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ABSTRACT— Tuberculosis (TB) remains a global health concern, particularly in developing countries, 

with Mycobacterium tuberculosis (M. tb) as its main causative agent. The 6 kDa Early Secreted Antigenic 

Target (ESAT-6) protein serves a function in M. tb virulence by disrupting phagosomal membranes and 

evading immune detection. This study employs in silico techniques to analyze the physicochemical 

properties, structural characteristics, and binding interactions of ESAT-6 with major histocompatibility 

complex (MHC) class II HLA-DR subunits. Rendering the model was done using SWISS-MODEL 

integrated with model validity parameters (i.e. QMEAN, Ramachandran Plot Analysis and MolProbity) 

which exhibited results proving the rendered model was reliable though with a few discrepancies. ESAT-6 

exhibited hydrophilic and hydrophobic sides and aliphatic molecules in its core that influenced its functional 

properties. Physicochemical properties and secondary structures were characterized using ProtParam, 

ProtScale, and NetSurfP 3.0. Moreover, it was found that the majority of the protein has >25% relative 

surface area (RSA) with its N-terminal and C-terminal regions being the most exposed. Using ClusPro and 

PRODIGY for molecular docking, HLA-DRB3 exhibited the highest affinity to ESAT-6 (ΔG = -11.4 

kcal/mol; Kd = 9.4×10-9), suggesting a role in the host’s immune response. The apolar-apolar interfacial 

contacts (ICs) contributed to most of the binding energy with evidence of consistent binding motifs between 

ESAT-6 and the HLA-DRB3. 
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1. Introduction 

Tuberculosis (TB) is still a prevailing global health crisis, especially in developing countries. TB is an 

infectious airborne disease affecting the lungs that can be transmitted when a TB patient talks, sneezes, or 

coughs, causing tiny droplets to be suspended in the air and when inhaled, could lead to manifesting the 

disease [1]. In a report, the World Health Organization (WHO) indicated that an estimation of 10.8 million 

people suffered from TB in 2023 globally, inevitably present in various age brackets and every country [2]. 

Additionally, 1.25 million people succumbed to TB in the same year. 

 

Its main causative agent, Mycobacterium tuberculosis (M. tb), is a persistent pathogen that lingers until an 

opening for infection arises. This pathogen utilizes the host’s macrophages to survive rather than relying on 
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virulent factors such as capsules, toxins, pili, or flagella and to transport the pathogen into the lung 

parenchyma and other tissues by establishing intracellular niches on the cell [3]. The major virulence factor 

of M. tb comes from a protein it secretes called the 6 kDa Early Secreted Antigenic Target (ESAT-6) [4]. 

This protein is believed to be encoded by the Region of Difference 1 (RD1) of M. tb, which is crucial for its 

virulence and pathogenicity inside the host. When inside the phagosome, the ESAT-6 disrupts the 

phagosomal membrane, allowing the pathogen to escape. Since the protein translocates in the endoplasmic 

reticulum, it can prevent antigen presentation of major histocompatibility complex (MHC) class 1 to the 

macrophage by interacting with β-2-microglobulin [3]. 

 

Moreover, a system of genes that significantly contributes to antigen recognition through coding for cell-

surface molecules is called MHC. MHC molecules’ main function is for antigen presentation for T cell 

recognition and activation, a reason why it is found mainly on antigen presenting cells. Additionally, it is 

found to be the most polymorphic system allowing immune response to various immunogens for survival 

[5]. MHC has two classes: class I and class II. Class I are evident in A, B, and C various loci or locations 

while class II are found in the D region with further loci termed as DR, DQ, and DP. 

 

Furthermore, cultured ELISPOT and ex vivo analysis was done, and HLA-DR shows notably high CD4+ T 

cell response to M. tb than HLA DQ and HLA-DP, where HLA-DR-restricted T cells are selected eminently 

against pathogens [6]. Hereby, this study intends to analyze the binding of ESAT-6 in M. tb through in 

silico homology modeling and assess its structural insights and interaction with MHC class II HLA-DR 

subunits. 

 

2. Methodology 

 

2.1 Protein Retrieval 

The protein sequence of ESAT-6 and HLA-DR subunits were acquired from UniProt and ensured to be of 

human origin and reviewed by UniProtKB [7]. The HLA-DR subunits used in this study are the following 

with their respective UniProt accession number: HLA-DRA (P01903), HLA-DRB1 (P01911), HLA-DRB3 

(P79483), HLA-DRB4 (P13762), and HLA-DRB5 (Q30154). These proteins were used to bind with ESAT-

6 (P9WNK7) in anticipation of understanding its role in hindering the virulence of the pathogen. 

 

2.2 Homology Modeling and Model Validation 

To meet the objectives of the study, a homology modeling of the protein ESAT-6 was constructed using 

SWISS-MODEL [8], [9]. The researchers identified the physical characteristics of the protein by rendering 

its 3D structure that aided in the virulence factor of the pathogen M. tb.  

 

After homology modeling, ESAT-6 was subjected for model validation using the model quality metrics in 

SWISS-MODEL. The Ramachandran Plot Analysis in SWISS-MODEL was used to assess the quality of 

the predicted model of ESAT-6 protein [10]. Additionally, the structural assessment of ESAT-6 could also 

be conducted based on the MolProbity results generated by SWISS-MODEL [11]. MolProbity score, Clash 

Score, Rotamer Outliers, C-beta Deviations, Bad Bonds, and Bad Angles were obtained and evaluated. 

Furthermore, the QMEAN and QMEANDisCo were also obtained to assess the quality of the model.  

 

Moreover, to validate the modeling of the ESAT-6 protein, NetSurfP 3.0 was utilized to predict its 

structural features based on its amino acid sequence [12]. The dihedral angles of ESAT-6's backbone are 

represented as the “phi angles” and “psi angles” and were used for the validation of secondary structures. 

Additionally, regions lacking defined structure were identified as areas of structural disorders. 
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2.3 Sequence-based and Structural Analysis 

This study utilized ProtParam as a tool for the calculation of different physical and chemical properties of 

ESAT-6 [13]. The program computed the total number of amino acids, atoms, and number of negatively 

charged residues. It also determined its molecular weight and atomic composition, theoretical PI, extinction 

coefficients, estimated half-life, aliphatic and instability index, and grand average of hydropathicity or 

(GRAVY) [11]. Additionally, the hydropathy plots of ESAT-6, based on Kyte and Doolittle hydropathy 

scale, were determined by Expasy’s Protscale tool [13]. 

 

Furthermore, NetSurfP 3.0 predicted secondary structures and solvent accessibility, and identified regions 

with distinct structures. The tool also provided a spreadsheet of the protein’s individual residues with their 

corresponding relative surface area (RSA) and their absolute surface area, which was used to interpret the 

potential binding sites for host proteins [12]. The disordered regions were listed here as well. Data 

regarding each residue’s prediction on what secondary structures it would most likely form were also 

included, while also providing more specific subsets of structures like 310 helices and α-helices under 

helical structures. 

 

2.4 Molecular Docking and Functional Analysis 

HLA-DR subunits were utilized to examine its interaction with ESAT-6. The residues of HLA-DR subunits 

involved in the transmembrane helices were identified using the server DeepTMHMM - 1.0 [14] and were 

manually removed and constructed using the homology modeling method, specifically utilizing the SWISS-

MODEL, to obtain its pdb file. ClusPro was used for the docking of HLA-DR subunit and ESAT-6 [15- 

19]. The top-ranking model simulated under the Balanced Scoring Coefficients had its pdb file downloaded 

and inputted to PRODIGY, which released the results for the binding affinity, dissociation constants, 

interfacial contacts, and residue pairs contributing to the binding of the protein-protein molecules [20- 22]. 

The researchers set the temperature to 37°C to mimic the body’s core physiological temperature for an 

optimal metabolic process [23]. Furthermore, ChimeraX was used to visualize the protein-protein complex 

[24- 26]. The residue pairs identified by PRODIGY were used to determine binding motifs, which were 

visualized by aligning the protein sequences of ESAT-6 and the five HLA-DR subunits. 

 

3. Results and Discussion 

 

3.1 Sequence-based and Structural Analysis 

3.1.1 Physicochemical Properties of ESAT-6 

The data provided by ProtParam described ESAT-6 as a protein with a total of 95 amino acids, a molecular 

weight of approximately 9904 Da, and a theoretical isoelectric point of 4.48. The amino acid composition 

revealed a predominance of alanine (17.9%), glycine (10.5%), and glutamine (9.5%). The high proportion 

of alanine and glycine contributed to the flexibility and potential structural motifs within the protein. For 

instance, glycine's small side chain allows for tighter turns in polypeptides, which maintains the structural 

integrity in compact folds or loops [27]. In contrast, the presence of nine negatively charged residues and 

four positively charged residues inferred that this protein has a relatively neutral charge at physiological pH, 

which influenced its interaction with host immune components. A neutral charge reduced strong repulsive 

or attractive electrostatic interactions with surrounding biomolecules. This enabled ESAT-6 to engage more 

subtly with host cells and immune components without triggering an overt immune response [28]. 

 

The instability index calculated at 36.36 classified this protein as stable which was critical for proteins 

involved in immune evasion who seeked to persist in host environments to exert their effects. Moreover, the 

estimated half-life of 30 hours in mammalian reticulocytes indicates that this protein remains functional for 
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extended periods, allowing it to play a role in chronic infections [29]. 

 

Additionally, the aliphatic index of 72.21 indicated a significant proportion of aliphatic amino acids, which 

typically contributed to the stability and structural integrity of proteins. The stability of ESAT-6 was 

essential to maintain its structure while interacting with host cells, even under varying conditions such as 

pH or temperature [28]. On the other hand, the extinction coefficient at 280 nm of 17990 M⁻¹ cm⁻¹ indicated 

that this protein has a high absorbance at this wavelength, likely due to the presence of aromatic residues 

such as phenylalanine and tyrosine. The presence of three tryptophan residues, one tyrosine residue, and 

two phenylalanine residues in ESAT-6 sufficiently accounted for the observed extinction coefficient at 280 

nm. This property could be utilized for quantifying protein concentration in various assays [29]. The 

flexibility imparted by high levels of alanine and glycine allowed ESAT-6 to adopt multiple conformations 

that enhance its ability to bind to host receptors or evade detection by immune surveillance mechanisms 

[30]. Alanine and glycine residues conferred localized flexibility in regions such as loops, turns, or surface-

exposed areas, facilitating dynamic interactions and conformational adaptability. In contrast, aliphatic 

residues such as valine, leucine, and isoleucine contributed to the formation of a stable hydrophobic core, 

which supports the maintenance of the protein’s overall structure and functionality. This dual characteristic 

ensured the protein adapted to varying environmental conditions while preserving its structural integrity 

[31]. 

 

Furthermore, the GRAVY value of -0.256 suggested that the protein is relatively hydrophilic. This property 

is often associated with proteins that interacted with aqueous environments or cellular surfaces, which was 

consistent with ESAT-6's role in modulating immune responses [32]. 

 

The ability of ESAT-6 to maintain a stable yet flexible conformation enabled its persistence within the host 

environment while facilitating evasion of immune surveillance. These findings offered valuable insights 

into the molecular mechanisms underlying ESAT-6 activity, which could inform the development of 

therapeutic strategies aimed at disrupting its structural integrity or interactions with host factors to mitigate 

TB infection. 

 

3.1.2 Hydropathy Scale 

Table 1 Hydropathicity by Kyte and Doolittle with Percentages of ESAT-6 Composition 

Nonpolar Score 
ESAT-6 

(%) 
Polar Score 

ESAT-6 

(%) 
Charged Score 

ESAT-6 

(%) 

Ala 1.8 17 (17.9%) Asn -3.5 6 (6.3%) Arg -4.5 1 (1.1%) 

Gly -0.4 10 (10.5%) Cys 2.5 0 (0.0%) Asp -3.5 2 (2.1%) 

Ile 4.5 4 (4.2%) Gln -3.5 9 (9.5%) Glu -3.5 7 (7.4%) 

Leu 3.8 7 (7.4%) Met 1.9 3 (3.2%) His -3.2 1 (1.1%) 

Phe 2.8 2 (2.1%) Ser -0.8 8 (8.4%) Lys -3.9 3 (3.2%) 

Pro -1.6 0 (0.0%) Thr -0.7 8 (8.4%)    

Trp -0.9 3 (3.2%)       

Tyr -1.3 1 (1.1%)       
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Val 4.2 3 (3.2%)        

 

The Kyte-Doolittle hydropathy scale is essential for identifying specific regions within proteins that exhibit 

significant motifs based on their hydrophobicity and hydrophilicity. Regions with positive hydropathy 

values indicated hydrophobic segments, which are often associated with transmembrane domains or internal 

areas of globular proteins. For instance, amino acids like isoleucine (4.5), valine (4.2), and leucine (3.8) are 

highly hydrophobic, suggesting that stretches of these residues formed transmembrane helices if they 

appear consecutively in a protein sequence. This concept had been previously established, reinforcing the 

notion that ESAT-6 possesses transmembrane capabilities. The ESAT-6 interacted with membranes, 

exhibiting membrane-lytic activity and forming pores essential for its virulence [33]. Conversely, regions 

with negative values such as arginine (-4.5) and aspartic acid (-3.5) indicated hydrophilic residues likely to 

be surface-exposed and interacting with the aqueous environment. Most of the amino acid compositions in 

ESAT-6 consisted of alanine, glycine, and glutamine. Alanine was the most abundant with a hydropathy 

score of 1.8, indicating its hydrophobic nature. Glycine, the second most prominent, had a -0.4 hydropathy 

score which explained its relative neutrality in hydrophobicity. Then, glutamine had a -3.5 hydropathy score 

which identified it as hydrophilic. This distribution suggested that ESAT-6 has a mix of hydrophobic and 

hydrophilic regions, which influenced its structural and functional properties. 

 

 
Figure 1 ProtScale Hydropathy Output Model 

 

The analysis of hydropathy scores using the ProtScale revealed important insights into protein structure and 

function. For instance, consistently positive values at positions such as Gly-10 (0.789), Gly-20 (0.678), Ala-

40 (0.322), and Val-90 (0.244) suggested the presence of a hydrophobic α-helix that likely spans a lipid 

bilayer. This implied that these regions are well-suited for interaction with the hydrophobic core of 

membranes. In contrast, segments with high negative values such as those at positions 30 (-0.978), 50 (-

0.822), 60 (-0.644), 70 (-0.500), and 80 (-0.189), indicated loops or turns that were more likely to be in 

contact with the solvent. These hydrophilic regions are crucial for protein functionality, facilitating 

interactions with the aqueous environment and contributing to the overall dynamics of the protein structure 

[34]. 
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3.1.3 Functional Regions 

3.1.3.1 Secondary Structures 

 

 
Figure 2 Graphical Representation of ESAT-6 using NetSurfP 3.0 

 

Figure 2 represents ESAT-6’s various amino acid conformation, with a “helix” seen as the orange coiled 

lines and a “coil” represented as a purple straight line. Upon observation, coiled strands were seen at the N-

terminal and C-terminal ends. ESAT-6 started at a coiled strand with nine residues starting from Met-1 and 

ending in Ala-9. Changes in the conformation happen as it turns into a helix with 43 residues beginning at 

Gly-10 continuing until another alanine, the Ala-42. Furthermore, five more coiled residues make up the 

ESAT-6 sequence having Trp-43 at the beginning and Gly-47 as the end residue. These coiled residues 

were then replaced with helices starting from Ser-48, ending with Gln-81 residue constituting to 34 more 

residues but then altered again into coils at the last 14 residues having Ala-82 and Ala-95 as start and end 

amino acid residues, respectively. Helix strands constituted most of the ESAT-6 sequence since it has 65 

helices out of 95 total residues or 68.42% of its whole conformation. In most of the helices, alanine, 

glycine, serine, and leucine were observed as these amino acids have greater tendencies of creating α-

helices due to their capacity of generating hydrogen bonds derived from the polypeptide backbone [35]. 

When using an α-helix chain, glycine causes the bending of the sequence, which explains its presence in the 

start of most of the helix's regions of ESAT-6 [35]. The conformation of this protein generally depends on 

the interaction of its residues to each other and its depiction did not solely depend on the amino acid present 

in the certain residue number. 

 

3.1.3.2 Relative Surface Accessibility (RSA) and Exposed Residues 

The solvent accessibility of each residue in a protein sequence was analyzed to determine whether it is 

buried within the protein’s interior or exposed to the surrounding environment. In NetSurfP 3.0, this was 

assessed as RSA, which is useful for identifying potential binding sites. Exposed residues are more likely to 

interact with other proteins or undergo conformational changes [36]. With a threshold of 25%, residues with 

an RSA below 25% were classified as “buried”, while those with an RSA value above the threshold were 

considered “exposed” [12]. 

 

For ESAT-6, nine out of ninety-five residues fall below the 25% threshold, indicating that they are buried 

within the protein’s structure, while the remaining eighty-six exposed residues were above 25% based on 

Figure 2. Additionally, the average RSA of the last ten residues at both N- and C- terminal ends was notably 

higher as compared to their adjacent sections. The average RSA for the N-terminal end spanning from Met-

1 to Gly-10 was 74.50%, while the C-terminal end from Thr-86 to Ala-95 had an average RSA of 67.95%. 

These elevated values suggest that the terminal regions were the most exposed part of the protein. 

 

Since exposed residues were more likely to interact with other molecules and undergo conformational 

changes [36]. The terminal ends of ESAT-6 highly contributed to its molecular recognition and binding 
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capacities. Their high RSA increases the likelihood of interactions with other proteins or molecules, 

potentially facilitating the formation of protein complexes or membrane anchoring. This implies that the 

terminal regions of ESAT-6 influenced the protein’s functional properties and stability. 

 

3.1.3.3 Disordered Regions 

As shown in Figure 2, the disorder percentage was depicted as a gray line, with the line’s thickness 

corresponding to the probability of a residue being disordered. The predicted model of ESAT-6 showed a 

thick line segment for the disorder percentage that gradually became thin until Ala-42, indicating a 

decreasing likelihood of disorder in the region. Trp-43 to Ser-48 residues exhibited a slightly higher 

disorder percentage as reflected by a thicker line segment. From this, the line segment became thin, 

representing lower disorder, and then gradually thickened again until Ala-95. This pattern suggested that the 

model had a higher percentage of disorder regions at its ends. Furthermore, this aligned with the local 

quality estimate of ESAT-6 (Figure 4) using SWISS-MODEL, which also indicated that the terminal ends 

have lower structural reliability compared to the core region [37]. 

 

Numerically, the disorder percentage for residues 1-7 and 83-95 exceeded the 50% median which indicates 

that these residues had the highest probability of being disordered. Conversely, the 57 to 66 residue 

exhibited <1%, suggesting they had the lowest probability of disorder. This made them the most stable 

regions and contained a fixed three-dimensional structure. Moreover, the flexible arms at the N- and C-

terminal regions established transient dynamic interactions with lipid membranes that enabled the 

molecules to anchor into the membrane surface [37]. The disordered regions had the potential to interact 

with other proteins, aiding in the formation of protein complexes despite their lack of a stable structure. 

Thus, these regions are significant in binding and facilitating interactions with other molecules. 

 

3.2 Homology Modeling and Model Validation 

 
Figure 3 ESAT-6 Models using SWISS-MODEL. (a) Homology Model of ESAT-6 in SWISS-MODEL 

with Confidence Gradient (b) Model of ESAT-6 with Hydrophobicity Scale (c) Model of ESAT-6 with Bad 

Angles (d) Model of ESAT-6 with Rotamer Outliers (e) Model of ESAT-6 with Ramachandran Outliers 

 

The resulting model of ESAT-6 revealed a structural arrangement comprising a combination of coils and 

helices (Figure 3a). The model displayed a confidence gradient, where red tones indicated regions of lower 

confidence, and blue tones signified regions of higher confidence. In the ESAT-6 model, residues located in 

the middle exhibit higher confidence, which gradually transitioned to lower confidence toward both ends. 

 

Also, the model visualized the hydrophobicity of the residues, with regions of varying hydrophobicity 

represented by a color gradient (Figure 3b). Warm tones indicate regions with high hydrophobicity, while 

cool tones indicate regions that were least hydrophobic. Varying levels of hydrophobicity were observed, 
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with both terminal ends as hydrophobic regions. ESAT-6 exhibits a distinct hydrophobic and hydrophilic 

side, contributing to its various functions like forming associations with other proteins, including complexes 

or dimers/monomers [38]. The analysis of the hydrophobic side of the model revealed fourteen aliphatic 

amino acids with high hydrophobicity including four isoleucine, two alanine, seven leucine, and one valine. 

In contrast, the hydrophilic side of the model contained eighteen amino acids that are either uncharged 

amide or charged basic/acidic. These included six glutamine and two asparagine; one histidine, two lysine, 

and one arginine; two aspartate and three glutamate. 

 

Bad angles in the model (Figure 3c) were also evaluated, specifically at residue B26-HIS, indicating a 

potential distortion in the backbone conformation that affected the overall structural integrity of the protein. 

Such deviations from ideal geometry compromised the functional interactions of ESAT-6 with host 

proteins, which is crucial for its role as a virulence factor [39]. 

 

Moreover, a notable rotamer outlier percentage of 22.06% was observed, affecting several residues 

including B55-GLN, B65-LEU, B74-ARG, B29-LEU, B72-LEU, B16-SER, B25-ILE, B78-GLU, B81-

GLN, B66-ASN, B94-PHE, B24-SER, B35-SER, B11-ILE, B1-MET (Figure 3d). These outliers suggested 

a significant portion of the side chains not in their most favorable conformations, which were also located 

within helical regions. Helices underwent conformational adjustments, becoming more structured as α-

helices under acidic conditions [37]. This misalignment hindered the protein's ability to interact effectively 

with its targets within the host immune system, potentially diminishing its pathogenicity. 

 

Moreover, the Ramachandran plot analysis revealed that 1.08% of residues were classified as outliers, 

specifically at residue B86-THR (Figure 3e). While this percentage is relatively low, it still indicated some 

regions of conformational strain. The Ramachandran plot is a critical tool for assessing the stereochemical 

quality of protein models; thus, even minor deviations are indicative of underlying structural issues that 

warranted further investigation. 

 

A MolProbity score of 2.14 suggests good structural quality, as it is close to the threshold for high-quality 

experimental models. This implies that the structure had relatively few errors in stereochemistry and 

geometry [40]. 

 

 
Figure 4 Local Quality Estimate of ESAT-6 

 

Further, the QMEANDisCo Global score of 0.82 indicated a reliable representation of the true structure of 

the protein, as resulting scores closer to 1 reflected higher accuracy [8]. The local quality estimates 
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showcased a more detailed evaluation, predicting the similarity of each residue to the target structure. The 

fifty-four residues primarily located in the middle of the sequence achieved scores between 0.8-1.0, 

concluding a high local quality estimate that was reliable for downstream analyses (Figure 4) [8]. However, 

the remaining forty-one residues scored between 0.6-0.8 which suggested moderate reliability [8]. While 

these residues provided useful insights, they also expressed areas of the model with some degree of 

uncertainty. Sixteen of the forty-one residues were located at the terminal end which made these regions 

less structurally reliable compared to the core. 

 

3.3 Molecular Docking 

3.3.1 Binding Capacity of ESAT-6 to MHC class II HLA-DR subunits 

 

Table 2 HLA-DR Subunits and ESAT-6 Docking Results via ClusPro 

Protein-Protein Complex Cluster Members 
Weighted Scores  

Center  Lowest Energy  

HLA-DRA:ESAT-6 0  113 -749.8  -876.4  

HLA-DRB1:ESAT-6 0  147 -879.8   -1013.5 

HLA-DRB3:ESAT-6 0 166 -832.5 -1023.6 

HLA-DRB4:ESAT-6 0 114 -902.6 -1109.4 

HLA-DRB5:ESAT-6 0 120 -854.9 -1002.5 

 

Table 2 showed the members and weighted scores of each chosen HLA-DR subunit in complex with ESAT-

6. The number of members, the weighted energy score of the center, and the lowest energy pertained to the 

size, the number of neighbor structures in the cluster, and the structure’s energy score in the cluster, 

respectively [18], [22]. The best model cluster was chosen based on their lowest energy and binding affinity 

predicted using ClusPro.  

 

Furthermore, Figure 5 showed the visualization of the docked protein-protein complex using ChimeraX. 

The HLA-DR subunits served as the receptor since it was the main target of the binding action between the 

proteins. These subunits were part of the MHC class II that bound antigenic peptides and presented them to 

CD4+ T cells [41]. HLA-DRA and HLA-DRB subunits formed the peptide-binding groove, which 

specifically bound foreign antigens [42]. On the other hand, the ESAT-6 served as the ligand that basically 

acted on the binding action with HLA-DR in a host. It activated the receptors that then stimulated the 

maturation of antigen presenting cells [30]. 
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Figure 5 3D Models of ESAT-6 (red) docked with HLA-DR subunits (blue) visualized using ChimeraX. (a) 

HLA-DRA:ESAT-6. (b) HLA-DRB1:ESAT-6. (c) HLA-DRB3:ESAT-6. (d) HLA-DRB4:ESAT-6. (e) 

HLA-DRB5:ESAT-6. 

 

Table 3 Binding Free Energy (ΔG) and Dissociation Constant (Kd) Prediction of the Protein-Protein 

Complexes via PRODIGY 

Protein-Protein Complex ΔG (kcal mol-1) Kd  (M) at 37°C Rank 

HLA-DRB3:ESAT-6 -11.4 9.4×10-9 1 

HLA-DRB1:ESAT-6 -10.7 2.9×10-8 2 

HLA-DRB4:ESAT-6 -10.3 5.4×10-8 3 

HLA-DRB5:ESAT-6 -9.7 1.4×10-7 4 

HLA-DRA:ESAT-6 -9.2 3.5×10-7 5 

 

Further analysis of the parameters revealed that the observed ΔG values exhibited minimal variation (x ̄= -

10.26 kcal mol⁻¹; sx = 0.86 kcal mol⁻¹; CV = 8%). However, the dissociation constants showed high 

dispersion relative to the mean (x ̄ = 1.1648 × 10⁻⁷ M; sx = 1.40 × 10⁻⁷ M; CV = 120%) indicating 

substantial variability in binding affinity values. This indicated that even though ESAT-6 formed a 

uniformly stable interaction with the HLA-DR subunits, the complexes had varying dissociation constants 

possibly caused by the different orientations and poses the proteins were positioned at [28]. 

 

The β chain of HLA-DR subunit exhibited polymorphism, which affected each bound peptide [43]. This 

heterodimer was composed of α and β chains with two chains forming an antigenic binding cleft that had 

eight β-sheets between two antiparallel α-helices. The α-chains, being conserved, were similar among HLA-

DR molecules. On the other hand, β-chains gave rise to various HLA-DR subtypes as the binding cleft in 

this region held different antigenic peptide lengths [44]. The polymorphisms in the HLA-DRB loci were 

analogous to each other. However, HLA-DRB1 was expressed five times higher with over 500 alleles [45] 

and was the most polymorphic in the HLA region [46]. It was part of the genetic makeup of every 

individual as it was always present in the HLA-DR haplotype [43]. The HLA-DRB genes were analogous to 
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each other and polymorphic, yet they all shared structural similarities in their binding cleft. This then 

explained the minimal variation observed in the obtained high binding affinities. 

 

In contrast, HLA-DRA:ESAT-6 had the lowest free energy (-9.2) and had the highest dissociation constant 

(3.5×10-7) among the docked HLA-DR subunits. It had the lowest binding affinity predicted out of all the 

docked complexes. This complex is influenced in activating the immunological response of a body [46]. 

HLA-DRA was typically invariant with minimal polymorphism when compared to HLA-DRB subunits, 

which were polymorphic with different gene and allele variations [47]. Since it had the lowest binding 

affinity out of the other complexes, it implies that its α chains had less binding affinity towards antigens and 

had a lesser contribution to antigen binding during antigen presentation yet with a function to provide 

stability instead [47]. 

 

Moreover, HLA-DRB3 had the highest binding affinity, thus indicating a stronger and stable binding 

compared to the other docked protein-protein complexes. Since unstable complexes cause premature 

dissociation and insufficient T cell activation, this binding stability is a vital factor for maintaining the 

integrity of the immune response over time. Furthermore, sustained engagement with T-cell receptors was 

made possible by the complex’s strong binding, which is also vital for efficient signaling and T cell 

activation [48]. Certain HLA-DRB3 alleles have been linked to a number of diseases [43]. The high binding 

affinity of HLA-DRB3 impacted the immune system’s capacity for recognition of self-versus nonself-

antigens, hence influencing susceptibility to certain diseases. 

 

3.3.1.1 Interfacial Contacts 

 

Table 4 Specific ICs between Residues of ESAT-6 with HLA-DR subunits ranked from highest to lowest 

binding affinity 

Protein-Protein 

Complex 

ICs 

charged- 

charged 

ICs 

charged- 

polar 

ICs 

charged- 

apolar 

ICs polar- 

polar 
ICs polar- 

apolar 

ICs 

apolar- 

apolar 

Total 

ICs 

HLA-DRB3: 
ESAT-6 

1 6 13 5 25 29 79 

HLA-DRB1: 
ESAT-6 

1 8 16 4 20 27 76 

HLA-DRB4: 
ESAT-6 

0 3 10 3 21 29 66 

HLA-DRB5: 

ESAT-6 
0 4 11 5 19 33 72 

HLA-DRA: 
ESAT-6 

2 8 16 4 18 26 74 

 

As reported in Table 4, PRODIGY showed the number of ICs made at the protein-protein complex interface 

within a 5.5 Å distance threshold, which correlated with the binding affinity and largely influenced the 

interaction. The results showed no significant differences observed when it came to the predicted ICs. The 

observed values from the binding affinity results were not significantly different to one another but it 

suggests that the binding properties were influenced by specific ICs present in the protein-protein complex 

[49]. 

 

Additionally, from the previous discussion on the binding affinity, it was shown that the strongest protein-

protein complex was HLA-DRB3:ESAT-6. As shown in Table 4, this was consistent with the results in ICs 
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since HLA-DRB3:ESAT-6 had the most apolar-apolar contacts, one charged-charged interaction, and five 

polar-polar interactions. A major contributor to the binding affinity were the apolar-apolar ICs as the polar 

solvent surrounding the complex is in to force the nonpolar residues to aggregate at its center. Hydrophobic 

interactions were shown to be generally enriched in high-efficiency ligands [50], which implies that the 

protein-ligand complex had higher stability due to the apolar-apolar interactions between their complexes. 

 

Moreover, the complex’s affinity was strengthened by interactions between charged residues and polar 

groups, especially when hydrogen bonds were formed. Essentially, even at a longer distance, like what was 

used in PRODIGY, charge-charge interactions were still significantly influential. The formation of 

hydrogen bonds also made polar-polar contacts ideal for binding, strengthening its influence on the 

complex’s binding affinity [49]. Even though charged and polar group contacts represented only a small 

portion of the ICs, their presence still influenced the binding capacity of HLA-DRA:ESAT-6 which 

contributed to its low binding affinity. Although the complex ranked last, the close binding affinity scores 

between all the protein-protein complexes showed that all HLA-DR subunits had probable effects in the 

immune response when binded with ESAT-6. All HLA-DR molecules had an invariant α chain in common, 

and the variations in the highly polymorphic β chain explained the various binding motifs of the DR 

molecules. This explained why there were small differences in their binding affinities, which altered the 

way they bind with ESAT-6 [51]. 

 

3.3.1.2 Binding Motifs 

 
Figure 6 Binding Motif of ESAT-6 with HLA-DRA (purple), HLA-DRB1 (green), HLA-DRB3 (red), 

HLA-DRB4 (blue) and HLA-DRB5 (yellow), with residues involved in binding (underlined). 

 

Figure 6 showed the highlighted residues of ESAT-6 that were involved in binding with the HLA-DR 

subunits as provided by PRODIGY. The involved residues were mostly at the terminal ends of the protein 

starting from Met-1 to Asn-21 at the N-terminal and Leu-72 to Ala-95 at the C-terminal. ESAT-6 uses its 

N-terminal and C-terminal regions for binding to all of these subunits with more residues involved at the N-

terminal end. These regions were disordered but flexible, which was the reason for the strong binding 

affinity as these arms change their conformation to adapt a more favorable pose when binding. These 

regions were already theorized to be useful in ESAT-6’s primary function as a transmembrane protein and 

were used to anchor the protein to the cellular membrane’s lipid bilayer [37]. Conversely, the rest of the 

protein did not interact with HLA-DR subunits. This implied that it was more thermodynamically favorable 

for ESAT-6 to bind to HLA-DR subunits via conformational flexibility than to rely on hydrophobic 

interactions. 
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Figure 7 Multiple Sequence Alignment of HLA-DR subunits with highlighted residues involved in binding 

with ESAT-6. Conserved functional regions are boxed with notable polymorphic residues (*), and non-

modeled regions are shown as gray text. 

 

Figure 7 emphasized the residues of each HLA-DR subunit that binds to ESAT-6, which showed distinct 

locations as to where ESAT-6 bound to. The most notable were the four distinct regions (red boxes) that 

were conserved across HLA-DRB subunits. Residues 41-49 and 106-123 were mostly conserved with each 

region only having two polymorphic residues, but with a less consistent binding motif. Residues 152-155 

were completely conserved and exhibited the most consistent binding motif. Also, residues 180-184 were 

completely conserved yet with the least consistent binding motif. There were also two outliers: Arg-54 

(HLA-DRB1) and Pro-107 (HLA-DRB4). Since these subunits were homologous, their functional regions 

were mostly retained with minimal differences and outliers. The similarity of these binding sites reflected 

on each of the complex’s binding affinity having low variability. Conversely, HLA-DRA had the most 

residues involved (16.7%) but had the weakest binding affinity out of all five complexes. This further 

implied that the binding affinity of these proteins was more likely linked to what residue interaction was 

present rather than the number of residues involved. 

 

HLA-DR were essential for antigen presentation to T-cell receptors. The invariant chain regulated this 

process by preventing premature peptide binding [52]. The findings of this study indicated that ESAT-6 

bound strongly to HLA-DR subunits, potentially targeting key regions involved in protein-protein 

interactions which gave it the ability to disrupt the structural integrity of HLA-DR, impair antigen 

presentation, and ultimately weaken the immune response against M. tb [53]. 

 

4. Conclusion 

Various properties and characteristics of ESAT-6 in M. tb have been investigated along with its binding 

capacity to MHC class II HLA-DR subunits. Nine residues were buried falling below the 25% threshold. 

The N- and C-terminal ends were the most exposed regions. Exposed residues are crucial in molecular 

recognition, binding, and protein complex formation influencing its function. Its estimated half-life was 

approximately 30 hours in mammalian reticulocytes, which allows it to persist within the host and interfere 

in immunologic responses. 

 

For model validation of the ESAT-6, SWISS-MODEL’s quality metrics were utilized, namely, the 

Ramachandran Plot Analysis, MolProbity, QMEAN and QMEANDisCo and NetSurfP 3.0. The model 

rendered was shown to mostly be within the parameters, thus making the model reliable though with minor 
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discrepancies. 

 

Furthermore, sequence-based and structural analysis of ESAT-6 provided a crucial perspective into its 

functional properties, adaptability, and potential role in pathogenicity. Through this analysis, several key 

findings were identified including its conformational flexibility and hydrophobicity. ESAT-6’s amino acid 

composition was predominated by alanine and glycine, which contributed to the protein’s flexibility 

allowing conformational changes. Moreover, the disordered but flexible terminal regions served an 

important role in binding and interacting with other molecules. Additionally, the hydrophobicity of these 

regions showed properties akin to transmembrane peptides. It revealed that ESAT-6 exhibited a distinct 

hydrophobic and hydrophilic side that facilitated its interactions with other proteins. Also, the major 

presence of alanine and glutamine contributed to the protein’s hydrophobicity and hydrophilicity, 

respectively. Aliphatic molecules comprised the stable hydrophobic core of the protein. These residues have 

a tendency to form transmembrane helices, which then establish pores essential for the potency of ESAT-6. 

Alternately, hydrophilic regions were a factor for its aqueous solubility. 

 

Furthermore, the binding capacity of ESAT-6 to MHC class II HLA-DR subunits showed implications of 

the development and virulence of M. tb. The results showed that HLA-DRB3:ESAT-6 had the highest 

binding affinity with a free energy of -11.4 kcal mol-1, indicating a stronger and stable binding affinity 

compared to the other docked proteins. This proved an interaction with the host’s immune response. In the 

case of the HLA-DRB subunit, the results obtained have minimal variations on account of them being 

polymorphisms. Moreover, the strong interactions of HLA-DR subunits and the ESAT-6 suggested that the 

protein potentially targets these subunits to disrupt its antigen presentation, and by extension, the host 

immune response. A major contribution to this binding affinity was the predominant apolar-apolar ICs that 

stabilized the complex. The locations of these ICs showed a consistent motif as ESAT-6 contort its terminal 

ends which tend to bind on the same residues on HLA-DRB subunits. 
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