, 

protein fractions were run on SDS polyacrylamide gel electrophoresis and fractions with clear 

bands corresponding to the molecular weight of the protein were pooled together. The 

remaining impurities were removed and concentrated using Amicon ultra concentrator-15 

(10kDa NMWL). The concentrations of recombinant proteins were estimated by Bradford 

method using known concentrations of BSA.  
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To further confirm identity of purified recombinant proteins, peptide mass fingerprinting was 

carried out using trypsin and tryptic digested peptides [47]. The ‘mass spectra’ were searched 

using Protein Pilot software [48] against protein sequences in the UniProt database [49]. 

2.5 In-vitro validation using coupled enzymatic assay  

To check the inhibition of Mtb-rDapA by shortlisted compound, we have carried out coupled 

enzymatic assay. We used fixed concentration of pyruvate (500µM), ASA (400µM), Mtb-

rDapA (0.2µg/ml) and Mtb-rDapB(3µg/ml) and varied concentrations of compounds. Assay 

mix was added to each well in a 96 well plate and incubated at 37 °C for 5 min. The reaction 

was started by the addition of the (S)-ASA. The absorbance at 334 nm was measured at 37 °C 

(Infinite200PRO spectrophotometer, TECAN) over a time of 3600s (60 min). Water was used 

as blank, and the negative control contained assay mixture without (S)-ASA. Decrease in 

absorption commensurate with decreasing concentration of NADPH corresponded to the 

consumption of substrate, or equivalently, formation of product. The Mtb-rDapB was 16 times 

in molar excess to ensure complete consumption of dihydrodipicolinate formed. All kinetics 

measurements were performed in triplicate in 96 well plates. Percentage of inhibition was 

calculated from the formula, % of inhibition = ([(Atest(t) −  Acontrol(t))/Acontrol(t=0)]) × 100, where 

Acontrol is the absorbance of the control sample and Atest is the absorbance of the test sample 

at 340nm. In the pre-incubation experiments, initially Mtb-rDapA was pre-incubated at 37 °C 

for 10 min with varying concentrations of the inhibitors. At predetermined time intervals, 

aliquots were transferred to the standard assay mixture and assayed for enzyme activity.  

2.6 Fluorescence based thermal shift assay:  

The fluorescence-based thermal shift assay is based on the principle that ligand binding alters 

thermal stability of protein. This method allows us to monitor the protein denaturation upon 

heating using fluorescence-based dye (Sypro orange, Sigma, USA), which binds to the 

hydrophobic part of proteins during protein denaturation and emits fluorescence at 580 nm. We 
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can monitor the changes in fluorescence and generate a thermal melting curve using a real time 

PCR machine [50]. The mid-point of the melting curve is designated as the melting temperature 

(Tm) corresponding to 50% of protein being denatured. The in vitro binding of substrate 

analogues to Mtb-rDapA and product analogues to Mtb-rDapB were checked by performing a 

thermal shift assay. The assay mixture was prepared containing 20µM of Mtb-rDapA or Mtb-

rDapB, 15X Sypro orange dye, 50mM sodium phosphate buffer pH 7.4 and ligand in 500µM 

concentration, the thermal scanning was started from 20℃ to 95℃ at heating rate of 0.5℃/min 

[11], [51]. 

3. Results:  

3.1 In silico screening: The compounds shortlisted using different in silico approaches are 

shown in Table 1.  The interactive plots of protein and ligand interaction revealed that all 

shortlisted compounds were predicted to have both polar as well as non-polar interactions 

with active site residues.  

Table 1: Compounds shortlisted using different approaches 

Approach Compound Binding Residues 

Known inhibitor-

based screening 

2,6-dioxoheptanedioic acid Arg148, Thr54 

2-oxo-4-pentylpentanedioic acid Asp196, Arg148, Thr55, 

Lys171, Gly194 

Substrate analogue 

study 

2-Ketobutyric acid Thr54 (2), Leu111, Gly88 

β-Hydroxypyruvic acid Thr54(2), Gly88, Leu111, 

Val113 

Tartronic acid Thr54 (2), Gly88, Leu111, 

Val113 

α-ketoglutaric acid Thr54 (2) 

Tetrafluoropropanoic acid Thr54 (2) 

Trifluoropyruvic acid Gly88 (2), Ser58 (2), Thr54 

(3) 

β-Fluoropyruvic acid Thr54 (3) 
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4,4,4-triflurobutyric acid Thr54 (2), Ser58, Gly88 

5,5,5-Trifluoropentanoic acid Thr54 

Fragment library 

screening 

N-(3,4-dihydro-2H-1-benzopyran-4-yl)-1-

methyl-1H-pyrazole-4carboxamide 

Arg148, Lys171, Gly194 

3-{[(2-fluorophenyl)methyl]sulfanyl}-6-

methyl-4,5-dihydro-1,2,4-triazin-5-one 

Lys171, Arg148, Gly194, 

Tyr143 

pyrazolo[1,5-a]pyridine-3-carboxylic acid Lys171, Arg148, Thr55, 

Tyr143, Thr54 

N-methyl-6-(propan-2-yloxy)pyridine-3-

carboxamide 

Lys171, Arg148, Tyr143 

N-[(3-fluorophenyl)methyl]-3-methyl-1H-

pyrazole-5-carboxamide 

Lys171, Arg148, Tyr143 

3-(1-methyl-1H-pyrazol-4-yl)benzoic acid Lys171, Arg148, Tyr143 

4-cyclobutoxybenzoic acid Lys171, Tyr143, Arg148, 

Gly256, Val257 

Product analogue 

study 

2,6-Pyridine dicarboxylic acid Thr577, Lys636, Thr643, 

His632 

 

 

a) Known inhibitor-based screening: PubChem library was screened initially for ≥90% 

followed by ≥70% structure similarity to αKPA. In the initial search 26 compounds 

were retrieved all of which were subjected to binding pose analysis using molecular 

docking approach. During analysis, 10 compounds were found to be interacting with 

Mtb-DapA active site residues (Suppl Table S1). Further, during extended PubChem 

search with ≥70% structure similarity, 5615 compounds were obtained. As described 

in the methodology section, 2 criteria were set for binding analysis. The first criterion 

was based on estimation of the independent molecular docking scoring function 

(Autodock Score), as lower the score, better the predicted stability. Through this 

criteria, 152 top hits were selected for protein ligand interaction analysis and among 

them 21 were found to form 2 or more hydrogen bond with Mtb-DapA and at least one 
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of them was with active site residues (Suppl Table S2). Further, next criterion was to 

screen compounds with tPSA 91.7 Å2 from our docked set. From the compound 

dataset, 129 docked compounds with required tPSA were taken out for analysis. After 

visualization of hydrogen bond interaction, 46 compounds were shortlisted (Suppl 

Table S3). Additionally, 48 compounds with ≥90% structure similarity to αKPA were 

gathered from ZINC database. After molecular docking using Autodock Vina, 4 of 

them were found to forming interactions with Mtb-DapA active site (Suppl Table S4). 

These compounds were selected for further studies. Molecular dynamic simulation was 

performed for all the above listed compounds (Suppl Table S1, S2, S3 and S4). Initially 

MDS was performed for 10ns of time and trajectories and hydrogen bonds were 

visualized. Further, simulation was extended till 40ns only for those compounds 

wherever stable protein-ligand interaction was observed. Following that stability of 

interaction was inspected again through trajectory analysis. Total 11 compounds were 

shortlisted after molecular docking and molecular dynamic simulation. Subsequently, 

cross validation or complementary evaluation was carried out for these 11 compounds 

(Suppl Table S5). For that the binding score, as estimated by XP score, Mtb-DapA 

inhibitor with reported IC50 values were taken as control set. Binding scores were 

compared with that of the 11 shortlisted compounds. It can be observed from control 

dataset of Suppl Table S5 that 2-oxohexanedioic acid had the lowest XP score (-8.7216) 

followed by αKPA (-8.69031). Among them αKPA was a validated Mtb-rDaA inhibitor 

with the maximum percentage inhibition 88% [27]. The comparable binding scores 

were observed for 2 compounds from the test dataset (shortlisted compounds), 2-oxo-

4-pentylpentanedioic acid (XP score: -8.78965) and 2,6-dioxoheptanedioic acid (XP 

score: -8.48284). Following this observation, these 2 compounds were shortlisted as 

highly potent lead molecules against Mtb-DapA. Finally, 2,6-dioxoheptanedioic acid 
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and 2-oxo-4-pentylpentanedioic acid were shortlisted as hits. The hydrogen bond 

pattern between ligands and Mtb-dapA was analyzed from MD simulation results. The 

binding to at least one active site residue is considered for positive scoring. The binding 

between compounds and the active site of Mtb-dapA and hydrogen bond patterns are 

shown in Figure 4. 

b) Substrate analogue study: Substrate analogues were designed by substituting various 

functional groups and fluorine at different positions. The binding score of these 

compounds were predicted to be lower than that of pyruvate (AutoDock XP score: -3.6 

kcal/mol), which is the natural substrate for Mtb-DapA. Further, interacting residues 

were examined by LigPlot+ v.2.2.4[38].  The shortlisted substrate analogues and their 

interacting residues of Mtb-DapA are shown in Table 1. The list contains 4 pyruvate 

analogues, 3 fluorine substituted pyruvate analogues and 2 fluorine substituted KPA 

analogues. All of them were predicted to interact with Thr54 of Mtb-DapA active site. 

c) Product analogue study: In the first 2 approaches, we have overwhelmingly focused on 

designing substrate analogues and we were able to select some of the small molecules 

as hits. Unlike that, in this last approach we have rather focused on (4S)- 4- hydroxy –

2,3, 4, 5 tetrahydro –(2S)- dipicolinate (HTPA), the product formed in condensation 

reaction catalyzed by Mtb-DapA enzyme. Previous studies have also reported Dipolinic 

acid as a competitive inhibitor of E. coli DapA [25]. For this work, compounds were 

screened from Sigma Aldrich Chemical library and docked against Mtb-DapB. The 

crystal structure of Mtb-DapB (PDB ID: 1C3V) was solved in complex with NADPH 

and Dipicolinic acid. Dipicolinic acid and 3 other compounds namely, 6-

(Hydroxymethyl)picolinic acid, 2-Picolinic acid and Chelidonic acid were selected for 

docking. Among them Dipicolinic acid had the lowest binding score and rest 3 
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compounds had binding score higher than this compound. Therefore, these compounds 

were excluded from further studies. 

d) Fragment library screening: Using a stringent computational approach of virtual 

screening and rescoring, 7 compounds were shortlisted from Enamine Fragment library.  

The score distribution in virtual screening and rescoring is shown in Figure 5. The 

consensus compounds shortlisted as hits are listed in Table 1 along with the interacting 

residues from Mtb-DapA active sites. The reported active site residues Thr55, Arg148, 

Tyr143 and Lys171 (catalytic) were observed to participate in ligand binding. Further, 

MD simulation showed stable hydrogen bond patterns (Figure: 6a) of the shortlisted 

compounds with Mtb-DapA. The RMSD of these compounds (Figure: 6b) were also 

comparable to that of the apo-protein.  

 

 

Figure 4: Hydrogen bond and RMSD plot of compounds selected using known inhibitor-

based screening. Here, cmp1: 2,6-dioxoheptanedioic acid, cmp2: 2-oxo-4-pentylpentanedioic 

acid 
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Figure 5: Boxplot showing score distribution after virtual screening and rescoring using 

CCDC-GOLD. 
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Figure 6: Molecular Dynamic simulation of compounds from fragment library 

screening. (a)Hydrogen bond plot, (b) Root mean squared deviation (RMSD) after 10ns 

of simulation. 

3.2 In-vitro validation of shortlisted compounds: 

a) Coupled enzymatic assay 

HTPA is reduced to THDP whereby NADPH gets oxidized to NADP+, which can be 

measured by the decrease in absorbance at 334 nm. Inhibition of either Mtb-rDapA or 

Mtb-rDapB would inhibit the oxidation of NADPH.  The shortlisted substrate and 

product analogues were validated using this in vitro assay. The maximum percentage 

inhibition at 500µM is listed in Table 2. Unfortunately, due to unavailability, the 

compounds shortlisted using known inhibitor-based approach and fragment library 

screening could not be validated further. 
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Among the tested compounds, β-hydroxy pyruvic acid and Tartronic acid exhibited 

inhibitions at concentration as low as 50µM (Figure 7). These 2 compounds were 

shortlisted as potent inhibitors of Mtb-rDapA. 

β-hydroxy pyruvic acid exhibits a time dependent inhibition against E. coli dapA [52]. 

Time dependent inhibition is observed when inhibition proportionately increases with 

the pre-incubation time.  This is due to slow binding of enzyme and inhibitor followed 

by the formation of tight enzyme inhibitor complex [53]. The inhibitory activity against 

Mtb-rDapA increases from 18% to 48% by increasing the pre-incubation time from 10 

min to 30 min (Figure 8). 

Table 2: Maximum percentage inhibition against Mtb-rDapA at 500µM  

ID IUPAC Name Maximum 

Inhibition (%) 

C1 2-Ketobutyric acid 3.12 

C2 β-Hydroxypyruvic acid 48.7 

C4 6-Hydroxymethyl-pyridine-2-carboxylic 

acid 

34.8 

C5 2-Picolinic acid/ Pyridine-2-carboxylic 

acid 

31.22 

C7 α-ketoglutaric acid 0.38 

C8 4,4,4-triflurobutyric acid 28.22 

C10 4H-Pyran-2,6-dicarboxylic Acid 21.87 

C11 pyridine-2,6-dicarboxylic acid 21.75 

C13 5,5,5-Trifluoropentanoic acid 30.75 

C14 Tetrafluoropropanoic acid 43.8 

C15 Trifluoropyruvic acid 6.54 

C16 Tartronic acid 51.55 

C17 β-Fluoropyruvic acid 13.4 
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b) Thermal shift assay 

The fluorescence based thermal shift assay was performed for screening of identified 

ligands, which is based on the principle that ligand binding alters thermal stability of 

protein. Here sypro orange dye is used, which binds to hydrophobic parts of proteins 

and emits fluorescence during protein denaturation. The Tm of Mtb-rDapA increased 

by 2 °C upon binding pyruvate, and by 3 °C upon binding to 500µM β-hydroxypyruvic 

acid. Again, upon binding of 2,6-Pyridine dicarboxylic acid at same concentration, Tm 

of Mtb-rDapB changes by 0.5˚C (Figure 9).  

c) Combination of inhibitors: 

This approach was designed by combining validated substrate and product analogues 

as none of the shortlisted inhibitors were very potent. Various concentrations of 

substrate (α-Ketopimelic acid, Tartronic acid) and product analogues (2,6-Pyridine 

dicarboxylic acid) were used. It was observed that, the percentage inhibition increased 

to nearly 100% when coupled assay was performed by combination of 20 µM α-

Ketopimelic acid with 200 µM 2,6-Pyridine dicarboxylic acid and 50 µM Tartronic acid 

with 200 µM 2,6-Pyridine dicarboxylic acid (Figure 10). 
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Figure 7: Maximum inhibition (%) showed by, β-hydroxy pyruvic acid and Tartronic acid at 

various concentrations 

 

Figure 8: Time dependent activity of β-hydroxy pyruvic acid against Mtb-rDapA at 200µM 
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Figure 9: Thermal shift assay of (a) substrate analogues with Mtb-rDapA and (b) product 

analogues with Mtb-rDapB 

 

 

Figure 10: Coupled assay using (a) α-KPA at 20µM + 2,6-Pyridine dicarboxylic acid (C11) at 

200µM and (b) Tartronic acid at 50µM + 2,6-Pyridine dicarboxylic acid (C11) at 500µM 

 

3.3 MD simulation of final shortlisted inhibitors 

To computationally examine the results of in vitro assay, MD simulation was performed. The 

interaction stability of Mtb-DapA+β-hydroxypyruvic acid, Mtb-DapA+Tartronic acid and 

Mtb-DapB+2,6-Pyridine dicarboxylic acid were studied. MD simulation predicted stable 

interaction over time (Figure 11).  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 May 2022                   doi:10.20944/preprints202205.0349.v1

https://doi.org/10.20944/preprints202205.0349.v1


 

Figure 11: MD Simulation of shortlisted compounds, (a) β-hydroxypyruvic acid, (b) 

Tartronic acid and (c) 2,6-Pyridine dicarboxylic acid 

 

4. Discussion 

The M. tuberculosis DAP enzyme, Mtb-DapA and Mtb-DapB are potential drug targets with 

large avenues for identification of novel inhibitors. Several attempts, both in silico and in vitro 

were carried out for identification of potent inhibitors. α-KPA is one such validated Mtb-rDapA 

inhibitor of IC50 21µM with 88% maximum inhibition [11]. In this study, we have identified 

and validated potent inhibitors with activity against Mtb-DapA using novel approaches. 

In silico screening predicted 2 structure analogues of α-KPA, 2,6-dioxoheptanedioic acid and 

2-oxo-4-pentylpentanedioic acid as Mtb-DapA inhibitors. These compounds were predicted to 

interact with the active site Arg148 and Thr54 with the better binding scores compared to  

known inhibitor α-KPA. 2-oxo-4-pentylpentanedioic acid even showed hydrogen bonding with 

catalytic residue Lys171. Further, 7 leads were shortlisted using fragment library screening. 

All the 7 compounds were predicted to interact with several active site residues of Mtb-DapA, 

namely Arg148, Thr54, Tyr143 as well as with Lys171. Molecular dynamic simulations 

showed that the interactions were stable over time. Unfortunately, these compounds were not 

validated in vitro due to commercial unavailability. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 May 2022                   doi:10.20944/preprints202205.0349.v1

https://doi.org/10.20944/preprints202205.0349.v1


In vitro studies revealed that substrate analogues, β-hydroxypyruvic acid tartronic acid are  

inhibitors of Mtb-rDapA with maximum inhibition 48% and 51% at 500µM concentrations 

respectively. Earlier, Dobson et al., had reported β-hydroxypyruvic acid as a time dependent 

inhibitor of E. coli DapA enzyme. The time dependent inhibition is observed due to slow 

binding of enzyme and inhibitor followed by formation of tight enzyme inhibitor complex with 

increased pre-incubation time. We have examined this observation in Mtb-rDapA as inhibition 

by this compound at 200µM increased from 18% to 48% when pre incubation time was 

increased from 10 min to 30 min. Further, TSA showed that β-hydroxypyruvic acid interacts 

with Mtb-rDapA as the thermal stability of Mtb-rDapA shifted by 3˚C in presence of this 

compound. Among the product analogues of Mtb-DapA, dipicolinic acid showed to bind to 

Mtb-rDapB. The thermal stability of Mtb-rDapB shifted by 0.5˚C in binding with dipicolinic 

acid.  Additionally, we have designed a new approach by combining substrate and product 

analogues to achieve better inhibitions. In vitro assays validated that this combination approach 

increased maximum inhibition up to 100% showed by known inhibitor α-KPA and new 

inhibitors tartronic acid identified in this study in combination with dipicolinic acid. Therefore, 

the following conclusions can be drawn from this study: 

• Inhibitors of Mtb-DapA were identified using in silico and in vitro screening.  

• The in vitro validated compounds were carboxylic acids with hydroxyl group at alpha 

position and these had satisfied previous rules [11]. 

• Combination of substrate and product analogues inhibitors can be an alternative 

strategy to increase potency. 
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