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Insulin is a peptide hormone known for chiefly regulating glucose level in blood among several other metabolic processes. Insulin remains the most effective drug for treating diabetes mellitus. Insulin is synthesized in the pancreatic β-cells where it exists in a compact hexameric architecture although its biologically active form is monomeric. Insulin exhibits a sequence of conformational variations during the transition from the hexamer state to its biologically-active monomer state. The structural transitions and the mechanism of action of insulin have been investigated using several experimental and computational methods. This review primarily highlights the contributions of molecular dynamics (MD) simulations in elucidating the atomic-level details of conformational dynamics in insulin, where the structure of the hormone has been probed as a monomer, dimer, and hexamer. The effect of solvent, pH, temperature, and pressure have been probed at the microscopic scale. Given the focus of this review on the structure of the hormone, simulation studies involving interactions between the hormone and its receptor are only briefly highlighted, and studies on other related peptides (e.g., insulin-like growth factors) are not discussed. However, the review highlights conformational dynamics underlying the activities of reported insulin analogs and mimetics. The future prospects for computational methods in developing promising synthetic insulin analogs are also briefly highlighted.
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1 Introduction

The discovery of insulin is a remarkable achievement in the history of biomedicine where insulin is noted as a model protein in several scientific findings (1–3). The enormous research conducted on the hormone insulin has enriched our knowledge of the protein synthesis, protein chemistry, structural biology, cell biology, and physiology. Insulin was first identified and isolated by Drs. Fredrick Banting and Charles Best with the support of Professor John MacLeod and James Collip from the pancreatic extract of dogs (4–7). Insulin was first used about 100 years ago to save a 14 year old boy who was suffering from type 1 diabetes mellitus (2). The discovery of animal-sourced insulin is one of the revolutionary breakthroughs in molecular medicine and it is also known as a ‘miracle drug’ (8). Bovine insulin was the first protein to be sequenced by the British biochemist Frederick Sanger (9) for which he was awarded the 1958 Noble Prize in Chemistry. Eight years later, insulin was the first protein to be chemically synthesized in the lab (10–12). A significant breakthrough by Genentech laboratory was achieved when insulin became the first human protein to be expressed in E. coli by using the recombinant DNA technology (13). Though insulin is not the first protein to have its structure determined, it is capped as the first protein hormone whose three-dimensional structure in dimeric and hexameric forms was determined using X-ray crystallography at a high resolution (14). While the focus of this review article is on modeling and simulation studies, the research findings from experiments on the synthesis, structure, conformational changes, physiological applications, and interactions with the receptor are summarized in several published reviews (2, 3, 5–7, 15–29).

Insulin is a small peptide hormone with 51 residues which regulates the glucose concentration in the bloodstream (7, 16). Insulin is secreted by the pancreatic β-cells to normalize the elevated glucose levels in the blood (7). Insulin stimulates a cascade of intracellular signaling processes which results in the intake of glucose in the tissues through different classes of eukaryotic sugar transporters (30–32). Glucose provides energy for cell functioning or is stored as fat. Abnormalities in insulin secretion due to the destruction of β-cells or damaged pancreas or insulin resistance reduce the level of insulin in the blood and hamper the glucose intake in cells. Insufficient insulin in the bloodstream leads to type 1 or type 2 diabetes mellitus (33, 34).

Insulin produced in the β-cells of the islets of Langerhans, termed proinsulin, includes a C-peptide (35 residues) connecting the A- and B-chains (Figure 1A) (35, 36). Once the proinsulin moves from the endoplasmic reticulum to the Golgi apparatus of the β-cell, the C-peptide is cleaved by specific endopeptidases resulting in the mature form of insulin (37). The mature form of insulin is a peptide hormone consisting of an A-chain (21 residues) and a B-chain (30 residues) held together by two inter-chain disulfide bonds (A7:B7 and A20:B19) and an intra-chain disulfide bond (A6:A11) in the A-chain. Moreover, insulin self-associates into a hexameric architecture due to a high concentration of zinc ions (Zn2+) in the Golgi apparatus (38). Insulin hexamer is the storage form of insulin where Zn2+ ions stabilize the hexamer structure. Each Zn2+ ion establishes interactions with every His10 residue of the B-chain of three insulin subunits (Figure 1B). Insulin hexamer initially dissociates to a dimer and then to a monomer after reaching the blood circulation. The residues in the dimer (Figure 1C) and hexamer (Figure 1D) forming interfaces are distinct. The C-terminal residues of the B-chain (PheB24-TyrB26) mainly contribute to the dimerization of insulin. Along with Zn2+ ions, the residues AlaA14, LeuA17, LeuB13, TyrB14, and GluB17 help in maintaining the hexameric architecture of insulin. However, it must be noted that the insulin monomer is the biologically active form of hormone that binds to its cognate receptor, the insulin receptor (IR), and initiates complex signaling pathways underlying glucose homeostasis (39). Insulin interacts with two distinct sites on IR via two surfaces known as “site 1” and “site 2”. The site 1 binding surface of insulin is comprised of residues GlyA1, GlnA5, TyrA19, AsnA21, ValB12, TyrB16, PheB24, PheB25, and TyrB26 (Figure 1E), while the site 2 surface is composed of residues SerA12, LeuA13, GluA17, HisB10, GluB13, and LeuB17 (Figure 1F) (39, 40).




Figure 1 | Structural features of the hormone insulin. (A) Shown is the structure of proinsulin consisting of the A-chain (light blue), the B-chain (pale green), and the C-peptide (light brown) connecting the A and B chains. (B) The R6 insulin hexamer with two zinc ions (cyan spheres) and coordinated histidine residues (red sticks) of the B-chain are depicted. The disulfide bonds are represented in orange sticks. The Cα atoms of the interface residues engaged in the dimer interface (C) and the hexamer interface (D) of each insulin are depicted as spheres in the same color as each chain. The Cα atoms of the site 1 (E) and site 2 (F) residues of insulin are depicted as spheres. The residues belonging to the A-chain and the B-chain of insulin are represented in blue and green spheres, respectively.



The mature form of the hormone is comprised of three α-helices: the A-chain contains two short helices (residues Gly1 to Ser9 and residues Leu13 to Tyr19) and the B-chain contains a single large helix (residues Phe1 to Cys19). However, some residues in the N-terminus of the B-chain (residues Phe1 to Gly8) in the insulin hexamer exhibit structural transitioning between a helix and an unstructured fragment in different solvent environments (41–43). Specifically, the first eight residues of the B-chain of each insulin monomer in the hexamer can take an unstructured conformation, which is designated as the T6 state (Figure 2A), especially when the crystals are obtained at a low chloride ion concentration (44). At higher concentrations of singly charged inorganic anions (Cl−, I−, , SCN−, etc.), the  state (Figure 2B) is mostly populated with the unstructured B-chain in three insulin monomers, while the residues B4-B19 remain α helical in remaining three insulin monomers. In the presence of small cyclic alcohols (like phenol, cresol, resorcinol, hexanol, and pentanol), the insulin hexamer exhibits the R6 state with the B-chain residues (Phe1 to Cys19) of each monomer adapting an α helical conformation (Figure 2C). The T-state of insulin is prevalent in monomer, dimer, and IR binding states. The physiological relevance of the T↔R transition in the N-terminal residues of the B-chain of insulin still remains unclear (43).




Figure 2 | The T6, , and R6 forms of insulin. The cartoon representations of the structures of dimeric and hexameric forms of insulin are shown in the T6 (A),  (B), and the R6 (C) states. The key residues of the B-chain (B1-B8) that exhibit a distinct structural transition from an extended to a helical conformer are depicted in light brown. cf. Figure 1 for color scheme and other details.



Along with the experimental techniques, molecular modeling and simulation techniques have also provided a detailed picture of the atomic motions in insulin. Specifically, molecular dynamics (MD) simulations, which predict the motion of each atom as a function of time by integrating the equation of motion, have been a key computational method to probe biomolecular dynamics. In an MD simulation, the spatial positions of the atoms in a biomolecule are governed by bonded and non-bonded interactions which are defined by an interatomic potential energy function, often termed as the force-field (45). MD-based simulated annealing is also widely used in combination with the experimental techniques including nuclear magnetic resonance (NMR) spectroscopy, X-ray crystallography, and Cryoelectron microscopy (cryo-EM) to predict and refine biomolecular structures. All three techniques (NMR, X-ray, cryo-EM) have been used for structure determination of the insulin family of proteins (46–55). An energetically reasonable structure from these techniques provides a good starting conformer for performing extensive MD simulations. Additionally, MD simulations are significantly used to address specific problems in protein folding, function, dynamics, interactions, and drug design.



2 Review of Simulation Studies (1985 - To Date)

In this review, we explicitly focus on highlighting the findings from molecular simulation studies probing the conformational dynamics of insulin. Starting with studies published in 1985 to the most up to date work, we have organized studies into 5-year periods, with 7 complete periods and the 8th an ongoing period. As of February 2022, we found a total of 81 published studies (Figure 3) that have implemented molecular modeling techniques to study the structure of the hormone insulin (Table 1). The advantages and limitations of simulation approaches as well as future opportunities and challenges in studying insulin are also discussed. To gain a comprehensive understanding of the fundamentals of MD simulations and their applications, we refer interested readers to previous comprehensive reviews (21, 134–143).




Figure 3 | Simulation studies on the hormone insulin (1985–2022). The number of research articles on MD simulations of insulin published every 5-year time interval is depicted.




Table 1 | A chronological summary of simulation studies on different forms of the hormone insulin (M, monomer; D, dimer; and H, hexamer).




2.1 1985-1990

Over time, a substantial effort has been invested by the computational research community in unraveling the underlying complex mechanisms of biomolecular structures and their interactions using MD simulations, among which insulin has played the role of a key model protein. A molecular simulation was first performed on insulin in 1985 by Wodak et al. (56) to understand the conformational changes in the monomeric, dimeric, and hexameric forms using convergent energy minimization. This study mainly focused on understanding the conformational deviations between the monomer 1 and the monomer 2 in the insulin dimer. The minimization was done in the absence of solvent and with a modified all-atom CHARMM force field (ff) (135) where a marginal contraction in the protein volume was observed. The study noted atomic fluctuations within insulin and also validated the ff with explicit aliphatic hydrogens. As insulin was structurally a well-studied protein, it was also selected among several small molecules, nucleobases, and small proteins during the development and validation of all-atom molecular mechanics force fields (57). Krüger et al. (58) applied a larger van der Waals radii to all atoms (144) to avoid the protein contraction in vacuo and performed an independent 120 ps MD simulation of each monomer of the insulin dimer with the GROMOS ff (145). The simulation study probed modest conformational variations between monomers 1 and 2. Though the simulation studies of full insulin in an aqueous medium were not reported before 1990s, the despentapeptide insulin (DPI, insulin without the B26-B30 residues) analog was simulated in explicit solvent and counter ions (59). The simulation of the crystalline DPI with 4 molecules of DPI, 398 SPC water molecules (146), 4 Cd2+, 8 Na+, and 4 Cl− ions was performed for 31 ps using the GROMOS ff. The positional fluctuations of the Cα atoms from this MD simulation were consistent with the B-factors obtained from the crystal diffraction data.

During this time period, simulations were mostly performed in vacuum using united-atom (GROMOS) and all-atom (CHARMM) force fields to study the conformational stability of insulin (monomer, dimer, and hexamer). These studies included energy minimization and short MD simulations (≤ 120 ps) to compare the structural rigidity between individual monomers in the insulin dimer, and residue flexibility between the A-chain and the B-chain in the insulin monomer. These early studies laid the foundation for future studies on insulin using MD simulations.



2.2 1991-1995

Several independent theoretical studies and a few experimental studies in conjunction with the MD simulations were published within this era. Most importantly, simulations of each insulin monomer from the 2Zn insulin dimer in aqueous solution and with counter ions were conducted for the first time on a 100 ps time scale (62). They also conducted an explicit water simulation of the insulin dimer to demonstrate key inter-residue interactions between each monomer involved in the dimerization. This study revealed that both insulin monomers exhibit significant conformational flexibilities in an aqueous medium, while monomer 1 was comparatively more stable than monomer 2. A detailed analysis was also performed on simulation trajectories of eight different conformers of insulin (5 monomers and 3 dimers) in vacuo using the CHARMM ff (60). The observed structural changes, salt bridging interactions, hydrogen bonding patterns, and the overall helical geometry provided a detailed perspective on the conformational dynamics of insulin. These findings were suggested to be in good agreement with the experimental studies (147–150).

Other set of studies introduced targeted energy minimization (TEM) and targeted molecular dynamics (TMD) to probe the conformational transitioning between the T↔R states of the insulin monomer (63, 64, 67). A geometrical constraint (along dihedral angles ϕ and ψ) was applied to facilitate the conformational change along a pre-defined pathway from the starting conformer (T or R) to the known target conformer (R or T). The stable intermediates and the energy barriers along the transitioning of the B1-B8 residues from an extended conformation in the T state to a helical conformation in the R state, and vice versa, were explored in atomic detail. Tidor and Karplus (66) estimated the change in the free energy of association of insulin monomers into a dimer as –7.2 kcal/mol which is in agreement with the experimental dimerization free energy (ΔGdimerization) obtained using concentration difference spectroscopy (151).

Several insulin derivatives or analogs were also reported, among them the single-chain insulin with a crosslink between the A1 and B29 residues was well-studied experimentally (152–155). The reported single-chain insulin was biologically inactive (156, 157). To explain the inactivity of the crosslinked insulin, Krüger et al. (65) simulated the single-chain insulin for 100 ps in explicit water and concluded that the C-terminus of the B-chain is more rigid and some of the residues that are significant for interaction with the receptor are shielded in the bridged insulin which hinders its binding to IR. We also observed that a few research groups implemented both experimental (X-ray and NMR) and simulation techniques to resolve the structure and dynamics of insulin or surrounding water molecules (46, 61). For example, Badger and Gaspar (61) constrained the insulin atoms during MD simulations to determine the configurations of water molecules within the cubic insulin crystal lattice. The study reported that the network of water molecules near the hydrophilic surface of the insulin switches between pentameric and hexameric configurations. Knegtel et al. (46) performed energy-minimizations and restrained MD simulations in vacuo to inspect the conformational flexibility of the DPI protein. This study concluded that the residues GlyA1, AsnA21, and PheB25 were more flexible. NMR studies performed in their work suggested that DPI adapts a conformation similar to molecule 1 in the insulin dimer but the conformer derived after restrained MD simulations resembles molecule 2. The anomalies between the NMR and MD observations were attributed to a shorter simulation time and limitations in the force-fields.

During this time period, we noticed that insulin was simulated in near physiological conditions: aqueous environment with counter ions. The studies used more refined force fields to elucidate the inter and intra insulin interactions and studied the role of water in the conformational flexibility of insulin with microscopic details. The thermodynamic parameters during the insulin dimerization were also estimated using all-atom MD simulations. Other than MD simulations, targeted methods (TEM and TMD) were applied to explain the conformational transition of insulin between the T and R states, or vice versa. We also observed that the simulations of insulin analogs (DPI and single-chain biologically inactive insulin) were performed to provide possible explanations for the experimental observations. In brief, we found that advanced simulation techniques were applied to complement experimental studies on the insulin structure during this period.



2.3 1996-2000

The pathways of conformational transitions between the T6 ↔T3 R3↔R6 states of the insulin hexamer were further probed using targeted (TEM and TMD) methods with explicit-solvent simulations on a 100 ps time-scale and with the GROMOS ff (68). The potential energy of the transient conformers and the cooperative transitioning of the N-terminal region (B1-B8 residues) of the B-chain were observed in detail. Another study incorporated restrained MD simulations and simulated annealing along with the NMR spectroscopy to predict and refine the phenol-stabilized R6 conformer of the insulin hexamer (69).

At the same time, a relatively long MD simulation (1000 ps, i.e., 1 ns) of the insulin monomer was performed at higher pressures (varying between 1 bar and 20 kbar) to unfold the protein and compare its stability with the ribonuclease A protein (71). This study reported that insulin maintains its structural stability above 13.2 kbar, while ribonuclease A denatured even at a lower pressure of 8.5 kbar. It was also observed that a network of hydrogen bonds formed by water molecules around each protein played a crucial role in maintaining their stabilities. A 5-membered ring structure of water molecules was dominant in ribonuclease A, whereas a 6-membered ring structure of water molecules around insulin was observed to stabilize it at higher pressures. Moreover, this study also demonstrated that the α-helix is relatively more stable than the β-sheet, which contributed to a higher stability of insulin which only has α-helices compared to ribonuclease A which has both types of secondary structural components.

Cheng and Rossky (70) performed MD simulations in aqueous media and estimated the hydration thermodynamics of polar and charged residues at the dimeric interface to probe the significance of the structure and energetics of the B-chain in 2ZN insulin. This study also reported the orientation and the entropy of water molecules in the vicinity of polar and charged residues, and hydrophobic surfaces influencing the dimerization of insulin.

To summarize this period, we found that the simulation time was increased from ps to ns time-scales. The conformational stability of insulin in drastic conditions (e.g., a higher pressure) was also probed using MD simulations which is non-trivial to explain using experimental methods alone.



2.4 2001-2005

Falconi et al. (72) performed circular dichroism (CD), fluorescence spectroscopy, two-dimensional NMR, and all-atom MD simulations of the insulin dimer for 600 ps to probe the interactions of a few monosaccharides with the hormone. These MD simulations suggested that D-glucose prefers to dock in the binding pocket formed by the side-chains of residues TyrA14, ValB2, and LeuB17 in the insulin dimer surface. The glucose binding surface inferred from MD simulations was reported to agree well with the Nuclear Overhauser Enhancement (NOE) method in the NMR spectroscopy. In another study, Falconi et al. (73) thoroughly investigated the rigidities of the monomers in the insulin dimer using atomistic MD simulations and inferred that monomer 1 exhibits a higher inflexibility than monomer 2. They estimated the contribution to the free energy of dimer formation for each residue of the insulin monomer involved in the formation of the insulin dimer. Among the B-chain residues, Gly8, Glu13, Gly23, and Thr27 exhibited lower contributions to insulin dimerization; Ser9, Phe24, Tyr26, and Pro28 exhibited a medium contribution; and Phe25, Val12, and Tyr16 exhibited a higher contribution to the dimerization process (73). The key residues of insulin crucial for the dimerization inferred from this simulation study corroborated well with the experimental mutagenesis studies (158, 159). Karplus and coworkers also used molecular mechanics–generalized Born surface area (MM-GBSA) method to estimate the binding free energy (–11.9 kcal/mol) of dimerization of insulin and delineated the key residues in the dimer interface (80). In another study, Zoete et al. (80) investigated using docking and MD simulations the putative binding sites for D-glucose on the insulin surface. Their study showed that glucose preferably interacts with the residues ValB2 and LeuB17 with a binding affinity between –1.4 and –3.5 kcal/mol. They also discussed the stability and conformational dynamics of the insulin monomer and the dimer in microscopic detail using longer simulation (~5-10 ns) (77). MD studies also confirmed that the R6 insulin hexamer is more stable in the presence of Zn2+ ions and phenol (74, 75). The electrostatic interactions and hydrogen bonds appeared crucial for maintaining the stability of the hexamer (74).

Swegat et al. (75) applied a constrained MD simulation approach to track the dissociation pathway of a phenol molecule from its binding site on the R6 insulin hexamer and estimated the free-energy profile along the distance between the center of mass of phenol and the insulin hexamer as a reaction coordinate. This study explained the structural events within insulin during phenol dissociation. The benzene ring of the phenol molecule noticeably reoriented and approached the exit channel between the residues HisB5 and CysA11. The side chain of IleA10 was noted as a major hindrance for phenol escape. The study also calculated the free energy of dissociation of phenol from the R6 insulin hexamer as 21.8 ± 2.8 kJ/mol.

Budi et al. (78, 79) used MD simulations to study the conformational stability of insulin or its B-chain using chemical stress, thermal stress, and electric field. All disulfide bonds in insulin were reduced and the temperature was elevated to 400 K during these simulations to emulate the chemical and thermal stress, respectively (78). The insulin molecules with the native disulfide bonds at 300 K and 400 K were more rigid than the ones without the disulfide bonds at respective temperatures. Notably, the B-chain behaved similarly among insulin molecules with or without disulfide bonds at ambient temperature, thereby implying that the B-chain of insulin folds independently. This observation is in line with the reported experimental findings (160, 161). The authors also applied static and oscillating electric fields, ranging from 107 to 109 V/m to study the stability of the B-chain of insulin using MD simulations (79). The conformational states explored by the B-chain suggest that the secondary structure of the peptide was fully disrupted in an oscillating electric field, in comparison to the partial melting observed in a static electric field. This MD study, although not physiologically relevant, provided insights into the stability of a peptide under the influence of an electric field, which is a challenging task to investigate experimentally.

During this time period, the simulation length and the constituents in the simulation domain were increased with better computational facilities and MD simulation codes. Earlier studies inferred that molecule 1 exhibits higher structural stability than molecule 2 in the insulin dimer, but the contributions of key interface-residues to the stability of the insulin dimer were probed in detail during this time period. The mechanisms of interactions of glucose and phenol with insulin were also studied for the first time. The stability of the B-chain of insulin under chemical stress, thermal stress, and electric fields were also investigated using MD simulations.



2.5 2006-2010

In a comprehensive study, Zoete and Meuwly (82) assessed the effect of Ala-mutations (in a few crucial residues LeuA16, TyrA19, LeuB11, LeuB15, ArgB22, and PheB24) on the stability of insulin. They implemented computational mutations to estimate the protein stability, and molecular mechanics generalized born surface area (MM-GBSA) methods to calculate the relative change in the free energy due to each mutation. They found that mutating aforementioned selected residues leads to misfolding of insulin and probably hinder its binding to the receptor. Haas et al. (90) studied the effect of change in pH on the structure of the insulin monomer and estimated the conformational entropy using MD simulations. A correlation between the underlying structural changes due to the pH variation and aggregation of insulin was reported. Yarovsky and coworkers applied several MD simulation methods to broadly explore the stability, dynamics, folding, and aggregation of insulin or its B-chain in different simulation conditions (83). The results showed that both termini of the B-chain were highly flexible and the B-chain chiefly adopts the T state conformer. The B-chain of insulin was also subjected to simulations in varying temperatures (300 K and 400 K) to understand the packing interactions and conformational transitions within the protein. The stability of the B-chain of insulin was also monitored under thermal stress and electric fields of varying forms, frequencies, and strengths (84, 85). As expected, the disulfide bonds stabilized the overall structure of the B-chain in comparison to the isolated B-chain. This observation is in line with a previous study reported by Budi et al. (78) which states that the isolated B-chain destabilizes under thermal stress. They also systematically compared the conformational evolution of the B-chain of insulin in different force fields (CHARMM27, OPLS, AMBER03, GROMOS 43A1, and GROMOS 53A6) (86). Among these force fields, the dynamic behavior of insulin elucidated from the CHARMM and the GROMOS 43A1 trajectories on a 50 ns time-scale agreed well with the experimental observations.

In another work, Yarovsky’s group first implemented bias exchange metadynamics (BE-META) technique on the B-chain of insulin to investigate the intermediate states along the folding pathway and estimated the respective free energies (88). The extended conformation of the B-chain was subjected to independent metadynamics simulations along with seven distinct collective variables (CVs) and replicas were allowed to exchange between them at regular frequencies. In this study, the free energy wells in the energy landscape were successively filled by small Gaussian potentials which allow the system to overcome underlying free energy minima (162, 163). They were able to characterize three distinctly populated basins in the free energy. The first basin was populated by a molten-globule structure governed by electrostatic interactions, the second basin represented a molten-globule structure governed by hydrophobic contacts, and the third basin resembled the near biological folded conformer of the B-chain of insulin (92). The transition from the second molten-globule state to a near native conformer was required to cross a higher energy barrier during BE-META (88).

The steered molecular dynamics (SMD) technique was also employed to mimic the observations from the atomic force microscopy (AFM) experiments to understand the unfolding of the insulin dimer (81). The Cα atom of PheB1 of a monomer in the insulin dimer was kept rigid and the same atom of the other monomer in the dimer was pulled with different velocities ranging between 0.0025 and 0.01 nm/ps during the force-induced dissociation of the insulin dimer (Figure 4). This study demonstrated that the dissociation of insulin is a rate- and pathway-dependent process, and the unfolding events of insulin agree qualitatively with the AFM experiment. Vashisth and Abrams (87) performed random acceleration MD (RAMD) and multiple SMD simulations in conjunction with the Jarzynski’s equality to identify the escape pathways of phenol and to estimate the unbinding free energy of phenol from the R6 insulin hexamer. The study reported three probable escape paths for phenol and characterized the disruption of interactions between phenol and the residues in the insulin hexamer in atomic detail. The change in the free energy of escape estimated for each pathway (18.06 kBT, 17.75 kBT, and 20.60 kBT) was obtained from the second-order cumulant expansion of Jarzynski’s equality. Previously, Swegat et al. (75) had studied the dissociation pathway and energetics of phenol dissociation from the R6 insulin hexamer. However, they selected a single reaction coordinate and reported only a single phenol dissociation pathway. The study by Vashisth and Abrams outlined multiple competing dissociation pathways and provided additional details during phenol dissociation including the role of water molecules near the phenol binding pocket.




Figure 4 | Steered molecular dynamics (SMD) simulations of the insulin dimer. (A) A schematic model of the AFM experiment with the insulin dimer as the target protein. (B) The Cα atom of PheB1 of monomer I (top) is pulled after attaching a harmonic spring potential, while the Cα atom of PheB1 of monomer II (bottom) was held fixed. The residues involved in monomer-monomer interactions are labeled. Reprinted with permission from Kim et al. (81), Copyright 2006 American Chemical Society.



To probe the adsorption dynamics and inherent structural changes in insulin or its B-chain on graphene surfaces or on single-walled carbon nanotubes (SWNTs), a research group from China carried out explicit water MD simulations (89, 91). They tested the adsorption of insulin on graphene surfaces of different sizes, shapes, and flexibilities. Insulin was reported to interact with the non-polar, as well as, polar and charged residues on the graphene surfaces. The π-π stacking between the phenyl rings and the graphene surface contributed significantly to the adsorption of insulin. However, insulin lost its native fold after absorption on the graphene sheet within a short simulation period (10 ns) (91). Short MD simulations (6 ns) of the B-chain of insulin performed on different charged SWNTs suggested that the electrostatic interactions were dominant during the adsorption of the peptide on charged SWNTs than on uncharged SWNTs (89). The ordered first hydration shell around the charged SWNTs also promoted the adsorption of the peptide. The secondary structure of the B-chain during adsorption on SWNTs was more preserved than the secondary structure of insulin on graphene sheets. The understanding from these studies envisaged the application of insulin in the fields of biosensors, biomaterials, biomedical devices, and drug delivery.

The effect of residue mutations, pH, thermal stress, chemical stress, and external pulling force on the stability of the insulin structure was probed using different simulation techniques during this time period. The folding pathway of the B-chain of insulin was investigated using the metadynamics method (164), which has previously not been applied. The stability of insulin on graphene surfaces or SWNTs and the mechanism of insulin aggregation were also probed for the first time. Also, multiple escape pathways of phenol from the R6 insulin hexamer and their associated energy barriers were reported in detail.



2.6 2011-2015

Between 1985 and 2010, we found that the simulations of insulin were primarily focused on inspecting its conformational dynamics and stability using short MD simulations (mostly ≤ 10 ns). From 2011 onward, we will find that relatively longer simulations (10-100 ns) were performed to probe various aspects of the insulin structure. Yang et al. (93) conjugated insulin with the polyethylene-glycol (PEG) polymers of different chain lengths to investigate their impact on the structure and the stability of insulin using all-atom MD simulations. The PEG polymer entangled around insulin during these simulations and resulted in a larger volume of the PEGylated insulin and a lesser solvent accessible surface area of insulin. The conjugated insulin maintained its secondary structure at an elevated temperature of 450 K. The study provides atomistic insights into the role of the PEG on the stability and bioavailability of conjugated insulin, which may inspire future work in the development of PEGylated insulin therapeutics.

Bagchi and Roy performed a detailed inspection of the interfacial waters near the dimer forming surface (DFS) and the hexamer forming surface (HFS) using MD simulations (97). They observed that the structural relaxation of hydrogen bonds established between the DFS and the interfacial water molecules is faster than the hydrogen bonds established between the HFS and the interfacial water molecules. Structured interfacial water near the HFS exhibits a higher residence time than those in the vicinity of the DFS which was attributed to a relatively slow decay in rotational auto-correlation function of the hydrogen bond vector around the HFS. The water molecules mostly rearranged to form clathrate-like structures with the H-atoms of water molecules directed outward near the largely polar solvent accessible area of HFS, but water molecules in the vicinity of DFS likely prefer the H-atoms directed inward. The study inspected the dynamic role of water molecules in forming the dimeric and hexameric states of insulin.

Insulin also tends to aggregate into amyloid fibrils, although the underlying mechanism for the formation of ordered aggregates remains elusive. Chinisaz et al. (96) conducted five sets of 15 ns long MD simulations in different types of salt (KCl and NaCl), temperature (345 K and 500 K), and acidic pH (of 2) to probe the structural changes within insulin and a truncated form of insulin (DPI) during the amyloid formation. In accordance with experimental observations, insulin initially unfolded and helical content decreased, followed by the formation of the β-sheet secondary structure. The salt concentration proliferated the β-sheet structure and DPI exhibited a higher instability compared to the full-length insulin at elevated temperatures. This simulation study also concluded that higher temperature, KCl salt, and acidic pH facilitate aggregation of insulin into an amyloid form. In another study by Mishra et al. (99), authors reported a peptide inhibitor that impedes the fibrillation of insulin. The experimental and the MD simulation results demonstrate that the peptide interacts with the A-chain helices and preferably with the FFY motif (B24-B26) of the B-chain, thereby preventing these key residues from establishing stable intra- and intermolecular interactions during fibrillation of insulin. Kim et al. (98) performed atomistic MD simulations to scrutinize the effect of mutating the CysA7 residue by Tyr on the stability of proinsulin. The mutation disrupted the α-helical propensity of the first helix in the A-chain and resulted in a partially folded intermediate with a flexible N-terminal region. This study suggested that the structural changes in the A-chain due to the mutation may facilitate the aggregation of proinsulin.

An attempt using MD simulation was also made to search for a chemical compound that can assist in the oral delivery of insulin (101). The β-cyclodextrin (β-CD), a cyclic glucose oligosaccharide consisting of seven glucopyranose units that are linked by α-(1,4) glycosidic bonds, was docked to insulin to study its interactions using MD simulations. Insulin was shown to accommodate a maximum of four β-CD molecules, but a complex of three β-CD with insulin was most favorable. MD simulations of 1:3 insulin–β-CD complex in explicit water showed that the complex is very stable on the 50-ns time-scale. Compared to the unbound insulin, the flexibilities in residues and the secondary structure changes in insulin decreased on formation of the insulin–β-CD complex. The understanding from this theoretical study may potentially motivate future work to develop oral insulin formulations.

Explicit solvent MD simulations, individually or in conjunction with experiments, were routinely used to understand the structural flexibility due to residue mutations and to establish the significance of the C-terminal residues (B24-B30) of insulin in the dimerization and receptor binding (94, 95, 100). Also multiple MD simulations (~120 ns long) were performed to elucidate the conformational changes in insulin on binding to IR (98, 100). They demonstrated that the B-chain C-terminal (BC-CT) residues (GlyB20-ThrB30) act as a zipper with a hinge at the PheB24 residue. The BC-CT remains closed in the inactive state, but it adopts a wide-open conformation to interact with the receptor (Figure 5). The hydrophobic interactions are more dominant in the closed inactive state and the residue TyrB26 plays a key role in retaining the hydrophobic core. Thus it was hypothesized that an insulin analog with the TyrB26Asn mutation will disrupt the hydrophobic core and favor the open active state of insulin.




Figure 5 | The zipper-like opening of the BC-CT with a hinge at F24. The BC-CT in its closed (inactive) and wide-open (active) conformations is shown in blue and green cartoon representations, respectively. The Cα atoms of the corresponding residues are represented by colored spheres. Reprinted from Papaioannou et al. (100), an open access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/).



The water dynamics around insulin and near the vicinity of the dimeric and hexameric interfaces of insulin were elucidated comprehensively during this period. Moreover, MD simulations were performed to understand the typical conditions that can facilitate the ordered aggregates of insulin into amyloid fibrils. This knowledge instigates research groups to propose peptide inhibitors or mutations in the A-chain of insulin that can regulate the aggregation of insulin. The significance of the zipper-like opening mechanism of the C-terminus of the B-chain in the activity of insulin was elaborated. The key residues in these flexible regions of the B-chain crucial for the insulin activity were delineated and potential mutations enhancing the insulin activity to IR were proposed. Simulations also suggested a cyclic glucose oligosaccharide formulation to facilitate the oral delivery of insulin and circumvent the adverse effects at the injection site.



2.7 2016-2020

In this time period, we found a significant increase in research studies (a total 27 studies over a 5-year period) on the application of MD simulation methods in insulin research. Baheri and Dayer (102) probed the effect of temperature and pH variation on the misfolding and aggregation of insulin. Insulin was observed to exhibit higher structural alterations at a low temperature and acidic pH conditions which was attributed to the misfolding and aggregation of the protein. Sklepari et al. (104) studied the effect of temperature on the structures of the insulin monomer, dimer, and hexamer using simulated annealing MD simulations to complement the observations from dynamic light scattering (DLS), CD, and NMR experiments. A higher temperature induces higher flexibility in the B-chain C-terminus, and to the N-termini of both A- and B-chains of the insulin monomer. The insulin dimer tends to dissociate at a higher temperature and the N-termini of both A- and B-chains exhibited higher flexibilities. Similarly, the insulin hexamer gradually inflates and dissociates at higher temperatures. This study also showed that at higher temperatures the α-helical content is more preserved in the insulin hexamer, followed by in the dimer, and least in the monomer.

Pan et al. (105) investigated the effect of green solvents, imidazolium ionic liquids (ILs) with different alkyl chain lengths, on the structural stability of insulin using MD simulations. Interestingly, they observed that cations and ILs with shorter alkyl chains induce more stability to the insulin structure. In another study, Li et al. (120) conducted MD simulations and differential scanning calorimetry (DSC) experiments to characterize the conformational stability of insulin in 17 IL solvents. The results illustrate that insulin preserves its native structural components in pure ILs with a shorter alkyl chain and lower hydrogen bond basicity. Soleymani et al. (103) compared the binding interactions and the stability of the insulin dimer in the presence of vitamin D3 and vitamin E using spectroscopy, DSC, and MD simulation. The study showed that insulin loses its secondary structure content in the presence of vitamin D3, but vitamin E stabilizes the native conformation of insulin. Another study illustrated that vitamin E perturbs the B-chain C-terminal residues and adapts a wide-open/active conformational form of insulin (121). Palivec et al. (52) investigated the conformational stability of the insulin hexamer in serotonin, dopamine, and arginine solutions using MD simulations and protein crystallography. The study revealed that the neurotransmitters (dopamine and serotonin) bind and enhance the stability of the insulin hexamer (Figure 6). Among these small ligands, serotonin preferentially facilitates the transition of the R6 state to the T3R3 state.




Figure 6 | Spatial distributions of neurotransmitters. (A) The starting conformation of the R6 insulin hexamer with the phenol binding pocket is shown. Spatial distributions of (B) dopamine, and (C) serotonin around the insulin are depicted. Reprinted from Palivec et al. (52), an article published by Elsevier under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/).



Atabay et al. (107) investigated the adsorption of insulin on biocompatible nanosheets (graphene monoxide, silicon carbide, and boron nitride) using MD simulations. The non-bonded interaction energy between insulin and nanosheets, key interacting residues, and the role of interfacial water molecules were probed in atomic detail. They concluded that insulin strongly interacts with the nanosheets by its flexible C- and N-termini. The probability density function and the potential of mean force calculations were performed to understand the effects of mutations on the dynamics of the BC-CT opening and the energetics of insulin activation (108). Several studies revealed that BC-CT unzips from the hydrophobic core to facilitate binding of insulin to IR (40, 95, 165–167). Thus a closed and wide-open conformer of BC-CT were suggested to resemble the inactive and active states of insulin, respectively. The study considered three hyperinsulinemia analogs of insulin, with PheB24Ser, PheB25Leu, and ValA3Leu mutations, and three more critical analogs after mutating the hinge residue TyrB26 to Ala, Glu, and Ser. The hyperinsulinemia analogs mostly exhibited the closed BC-CT conformer corroborating their reduced activity. On the other hand, critical analogs exhibited a higher probability to attain the wide-open conformer of BC-CT, which implies their enhanced activity for IR in comparison to the WT-insulin. Specifically, the MD study showed that insulin analogs with TyrB26Glu and TyrB26Ser mutations exhibited significant enhanced activity.

Singh et al. (109) used well-tempered bias exchange metadynamics simulations to characterize the equilibrium ensembles of insulin at low pH and high temperature. The study demonstrated that insulin adapts two low-energy metastable intermediate states. These folding metastable conformers of insulin exhibited a native-like topology with 63% native hydrophobic contacts, and corroborated well with the experimental data obtained from spectroscopic, crystallographic, and calorimetric measurements during early stages of insulin aggregation. Duboué-Dijon et al. (111) performed MD simulations of insulin with different types of salts (NaCl, CaCl2, and MgCl2) to provide a detailed atomistic view of ion-protein interactions. They also found that the standard full charge force field (168) overestimates the binding of Ca2+ ions to carboxylate groups in comparison to the Electronic Continuum Correction (ECC) force field (169). Brezina et al. (114) investigated the effect of arginine on the stability of the insulin dimer and hexamer at low and high ion concentrations using crystallography, MD simulation, and capillary electrophoresis techniques. At high ionic concentration, arginine docked around the shallow binding site formed by the B1-B8 loop of the insulin dimer and established interactions with the HisB5, GluB13, and HisB10 residues. The binding of arginine stabilized the insulin dimer and hindered the transition to a hexameric state. Santra and Jana (126) reported a detailed study on the effect of arginine solution of varying concentrations (0.5M, 1M, and 2M) on the stability of the insulin monomer at near-physiological (300 K) and elevated (400 K) temperatures using atomistic MD and replica exchange MD (REMD) simulations. They revealed that the insulin monomer unfolds completely at 400 K in an aqueous medium, while in a 2M arginine solution the hormone maintains its native fold. The study revealed microscopic details of favorable interactions between the carboxyl groups of arginine and the aromatic amino acid residues of insulin.

The underlying role of water molecules on the stability of the insulin dimer and hexamer was investigated in detail during this time period. Mukherjee et al. (110) probed the significance of cavity water in stabilizing the hexameric state of insulin using MD simulations, X-ray crystallography, and quantum calculations. The confined water molecules formed a stable octahedral geometry with three HisB10 residues per Zn2+ ion. The water molecules also established a strong hydrogen-bond network in the core of the insulin hexamer. The hexamer architecture of insulin was significantly perturbed in the absence of these confined water molecules. Raghunathan et al. (113) estimated the relative stabilization free energy of mutated insulin dimer analogs (by mutating residue PheB24 to Ala and Gly) relative to that of the wild type dimer using the thermodynamic integration method. The inter-monomer hydrogen bonds were destabilized and water-mediated hydrogen bonds were more prominent in the mutated insulin dimer, which disrupted the anti-parallel β-sheet formed by the C-terminus of the B-chain at the monomer-monomer interface, thereby decreasing the stability of the insulin dimer.

Banerjee et al. (115) probed the energetics and the role of water molecules in dissociation of the insulin dimer using parallel tempering metadynamics simulations in a well-tempered ensemble (PTMetaD-WTE). They demonstrated the intermediates along the dissociation pathway of the insulin dimer. The dynamics of water molecules altered significantly along the dissociation pathway and the density of water increased notably around residues PheB24, PheB25, and TyrB26 (which are also involved in the anti-parallel β-sheet of the insulin dimer), which further facilitated dissociation of the insulin dimer. In another study (124), Banerjee and Bagchi performed biased metadynamics (PTMetaD-WTE) and long unbiased (~1-2 µs) simulations to augment the role of water molecules during insulin dimerization and dissociation process. Notably, the minimum energy path of dimer dissociation calculated from biased metadynamics simulation was comparable to the dimer association path calculated from unbiased MD simulations. The study also revealed that the water molecules possess faster rotational motion at a higher separation (~5 nm) between the monomers in the insulin dimer. However, the number of confined water molecules and their dynamics significantly diminished at a lesser separation (~2 nm). It was suggested that the proper orientation of residues in the hydrophobic hotspot region (formed by residues PheB24, PheB25, and TyrB26) in each monomer leads to dewetting and facilitates the dimerization of insulin. Yusuff et al. (125) conducted MD simulations of insulin hexamers with and without Zn2+ ions in the hexamer’s cavity. The study unambiguously showed that the insulin hexamer is fairly rigid during MD simulations in the presence of Zn2+ ions. However, without Zn2+ ions the insulin residues exhibited higher fluctuations and the interatomic distances between the six GluB13 residues increased leading to a partial destabilization of the structure.

Shaw and co-workers applied “tempered binding” and long-timescale conventional MD simulations to investigate the events during the dimerization of five structurally and functionally diverse protein–protein systems, including insulin (118). The kinetics and the association rates in the protein–protein complexes were evaluated at the molecular level. The newly introduced “tempered binding” metadynamics method dynamically scales the strength of interatomic interactions and impedes conformational trapping due to improved sampling. Gong et al. (123) estimated the absolute binding free energy of insulin monomers into a dimer using the SMD method and the confinement method based on a nonphysical thermodynamic cycle. The estimated binding free energy, –8.97 ± 1.41 kcal/mol, was consistent with the reported experimental value, –7.2 ± 0.8 kcal/mol (151). The study also revealed that ValB12, TyrB16, PheB24, PheB25, and TyrB26 are crucial residues for the dimerization of insulin. Antoszewski et al. (127) also applied multiple advanced MD simulation methods including SMD, the string method, adiabatic-bias MD, and the REMD to explore in detail the dissociation pathways, energetics, and subtle conformational transitions in monomer during the dissociation of the insulin dimer. They observed multiple dissociation pathways of the insulin dimer and focussed on two critical dissociation/association pathways: α and β paths. Along the α pathway, the interfacial α helices in the B-chain initially move away and get solvated, and along β path the interfacial anti-parallel β strands in the B-chain first separate and get solvated. The unfolding intermediates of the insulin dimer along these two limiting paths were charaterized and noted to be distinct. The study reported that the α path is the energetically favorable dissociation/association track.

The significance of amphiphilic solvent ethanol on the stability of the insulin dimer, and the free energy surface during the dissociation was probed using biased MD simulations (119). Ethanol was observed to lower the free energy barrier for dissociation of the insulin dimer by diminishing the interactions between two antiparallel β-sheets and later stabilizing the insulin monomers. Ethanol also showed a tendency to replace water molecules from the insulin hexamer, thereby contributing to the destabilization of the insulin structure (117). Ethanol perturbed the symmetry of the insulin hexamer by expelling water molecules from the core cavity and establishing hydrogen bonding with the GluB13 residues and sometimes with the HisB10 residue.

The adsorption of the A-chain of insulin on bare and functionalized silica surfaces was scrutinized using accelerated MD simulations (106, 112). The electrostatic interactions and the dipole moment were shown to play a major role during the adsorption of the A-chain of insulin on the polar silica surface. However, vdW interactions led to the adsorption of the A-chain of insulin on a non-polar silica surface. The α -helix in the A-chain of insulin completely melted on a non-polar silica surface, although the secondary structure was partially stable on a polar surface (106). Nejad and Urbassek (112) also investigated the role of surface polarity in the adsorption of the A-chain of insulin on functionalized silica surfaces. Insulin adsorbed on hydroxylated and carboxylated surfaces with a lower affinity and exhibited subtle conformational changes. However, the peptide adsorbed firmly on a methylated silica surface and underwent complete denaturation of its secondary structure.

Hosseinzadeh et al. (116) explored the conformational dynamics of insulin with ZnO nanoparticles by REMD simulations. The polar and charged residues of insulin interacted with the ZnO nanoparticle, although insulin only marginally unfolded on the nanoparticle surface. The study demonstrated that the N-terminus of the A-chain and the N-terminus of the B-chain interact preferably with the nanoparticle and water molecules, respectively, which induce opposite directional movement of both chains, thereby causing the unfolding of the insulin structure. The insulin residues GlyA1, AsnA21, HisB10, GluB13, TyrB16, GluB21, and ArgB22 interacted preferably with the ZnO nanoparticle. The mechanistic details observed from this study agreed well with the previous experimental study (170). Kurpiewska et al. (122) considered insulin as a model protein and investigated the role of high pressure on the stability and aggregation of the protein using crystallography and MD simulations. The study reported that the B-chain of insulin is more susceptible to a higher pressure than the A-chain. The residues in both termini of the B-chain (B1, B2, B29, and B30) exhibited a higher flexibility at higher pressures. The authors anticipated that the termini of the B-chain probably contribute to the amyloidogenesis of insulin. They deposited the crystal structure of each insulin at different experimental pressures (PDB codes 6QQ7, 6QQG, 6QRH, and 6QRK).

The stability of insulin in various ILs and in the presence of arginine, vitamins (D3 and E), divalent cations (Ca2+ and Mg2+) and neurotransmitters (serotonin and dopamine) using MD simulations were major topics of study during this time period. The significance of the BC-CT of insulin in its activity was highlighted earlier using MD simulations and the mutations that can diminish or enhance the activity of insulin toward IR were suggested. The role of water molecules on the stability of insulin and in the dissociation of the dimer was probed by advanced sampling methods. Two critical dissociation pathways of the insulin dimer were reported, among them, the unfolding events of the insulin monomer along the α path were in agreement with the minimum free energy pathway reported by Banerjee et al. (115). The conformational stability of insulin over silica surfaces and ZnO nanoparticle was also studied.



2.8 2021-To Date

In this most recent period, MD studies are still being conducted using advanced simulation methods to elucidate the conformational dynamics of insulin, the role of water in the structural stability, and the thermodynamics of dissociation of insulin dimer primarily. Bagchi and coworkers have performed detailed studies of insulin to characterize the microscopic and mechanistic facets of the dissociation of the insulin dimer (130, 131, 171). The projection of the free energy landscape along different parameters revealed several metastable states sampled during insulin dimerization. The partial destabilization of the hydrogen bonds (HBs) between the anti-parallel β-sheets, followed by stabilization of the partially unzipped dimer by water, and finally a complete loss of HBs led to the entry of more water molecules in the intermonomeric junction leading to dissociation of the insulin dimer (130). They also determined the rate of dissociation of insulin using advanced sampling techniques with two CVs: the separation between the center-of-mass of each monomer and the number of cross contacts between the Cα atoms of each monomer. The minimum free energy path for the dimer dissociation, the role of water, and in-depth analysis of transient conformers were investigated (131). These studies also elucidated the role of water in the structural stability of the insulin monomer, during dimer dissociation, and in maintaining the hexamer symmetry.

Not only MD simulations, a Markov state model (MSM) (172) was also constructed to probe the conformational dynamics of the insulin monomer (132) and the dimer (173) in aqueous solvent. Busto-Moner et al. (132) investigated the conformational heterogeneity of the human insulin monomer at pH 2.5 using MD simulations and enhanced sampling techniques in conjunction with integrated variational approach for conformational dynamics (IVAC), MSM, and Perron cluster analysis. They noticed 10 distinct conformational ensembles of the insulin monomer after conducting the clustering analysis (Figure 7). The most dominant cluster (accounting 38.7% of the total population) resembled the T state of insulin. The C-terminal helix in the A-chain and the helix formed by the LeuB15 to CysB19 residues were conserved in each cluster. The study also concluded that the A-chain N-terminal helix melting, detachment of the B-chain N-terminus, and the detachment of the B-chain C-terminus are atleast one of the structural disorders observed in 60% of total insulin monomer conformers. Feng et al. (173) also built an MSM from unbiased MD simulations to provide a microscopic view of conformational dynamics of the insulin dimer in aqueous water. The conformational transitions between the local and global conformations of the insulin dimer were further characterized with computational amide I spectroscopy (174). The study disclosed two significant conformations of the insulin dimer: a native state, and a twisted state (the B-chain helices of the native dimer interface rotated ~55° relative to each other). The MSM kinetics also reported that the transition of the native and twisted states of dimer occur on a 14 µs time-scale. However, the significance of the twisted dimer state in dissociation of the insulin dimer remains elusive.




Figure 7 | Conformational ensembles of the insulin monomer. Projections of ten conformers of the insulin monomer onto tIC1 vs tIC2 (top) and tIC2 vs tIC3 (bottom), with clusters indicated by contours. Each circle represents the median tIC values for a cluster, and the radius of circle is proportional to the physical weight of the cluster. Representative conformers for (A) first five clusters (C0–C4) constitute ~85% of the population and (B) the remaining clusters (C5–C9) constitute 15% of the population. The A-chain and B-chain of insulin are represented by teal and red cartoon representations, respectively. The abbreviation ‘tIC’ means time-lagged independent component. Reprinted from Busto-Moner et al. (132), an article published by American Chemical Society under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/).



Santra et al. (129) performed MD simulations of insulin monomers in solutions of basic amino acids, namely, arginine, histidine, and lysine, to probe the stability of the protein. These solutions enhanced the stability of insulin over an aqueous solution. Among these three solutions, arginine provided the highest rigidity to the insulin structure followed by histidine and then lysine. A cluster analysis revealed that arginine, histidine, and lysine self-assembled to form larger clusters of sizes 16, 5, and 10 molecules, respectively. Arginine stabilized the insulin structure by forming relatively more hydrogen bonds and cation π interactions than histidine and lysine. The confined water molecules in the first solvation shell of insulin were least entropic in arginine solution than that of histidine and lysine solutions.

Sundaram et al. (128) elucidated the conformational stability of insulin aspart (ProB28 mutated to Asp residue) in aqueous cholinium aminoate ionic liquids comprised of different amino acids ([Ch][Gly], [Ch][Ala], and [Ch][Pro]) using MD simulations. Among these ionic liquids, the [Pro] anions of [Ch][Pro] established stable hydrogen bonds, coulombic and hydrophobic interactions, which provide structural integrity and conformational stability to insulin aspart. This study provided atomistic details of the interactions of [Ch][AA] with the insulin aspart and suggests the usage of ionic liquids for storing therapeutically-important proteins like insulin.

Using MD simulations in conjunction with the adiabatic-bias molecular dynamics (ABMD), Antoszewski et al. (133) reported six binding/unbinding pathways (PW1, PW2, PW3, PW4, PW1a, and PW4a) of phenol to/from the R6 insulin hexamer and its mutants (IleA10 to Val and GluB13 to Gln). This study demonstrated that the insulin hexamer is flexible and exhibits large-scale opening of a major escape channel to facilitate the dissociation of phenol molecules. The residues Ile10, His5, Leu13, and Leu17 were identified as gate-keeper residues near the phenol escape channels. The mutation of GluB13 to Gln residue was found to enhance phenol unbinding and stabilize the phenol-free state. Vashisth and Abrams (87) had earlier reported three pathways for phenol dissociation using multiple SMD simulations, but three new pathways were reported in this study (133): PW4, PW1a, and PW4a. The gate keeper residues corresponding to each pathway identified from both of these studies were consistent. The study by Antoszewski et al. (133) identified PW4a (phenol interacts with LeuA13 but not with LeuH17) pathway as the most preferred phenol dissociation pathway.




3 Summary

Starting with 1985 to date, we found 81 articles elucidating several crucial aspects of the insulin structure using MD simulation methods. In this section, we briefly list those research articles which were focused on the specific structural features of the hormone. The conformational dynamics of the insulin monomer, dimer, and hexamer in vacuum or in aqueous medium was investigated in several studies using energy minimizations and conventional MD simulations (56–58, 60–62, 69, 70, 73, 74, 77, 82, 86, 94, 97, 104, 110, 125). Enhanced sampling techniques were also extensively implemented to probe the equilibrium structural ensembles, folding/unfolding free-energy landscape, and to characterize the metastable ensembles along the transition pathway of the insulin monomer or dimer or hexamer (109, 117, 132, 173). Few studies specifically explored the transition between the T6↔R6 states of insulin using targeted (TEM and TMD) simulation methods (63, 64, 67, 68). The dissociation of the insulin dimer to its monomers is a crucial event in the hormone activity. The dissociation pathways, energetics, and thermodynamic parameters were characterized using simulation methods (66, 80, 81, 113, 115, 118, 119, 123, 124, 127, 130, 131).

Aggregation poses a major challenge in the storage and pharmacological activity of insulin. MD simulations were performed to understand the underlying mechanism of insulin aggregation and suggested few crucial residue mutations to impede the amyloid formation (90, 92, 96, 99). The B-chain of insulin seems to fold independently and plays an essential role during interaction with the IR. Thus, several studies were performed to understand the stability, flexibility, and conformational transitions of the B-chain of insulin using atomistic MD simulations (83, 85, 88). Specifically, the C-terminus of the B-chain of insulin behaves as a zipper and exhibits transitions between closed (inactive) to a wide-open (active) conformer to facilitate binding to IR. The conformational transitions, key residues, and the energetics of BC-CT were investigated using MD simulations (95, 100, 108). To probe the effect of varying pressure, temperature, pH, chemical modifications, and electric field on the structure of insulin, several MD studies were conducted (71, 78, 79, 84, 102, 122). The effect of cations, various green solvents, and small molecules on the conformational stability of insulin was explored using several simulation studies (52, 73, 76, 101, 103, 105, 111, 114, 120, 121, 126, 128, 129).

Phenol is often used as an antimicrobial agent to preserve the pharmaceutical insulin preparations and is known to stabilize the R6 state of the insulin hexamer. The dissociation pathways and their associated energy barriers were probed using extensive MD simulations (75, 87, 133). The stability and the activity of certain insulin analogs or chemically modified insulins using different MD simulation techniques were also reported (46, 59, 65, 93, 98, 125).

Outside of physiologically relevant simulation studies, we also found studies of insulin interactions with graphene, carbon nanotubes, material surfaces, and nanoparticles (89, 91, 106, 107, 112, 116). Apart from the articles summarized in this review, we observed a significant number of theoretical studies elucidating the mechanism of formation of amyloid fibrils, stability of insulin or its modified forms in various types of solvents or confined environments, and relevant to alternate insulin delivery, which we have classified as miscellaneous studies (76, 118, 175–202).



4 Outlook and Future Directions

Owing to several MD simulation studies described in this review, the key features of the structural stability, conformational transitions, dissociation/association energetics, and the activity of insulin are now fairly well understood. Moreover, the significance of the hydration shell and individual water molecules in the structural integrity of insulin monomer, dimer, and hexamer, and in the association/dissociation of insulin dimer have been probed in detail. It is becoming increasingly evident that the improved force-field parameters, better water models, enhanced sampling techniques, scalable simulation algorithms, and faster high-performance computing facilities have successfully expedited computational research in deciphering a wide array of structural features of insulin. Observing relevant conformational dynamics, collective motions, and protein-protein interactions may require longer timescales (203, 204). With the advancement of computational facilities and MD simulation techniques, longer timescale (ns to μs) simulations of insulin were conducted to capture several biologically relevant events. For example, earlier simulations primarily investigated residue fluctuations and subtle conformational changes in the insulin monomer, dimer, and hexamer on a shorter timescale (56–58, 60, 62). However, in later studies, we observed simulations on longer simulation timescales and using enhanced sampling techniques to inspect the conformational heterogeneity, role of water molecules, and small molecules on the stability, association/dissociation energetics, and aggregation of insulin. The accuracy of MD simulations can be further enhanced using multiscale modeling, polarized water models, and polarized force fields (205–210). Moreover, the structure-prediction algorithms and platforms rooted in deep learning methods including AlphaFold (211) and RoseTTAFold (212) are gaining utility in solving protein structures and will prove useful to MD simulations as well.

MD simulations have complemented experimental observations and also played a crucial role in providing new molecular insights into the insulin structure and interactions. With the continuing advances in computing facilities, biomolecular force fields, and methodologies, we are likely to see significant progress in the application of MD simulations to understand the consequences of residue mutations on the stability, activity, and aggregation of insulin, and importantly in resolving the interactions of insulin with its cognate receptor. In this review, we have only discussed simulation studies conducted on the isolated insulin hormone or its self-assembled forms (dimer and hexamer), but to enrich our understanding of the interaction of insulin or its analogs with its cognate receptor, several MD simulation studies have been conducted (213–218), that were not discussed.
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OEBPS/Images/table1.jpg
# System studied PDB code (organism) Simulation parameters Reference
il M, D, H n/a (pig) EM, vacuum, n/a (56)
2 M n/a (pig) EM, vacuum, n/a (57)
3 M n/a (pig) 120 ps, vacuum, 300 K (58)
4 DPI n/a 31 ps, SPC, 291 K (59
5 M, D n/a (pig) 100 ps, SPC, 300 K (60)
6 H n/a (pig) n/a, n/a, 300 K ©1)
7 DPI n/a (pig) 30 ps, vacuum, 300 K (46)
8 M, D 1ins (pig) 100 ps, SPC, 300 K 62)
9 M n/a (pig) TEM, vacuum, n/a (63)
10 M n/a (pig) 200 ps TMD, vacuum, 300 K (64)
1" M, D, DASI n/a (cow, pig) 500 ps, spc, 300 K (65)
12 M, D n/a (pig) EM, vacuum, 300 K (66)
13 M n/a (pig) 200 ps TMD, vacuum, 300 K 67)
14 H n/a (pig) 200 ps TMD, vacuum, 300 K 68)
15 H n/a (pig) 12 ps SA, n/a, 300 K (69)
16 B-chain 3ins (pig) 96 ps, SPC, 300 K (70)
17 M 9ins (pig) 200 ps, TIPS3P, 298 K (71)
18 D 4ins (pig) 600 ps, SPC/E, 300 K 72)
19 D 4ins (pig) 600 ps, SPC/E, 300 K 79
20 H 1znj (human) 600 ps, SPC, 300 K (74)
21 H n/a (human) 1 ns, SPC, 300 K (75)
22 M 4ins (pig) 1ns, TIP3P, 300 K (76)
23 M, D 4ins, 1b9e (pig, human) 10 ns, TIP3P, 300 K (77)
24 M, B-chain 1zni (pig) 2 ns, TIP3P, 400 K (78)
25 B-chain 1zni (pig) 10 ns, TIP3P, 400 K (79)
26 D 4ins (pig) 5ns, TIP3P, 400 K (80)
27 D 4ins (pig) 3.5 ns SMD, SPC, 300 K ©1)
28 M 4ins (pig) 10 ns CMEPS, TIP3P, 300 K ©2)
29 B-chain 1zni (pig) 20 ns, TIP3P, 400 K (83)
30 B-chain 1zni (pig) 10 ns, TIP3P, 300 K (84)
31 M, B-chain 1zni (pig) 10 ns, TIP3P, 400 K (85)
32 B-chain 1zni (pig) 10 ns, (SPC, SPC/E, TIP3P, TIP4P, and TIP4P-Ew), 300 K (86)
33 H 1znj (human) 1 ns RAMD/SMD, TIP3P, 300 K 87)
34 B-chain 1201 (pig) 96 ns BE-META, TIP3P, 300 K ©8)
35 B-chain 1zeh (human) 6 ns, SPC, 300 K (89)
36 M 2bn3 (cow) 95 ns, TIP4P, 313 K (©0)
37 M 1zeh (human) 10 ns, TIP3P, 298 K ©1)
38 B-chain 1zni (pig) US and BE-META, n/a, n/a 92)
39 PEG-M 4ins (pig) 50 ns, SPC, 300 K (93
40 M 2a3g (cow) 10 ns, n/a, 300 K (94)
41 M 1mso (human) 50 ns, TIP3P, 300 K (95)
42 M, DPI 2zp6, 1his (cow, human) 15 ns, TIP3P, 500 K (96)
43 M 9ins (pig) 20 ns, SPC/E, 300 K ©7)
44 Prol 2kagp (human) 200 ns, TIP3P, 310 K (98)
45 M 3w7y (human) 100 ns, TIP3P, 338 K (©9)
46 M 2g4m (pig) 120 ns, n/a, 300 K (100)
a7 D 1ben (human) 50 ns, SPC, 300 K (101)
48 M 1xgl (human) 50 ns, SPC/E, 320 K (102)
49 M 3inc (human) 10 ns, SPC, 300 K (103)
50 M, D, H 467t (cow) 1,68 ns SA, IS, 383 K (104)
51 M 3inc (human) 60 ns, TIP4P-IL, 300 K (105)
52 A-chain 4ins (pig) 20 ns, TIP3P, 300 K (106)
53 M n/a (human) 100 ns, TIP3P, 310 K (107)
54 H 1aiy (human) 600 ns, SPC/E, 300 K 52)
55 M 2g4m (pig) 1.2 us, nfa, 300 K (108)
56 M 1zni (pig) 300 ns WT-BEMD, TIP3P, 300 K (109)
57 D 3w7y (human) 105 ns, SPC/E, 300 K (110
58 H 1mso (human) 1.6 us, SPC/E, 300 K (111)
59 A-chain 4ins (pig)au 20 ns aMD, TIP3P, 300 K (112)
60 D 4ins (pig) MM-GBSA/TI, TIP3P, 300 K (113)
61 D, H 5mt9, 10s3 (human) 2 s, SPC/E, 300 K (114)
62 D 3w7y (human) 180 ns PTMetaD-WTE, TIP3P, 290 K (115)
63 DPI, M 3e7y (human) REMD, TIP3P, 340 K (116)
64 H 3w7y (human) WT-MD, SPC/E, 300 K (117)
65 D 4ins (pig) TBS, TIP3P, n/a (118)
66 D 3w7y (human) PTMetaD-WTE, TIP3P, 340 K (119)
67 M 3inc (human) 100 ns, TIP4P-IL, 298 K (120)
68 M 5ena (human) 100 ns, SPC, 300 K (121)
69 M 2bn3 (cow) 50 ns, TIP3P, 300 K (122)
70 D 4ins (pig) MM-PBSA/SMD/US, TIP3P, 298 K (123)
7 D 3w7y (human) 1 ps/metadynamics, SPC/E, 300 K (124)
72 H 1ai0 (human) 1 us, TIP3P, n/a (125)
73 M 2m1d (human) 350 ns/100 ns REMD, TIP3P, 400 K (126)
74 D 3w7y (human) String method/ABMD/REUS, TIP3P, 303.15 K (127)
75 M 1zeh (human) 100 ns, IL-TIP4P, 303 K (128)
76 D 3w7y (human) MSM, TIP3P, 310 K (128)
77 M 2m1d (human) 500 ns, TIP3P, 300 K (129)
78 D 3w7y (human) PTMetaD, TIP3P, 290 K (130)
79 D 3w7y (human) REMD/metadynamics, n/a, 290-620 K (131)
80 M 2jv1 (human) Parallel tempering/MSM, TIP3P, 303-360 K (132)
81 H 12nj (pig) ABMD, TIP3P, 303.15 K (133)

Shown in tabulated data are PDB codes (where known; n/a, not available) and simulation conditions including water models SPC, TIP3P, TIP4P, and their variants. In the column named
“Simulation parameters”, n/a, not available is used for unknown details on simulation length, water model, and the temperature in a given simulation study. Moreover, in the same column,
no details on simulation length are provided for those studies that used energy minimization or biased sampling techniques. Additionally, the following abbreviations are used: ABMD,
Adiabatic-Bias Molecular Dynamics; aMD, accelerated molecular dynamics; BE-META, bias exchange metadynamics; CMEPS, computational mutations to estimate protein stability; D,

insulin dimer; DPI, despentapeptide-(B26-B30)-insulin; DASI, diaminosuberoy! insulin (A1-B29 crosslinked); EM, energy minimization; H, insulin hexamer; IL, ionic liquid; IS, implicit solvent

M, insulin monomer; MM-GBSA, molecular mechanics-generalized Bomn surface area; MM-PBSA, molecular mechanics-Poisson Boltzmann surface area; MSM, Markov state model;
Prol, proinsulin; PTMetaD, parallel-tempering metadynamics; PTMetaD-WTE, parallel tempering metadynamics in a well-tempered ensemble; RAMD, random acceleration molecular
dynamics; REMD, replica exchange molecular dynamics; REUS, Replica Exchange Umbrella Sampling; SA, simulated annealing; SMD, steered molecular dynamics; TEM, targeted energy
minimization; TBS, tempered binding simulation; TMD, targeted molecular dynamics; Tl, thermodynamic integration; US, umbrella sampling; PEG-M, Pegylated insulin monomer; WT-
BEMD, well-tempered bias exchange metadynamics; WT-MD, well-tempered metadynamics.
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