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Abstract: Enhancing the stability of biomolecules is one of the hot topics in industry. In this study, we enhanced the stability of an important protein called LEPTIN. LEPTIN is a hormone secreted by fat cells playing an essential role in body weight and composition, and its deficiency can result in several disorders. The treatment of related LEPTIN dysfunctions is often available in the form of injection. To decrease the cost and the frequency of its applications can be achieved by increasing its lifetime through engineering LEPTIN. In this study, to engineer LEPTIN, we have introduced disulfide bonds. Disulfide By Design server was used to predict the suitable nominate pairs, which suggested three pairs of amino acids to be mutated to cysteine for disulfide bond formation. Additionally, to further evaluate the effect of combined mutations, we combined these three nominated pairs to produce three more mutants. In order to assess the effect of introduced mutations, molecular dynamic (MD) simulation was performed. The result suggests that Mutant-1 is more stable in comparison to wild-type and the other mutants. Moreover, docking results showed that the introduced mutation does not affect the receptor binding performance; therefore, it can be considered a suitable choice for future protein engineering.
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1  Introduction

Historically LEPTIN was discovered in 1994; the word LEPTIN, meaning thin, refers to the Greek word LEPTOS. The primary producer of LEPTIN are adipocytes (fat cells); however, a lower level of production occurs in the gastric fundic epithelium, skeletal muscle, mammary epithelium, intestine, placenta, and brain [1]. Stored body fat directly controls the LEPTIN ratio; as body fat increases, LEPTIN concentration in blood plasma levels up, and oppositely fasting leads to declined LEPTIN secretion [2]. LEPTIN is known as a critical control in body composition, food consumption, and, more importantly, body weight [3]. LEPTIN plays a more critical role in acute (e.g., fasting) and chronic energy-deficient states (e.g., diet or exercise-induced hypothalamic amenorrhea and lipoatrophy) than in energy-replete states (e.g., obesity). These energy-deficient circumstances are linked to relative LEPTIN deficiency, which, in turn, is related to neuroendocrine abnormalities such as metabolic dysfunction, infertility, depressed immune function, and bone loss [4,5]. Human recombinant LEPTIN may aid as a treatment option in these circumstances [6]. The therapeutic option is available as an injection for both children and adults suffering from severe obesity, and other dysfunctions resulted from LEPTIN deficiency. Daily injections result in weight loss by reducing fat mass due to reduced food intake [7]. In recent years LEPTIN replacement therapy has been introduced to normalize phenotype caused by LEPTIN deficiency [8] and remarkable positive changes observed in patients [9].

LEPTIN is a secreted protein that consists of 146 residues and encompasses only one native disulfide bond [10]. LEPTIN three-dimensional structure contains two long crossover link four antiparallel α-helices, and a two-layer packing formed by a short loop located in the left-handed helical bundle. A vital naturally disulfide bond exists between residue Cys96 and Cys146, which probably plays a role in the folding and receptor binding of the molecule [11]. LEPTIN binds to a membrane protein, LepR, composed of four cytokine receptor homologous domains (CRH), an Ig-like domain, a transmembrane segment, and a C-terminal cytoplasmic domain in the long isoform. Initial work on identifying the LEPTIN binding domain (LBD) of LepR showed amino acids 323–640 in binding [12], which consists of the Ig-like and the second CRH (CRH2) domains. Various groups have addressed specific molecular interactions between Lep and LepR through the site-directed mutagenesis and modeling approaches [13–15]. Recently, the structure of the CRH2 of LepR (PDB: 3v6o) structure of the human obesity receptor LEPTIN-binding domain revealed the mechanism of LEPTIN antagonism by a monoclonal antibody. It was proposed that LEPTIN binds tightly to the CRH2 domain, while also interacting with a second LepR through the Ig-like domain [16].

As mentioned earlier, LEPTIN hormone (protein) is used in the form of injection to cure the dysfunctions resulted from LEPTIN deficiencies. However, there is a high chance that it becomes unfolded and lose its natural structure upon exposure to uncontrolled conditions [17]. Temperature is the primary environmental factor affecting protein structure and functionality or even poses a severe risk to consumers’ health [18,19]. This led pharmaceutical company face considerable challenges in the production and logistics of protein therapeutics. To retain a constant temperature, cold chain instruments have become vital to the biopharma industry globally, projected to spend beyond 18 billion USD by 2022 for the temperature-controlled shipment [20]. Therefore, enhancing the stability of proteins to tolerate high temperatures is critical to elucidate the challenges in efficacy, economy, and safety of therapeutics [20]. Besides, considering the economic reasons, the increase of stability and consequently longer half-life can reduce doses and the number of uses. Therefore, protein engineering can be employed to enhance protein efficiency and stability [21].

There are several methods to enhance protein stability, such as disulfide bridges [22], hydrogen bonds [23], ion pairs [24]. Disulfide bonds exist in many proteins, where they make the conformation more stable by reducing the entropy of the unfolded conformation [25]. The introduction of disulfide bonds has been proposed as a promising stabilizing strategy, potentially leading to more stable protein conformation by decreasing conformational entropy compared with their unfolded state [26]. Fundamentally, loops are known as the most fluctuating region of the protein. The disulfide bonds that bring longer loops closer are more effective than the shorter ones [27]. In protein rational design, amino acid replacement is challenging due to the high number of possible substitutions. In silico techniques can predict stability changes after mutations quickly and with reasonable accuracy [28]. In recent years, progress in computers and the development of simulation software have significantly contributed to advancing biological science. It is now possible to generate natural components, mimic environmental conditions in computers, and perform experiments in this simulated condition. One of the methods that can be used for simulation is molecular dynamics (MD), which applies physics-based formulas to model protein dynamics. It offers atomistic data of the molecular interactions that participate in protein stability or protein function [29]. Moreover, it is possible to assess the interaction of protein with its receptor or ligand via docking study [30]. Hence, in this study, several mutants were created by the addition of novel disulfide bonds; further, the effect of introduced mutations on protein stability were evaluated using molecular dynamic simulation. Furthermore, the effect of LEPTIN on its receptor was studied using molecular docking.

2  Material and Methods

2.1 Mutation Site Prediction and Generation

LEPTIN protein tertiary structure was downloaded from Protein Data Bank (PDB) (http://www.rcsb.org/pdb) with the entry (1AX8) and examined to remove water molecules. In order to find potential mutation sites to form disulfide bonds, Disulfide by Design server [31] was used. Based on the server calculations, six candidates were predicted and listed; then, according to the described criteria by the server, the first three potential mutation sites were selected to create the mutant files (Fig. 1).
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Figure 1: Result of disulfide by design server and generated mutations. initially, the potential mutation sites were suggested and ranked, and then mutations were generated

Accordingly, the residues involved in the formation of both novel and native disulfide bonds (C96 and C146) are highlighted in using PyMOL (The PyMOL Molecular Graphics System, Version 1.5.0.4 Schrödinger, LLC) software. Four mutation sites are located in a loop, including LEU 39, ALA 101, GLY 44 and PRO 47; two other sites are also located in the helix, including SER 127 and ALA 59 (Fig. 2).
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Figure 2: Mutation site position on LEPTIN structure: the LEU 39, ALA 101, GLY 44, PRO 47, SER 127 and ALA 59 are candidate mutation sites selected to be replaced with cys

2.2 Molecular Dynamic Simulation

The molecular dynamic simulation was performed using the Gromacs 4.6.3 program [32] by the OPLS-AA force field [33] implemented on a LINUX operating system in triplicate. Prepared PDB files of six mutants and a native structure were used for MD simulation. The structures were solvated with 32702 simple point charges (SPC) water model, and the system was neutralized with six Na+ ions. The cubic type of box by 10 nm size was used for MD simulation. The solvated structure was minimized by the steepest descent method for 10000 steps at 300°K and constant pressure. Then the structure's equilibration was conducted in two phases. The first phase is conducted under an NVT ensemble (constant number of particles, volume, and temperature), and in the second phase, equilibration of pressure is conducted under an NPT ensemble, wherein the number of particles, pressure, and temperature are all constant, both for the length of 2500 ps. After equilibration production, MD was run for 50000 ps at constant temperature and pressure. The LINCS algorithm [34] was used to constrain the bond length. Periodic boundary conditions were applied to the system. The electrostatic interactions were calculated using a PME algorithm with 0.9 Å cut off [35]. During the simulation, every 1.000 ps of the actual frame was stored. The integration time step was 2 fs, with the neighbor list being updated every fifth step by using the grid option and a cut-off distance of 12 A˚. The isotropic Parrinello–Rahman [36] protocol was used for pressure (1 bar), and the velocity-rescaling thermostat was used for temperature coupling. The trajectory data were calculated by GROMACS tools, including g_rms, g_rmsd, g_gyrate, and do_dssp. To understand the effect of the mutations, molecular dynamics simulations were successfully performed for 50 ns on six structures of in silico engineered LEPTIN and wild-type LEPTIN (1AX8). The standard GROMACS routines were employed in the analysis of trajectory files such as root mean square deviation (RMSD), root mean square fluctuations (RMSF) and radius of gyration (Rg). Also, the secondary structures were assigned by using the DSSP program [37].

2.3 Molecular Docking

In this study, molecular docking calculations were carried out to visualize the binding mechanism of all mutants and wild-type of LEPTIN with the receptor to investigate the effect of the mutations on the performance of LEPTIN. The average structures of LEPTIN and its mutants after 40 ns simulation were used for docking calculations. Docking calculations were accomplished using the HADDOCK interface [38], which is one of the best protein-protein docking packages and directly uses experimental information. Experimental data that are feed into this docking engine are active residues of proteins that have central importance for the interactions. These data are transformed by HADDOCK into ambiguous interaction restraints (AIRs) and then used to drive the docking. The docking procedure with HADDOCK consists of three phases: a rigid body energy minimization, a semi-flexible refinement in torsion angle space, and a final refinement in explicit solvent. After each of these stages, structures are scored and ranked, and the best structures are implemented for the next stage. After a successful docking run, clustered results are displayed, and for every cluster, various energies are presented that make up the HADDOCK score. The HADDOCK score is a linear weighted sum of van der Waals, electrostatic, desolvation, and restraint violation energies together with the buried surface area.

3  Result and Discussion

3.1 Do_Dssp Results

This program calculates the secondary structure evolution of a protein over time and represents the β-sheet, α-helix contents, and other secondary structures. The analysis of secondary structures helps further understand how mutations are linked to conformational and functional changes [39]. In general, three main regions, including the residue between 15 to 25, 50 to 55, and 85 to 105, were observed to differ in the mutants compared to wild type. Indicating the introduction of disulfide bonds has led to the relocation of the main structures.

In mutant-1, in the region between the residues 15 to 25, after 27000 ps, the residue was shown to change their conformation from bend to turn, and turn to α-helix. Although this transition enhanced the stability of the structure, the transition of the residues between 50 and 55 (α-helix to bend) together with the residues from 90 to 105 (α-helix to 3-helix and bend), could diminish this effect and unstablize the structure. In mutant-2, in the region between the residues 15 to 25, conformation changed from the bend and turn to coil. Also, the residues between 50 and 55 had a transition from the bend and the turn to coil. While, for the residues from 90 to 105, the secondary structure displayed a change from α-helix to 3-helix and bend. All the mentioned changes in conformation caused structure alteration to a less stable state. Similarly, in mutant-3, the conformation changed to a lesser stable state. In the region between residues 15 and 25, the conformation altered from the bend and turn to coil. While residue 30 shifted the conformation from the coil to bend through the simulation time, which is slightly more stable. Also, the residues between 50 and 55 had a transition from bend and turn to coil, and also the secondary structure of the residues from 90 to 105 tended to change from α-helix to 3-helix and bend.

In mutant-4, after 23000 ps of simulation, the region between the residues 1 to 5 altered from α-helix to bend and turn, which may reduce the structure’s stability. While, in the region between the residues 15 and 20, the conformation transformed from the bend and turn to α-helix, which confer more stability in this region. Also, residue 30 transformed from the coil to bend throughout the simulation time. While, for the residues from 90 to 105, the secondary structure was changed from α-helix to turn, which substantially reduces the stability of the structure. In mutant-5, in the region between the residues 15 and 20, it tended to change from bend and turn to coil. The residues between 50 and 55, exhibited no significant changes in comparison to the wild-type. While, the residues from 90 to 105, a significant transition of α-helix to mostly bends was observed, which contributing to the reduction of structural stability. In mutant-6, the region between the residues 15 to 20, the residue exhibited the conformation changes by altering bend and turn to coil, which could lessen the stability of the structure. Whereas residue 30 shifted the conformation from the coil to bend through the simulation time. The residue between 50 and 55 shown only some transition from bend to turn during the simulation. While, the residues from 90 to 105 presented the tendency to transit from α-helix to mostly turn, which destabilizes the structures (Fig. 3).
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Figure 3: Analysis of the secondary structure elements vs. time. color codes are used to represent secondarystructure elements, coil by white, B-bridge by black, bend by green, turn by yellow, α-helix by blue and 3-helix (3/10) by gray

3.2 RMSD

Root Mean Square Deviations (RMSD) for mutants and wild type to their initial minimized structures were calculated and plotted. As shown in Fig. 4, the RMSDs of each system tends to be stabilized at different time points during the simulation. In order to elucidate the stability of protein structure in the period of simulation, an analysis of backbone atom deviation in comparison to original crystal conformation was performed. RMSD value is widely applied for evaluating structural similarity and protein stability during MD simulation [40]. These results indicate that mutants have undergone a different pattern of fluctuations. For example, in mutant-5, the structure significantly became unstable after the middle of the simulation time; as observed in the previous section, the alpha-helix structure loses its stability and turns into a bend. Except for mutant-1, the rest of the structures showing an increasing trend, at least for the first 5 ns.
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Figure 4: RMSD graphs of structures during 50000 ps simulation time. in all graphs, the black line is wild-type RMSD and mutated protein highlighted by different colors

The wild-type structure showed equilibration at 25000 ps around the value of 0.3 nm. In mutant-1, the equilibration time was observed to be at first 5000 ps and remain stable until the end of simulation by around 0.2 nm. In mutant-2, the increasing trend at the first 30000 ps was observed, and then becomes stable around the value of 0.3 nm by the end of simulation time, adjacent to the wild-type value. In mutant-3, the RMSD increased and reached 0.35 nm at the first 10000 ps, then remained stable by the end of the period. In mutant-4, RMSD increased moderately and reached its peak of 0.38 at 33000 ps then began to decrease and fluctuated around 0.3 nm; the pattern of fluctuations showed more instability compared to wild-type. In mutant-5, RMSD dramatically increased in the first 26000 ps, then showed some fluctuations around 0.5 nm until the end of the simulation. It can be interoperated the mutation caused a significant disturbance in structure stability. In mutant-6, RMSD began to increase during the first 5000 ps and reached slightly more than 0.3 nm. Then they dramatically decreased to 0.2 nm at 20000 ps and remained stable until 38000 ps. At 38000 ps of simulation to the rest of the simulation, it followed a similar fluctuation pattern compared to wild-type until the end of the simulation.

3.3 Root-Mean-Square Fluctuation (RMSF)

To summarize, in all mutants, mutations caused the increase in the RMSF value of all residue, specifically in the flexible regions, except for the mutant-1, in which the mutations decreased in the RMSF value of all residue (Fig. 5). To address flexibility of LEPTIN and its mutants, RMSF per residue was calculated from 0 to 50 ns simulation studies. RMSF graphs were plotted for these seven structures, as shown in Fig. 5. Similar RMSF distribution was observed in the fluctuations of these structures, which could be attributed to the secondary structure, including loops and helix. The RMSF is another tool to monitor the dynamic stability of the systems. RMSF can reflect the mobility of the residue around its mean position.
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Figure 5: RMSF graphs of mutant and wild-type per residue number during 50 ns simulation time

In wild-type, three central regions are presenting significant fluctuation in RMSF during the simulation, including the residue between 23 and 43, 65 and 80, and 92 and 120. However, a significant increase in the fluctuation was observed in the region between residues 90 and 120. In mutant-1, a significant decrease in the flexibility of residue 105 was observed, which could be due to the introduced mutations, as the linked disulfide bond between residue 39 and 127 might cause both the mutation sites to become closer. In mutant-2, the flexibility of all the residues increased compared to the wild-type. However, the residue's flexibility between 105 and 125 amplified more extensively, with the 117 being the most fluctuating reissue. In mutant-3, the residues 46 and 48 shown significant fluctuation during simulation, which was inconsistent with other mutant and wild-type. Also, in the region between residue 105 and 125, a significant fluctuation was observed. In mutant-4, residues showed the same pattern of flexibility; while, in the region between the residues 105 and 120, the flexibility increased compared to wild-type. In mutant-5, overall, the residue flexibility increased. However, in the region between reidue95 and 120, the RMSF value considerably increased. In mutant-6, the RMSF fluctuation was almost similar to the wild-type, while, in the region between 105 and 125, the residues’ flexibility noticeably increased.

3.4 Radius of Gyration

Analysis of Rg of a protein helps to understand the protein compactness during the simulation time. The movements in the secondary structure might contribute to variations in Rg and may influence the required time to attain a compact structure. As shown in Fig. 6, in wild-type, the Rg values during the first 10000 ps fluctuated around 1.45, then slightly increased to around 1.47 for the rest of the simulation time. In mutant-1, in the first 25000 ps of simulation time, the Rg value fluctuated around 1.448, then after, the Rg decreased to around 1.445 nm by the end of the time. In mutant-2, the RG values were fluctuating slightly lower than wild-type around 1.448 while mimicking the same pattern of fluctuation. In mutant-3, the Rg value began to decrease from the beginning and reached 1.442 nm at 25000 ps and maintained the same value by the end of the simulation. In mutant-4, Rg fluctuated very close to the values of Rg in wild-type, although, after the middle of the simulation, Rg fluctuations slightly increased, it followed the same pattern of changes as wild-type. In mutant-5, initially, the Rg value was around 1.448 while it increased and reached 1.455 at 250000 ps, then after it showed intensive fluctuation ranging from 1.445 to 1.555. In mutant-6, the Rg value significantly reduced and fluctuated around 1.445, which is considerably lower than the wild-type.
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Figure 6: Radius of gyration graphs of mutant and wild-type

3.5 Docking Results

The active residues PHE41, SER93, LYS94, ASP135, LEU142 and SER143, which are located on the surface of all mutants and wild-type of LEPTIN and the active residues ASN431, ASN433, ILE 434, SER435, ASN567, TYR589, LYS614 and GLY618 belonging to CRH2 domain of LepR have central importance for the interactions [41] and were feed into the HADDOCK interface. HADDOCK clustered 137, 140, 141, 131, 138, 139, 130 structures for complex of LEPTIN and Mutants 1, 2, 3, 4, 5 and 6 in the interaction with the receptor in 7, 9, 10, 5, 8, 6, 10 clusters, respectively. Tab. 1 represents the results of the docking run for the best clusters produced by HADDOCK. The negative values of Z-score and small values of RMSD for docking experiments suggested that the complex structures of LEPTIN and its mutants with LBD are acceptable models.

Table 1: Protein-protein docking results of the best cluster produced by HADDOCK for all mutants and wild-type of LEPTIN in the interaction with the receptor
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As shown in Fig. 7a the best-ranked pose in the best cluster of LEPTIN/LepR was found to involve four H-bond interactions between the two docking partners. Good global energy scores of docking results showed that residues located at CRH2 domain of LepR have a suitable binding affinity for residues located at the surface of LEPTIN and all mutants; this means that the mutations do not have any effect on the performance of LEPTIN. Fig. 7c shows the superposed structures of the complex between wild-type of LEPTIN and all mutants with the LEPTIN receptor. Also, structural superposition shows similar interaction interfaces in all complexes, and there is no observable difference between the wild type and the mutant protein structures.

[image: images]

Figure 7: a) superposed structures of the complex between wild-type of LEPTIN and all mutants with LEPTIN receptor; b) LEPTIN structure obtained from PDB (3V6O); c) top-ranked poses of the best cluster of LEPTIN/lepR

The first evidence of Cys residue in forming disulfide bond was demonstrated in mice [42]. A LEPTIN variant that is incapable of forming the disulfide bonds exhibited a reduced biological response once injected into LEPTIN-deficient mice. A study performed by a point mutation replacing Cys with Ser disturbed the natural folding of LEPTIN [43], which resulted in dysfunctionality and lack of secretion of LEPTIN. This indicates that preserving the natural folding of LEPTIN is the critical factor for its activity. The addition of disulfide bonds has been introduced as a promising approach to enhance the stability of proteins, and finding the suitable residue to replace with Cys is the critical aspect [29]. In a remarkable study, point mutation of a residue (Lys237) of Homotetrameric β-xylosidase introduced a disulfide bond in Selenomonas ruminantium, which resulted in significant thermal stability [44]. In addition, in the simulation results, it was observed that the RMSF of the mutation site was reduced considerably, which is in agreement with the mutant-1. The engineering disulfide bond in Bacillus subtilis 168/pMA5 enhanced the half-life of when T181C was introduced to 4-hydroxyisoleucine, which also increased the specific enzyme activity by 3.56-fold [45]. Therefore, the addition of disulfide bond not only enhances protein stability, it also increases enzyme activity. In a recent study, it was observed that the introduction of a disulfide bond in GH11 xylanase of Bacilus firmus Strain K-1 at S100C/N147C, accompanied with K40L mutation, enhanced the enzymatic activity at room temperature [46]. Therefore, engineering disulfide bonds can improve both enzyme stability and activity. There are many processes in biofuel production from renewable materials [47–49] in which enzymes can be engineered by disulfide bond addition. In recent years, few studies have applied this approach [50–52] that suggest its suitability for future enzyme engineering studies for important medical and industrial enzymes and proteins, particularly in biofuel production processes [53–55].

4  Conclusion

The analysis suggests that mutation 1, which encompasses mutation in the residues Lue 39 and Ser 127, exhibited the most stable structure. The mutation made a disulfide bond between loop and alpha-helix structure, which caused more stability in RMSD, reduced flexibility of structure (RMSF analysis), and growth in compactness (RG analysis). Moreover, the docking study indicated that the introduction of disulfide bonds did not alter the performance of the mutant-1. Engineering disulfide bonds to proteins can increase their stability without affecting their performance using algorithms provided by Disulfide by Design. However, in vivo experiments are required for the final validation of this result.
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