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1 Chapter 1 

 

Molecular Dynamic Simulation:   

    A Short Account of Theoretical Science 

 

 

“...if we were to name the most powerful assumption of all, which 

leads one on and on in an attempt to understand life, it is that all things 

are made of atoms, and that everything that living things do can be 

understood in terms of the jigglings and wigglings of atoms.”              

     Richard Feynman 
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Understanding of science always made scientists optimistic about calculating 

every property of a molecule by qualitative observation and more precisely by empirical 

or semi-empirical equations.  The barrier of approximation is always minimized by 

advances in the knowledge of science. The science of understanding physical world could 

be said to be complete, only if, the phenomenon like interstellar motion (of stars, planets 

and moons) and the motion of sub-atomic particles (electrons, protons and neutrons) 

could be explained by one single equation, no matter how long the equation may be. 

1.1 History of Theoretical Treatment of the Molecules 

The use of Newton’s laws of motion in the study of atoms and molecules can be 

traced back to 1930s. Vibrational spectroscopists used Hook’s Law to treat the force 

holding two atoms in a molecule. Prof. Donald H. Andrew [1] assembled a set of steel 

balls connected by springs (Fig. 1), and calculated their natural frequencies by small 

perturbation in the assembly. He concludes his investigation by saying, 

“It seems reasonable to conclude that the molecular forces are 

directed along the lines associated with the chemical bonds and that 

mechanically, they are analogous to spiral springs. It appears also that 

the great majority of Raman lines have values of the frequency closely 

corresponding to fundamental mechanical frequencies in the molecule. 

…… The mechanical model should prove very valuable in making these 

identifications and in ascertaining the structure of the molecules.” [1] 

 

Figure 1. Steel ball and spring model of Prof. D. H. Andrew. Adapted from [1] 

Prof. Terrell L. Hill [2] proposed that if two atoms in a molecule come very close 

to each other (less than their van der Waals radii), a repulsive force comes in origin (steric 

effect), and the molecule may undergo stretching or bending of the bonds. He formulated 

the quantitative calculation of the steric energy, and presented a very naïve exposition to 

geometry and energy of the molecules. A similar, but independent work was carried out 

by Prof. F. H. Westheimer [3] on the rate of racemization of sterically hindered optically 

active diphenyl derivatives. Similar approach of mechanics was also applied by Prof. I. 

Dostrovsky [4] to show the role of steric hindrance in the bimolecular nucleophilic 

substitution reaction (SN
2 reaction) in neopentyl halides. 
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Although the foundation of theoretical calculations in the chemical world was laid 

down in mid of 20th century, yet there was a long way to go. The massive barrier in the 

development of the field of theoretical chemistry was manual and approximate 

calculation of the complicated equations. 

1.2 Earliest use of Computing Machine 

The journey of more accurate and precise calculation was only possible in the 

beginning of 1950s when the electronic computers were made available to the scientists. 

Development and testing of Monte Carlo methods [5], was among the earliest scientific 

work performed by Los Alamos Maniac I (Mathematical Analyzer, Numerical Integrator, 

and Computer). Although the Monte Carlo method was developed for nuclear reaction 

simulation, it has been proved to be one of the robust algorithms in all areas of science. 

Prof. John G. Kirkwood in 1950 [6] calculated the excess entropy and equation of states 

by solving complicated integral equations using International Business Machine (IBM). 

In an attempt to deal with statistical mechanical problem, Monte Carlo method was 

implemented on a two dimensional system of hard spheres, interacting with each other by 

simple interaction potential [7] as well as Lenard-Jones type interaction potential [8]. 

Within statistical error limit, the spheres were observed to exert acceptable pressure, in a 

given volume and temperature. No evidence of phase transition was observed [7]. E. 

Fermi and co-workers [9], simulated a system of one-dimensional coupled masses (64 

particles) attached together by springs, and numerically solved the non-linear equations of 

motion on Los Alamos MANIAC I. The numerical integration of Newton’s equations of 

motion of the coupled system of masses in Fermi’s experiment gave hope to solve the 

“many-body problem”. 

1.3 History of Molecular Dynamics Simulation 

1.3.1 Two Body Interaction Potential 

 

Figure 2. Hard sphere potential (left), square well potential (right), V is the potential energy and r is 

the separation between the spheres [10, 11]. 

𝑉 = ∞     𝑟 <  𝜎1 

          𝑉 = 𝑉°    𝜎1 < 𝑟 <  𝜎2 

𝑉 = 0      𝑟 >  𝜎2 
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With the advent of fast computing machines, it became possible to handle 

intensive calculations of multiple simultaneous equations. Following molecular dynamics 

was challenging though interesting topic for the scientists. Simplified model with 

reasonable approximation was required to formulate the scheme of calculation. Molecular 

dynamics simulation for the first time on a condensed phase model was performed using 

“hard sphere potential” (Fig. 2) [10, 11] with the nature of only collision interaction (if 

the two particles are at a distance of their van der Waals radii) to understand the phase 

transition. It was further improved by defining a “square well potential” (Fig. 2) for more 

realistic calculation [12]. A detailed scheme of the protocol was published with 

convincing result of the calculations showing two different densities in equilibrium 

(phase transition). 

Among the earliest contributors in developing non-bonded interaction potential 

function, the crystallographer Prof. A. I. Kitaigorodosky is well renowned. He considered 

the additivity of the energy terms and transferability of the parameters within similar class 

of molecules.  He refined the constants of the bond stretch and angle bending by studying 

the crystals of small organic molecules [13, 14]. In 1960, G. H. Vineyard group at 

Brookhaven National Laboratory studied the damage of metallic copper by radiation 

using the machine calculation. Born-Mayer type interaction potential was defined as 

central repulsive force for two-body interaction. In equilibrium configuration the cohesive 

and the repulsive forces just balances each other. The approximate interaction potentials 

could not give the exact understanding of real molecular interactions, but proved very 

helpful in dealing with the real system [11, 13, 15, 16]. Prof. Aneesur Rahman at Argonne 

National Laboratory simulated a system of 864 particles of liquid argon interacting with 

Lennard-Jones potential (continuous interaction potential) [17] for better understanding of 

the interacting classical particle in large number. He could achieve a convincing 

agreement of the calculated values with that of experimental values in terms of self-

diffusion coefficient and pair correlation function. Liquid water, for the first time, was 

simulated by him in 1971 [18]. The methodological contribution in molecular dynamic 

simulation using molecular mechanics methods by these scientists was remarkable and 

paved the way for more realistic simulations along with the parallel evolution of 

computers. 

1.3.2 Interaction Potential for More Than Two Atoms 

Prof. James B. Hendrickson performed the computational study of the organic 

molecules [16]. He computed the conformational energy of the hydrocarbon molecules as 

the function of their geometrical parameters. Keeping bond length constant he could show 

the dependence of angle bending, torsion angle and van der Waals interaction on the 

conformational energy. Prof. N. L. Allinger also computed the conformational energy of 

the hydrocarbons but introduced the ‘bond stretching’ parameter in the empirical energy 

function for the molecules like ketones, saturated hydrocarbons and olefins [19-21]. A 

relation between the force constant and bond order was obtained by quantum mechanical 
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calculations in a delocalized electron system of hydrocarbons. By defining the standard 

way to handle the delocalized system, Allinger extended the molecular mechanics method 

to determine the structure of the molecules in a more generalized way, with the name 

“MMI force field”. After the development of MMI [22], a series of updated and 

sophisticated versions were launched as MM2, MM3, and MM4 [23-25]. Allinger 

deposited his molecular mechanics program, MMI/MMPI, to the Quantum chemistry 

exchange program (QCPE 318) in November 1976 [26]. Allinger’s work was well 

acknowledged by Edward M. Engler in 1973 [27]. Engler compared his force field results 

with that of Allinger’s and found that most of the results were reproducible as already 

shown by experimental methods. Finally he expresses his endorsement to the molecular 

mechanics method refined by Allinger’s as: 

 “We now support Allinger’s conclusion that the molecular 

mechanics method, in principle, must be considered to be competitive 

with experimental determination of the structures and enthalpies of 

molecules.” 

1.4 Studies with Proteins 

Three dimensional structure of 

protein was first deciphered by X-ray 

diffraction of myoglobin crystals in 

Davy Faraday Laboratory in 1958 [15] 

by Prof. John Kendrew. In 1962 Prof. 

J. Kendrew and Prof. M. Perutz shared 

the Nobel Prize in chemistry for the 

atomic structures of protein. Before 

the great discovery of protein structure 

by X-ray crystallography, Linus 

Pauling and Robert Corey (Fig. 3), 

together modelled the 3D structure of 

the α-helix and β-sheets of 

polypeptides [29, 30].  It was a great 

breakthrough in the science to have the 

knowledge of structure of a protein at 

atomistic detail which opened an 

entirely new field of research. The 

understanding of protein structure 

helped us in many ways to fight against diseases and drug discovery research [31-35]. It 

became inevitable for the scientists to investigate the dynamic behavior of atoms in such a 

large macromolecular assembly of covalently bonded amino acid residues of proteins. 

The processes of protein folding was investigated using simplified model where fine 

 

Figure 3. Pauling and Corey with their model of the 

alpha helix, 1951. File photo from  pnas.org [28] 
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structural details were averaged to represent the protein [36]. This approximation was 

crucial to minimize the calculation burden. The protein folding model could fold back to 

near-native structure endorsing the idea that extended structure collapses first and then 

local non-covalent interactions shapes the 3D structure. Also, it was proposed that the 

loss of entropy is compensated by the gain of enthalpy. Prof Harold A. Scheraga in 1975 

wrote a computer program, ECEPP (Empirical Conformational Energy Program for 

Peptides) [37] which calculated the conformation of the most favored potential energy of 

polypeptides and proteins.  Prof. J. A. McCammon in 1977 performed probably the first 

molecular dynamics study of a protein, bovine pancreatic trypsin inhibitor at atomistic 

detail (except hydrogens which were merged with respective heavy atoms) [38]. This was 

the first report of its type, where Newton’s laws of motion were numerically integrated to 

calculate the force and energy of every atom. This calculation was run for 9.2 ps without 

considering any solvent effect. The local atom fluctuations were shown to have 

diffusional character referring to fluid-like interior of the protein. It was further shown by 

the X-ray crystallographic experiments, that proteins attain same conformation with 

marginal changes in flexible regions of the protein represented by thermal or b-factor [39, 

40] suggesting their dynamic nature. Later, Prof. S. Lifson’s group was working on the 

generalization of the force field which could be used across the molecular family of 

distinct structure and properties, and came up with idea of Consistent Force Field (CFF) 

method [41].  

“CFF method uses all relevant and available experimental data 

of whole families of molecules in order to select the best potential energy 

functions and to determine their constant parameters by a least-squares 

procedure, such as to obtain a best fit to the experimental data.” 

Lifson and co-workers, in a stepwise manner, optimized the intermolecular and 

intramolecular interaction in alkanes [42, 43], then in alkenes [44]  and then in amide 

crystals and hydrogen bonds of amides [45, 46]. Their parameter optimization with 

intermolecular, intramolecular and hydrogen bond interactions in amide were further 

useful in writing efficient energy functions for proteins. 

Peter A. Kollman and co-workers in 1981 developed a force field and computer 

program, called “AMBER” (Assisted Model Building with Energy Refinement) [47] 

which was optimized for a wide variety of molecules including proteins and nucleic acid. 

The complete description of the scheme of the parameter refinement were published later 

in 1984 [48]. Martin Karplus and co-workers in 1983 came up with another computer 

program and their own force field, “CHARMM” (Chemistry at HARvard 

Macromolecular Mechanics). van Gunsteren and co-workers developed “GROMOS” 

(Groningen molecular simulation), a program for molecular simulation [49, 50] and 

Jorgensen group developed OPLS force field in 1988 [51]. Out of many molecular 

simulation engines “GROMACS” (Groningen MAchine for Chemical Simulation) 
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became most popular because of its open source nature [52]. It was developed by H. J. C. 

Berendsen, and David van der Spoel from GROMOS team. It did not have any force field 

of its own, but was compatible with all the popularly available force fields like 

CHARMM, AMBER, GROMOS, OPLS and their variants.  

History of molecular dynamics simulation has witnessed a great evolution since 

1950s till date. The hybrid classical and quantum mechanical treatment to the 

biomolecular systems for simulating the bond breaking and bond formation was first 

performed by A. Warshel and M. Levitt [53]. Nowadays QM/MM simulation could be 

relatively easily performed using many of the above simulation packages.  This branch of 

science reached its zenith in 2013 when Prof. Michel Levitt, Prof. Martin Karplus and 

Prof. Arieh Warshel were jointly awarded Nobel Prize for “The development of 

multiscale models for complex chemical systems” [54]. The computational cost of the all 

atom simulation is always very enormous. So it becomes a limitation to investigate the 

large macromolecules or macromolecular assembly with sufficient sampling.  Robert E. 

Rudd and Jeremy Q. Broughton in 1998, formulated a scheme, CGMD (Coarse Grained 

Molecular Dynamics) [55] simulation. CGMD became very popular and has been used 

for a number of simulation study of large system [56-58].  

Till date, numerous simulation studies of small molecules, proteins, nucleic acid, 

and their complexes have been performed [59-64]. These studies have presented many 

interesting results such that DNA has huge flexibility and can be stretched to double of its 

size [65-67], quadruplex DNA (parallel d[G]4) could be very stable when a chain of Na+ 

ions were also simulated in the central channel, and in the absence of the chain of ions the 

complex get distorted but regains the structure when ions were added again [68, 69]. 

Moreover, molecular dynamic (MD) simulation has been continuously used to understand 

the processes of protein folding and associated metastable and transition states [70-72]. 

Direct calculation of transition state using molecular mechanics is nearly impossible. By 

theory, transition state of the protein is a state which can be achieved with the probability 

of 0.5 from either of the meta-stable states. To make that happen in the MD calculation, 

large numbers of simulation should be started from the conformation of the folding 

trajectory till the fraction of the trajectory which goes to the native state before going to 

the unfolded states is equal to 0.5 [73, 74]. This is a time consuming process and 

computationally expensive. According to statistical mechanics, only a small fraction of all 

trajectories is statistically relevant. Various schemes have been proposed to sample the 

transition state, like milestoning, bias annealing, dominant reaction pathways [75-79] etc. 

However, further studies in this area is necessary to improve the accuracy of calculations. 

1.5 Molecular Dynamics Simulation in Modern Science 

MD simulation is proved to be a useful tool in the modern day science. There has 

been an exponential rise in publication of research articles on the use and development of 
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MD simulation (Fig. 4). Availability of cheaper and efficient computers along with the 

open source MD simulation softwares, has greatly contributed to this exponential rise. It 

has potential to answer those problems for which present day experimental techniques has 

limited scope. In the material science, MD simulation has been used to predict the 

properties of alloys [80] , calculate the thermal conductivity of nano-assemblies [81], 

study the behavior of materials in different pH and ionic solutions [82], understand the 

heat transfer properties of nanotubes [83], interaction of polymer-nanoparticle composite 

materials [84], study the deformation behavior of the nano-crystalline metals [85, 86] etc. 

In the chemical and biochemical science, MD simulation has been used for investigating 

huge range of scientific questions. Researchers all around the world are using MD 

simulation to understand the problems ranging from,bond-breaking and bond formation in 

simple organic and enzymatic reactions [87-91] to functional role of gigantic molecular 

assemblies like nucleic acid-protein complexes [64, 92-94]. However, there is much more 

diversity in the use of MD simulations in the biochemical science like studies of protein 

dynamics [60, 95], protein folding barriers and kinetics [70-79], protein-protein 

interactions [96-98], protein-drug interactions [32, 96-98], protein-membrane interactions 

[99, 100], drug-membrane-interaction [101-103], membrane dynamics [104-106], 

voltage-gated ion channels [107, 108], amyloid fibril formation [109, 110] etc.  

                              

Figure 4. Data is obtained from medline trend with the search term “molecular dynamic 

simulation” 

This thesis also largely adapts MD simulation methods to understand the dynamic 

nature of protein segments and their role in activity of the protein along with the effect of 

solvents on the dynamics of these segments. Also, molecular assembly of surfactants and 

their effect on the protein dynamics and function has also been examined. Further, self-

assembly of small molecular dye and formation of protein-small molecular complexes has 

been investigated with atomistic detail using MD simulation. 
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2.1 Abstract 

Pancreatic lipases hydrolyse fatty acids in dietary pathway. The activity of porcine 

pancreatic lipase (PPL) is controlled by a lid domain along with a coenzyme, colipase. 

The active open-state conformation of the protein could be induced by detergents or bile 

salts which would be further facilitated by binding of colipase. In the absence of these 

interactions, the lid preferably attains a closed conformation in water. Molecular dynamic 

simulation was used to monitor the lid movement of PPL in open and closed 

conformations in water. Free energy surface was constructed from the simulation. Energy 

barriers and major structural changes during lid opening were evaluated. The lid closure 

of PPL in water from its open conformation might be initiated by columbic interactions 

which initially moves the lid away from domain 1. This is followed by major dihedral 

changes on the lid residues which alter the trajectory of motion. The lid then swirls back 

towards domain 1 to attain closed conformation. This is accompanied with the 

conformational changes around β5- and β9-loops as well. However, PPL in closed 

conformation shows only the domain movements and the lid remains in its closed 

conformation. PPL in closed conformation is stable in water and the open conformation is 

driven towards closed state.  

2.2 Introduction 

Lipases [EC 3.1.1.3] are a subclass of esterases isolated from various species and 

share a well-conserved α/β-hydrolase fold [111-113]. Lipases hydrolyse naturally 

occurring oils of plant seeds and fats of animals which on further oxidation release huge 

amount of their stored energy [114]. Lipases are activated at oil-water interface to access 

water insoluble substrates for hydrolysis [115-118]. Like other esterases, lipases also 

follow the well-characterized acyl enzyme pathway for hydrolysis reaction [117]. The 

activity of lipases is reported in a range of solvents from polar to nonpolar, such as 

ethanol, heptane, and octanol [118-123]. Lipases break (hydrolysis) [115-118], and make 

(esterification) [119-123] ester bonds in polar and non-polar solvents, respectively. Due 

to their ability to catalyze the organic reactions such as hydrolysis, acidolysis, aminolysis, 

esterification, and transesterification, lipases are widely used in food, pharmaceuticals, 

leather, and cosmetics industries [124, 125].  

Pancreatic lipases are crucial enzymes for the digestion of dietary long chain 

triglycerides. Upon digestion in the duodenum these bulky non-polar molecules are 

broken down into small polar β-monoglycerides and fatty acids. These polar fractions are 

then easily transited to the enterocytes [126]. Optimal activity of the pancreatic lipases 

could be obtained in the presence of a coenzyme known as colipases [127]. Surfactants 

such as sodium deoxycholate and sodium taurodeoxycholate, at above their critical 

micelle concentration (CMC) inhibit the activity of pancreatic lipases which can be 

restored in the presence of colipases [128-130]. Colipases are highly homologous across 
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mammals and a colipase from one mammal can activate the lipase of another mammal 

[131]. 

Porcine pancreatic lipase (PPL) is a 50 kDa protein, with 448 amino acid residues. 

The crystal structure of PPL-colipase complex in the open state was resolved in 1996 by 

Hermoso et al. (PDB id: 1ETH) [132]. PPL consists of two domains: α/β-fold N-terminal 

domain (residues: 1-336) and β-sandwich C-terminal domain (residues: 337-448) named 

domain 1 and domain 2, respectively. The domains are linked through a hinge residue 

Ala333. The active site constituted by Ser153, Asp177, and His264 is covered by a flap or 

lid region stretched between Cys238 and Cys262. The conformational changes around the 

lid control the enzyme activity of the lipase. The open conformation of lid allows 

substrates to reach the active site residues which are otherwise not accessible in the closed 

conformation [133-137]. Open conformation of PPL could be stabilized by either 

ionic/non-ionic detergents or bile salts in aqueous solution.  Addition of colipase could 

further enhance the stabilization of open conformation [132, 138]. Colipase is held with 

the lipase through non-covalent interactions across the lid and C-terminal domain [132]. 

The structural stability and plasticity of the various lipases have been investigated 

by both experimental and computational approaches [121-123, 139-142]. Studies on the 

atomistic-level changes in lipases with respect to their structure, solvent environment, and 

substrate specificity are getting momentum in the recent years [139-144].  However, to 

the best of our knowledge, the lid dynamics of mammalian lipase has not been 

investigated at atomistic-detail. Our work attempts to identify the kinetic pathway and the 

possible barriers during the lid closure of PPL from its open conformation (PPL-O) in 

aqueous environment and to compare its dynamics with colipase bound PPL (PPL+colip) 

and PPL in closed conformation (PPL-Cl). The results suggest that the open conformation 

is less stable in water, in the absence of colipase, and moves towards domain 1 to attain 

the closed conformation. The lid first moves away from domain 1 and later alters its 

trajectory and moves towards domain 1. However, the conformational fluctuations in 

PPL-Cl are mainly due to domain-domain movement, and the lid dynamics of PPL-Cl is 

highly constrained in water. 
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Figure 1. Topology diagram of PPL in 

open conformation without colipase 

(left panel). Rods represent α-helices 

and arrows represent β-strands. Lid 

region is marked in green and domain 

2 in gray. Right-side panel presents 

the cartoon diagram of PPL-O with 

the same color codes as in topology 

diagram. Major β-loops are labeled. 

 

 

Figure 2. Topology diagram of PPL in 

closed conformation modeled using 

Modeler 9.1 (left panel). Rods 

represent α-helices and arrows 

represent β-strands. Lid region is 

marked in green and domain 2 in 

gray. Right-side panel presents 

cartoon diagram of PPL-Cl with the 

same color codes as in topology 

diagram. Major β-loops are labeled. 

 

2.3 Experimental Methods 

2.3.1 Structure of PPL in Open and Closed Conformations  

The crystal structure of colipase bound PPL in open conformation was obtained 

from protein databank (PDB id: 1ETH). The structural coordinates of lipase-colipase 

complex (PPL+colip) was extracted by removing other co-crystallized molecules. Further, 

colipase free PPL with open conformation was obtained from PPL+colip by removing the 

structural coordinates of colipase (PPL-O) (Fig. 1). Since the crystal structure of closed 

conformation of PPL without colipase (PPL-Cl) is not available, it was modeled using 

Modeller 9.11[145] against rat pancreatic lipase-related protein 2 (RPLRP2) in closed 

conformation (PDB id: 1BU8) [146]  as a template. RPLRP2 shows 84% of similarity and 

99% of sequence coverage with PPL and the structure was resolved with 1.8Å resolution 

in the absence of colipase. The quality of the modeled structure was further validated by 

verify 3D [147] and procheck [148]. 
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2.3.2 Molecular Dynamics (MD) Simulation 

MD simulations of PPL-Cl, PPl-O, and PPL+colip were carried out using 

GROMACS 4.5.4 [52, 149-151] with OPLS-AA force field. The protein was initially 

solvated in a cubic box with SPC/E water. The structures were energy minimized and 

equilibrated under NVT followed by NPT conditions. After the equilibration, the 

production simulations were carried out at 300 K for 50 ns. 1 nm cutoff was used for 

short range columbic and Lennard-Jones interactions. Long range electrostatic 

interactions were treated by Particle mesh Ewald (PME) scheme [152]. Stochastic 

velocity rescaling scheme with time constant of 0.1 ps was used for temperature control. 

Pressure was maintained at 1 bar by Parrinello-Rahman [153] type pressure coupling with 

a time constant of 2 ps. For all the bond constraints, LINCS algorithm [154] was used.  

Coordinates, velocities, trajectories, and energies were collected at every 2 ps for further 

analysis. GROMACS utility tools were used for analyzing the trajectories. For structure 

visualization and analyses PyMol [155]  and UCSF-Chimera [156] were used. PDBsum 

web server [157] was used for creating 2D representations of the protein structures. 

PDB2PQR [158, 159] and APBS [160] were used to calculate solvation energies and 

electrostatic forces, respectively. For comparative analysis, the changes occurred only on 

the lipase chain (PPL-colip) of colipase bound lipase were extracted from the simulation of  

PPL+colipase. 

2.4 Results 

2.4.1 Modeling of PPL-Cl 

The structure of PPL in closed conformation (PPL-Cl) was modeled (Fig. 2.) 

using RPLRP 2 as a template. Ramachandran plot of the modeled structure showed only 

0.3% of the residues in the disallowed region. Verify 3D results also suggested that the 

obtained model is acceptable (Fig. 3).  The modeled structure was further energy 

minimized in vacuo using OPLS-AA force field. Major structural differences between 

PPL-O and PPL-Cl were observed around the lid region whereas the other regions of the 

proteins showed only minimal differences. In PPL-Cl, the lid remained closer to domain 1 

and was characterized by a small helix flanked with long unstructured loops. The lid of 

PPL-O was well separated from both the domains and possessed two short helices 

connected through a loop. These two helices were further connected to the protein chain 

through short loops (Fig. 1). PPL in closed conformation lost some of the H-bonding and 

salt bridge interactions present in the open conformation of PPL as observed in human 

pancreatic lipase (HPL) [161]. Notably, the interactions of lid residues R257 with core 

residues D80 and Y268, and E254 with D258 of lid and K269 of core were lost in the 

closed form. However, D250 formed new H-bonding interactions with E254 and Y115. It 

was observed in horse pancreatic lipase that the interaction between E254 and Y115 is 

one of the stabilization factors of the lid in closed conformation [162]. Further, MD 
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simulation studies show that disruption of these lid residue interactions, E254 with D250 

and Y115, by point mutations could initiate lid opening movements in PPL (Chapter 3). 

2.4.2 Preliminary Trajectory Analysis 

Root mean square deviations (RMSD) of Cα-atoms were calculated using gromacs 

utility tool. PPL-Cl and PPL-O showed considerable changes in their RMSD values 

whereas the lipase chain of colipase bound PPL (PPL-colip) showed relatively less changes 

(Fig. 4A). A sharp increase in the RMSD of PPL-Cl was noted at above 25 ns whereas 

PPL-O showed two increasing transitions of RMSD at above 10 ns and 30 ns, 

respectively. The structural compactness of the proteins was monitored by following the 

changes in radius of gyration (Rg). The Rg of PPL-O and PPL-colip did not show major 

changes whereas PPL-Cl showed a slight increase in Rg (Fig. 4B).  

Root mean square fluctuation (RMSF), standard deviation of atomic positions 

during simulation, provides details about plasticity and rigidity of individual residues in 

the protein. From Fig. 4C, it was observed that the RMSF of residues 240-255 

(corresponding to lid region) was more in the case of PPL-O compared to PPL-colip which 

was higher than PPL-Cl. Further, the residues around 210-216 on domain1 (β9 loop) 

showed significantly higher RMSF for PPL-colip and PPL-O compared to PPL-Cl. PPL-Cl 

showed higher fluctuations around the regions 340-360 and 365-380 in domain 2, 298-

300 at the domain interface, and around 80-85 in domain 1 (β5 loop) compared to PPL-O 

and PPL-colip. All the three proteins showed significant fluctuation of surface loop in 

domain 2 (β5ʹ loop) covering the residues 405-413. At the end of 50 ns simulation, 

notable changes were observed in all the three structures which are illustrated in Fig. 5. 

The overlay of initial and final structures of PPL-Cl obtained from the simulation showed 

only marginal changes in domain 1 and the lid whereas significant fluctuations were 

observed around domain 2. In the case of PPL-O, substantial changes were observed 

around the lid region and the trajectory of lid movement is represented by arrows (Fig. 5B 

and Fig. 6). A circular motion of the lid was observed with loss of secondary structure in 

the lid region (Fig. 7B). In PPL-colip, notable changes were observed around the lid region 

and in domain 2 as well. 
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A                   

B                     

Figure 3. (A) Ramachandran plot of PPL-Cl modelled using Modeller 9.11. (B) 3D-1D average 

score of each residues of the modelled protein obtained from Verify 3D. 

 
Plot statistics   

Residues in most favoured regions [A,B,L] 344 90.1% 

Residues in additional allowed regions[a,b,l,p] 29 7.6% 

Residues in generously allowed regions[~a,~b,~l,~p] 8 2.1% 

Residues in disallowed regions 1 0.3% 

 ------ ------ 

Number of non-glycine and non-proline residues 382 100% 

Number of end –residues (excl. Gly and Pro) 2  

Number of glycine residues (shown as triangles) 39  

Number of proline residues 25  

 ------  

Total number of residues 448  
 

 



Chapter 2 

16 

 

Figure 4. Preliminary trajectory 

analysis of PPL-Cl (black), PPL-O 

(red), and PPL-colip (green): (A) RMSD 

from the corresponding initial 

structures, (B) change in radius of 

gyration during simulation and the inset 

presents change in distance between two 

domains, (C) RMS fluctuations of each 

residue in the lipase chain. 

      

 

Figure 5. Comparison of initial and final structures of 

PPL in MD simulation: Green cartoons with lid in red 

color represent the initial conformation and blue 

cartoons with lid in yellow color represent the final 

conformation of (A) PPL-Cl, (B) PPL-O, and (C) 

PPL+colip. The initial and final conformations of 

colipase are represented in black and cyan, 

respectively, in PPL+colip. For more clarity on PPL-O 

lid movement, please refer Fig. 6 and video V2. 

 

Figure 6. Comparison of initial and final structures of PPL-O in MD simulation: green cartoon 

represents the initial conformation and brown cartoon represents the final conformation with the 

lid trajectory represented by blue arrows. Right-side panel presents a closer view of the lid region. 



Lid Closure Dynamics of PPL 

17 

 

 The hydrophobic and hydrophilic solvent accessible surface area (SASA) of PPL-

Cl and PPL-O were monitored during the simulations (Fig. 8). The hydrophobic SASA 

value of PPL-Cl increased over simulation time whereas PPL-O was decreasing. The 

hydrophilic SASA value of PPL-Cl remained almost same throughout the simulation 

except initial fluctuations. However, PPL-O showed slight increase in hydrophilic SASA 

after ~38 ns. 

                   

Figure 7. Change in secondary structure of the lid residues (238-262) in (A) PPL-Cl, (B) PPL-O 

and (C) PPL-colip  during the simulation. The secondary structural changes were calculated using 

DSSP program integrated with Gromacs.  

                   

Figure 8. (A) Hydrophobic and (B) hydrophilic SASA changes of PPL-Cl (black) and PPL-O (red) 

during simulation. The solid lines are for visual clarity. 
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2.4.3 Electrostatic and Solvation Energy 

The mean values of long range and short range electrostatic energies in PPL-Cl 

and PPL-O were calculated (Table 1). PPL-Cl showed more negative values than PPL-O 

suggesting that PPL-Cl is more favorable conformation in water. Two different 

components of solvation free energy changes (ΔG) were also calculated: polar (ΔGp) and 

non-polar (ΔGnp). ΔGp was calculated using APBS tool on the last 10 ns of simulation 

[163, 164]. ΔGnp was calculated by SASA approach, i.e., ΔGnp  = γ × (SASA) + β, where γ 

and β are 2.2 kJ mol-1 nm-2 and 3.84 kJ mol-1, respectively [165]. ΔGp was significantly 

larger than ΔGnp in both the cases. Moreover, ΔGp was more negative for PPL-Cl than 

PPL-O which reemphasizes that PPL-Cl is the favorable conformation in water. 

 

2.4.4 Electrostatic Force on the Lid 

 To further investigate on the lid movement of PPL-O, the electrostatic forces on 

four selected charged residues in the lid, Asp248, Asp250, Glu254, and Asp258, were 

calculated using APBS tool. The trajectories of negatively charged side chain oxygen 

atoms of these residues were obtained from 500 frames selected at a constant interval of 

every 0.1 ns. The components of force and position vectors were plotted as a function of 

time (Fig. 9). Substantial amount of correlation was noted between the force and motion 

of these residues along Y- and Z- coordinates till 32 ns. When the net force was positive 

(repulsion) in Y-direction, the position vector increased. When the net force was negative 

(attraction) in Z-direction, the position vector decreased. The X-component of the force 

and position vectors also correlated with each other in the cases of Asp248 and Asp250. 

In all the cases, there was a sharp transition at around 32 ns following which no 

correlation between the force and position vectors was observed. 

               Table 1. Mean electrostatic energy of PPL in different conformations 

Energy 
PPL-Cl (kJ/mol) PPL-O (kJ/mol) 

average error average error 

Coulomb (short-range) -2203410.00 110.00 -2171590.00 50.00 

Coulomb (long-range) -261988.00 26.00 -259790.00 18.00 

Polar Solvation ( ΔG
p
 ) -10146.34 18.86 -9862.06 15.18 

Non-Polar Solvation ( ΔG
np

) 505.67 0.42 489.94 0.48 
 



Lid Closure Dynamics of PPL 

19 

 

 

Figure 9. (A-C) Electrostatic force on the lid residues Asp248 (black), Asp250 (red), Glu254 

(green), and Asp258 (yellow) along all three coordinates X, Y, and Z. (D-F) The magnitude of 

change in distance vectors of the four lid residues along the three coordinates.  

  

2.4.5 Essential Dynamics 

In order to understand the major dynamic events, principal component analysis 

(PCA) was done on both Cartesian (cPCA) and dihedral (dPCA) coordinates for all the 

three proteins. The cPCA and dPCA together could cover the essential dynamics of PPL. 

The covariance matrix of PPL-O (Fig. 10A and C) inferred that substantial amount of 

highly correlated motions exist around the lid residues. On the other hand, the covariance 

matrix of PPL-Cl (Fig. 10B and D) and PPL-colip (Fig. 11) did not show much correlated 

motions. Further, 80% of the dynamics was covered by first 9, 6, and 21 eigenvectors 

(EVs) in PPL-Cl, PPL-O, and PPL-colip, respectively.  
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Figure 10. Covariance matrix of Cα motions derived from Cartesian coordinates PCA for PPL-O 

(A) and PPL-Cl (B). Covariance matrix of Cα motions derived from dihedral PCA for PPL-O (C) 

and PPL-Cl (D). The color codes represent the amplitude of variations from anti-correlated motions 

(negative) to correlated motions (positive) with white as null variation. The insets in panels A and C 

are focused on the correlated motions around the lid region of PPL-O. 

The first 5 EVs could cover 74, 78 and 60% of the dynamics, respectively (Fig. 

12). Two extreme conformations from the first two EVs are shown in the Fig. 13-15 for 

PPL-O, PPL-Cl, and PPL-colip, respectively, to visually appreciate the conformational 

differences. The first EV components of each residues obtained from cPCA and dPCA is 

presented in Fig. 16 along with RMSF of each residues calculated from first EV subspace. 

The EV components of cPCA and dPCA showed slightly different fluctuations of 

residues in the first eigenspace. The detailed description of next four EV components, 
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RMSF changes, and their projections are presented in the Fig. 17 – 19. In all the cases, 

the higher EVs showed lower amplitude fluctuations than the first EV. 

 

Figure 11. Covariance matrix of Cα motions in PPL-colip  obtained from principle component 

analysis of Cartesian coordinates (A) and dihedral changes (B). The colors represent the amplitude 

of variations from anti-correlated motion (negative) to correlated motions (positive) with white as 

null variation.   

                            

Figure 12. The cumulative percentage of dynamic changes covered (solid lines) and proportional 

eigenvalues (dotted lines) of each eigenvector during the simulation of PPL-Cl (black), PPL-O (red), 

and PPL-colip (green). 
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Figure 13. Comparison of two extreme conformations obtained from eigenvector 1 (A) and 

eigenvector 2 (B), derived from cPCA for PPL-O. 

  

 

Figure 14. Comparison of two extreme conformations obtained from eigenvector 1 (A) and 

eigenvector 2 (B), derived from cPCA for PPL-Cl. 

  

 

Figure 15. Comparison of two extreme conformations obtained from eigenvector 1 (A) and 

eigenvector 2 (B), derived from cPCA for PPL-colip. 
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Figure 16. Residue-wise eigenvector components 

of (A) PPL-Cl, (B) PPL-O and (C) PPL-colip for 

first eigenvalues of cPCA (red) and dPCA 

(green) drawn along with the corresponding 

RMSF values of EV1 (blue). 

  

Figure 17. Projection of trajectory onto the Eigenvector (A) and Eigenvector component: weight of 

each Cα atom on the eigenvectors (B) Ev2-Ev5 of PPL-Cl. 
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A

 

 

B 

 

Figure 18. Projection of trajectory onto the Eigenvector (A) and Eigenvector component: weight of 

each Cα atom on the eigenvectors (B) Ev2-Ev5 of PPL-O. 
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A 

 

B 

 

Figure 19. Projection of trajectory onto the Eigenvector  (A) and Eigenvector component: weight of 

each Cα atom on the eigenvectors (B) Ev2-Ev5 of PPL-colip. 

2.4.6 Free Energy Surface of PPL-O 

Free energy landscape was constructed by projection of the first EV of dPCA 

against the first EV of cPCA as reaction coordinates. The trajectory on the energy surface 

is shown in Fig. 20A. Though multiple transitions could be marked on the landscape, the 

most probable pathway with major transitions on the energy surface was considered for 

further analysis (Fig. 20B). The Gibbs energy of major transitions along the reaction 

coordinate is presented Fig. 20B (inset). During the transitions, large conformational 

changes were noted around the lid of the protein. The essential conformational transitions 

corresponding to the states with local minima which led to lid closing trajectory were 

denoted as S0, S1, S2, S3, and S4. The transition states between these local minima were 

marked as T1, T2, T3, and T4, respectively. The corresponding conformational states of 

these transition states on the simulation time scale were around 10, 31, 42, and 44 ns. The 
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largest barrier encountered in the trajectory was at T3 which was estimated to be ~14 

kJ/mol. The local minima and the transition state structures captured along the reaction 

pathway are presented as a movie (video V2) 

             

Figure 20. Free energy landscape of PPL-O constructed by projection of first eigenvectors of dPCA 

against cPCA with the trajectory of movements in black lines. (B) The most probable pathway with 

major transitions are chosen and the corresponding Gibbs energies of the transitions against 

reaction coordinate is shown in inset. The color codes represent the energy levels. 

2.4.7 Radial Distribution Function 

Radial distribution function (RDF) of the solvent molecules around the lid of PPL-

O was calculated at an interval of each 1 ns by considering heavy atoms on the lid 

residues as reference against the oxygen of water. Relative water density around the lid in 

first hydration shell, i.e., at 0.274 nm, was plotted against simulation time (Fig. 21). The 

density did not show significant changes during the initial half of the simulation. 

However, a sharp increase was observed between 30 and 40 ns. 

 

Figure 21. Change in radial distribution 

of water molecules around the lid region 

of PPL-O calculated at the distance of 

0.274 nm during simulation. 
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2.4.8 Dihedral Angles 

Based on the observations of EV components and RMSF in the first EV space, 

change in dihedral angles (phi and psi angles) of eighteen amino acid residues in and 

around the lid during the simulation were analyzed (Fig. 22 and 23). Dihedral angles of 

PPL-Cl showed fluctuations at the initial period of the simulation, but reached a stable 

phase almost in all the residues. High fluctuations were observed in PPL-colip and in PPL-

O. Particularly, Ile252, Trp253, Glu254, Gly255, Val260 and Cys262 (Fig. 22) showed 

clear transitions at the time scales corresponding to T1, T2, or T3 states observed in the 

free energy surface (Fig. 20B) for PPL-O whereas the other residues around the lid 

showed either early or late transitions (Fig. 23). 

    

Figure 22. The changes in dihedral angles phi (solid lines) and psi (dotted lines) of selected residues 

in and around the lid domain for PPL-Cl (black), PPL-O (red), and PPL-colip (green). 
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Figure 23. The changes in dihedral angles phi (solid lines) and psi (dotted lines) of selected residues 

in and around the lid domain for PPL-Cl (black), PPL-O (red), and PPL-colip (green). 
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2.4.9  PPL-colipase Complex 

A 50 ns simulation of lipase-

colipase complex (PPL+colip) was also 

carried out. Analysis of the simulation 

results showed that RMSD and Rg of 

PPL+colip (Fig. 24A & B) were higher than 

the corresponding PPL-colip. Moreover, 

RMSF of colipase in PPL+colip showed more 

fluctuations than the backbone of lipase 

alone in the complex (Fig. 24C). The major 

conformational changes during the 

simulation were observed at the interface of 

lipase and colipase, and around the lid 

region of the lipase. Out of eight hydrogen 

bonds between lipase and colipase [132] 

five of them were stable throughout the 

simulation. However, the hydrogen bonds 

formed by Asn241 with Glu15, Ser244 

with Leu16, and Gln369 with Glu64 (in the 

order of lipase-residue with colipase-

residue) were found to be weak during the 

simulation (Fig. 25B and Table 2).  Apart 

from the earlier characterized hydrogen 

bonds, additional interactions were also 

found during the simulation, but their 

existences were transient and were not considered for further analysis. 

 
 

Figure 25. H-bond profile of PPL+colip: (A) Total number of H-bonds found between lipase chain 

and colipase during the simulation. (B) The existence of H-bonds as indexed in Table 2 during the 

simulation. 
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Figure 24. (A) RMSD and (B) radius of 

gyration of PPL+colip complex. (C) RMS 

fluctuations of residues in PPL+colip during MD 

simulation. 
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2.5 Discussion 

2.5.1 Global Changes in Different Forms of PPL 

The preliminary analysis of changes in RMSD, Rg and RMSF of PPL-Cl, PPL-O 

and PPL-colip suggest that the atomic fluctuations of PPL-colip are less compared to others 

(Fig. 4). However, the region covering the residues 210-220 (β9-loop) and 410-415 (β5'-

loop) are found to have significant fluctuations along with the lid region. The fluctuations 

around β5'-loop may be attributed to high thermal B-factor of this loop in the X-ray 

crystallographic structure. Moreover, PPL-colip and PPL-O do not show much change in 

their compactness, but PPL-Cl shows slight increase in its Rg value suggesting trivial loss 

in its compactness. This might be due to the higher fluctuations observed in domain 2 

which could increase the mean distance between the domains during the simulation, 

particularly at above 25 ns (Fig. 4B). This could be attributed to the loss of some of the 

hydrogen bonding interactions between the domains (for instance, W339-D279, and 

K338-G280), though some of the H-bonding interactions are stable in both PPL-O and 

PPL-Cl (C300-N424). This is further supported by increase in the distance measured 

between the center of masses of domain 1 and domain 2 (Fig. 4B-inset). Further, the 

RMSD of PPL-O also increases during simulation which almost reached the same value 

as PPL-Cl at 50 ns (Fig. 4A). This change could be directly attributed to the fluctuations 

around the lid region which do not necessitate any significant change in the compactness 

of the protein, thus not altering the Rg of PPL-O (Fig. 4B). 

Table 2. The list of H-bonding interactions between lipase and colipase‡ 

No Donor Hydrogen Acceptor  No Donor Hydrogen Acceptor 

1 ASN241N ASN241H GLU15OE1 (C)  21 LEU16N (C) LEU16H SER244OG 

2 ASN241N ASN241H GLU15OE2 (C)  22 ARG38NH1 (C) ARG38HH11 SER244OG 

3 ASN241ND2 ASN241HD21 GLY14O (C)  23 ARG38NH1 (C) ARG38HH11 VAL247O 

4 ASN241ND2 ASN241HD21 GLU15OE1 (C)  24 ARG38NH2 (C) ARG38HH21 SER244OG 

5 ASN241ND2 ASN241HD21 GLU15OE2 (C)  25 ARG38NH2 (C) ARG38HH21 VAL247O 

6 SER244OG SER244HG GLY14O (C)  26 ARG38NH2 (C) ARG38HH21 ASP248O 

7 SER244OG SER244HG GLU15OE1 (C)  27 ARG44NE (C) ARG44HE ASN366O 

8 SER244OG SER244HG GLU15OE2 (C)  28 ARG44NH1 (C) ARG44HH11 ARG368NH1 

9 ASN366ND2 ASN366HD21 GLU45O (C)  29 ARG44NH1 (C) ARG44HH11 ASP390OD1 

10 ARG368NE ARG368HE LYS42O (C)  30 ARG44NH1 (C) ARG44HH11 ASP390OD2 

11 ARG368NH2 ARG368HH21 LYS42O (C)  31 ARG44NH2 (C) ARG44HH21 ASP390OD1 

12 GLN369N GLN369H GLU64OE1 (C)  32 ARG44NH2 (C) ARG44HH21 ASP390OD2 

13 GLN369N GLN369H GLU64OE2 (C)  33 GLU45N (C) GLU45H ASN366OD1 

14 GLN369NE2 GLN369HE21 GLU64OE2 (C)  34 ASN46ND2 (C) ASN46HD21 ASN366OD1 

15 GLN369NE2 GLN369HE21 ARG65O (C)  35 ASN46ND2 (C) ASN46HD21 ASN366ND2 

16 LYS400NZ LYS400HZ1 GLU45OE1 (C)  36 ARG65NH1 (C) ARG65HH11 GLU440OE1 

17 LYS400NZ LYS400HZ1 GLU45OE2 (C)  37 GLY66N (C) GLY66H GLU440OE1 

18 LYS400NZ LYS400HZ1 ASN89OD1 (C)  38 GLY66N (C) GLY66H GLU440OE2 

19 ARG5NH1 (C) ARG5HH11 ASN241OD1  39 ASN89ND2 (C) ASN89HD21 LEU442O 

20 ARG5NH2(C) ARG5HH21 ASN241OD1      

‡The index numbers correspond to the label used in Fig. 25B. The residues marked with (C) 

belong to colipase. 
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 The SASA analysis suggests that some of the buried hydrophobic residues in 

PPL-Cl are exposed during simulation which increases the hydrophobic SASA values 

whereas the hydrophilic SASA almost remains same throughout the simulation (Fig. 8). 

This might be due to the increase in distance between the domains which also leads to the 

increase in Rg value of PPL-Cl as discussed earlier. However, in the case of PPL-O, the 

hydrophobic SASA value comes down indicating that some of the exposed hydrophobic 

residues are buried which could be attributed to the movement of lid closer to domain 1 

along with β5- and β9-loops movements. The hydrophilic SASA of PPL-Cl is higher than 

the PPL-O throughout the simulation as it was observed earlier from the crystal structure 

of PPL as well [166]. It is also interesting to note that the distance between the domains is 

not altered in PPL-O (Fig. 4B-inset). Further, at the end of the simulation SASA values of 

PPL-O approaches nearer to that of PPL-Cl suggesting that the conformational changes 

occurring in PPL-O may lead to closed-lid conformation. Also, the mean values of 

electrostatic interaction energies indicate that the closed-state is energetically favorable 

compared to the open conformation in aqueous medium. This is further supported by the 

higher negative value obtained for the polar solvation free energy of PPL-Cl (Table 1) 

[165]. 

2.5.2 Essential Dynamics and Lid 

Movement in PPL-O 

The major conformational changes in 

PPL-O occur around the lid region. Analyzing 

the global movement of the lid using the 

distance between domain 1 and the lid (Fig. 26 

and video file V2) predicts that initially the lid 

moves away from domain 1 which later change 

its trajectory and approaches domain 1. This is 

accompanied with dihedral and secondary 

structural changes of the residues around it. 

Principal component analysis of Cα-

atoms of PPL-O suggests that there are highly correlated motions among the residues 

covering the lid region of the protein. The contribution of other regions could not be 

identified from cPCA. However, the covariance matrix and the first EV component of 

dPCA (Fig. 10C and 16B) propose that the region covering the residues 318-322 (surface 

loop) show correlated motions along with the residues 303-307 (β12-loop) and 210-215 

(β9-loop).  This emphasizes the associated motions of the domain-domain interface along 

with the lid. It may also be noted that part of β9-loop constitutes the catalytic groove 

where substrate binds, particularly the residues L214 and F216 of β9-loop are suggested 

to be interacting with substrates or inhibitors through van der Walls interactions. Major 

side chain conformational changes were observed between open and closed 

 

Figure 26. The distance between domain 

1 and the lid region of PPL-O during 

simulation. The residues (150-160) with 

least RMSF on domain 1 and W253 on 

the lid were considered as references for 

distance measurement. 
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conformations on F216 [132, 166]. It was also proposed that these residues on β9-loop 

may directly participate in the lipolysis reaction by stabilizing the acyl-enzyme 

intermediate [167]. Though the covariance matrix of cPCA could not identify the 

correlated motions between the lid and the other regions, the projection of extreme 

structures obtained from the first EV of cPCA indicates concomitant changes in these 

regions (Fig. 13). This could be due to the fact that cPCA corresponds to the changes 

occurring in 3D-coordinates representing internal as well as global dynamics of the 

system whereas dPCA is specific to internal dihedral changes irrespective of their 

positional fluctuations. 

From the eigenvector index of PPL-O, it is observed that first 5 EVs could cover 

78% of the conformational changes. The analysis of the EVs from 2 to 5 also predicts that 

major fluctuations are around the lid region alone, the other residue fluctuations are lower 

in amplitude, except a few noticeable dynamics around the domain-domain interface and 

in domain 2 (β5' hydrophobic loop). Based on these observations, further residue specific 

analyzes were carried out to understand the lid movement in PPL-O. 

The electrostatic force exerted by charged residues on the lid in all the three 

coordinates reasonably correlate with the movement of the atomic positions of the 

residues for initial 30 ns. This infers that the initial lid movement is mainly influenced by 

electrostatic interactions. The major differences in lid region between open and closed 

conformations are the salt bridges formed with N-terminal domain and within the lid 

region. For instances, R257 of lid in open conformation makes salt bridge interaction with 

D80 on β5 loop and D258 of lid interacts with K269. However, in closed conformation 

the lid makes mostly non-polar interactions with the surrounded regions [161, 168].  

Nevertheless, above 30 ns the correlation becomes poor which might be due to 

predomination of other factors over the electrostatic force. 

In order to probe further, radial distribution function of the solvent molecules 

around the lid region and the dihedral changes of the residues in and around the lid were 

calculated. The relative water density in the first solvation shell of PPL-O increases 

around the lid region at above 30 ns (Fig. 21). Correlating this with the increase in 

hydrophilic SASA values and changes in distance between lid and domain 1suggest that 

increase in solvation energy could be the major driving factor to move the lid towards 

closed conformation. In fact, it has been observed that total-water accessible surface area 

of pancreatic lipase is more in closed conformation, particularly due to increase in water 

accessibility of charged residues on the lid and β5-loop. Moreover, these lid movements 

necessitate significant changes in the dihedral angles of residues in and around the lid. 

The components of first EV from dPCA provide vital information on these dihedral 

changes (Fig. 16B). From this plot, 18 amino acid residues which could show larger 

dihedral changes were chosen for further analysis (Fig. 22 and 17). 
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2.5.3 Free Energy Surface and Lid Movement of PPL-O 

The free energy surface obtained by the projection of first EVs of cPCA and 

dPCA proposes the possibility of four major transition states in the dynamics of PPL-O 

(Fig. 20) which are discussed in detail: 

2.5.3.1 Step 1 - SO –T1- S1: (4 ns -10 ns - 11.6 ns) 

High amplitude movements were noticed on the lid residues and on β9-loop. The 

lid moves away from domain1 due to columbic forces of the charged residues on the lid, 

particularly D248, D250, E254, and D258.  This movement is initiated by breaking the 

salt bridge between the lid residue R257 and D80 in β5-loop, and the H-bonding 

interaction of R257 with Y268. During this process, the salt bridge between D258 and 

K269 in domain 1 is also lost (Fig. 27A). These interactions are found to be crucial in 

stabilizing open conformation of the lid and conserved in all the classical lipases [161, 

168, 169]. These changes influence the hydrophobic part of the β9-loop also to move in 

the same direction, consequently the active site residues H264 and F78 are moved away 

from the protein core. Also, significant changes are observed in β5-loop such as F78 

moves closer to the active site residue S253 (Fig. 27A-inset) and considerable changes in 

the backbone dihedrals of residues I79 and E84 (Fig. 27B) which are consistent with the 

variations observed in the crystal structure of closely associated HPL [161]. Comparing 

the initial changes in the dihedral angles of lid residues suggest that the transition from S0 

to S1 does not necessitate larger dihedral changes, hence, secondary structural changes. 

The major energy barrier for this transition could be the columbic forces.  During this 

transition, the interface of the domains do not show much conformational changes, 

however, large dihedral changes occur around C300-C305 disulphide bond (Fig. 28D) 

which is part of the long loop connecting helix12 and helix13. 
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Figure 27. (A) Salt bridge interaction between D258-K269 (black), D80-R257 (red), and D248-K240 

(blue) measured as a distance between their side chain atoms during PPL-O simulation. The inset 

shows the distance between Cα-atoms of F78 and S153. (B) Change in dihedral angles of the residues 

in β5-loop during PPL-O simulation. Ψ-angle of I79 (black), Φ-angle of E84 (red), and χ2-angle of 

F78 (green) are presented. 

        

Figure 28. Changes in  (A) side chain (χ1) dihedral angle of Cys238 (B) side chain (χ1) dihedral angle 

of Trp253 (C) side chain (χ2) dihedral angle of Phe259, and (D) disulphide bond dihedral of Cys300-

Cys305 during the simulation of PPL-O in water. 

2.5.3.2 Step 2 - S1 to S2: 11.6 ns - 31.4 ns - 41.3 ns 

The lid which initially moves away from domain 1 (up to ~ 30 ns), starts moving 

towards domain 1 by adapting a circular pathway (video V2). It has a major dihedral 

barrier around the hinge regions connecting the lid with domain 1, specifically on the lid 

disulphide bond (C238-C262), Gly251 and Gly 255. When this dihedral barrier to twist 

the moving lid towards domain 1 is crossed, the lid produces a considerable positional 

changes and moves quickly towards domain 1, particularly the loop region 247-260 
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shows a major movement.  The FES also predicts a considerable energy barrier (T2 ~ 8 

kJ/mol) for these movements at ~31 ns. This is further verified by measuring the distance 

between the centers of masses of domain 1 and the lid which shows that the lid starts 

approaching domain 1 after ~30 ns (Fig. 26).   Analysis of dihedral angles predict that 

major conformational changes occur around the Φ-angle of Cys262 (Fig. 22F) along with 

the side chain dihedral (χ1) of Cys238 (Fig. S13A) suggesting that the rotation of lid is 

centered on –H-N-Cα- of Cys262 and -Cα-Cβ- of Cys238, respectively. Also, the loop 

region consisting amino acids 249-255 show major movement with relatively less 

dihedral changes except around Gly 251 and Gly255. This could be due to the fact that 

the energy requires to change the dihedrals of glycine residues are relatively lesser than 

other residues, hence, the system might adapt Gly for major rotational movement. The 

active site residues H264 & F78 and  the lid residues R257 & D258 interacting with 

residues Y268 and K269 of domain 1, which earlier moved away from the protein core, 

are also found to be moving towards the core. 

Though the surface β9-loop does not show much change, β5-loop approaches 

towards the protein core. The structural comparison of open and closed conformations of 

HPL suggests that β5-loop needs major drift in the main chain residues of 78 to 84 and in 

the side chain of F78 [161]. The further movement of F78 towards the active site S153 

(Fig. 27A-inset) decreases its solvent exposure. Also, the side chain of F78 showed 

considerable rotation during this transition along its χ2 angle (Fig. 27B). Comparison of 

PPL with that of guinea pig pancreatic related protein 2 (GPLRP2) which has shortened 

lid and increase in semi-polar residues in the β5-loop with increase in 

hydrophilic/lipophilic ratio in the open forms suggested that the interactions between lid 

and β5-loop have major role in substrate specificity of the proteins [170]. Moreover, this 

transition also leads to loss of helices in the lid region and breaking of salt bridge between 

K240 and D248 within the lid (Fig. 27A). These changes are accompanied with trivial 

changes in domain 2 and the interface of domains. The parallel beta-sheet formed 

between the regions 225-229 and 324-328 is disrupted during this lid closure movement. 

2.5.3.3 Step 3 - S2 to S3: 41.3 ns – 42.5 ns – 43.1ns 

As shown in Fig. 26, the lid moves further towards domain 1 during this 

simulation period. This movement happens around the lid region from the residues 241 to 

255 with the loss of helicity. The major dihedral changes around Gln245, Ile 252, and 

Trp253 (Fig. 22) could be the energy barrier for this transition which twists the loop 

region of the lid and facilitates it to move further towards domain 1. It may be noted that 

the H-bonding interaction between Gln245 and Gly237 plays an essential role in 

flexibility and proteolytic-resistance of the lid in pancreatic lipases and the PLRP2s 

lacking this interaction are susceptible to proteolysis [171]. These changes might be 

associated with the side chain movements of Trp253 through rotation along its χ1 angle 

and the rotation of phenyl ring of Phe259 along its χ2 angle (Fig. 28). During these 
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transitions, the center of β9-loop also moves towards the protein core. However, the 

active site residues show less conformational changes. 

2.5.3.4 Step 4 - S3 to S4: 43.1 ns – 44.1 ns – 47.8 ns 

During this transition, the loop region of lid covering the residues from 249 to 253 

show major movements. The other regions of the protein have insignificant changes. The 

transition energy barrier, T4, may be due to the side chain movements of Ile249 and 252 

in the loop region of lid and marginal changes around Asp250 at the center of the loop 

(Fig. 22 and 23). In addition, β9-loop moves along with lid region, but no changes are 

observed around the active site region. 

2.5.4 H-bonding Interactions and Dynamics of Water 

Comparison of open and closed states of PPL suggests the presence of at least one 

water molecule, in both the cases, at the interface of the domains involved in hydrogen 

bonding with the side chains of Arg340 and Asn424 (Fig. 29A). Apart from this, the open 

state also possess two more water molecules at the interface: one of them involved in H-

bond with the amide backbone atoms of Tyr311 and Met308, and another one with the 

amide backbone of Gly283 and the side chain of Pro306 (Fig. 29C). These additional 

water molecules found at the interface might restrict the dynamics of domain 2 in PPL-O, 

thus, not altering its Rg value. In the lid region, a water molecule is found to be interacting 

with the side chain of Arg266 and the backbone of Gly331 in both the conformations. 

However, this along with two other water molecules (Fig. 29B) interacting with the side 

chains of charged residues in the lid (Glu254, Asp248 and Asp258) move away from the 

interior of lid at the early phase of simulation (within 10-20 ns) suggesting that the 

rearrangement of solvent-mediated interactions is also essential during lid closure. In case 

of PPL-Cl, it is noted that one of the active site residue, Asp177, always interacts with a 

water molecule through its side chain suggesting that this could be a stabilizing factor for 

the charged side chain of Asp177 in the closed state. 

Further, the analysis of H-bonding interactions between the residues in domain 1 

and domain 2 show that there are at least three stable H-bonding interactions exist in both 

the states: Cys300 and Asn424, Trp339 and Asp279, and Arg338 and Gly280. However, 

the open conformation possesses two additional H-bonding interactions between Asp329 

and Asp388, and Asn295 and Glu386 which could also contribute to the restrained 

dynamics at the interface of the domains, thus, limiting the changes in the hydrodynamic 

radius of PPL-O. 
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Figure 29. Selected water molecules in PPL-O: The central panel presents the water molecules 

(shown as spheres)  on lid (yellow ribbon), domain 1 (blue ribbon) and domain 2 (brown ribbon). 

Focused view of the specific regions: (A) domain-domain interface, (B) lid and (C) domain 1 region 

which is closer to lid and domain 2. 

2.5.5 Dynamics of PPL-Cl and PPL-colip  

PPL-Cl has more Rg and SASA values [166] compared to PPL-O and PPL-colip. 

This is probably due to the higher fluctuations on domain 2 along with β5-loop and on the 

interfacial region between the domains in PPL-Cl. The overall fluctuations include the 

changes around the lid region, particularly the residues which interact with colipase. The 

first eigenvector component obtained from the simulation of PPL-Cl also suggests that the 

major fluctuations are around β12-loop and a β sheet (370-374) in C-terminal domain. 

PPL-O and PPL-colip have comparable RMSD values suggesting that the open 

conformation constrained the dynamics of C-terminal residues. It could be an inherent 

property of PPL to have more fluctuations in the closed state to facilitate the binding of 

colipase whereas constrains the dynamics of domain 2 in the opened state where the 

activity is more. 

2.5.6 Dynamics of Colipase 

Major fluctuation in the colipase is found around lipase-colipase interfaces and the 

solvent exposed helix which mainly consist of hydrophobic residues. However, the 

presence of colipase has tremendously reduced fluctuations on lipase chain including the 

lid region. The residues around β9-loop and at the interface of lid and colipase show more 
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fluctuations (Fig. 24C) which essentially participate in substrate accessibility of the 

protein. The dynamics of colipase and its essential role in protein activity is further 

discueed in Chapter 4. 

2.5.7 Lid Opening Dynamics of Different Lipases 

 The sequence of mammalian pancreatic lipases (PLs) show close similarity 

and highly conserved active site region. Also, the lid, β5-loop, and β9-loop are found be 

well conserved in these proteins. PLs share common sequence and structural features with 

PLRP proteins. However, their lid regions show changes including deletions of amino 

acid residues [170]. These changes on the lid alters substrate specificity of the lipases, in 

fact, PLRP2s can accommodate phospholipid and galactolipids as their substrates. 

Besides, they show higher flexibility in lid region and no interfacial activation [167, 170, 

171]. Further, microbial lipases, which are structurally similar to the catalytic N-terminal 

domain of pancreatic lipases, show similarity in the lid conformation-dependent 

accessibility of the active site region. The studies on these proteins suggest that lid closer 

movement in aqueous environment is driven by constricting the hydrophobic face of the 

amphipilic helix of the lid towards inner core of the protein [172-174]. Though in some 

lipases the process can be considered as a rigid body movement since the secondary 

structural changes are minimal (for instance, Burkholderia cepacia lipase [174, 175]), 

other microbial lipases show major secondary structural changes during the lid closure 

(for instance, Candida rugosa lipase [176]) as observed in PPL. However, the changes 

observed in other regions are trivial in both microbial and mammalian pancreatic lipases. 

Further, the lid closure movements followed using MD simulation in microbial lipases 

show a single trajectory such as continuous rolling movement of helix 5 in Burkholderia 

cepacia and a linear motion of the lid in Candida rugosa lipases [174, 176] whereas PPL 

initially moves away from the catalytic domain and later turns back to approach closed 

conformation (video V2). 

2.6 Conclusions 

The dynamics of PPL-Cl, PPL-O and PPL-colip were followed in water using an 

all-atom force field. PPL-Cl shows large fluctuations due to domain-domain movements 

which does not alter the lid conformation significantly. In PPL-O, the domain-domain 

movement is less and the lid moved towards the closed conformational state. The lid 

movement is initially influenced by columbic interactions which moved the lid further 

away from domain 1. After, about 30 ns, the lid swirls back towards domain 1 and 

approached closed conformation. The major energy barriers during these movements are 

implied by dihedral changes on the lid residues. Rearrangements of solvent-mediated 

interactions also contribute to the lid movement. However, PPL in the presence of 

colipase shows less fluctuation. The results clearly propose that the lid closure is not a 

uni-directional movement and the polar environment could drive the lid towards closed 

conformation at ambient conditions in the absence of colipase. 
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3.1 Abstract 

Understanding the dynamics of enzymes in organic solvents has wider 

implications on their industrial applications. Pancreatic lipases, which show activity in 

their lid open-state, demonstrate enhanced activity in organic solvents at higher 

temperatures. However, the lid dynamics of pancreatic lipases in non-aqueous 

environment is yet to be clearly understood. Dynamics of porcine pancreatic lipase (PPL) 

in open and closed conformations were followed in ethanol, toluene, and octanol using 

molecular simulation methods. In silico double mutant D250V and E254L of PPL 

(PPLmut-Cl) was created and its lid opening dynamics in water and octanol were analyzed. 

PPL showed increase in solvent accessible surface area and decrease in packing density 

as the polarity of the surrounded solvent decreased. Breaking the interactions between 

D250-Y115, and D250-E254 in PPLmut-Cl directed the lid to attain open-state 

conformation. Major energy barriers during the lid movement in water and octanol were 

identified. Also, the trajectories of lid movement were found to be different in these 

solvents. Only the double mutant at higher temperature showed lid opening movement 

suggesting the essential role of the three residues in holding the lid in closed 

conformation. The lid opening dynamics was faster in octanol than water suggesting that 

non-polar solvents favor open conformation of the lid. This study identifies important 

interactions between the lid and the residues in domain 1 which possibly keeps the lid in 

closed conformation. Also, explains the rearrangements of residue-residue interactions 

during the lid opening movement in water and octanol. 

3.2 Introduction  

Water, as a universal solvent and reaction media, is used in almost all enzymatic 

reactions. In the real biological world, enzymes don’t act in isolation inside the cells. In 

fact, they are compartmentalized in various forms of microenvironments like completely 

embedded into membranes, on the surface of membranes, and in the cytosolic 

microenvironments [177, 178]. In pursuit of addressing these facts, experiments were 

carried out in organic solvents by replacing the bulk water around enzymes and 

constraining them in a comparatively smaller volume of ‘water pool’ with surfactants at 

the interfaces [179-187]. Such reverse micelle systems paved way for entirely a new 

arena of molecular enzymology. The experiments conducted in reverse micelle systems 

showed similar activity as observed in bulk water in many cases [179, 180], and even 

higher activity in certain cases [184, 185]. It was also observed that some of the enzymes 

retain their activity even at subzero temperatures in reverse micelles [182, 187]. Further, 

the activity and substrate specificity could be fine-tuned by adjusting pH, water activity 

(wo = [water]/[surfactant]), surfactants, and hydrophobic media [188-190]. 

Klibanov and co-workers showed that certain enzymes can remain entirely active 

in organic solvents [121, 122, 191]. Organic solvents as a medium for enzymatic 

reactions was not initially appreciated, because of already prevailing notion that they 
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denature proteins by weakening their hydrophobic interactions [192-194]. However, 

many enzymes were later shown to be functional in organic solvents [195-199].  Besides 

being active in organic solvent medium, enzymes also exhibit noteworthy properties like 

molecular memory, stability, tolerance toward hostile conditions, substrate specificity, 

stereo-selectivity, and regio-selectivity [121, 200, 201]. Moreover, the enzymes like 

lipases, esterases and proteases could show transesterification reactions in organic 

medium, which is of great biotechnological and industrial importance [121-123]. Though 

the use of organic solvents in enzymology is unequivocally inevitable, the structural 

dynamics of enzymes in such solvents at atomic resolution are not well investigated. Only 

limited attempts have been made to investigate the mode of action of enzymes in non-

aqueous solvents using molecular dynamics simulation [175, 176, 202-211].  

Lipase is one of the most widely used enzymes in industries [124, 125]. However, 

the solvent- and temperature-dependent activity and substrate specificity of lipases, 

particularly of mammalian pancreatic lipases are less understood [121, 123, 200]. The 

active state of pancreatic lipases is generally determined by the conformation of lid 

(open-active or closed-inactive) which could be influenced by different solvent and 

temperature conditions [176, 202]. The present study uses porcine pancreatic lipase (PPL) 

as a model to examine the structural changes acquired by PPL, particularly its lid region, 

in different organic solvents. The results highlight the major interactions stabilizing the 

closed conformation of lid. Also, the lid opening trajectory of PPL from its closed 

conformation is analyzed in water and octanol. 

3.3 Experimental Methods 

Molecular dynamic (MD) simulations of PPL in open (PPL-O) and closed (PPL-

Cl) conformations were carried out in four different solvent conditions, ethanol, toluene, 

octanol, and octanol with water molecules found in the crystal structure of PPL having 

PDB id 1ETH (octanol + crystal-water), following the protocol mentioned in Chapter 2. 

Topologies of the organic solvents were obtained from the virtual chemistry database 

[212, 213]. An in silico double mutant of PPL-Cl was created by replacing the residues 

Asp250 and Glu254 with Val and Leu, respectively in PyMOL 1.3 [155]. The mutant 

protein (PPLmut-Cl) was energy minimized using OPLS-AA force field. Further, MD 

simulations of PPL-Cl and PPLmut-Cl were performed at 400 K in water and octanol. A 

list of all the simulations is given in Table 1. The packing density of the structures were 

calculated by implementing Voronoi cell, an algorithm which creates atomic volumes by 

constructing hyperboloid interfaces [214]. The diffusion coefficients of PPL under 

different solvent conditions were calculated by applying corresponding mean square 

displacements in the Einstein relation [215]. The conformational entropies of the proteins 

were calculated by implementing the quasi-harmonic approximation of the eigenvectors.  
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S.No Simulation description Abbreviation Time (ns) 

1 PPL-colipase (open conformation) in water PPL+colip 50 

2 PPL-open conformation in water   

  

PPL-O 

50 

3 PPL-open conformation in ethanol 50 

4 PPL-open conformation in toluene 50 

5 PPL-open conformation in octanol 50 

6 PPL-open conformation in octanol+crystal-water 50 

7 PPL-closed conformation in water   

  

PPL-Cl 

50 

8 PPL-closed conformation in ethanol 50 

9 PPL-closed conformation in toluene 50 

10 PPL-closed conformation in octanol 50 

11 PPL-closed conformation in octanol+crystal-

water 

50 

12 PPL-closed conformation in water† 50 

13 PPL-closed conformation in octanol† 50  

14 PPL-mutant-closed conformation in water   

  

PPLmut-Cl 

50 

15 PPL-mutant-closed conformation in ethanol 50 

16 PPL-mutant-closed conformation in toluene 50 

17 PPL-mutant-closed conformation in octanol 50 

18 PPL-mutant-closed conformation in water† 50 

19 PPL-mutant-closed conformation in octanol† 50 

†simulations carried out at 300 and 400 K.  

3.3.1 Convergence and Comparison of PPL Simulation 

Essential dynamics (ED) method [216] filters out anharmonic motions (essential 

subspace) from near constraint motions (near constraint subspace) in a molecular 

dynamics trajectory. Essential subspace is defined by eigenvectors with higher 

eigenvalues which could capture the highest fluctuations. Here, we performed principle 

component analysis (PCA) in the Cartesian (cPCA) as well as dihedral (dPCA) coordinate 

spaces to characterize essential dynamics. Further, root mean square inner product 

(RMSIP) [217] of eigenvectors was used to compare the simulation of the PPL in 

different conditions. For individual PPL simulations, the RMSIP of first ten eigenvectors 

of each trajectory was used to compare the essential subspace. Two subparts of the 

simulation were subjected to RMSIP for calculating the convergence of sampled 

conformations, both in Cartesian and dihedral essential subspace. The value approaching 

Table 1.  Index of all the Simulations  
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one would indicate that the simulation is more converged.  To evaluate the overlap 

between two different trajectories, essential subspaces obtained from first ten EVs of two 

different simulations were subjected to RMSIP. If the simulations are similar, the value 

approaches one. 

3.4 Results 

3.4.1 Dynamics of PPL in Non-Aqueous Solvents 

The effect of solvent polarity on the lid dynamics of PPL was monitored using 

MD simulation of the protein in open and closed conformations in three different non-

aqueous solvents: ethanol, octanol and toluene, and in octanol + crystal-water. Root mean 

square deviation (RMSD) of Cα-atoms of PPL in closed conformation (PPL-Cl) in 

different solvents is presented in Fig. 1A. The RMSD values indicated that the overall 

fluctuations were higher in non-aqueous solvents compared to water at the initial phase of 

simulations. Even the inclusion of crystal water in non-aqueous environment did not 

affect the fluctuation. However, RMSD values increased in the presence of water and 

ethanol after 25 ns. Comparison of this with RMSD values of PPL in open conformation 

(PPL-O) suggested that there were only small amplitude fluctuations except in water and 

toluene (Fig. 1D). In toluene, there was a significant increase in the fluctuations at the 

early time scale whereas RMSD of PPL-O in water increased at different stages as 

discussed in previous chapter. 

Change in radius of gyration (Rg) of PPL-Cl and PPL-O in different solvents were 

monitored (Fig. 1B and 1E). The results showed that in non-aqueous solvents Rg values 

were lesser than water except in the case of ethanol. Further, Rg of PPL-Cl was higher 

than PPL-O in all the solvent conditions. In order to understand the contribution of 

individual residue fluctuation in the overall dynamics of the protein, root mean 

fluctuations of Cα atoms were calculated for both PPL-Cl and PPL-O (Fig. 1C and 1F). In 

case of PPL-Cl, more fluctuations were observed in the presence of water and ethanol 

particularly on the residues in domain 2. However, in case of PPL-O the maximum 

fluctuations were observed in the presence of toluene among all the non-aqueous 

solvents. 
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Figure 1. Changes in RMSD, radius of gyration, and RMSF of PPL-Cl (A-C) and PPL-O (D-F) in 

water (black), ethanol (red), octanol (green), toluene (yellow), and octanol + crystal-water (purple) 

calculated from 50 ns of MD simulation. 

3.4.2 Solvent Dynamics Around PPL  

To examine the dynamics of different solvents around PPL, the radial distribution 

function (g(r)) of the solvent from the protein heavy atoms were calculated (Fig. 2). 

Water, ethanol, and octanol showed the first maxima around 0.275 nm, though there were 

differences in their density. Toluene showed the first maximum at longer distance i.e. 

around 0.4 nm. Diffusion coefficient of PPL in different conditions were evaluated using 

gromacs tool [215] (Table 2). The values, in general, decreased with increase in the size 

and decrease in the polarity of solvents. Moreover, in all the solvent conditions, PPL-Cl 

showed higher diffusion than PPL-O. 
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Figure 2. Radial distribution function of solvent molecules calculated by distance between heavy 

atoms of the protein and solvent atoms for PPL-Cl (A) and PPL-O (B) in water (black), ethanol 

(red), octanol (green), toluene (yellow), and octanol + crystal-water (purple). 

Solvent  

(dielectric constant & radius in Å) 

Diffusion Constant 

(1x10-7 cm2/s) 

PPL-Cl PPL-O 

Water (80 & 1.4) 7.04±0.19 5.15±0.01 

Ethanol (24.3 & 2.3) 3.37±0.09 2.92±0.06 

Toluene (2.3 & 2.7) 3.84±0.04 3.82±0.07 

Octanol (10 & 3.4) 0.01848±0.0026 0.01645±0.0036 

Octanol + crystal-water 0.01494±0.0032 0.05159±0.0014 

Further, solvent accessible surface area (SASA) of PPL was calculated in different 

solvents (Fig. 3A-B). In polar solvents, water and ethanol, PPL showed higher solvent 

accessibility than in non-polar solvents. It was also noted that PPL-Cl had higher SASA 

values compared to PPL-O in polar solvents. Packing density of PPL in different solvent 

environments were also calculated (Fig. 3C-D). In the presence of water and ethanol, PPL 

had lower packing density whereas in the presence of octanol and toluene the protein 

showed higher packing density. It was also observed that the open conformation of PPL 

was densely packed than the closed conformation in the respective solvent conditions. 

Table 2. Diffusion coefficient of PPL in different solvent environments 
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Figure 3. SASA and packing density of PPL-Cl (A and B) and PPL-O (C and D) calculated in 

different solvents: water (black), ethanol (red), octanol (green), toluene (yellow), and octanol + 

crystal-water (purple). 

Conformational entropy 

derived for PPL-Cl and PPL-O (Fig. 4) 

in different solvents suggested that 

PPL-Cl had slightly higher entropy 

than PPL-O except in the case of 

toluene. Among all the solvents, the 

protein’s conformational entropy was 

high in the presence of water. As the 

polarity of solvent decreased, the 

conformational entropy of PPL was 

decreased. The addition of crystal 

waters along with octanol decreased 

the conformational entropy of PPL-Cl 

whereas it did not affect PPL-O. 

3.4.3 Dynamics of PPLmut-Cl in 

Non-aqueous Solvents 

Understanding the conformational changes involved during the opening of lid in 

different solvents would assist to engineer the protein for higher activity and substrate 

specificity. However, the simulations carried out here did not show any lid opening 

 

Figure 4.  The conformational entropy of PPL-Cl 

(black bars) and PPL-O (red bars) in different 

solvent conditions: water, ethanol, toluene, octanol, 

and octanol + crystal-water (labeled as octanolʹʹ). 

PPL+colip-O is presented at left extreme for reference 

(marked with *). 
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movement in any of the solvent conditions. Therefore, we performed the simulations at 

slightly increased temperatures which can enhance the conformational search space [218, 

219]. The higher temperature simulations carried out at 333 K and 353 K suggested that 

there was a marginal increase in RMSF values (Fig. 5), however, it could not initiate lid 

opening (Fig. 6).  Comparison of the interactions formed between the residues in N-

terminal domain and in lid region showed that D250 forms H-bond with Y115 which was 

stable in most of the solvent conditions even at 353 K (Fig. 7). Also, E254 formed H-

bond interaction with D250 in the closed conformation of PPL which was not found in 

the open conformation. Therefore, we constructed an in silico double mutant of PPL with 

D250V and E254L (PPLmut-Cl) to remove these interactions and to initiate the lid 

opening. The molecular dynamics of PPLmut-Cl in closed state in different solvents were 

carried out for 50 ns each. The preliminary analysis of the resultant MD trajectories is 

presented in Fig. 8. The RMSD changes suggested that the overall fluctuations of residues 

in PPLmut-Cl were less except in the presence of ethanol. The Rg values also corroborated 

with this. Analysis of RMSF of individual residues suggested that the major fluctuations 

observed in PPLmut-Cl were around domain 2 of the protein in water, toluene and octanol. 

In ethanol, the lid region of the protein also showed relatively larger fluctuations. 

However, comparison of initial and final structures extracted from MD simulations (Fig. 

9) suggested that these conformational changes did not initiate the opening of lid in 

PPLmut-Cl. 

   

Figure 5. RMSF value of residues in PPL-Cl calculated from the MD simulations carried out at 

333 K (A) and 353 K (B) in water (black), ethanol (red), octanol (green) and toluene (yellow).  

PPL-Cl at 353 KPPL-Cl at 333 K

A B
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Figure 6. The initial (green) and final (blue) structures of PPL-Cl as obtained from the MD 

simulations carried out in water (A-C), and in octanol (D-F) at 300 K (A & D), 333 K (B & E) and 

353 K (C & F). The initial and final conformations of the residues D250, E254, and Y115 is 

presented in cyan and red colors, respectively as stick models. N-terminal of the protein chain is 

marked as N-t for reference.  

                               

Figure 7. Existence of hydrogen bond between D250 and Y115 during the simulation of PPL-Cl in 

different solvent and temperature conditions. 
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Figure 8. Changes in RMSD (A), radius of 

gyration (B), and RMSF (C) of PPLmut-Cl in 

water (black), ethanol (red), octanol (green), 

and in toluene (yellow) calculated from MD 

simulations run at 300 K. 

 

 

      

Figure 9. Structures of PPLmut-Cl extracted at different time intervals, 0 ns (red), 30 ns (blue), and 

50 ns (green) during MD simulations run at 300 K in water (A), ethanol (B), toluene (C) and octanol 

(D).  
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Figure 10. Changes in RMSD, radius of 

gyration, and RMSF values calculated from 

MD simulations run at 400 K for wild type 

PPL-Cl in water (brown) & octanol (olive) and 

PPLmut-Cl in water (orange) & octanol (green). 

     

Figure 11. Structures extracted from MD simulations carried out at 400 K for PPL-Cl in water (A) 

& octanol  (B), and  PPLmut-Cl in water (C) & octanol (D) at different time intervals, 0 ns (red), 30 

ns (blue), and 50 ns (green). 

The lid in closed conformation, even after the removal of stabilizing interactions, 

suggested that there could be still some local energy barriers. Hence, we carried out the 

simulation of PPLmut-Cl at elevated temperature to enhance the conformational search 

space [219].  These simulations were performed on PPL-Cl and PPlmut-Cl in water and in 
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a non-aqueous solvent (octanol) at 400 K to identify major conformational changes. The 

RMSD of PPL-Cl in water and octanol showed larger changes at the initial period of the 

dynamics which later reached relatively stable states (Fig. 10). However, the Rg value of 

PPL-Cl was not significantly altered in these conditions suggesting constrained global 

changes in the protein (Fig. 10). The noise in the data could be attributed to the increase 

in simulation temperature. At the same time, PPLmut-Cl in water and octanol showed a 

gradual increase in their RMSD values along with slight increase in their Rg values as 

well. Comparing these changes with individual residue fluctuations suggested that the 

major fluctuations observed in PPL-Cl correspond to the atomic motions around domain 2 

whereas in PPLmut-Cl the major fluctuations could be found around the lid region (Fig. 

10). Further, the structures of PPL-Cl and PPLmut-Cl extracted from different time points 

during the simulation clearly indicated that PPLmut-Cl at elevated temperature initiated the 

opening of lid, in the presence of both water and octanol, whereas such changes in the lid 

region were not observed in PPL-Cl (Fig. 11). 

                       

Figure 12. (A&B) SASA and packing density calculated from MD simulations run at 300 K for 

PPLmut-Cl in water (black), ethanol (red), octanol (green), and toluene (yellow). (C&D) SASA 

and packing density calculated from MD simulations run at 400 K for wild type PPL-Cl in water 

(brown) & octanol (olive) and PPLmut-Cl in water (orange) & octanol (green). 

SASA values were calculated for PPLmut-Cl in different solvents at room 

temperature and at 400 K. PPLmut-Cl in water and ethanol showed higher SASA values 

than in toluene and octanol as it was observed in PPL-Cl (Fig. 12). Moreover, at higher 

temperature PPL-Cl (Fig. 12) showed increase in SASA values compared to room 

temperature. This might be due to the larger fluctuations observed around domain 2 of the 

protein at 400 K which was evident from increased RMSF values of the residues in 

domain 2. The SASA value of PPL-Cl was similar to PPLmut-Cl in water at 400K, though 

the lid opening dynamics was observed in the case of PPLmut-Cl. However, in the 
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presence of octanol PPLmut-Cl showed increase in SASA value than PPL-Cl at 400 K 

which could be attributed to the lid opening movements in PPLmut-Cl (Fig. 11). 

3.4.4 Comparison of All the Simulations 

In order to verify whether the simulations run under different solvent and 

temperature conditions (Table 1) sufficiently represent the possible fluctuations and the 

variations, the first ten eigenvectors were calculated from Cartesian-PCA for each 

simulation. The results clearly indicated that first few eigenvectors could cover at least 

60-80% of the overall dynamics (Fig. 13). Further, to ensure that the time period of 

simulation covered the essential subspace of large amplitude fluctuations, the root mean 

square inner product (RMSIP) for each simulation were calculated using the first ten 

eigenvectors (Table 3) obtained from both Cartesian- (cPCA) and dihedral- (dPCA) 

PCAs. In almost all the cases, the values of RMSIP were greater than 0.5 this indicated 

that the simulation time was sufficient enough to reflect the major fluctuations both in 

Cartesian and dihedral subspaces (Table 3). 

          

Figure 13. The cPCA of PPL in organic solvents: The percentage of fluctuation (-o-) and 

eigenvalues (---) of PPL-Cl (black) and PPL-O (red) in ethanol (A), octanol (B), toluene (C) and 

octanol + crystal-water (D).   
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Moreover, the RMSIP were calculated between the simulations carried under 

different conditions using the first ten eigenvectors obtained from cPCA and dPCA as 

well (Table 4). The lower values (≤ 0.4) suggested that the dynamics of PPL under 

different solvent conditions are significantly different. In other words, the major changes 

under these solvent conditions could be identified from the time-space used for the 

simulations. It was also noted that the RMSIP of dPCA showed higher dissimilarity 

among the simulations. 

Table 3. RMSIP calculated using the first ten eigenvectors 

Variants Cartesian space Dihedral space 

PPL
+colip 

(water) 0.612 0.590 

PPL-O (water) 0.523 0.509 

PPL-Cl (water) 0.463 0.537 

PPL-O (ethanol) 0.493 0.550 

PPL-Cl (ethanol) 0.521 0.555 

PPL-O (toluene) 0.698 0.616 

PPL-Cl (toluene) 0.688 0.564 

PPL-O (octanol) 0.594 0.637 

PPL-O (ocatnol + crystal-water) 0.569 0.619 

PPL-Cl (octanol) 0.546 0.593 

PPL-Cl (octanol +crystal-water) 0.595 0.613 
 

Table 4. RMSIP between the simulations calculated using the first ten eigenvectors¶ 

of PPL in different solvents§  

 A B C D E F G H I J K 

A - 0.299 0.186 0.413 0.196 0.350 0.213 0.358 0.371 0.192 0.197 

B 0.485 - 0.158 0.299 0.152 0.237 0.143 0.194 0.197 0.119 0.111 

C 0.420 0.397 - 0.210 0.437 0.169 0.301 0.152 0.150 0.242 0.244 

D 0.427 0.411 0.386 - 0.221 0.354 0.203 0.330 0.315 0.177 0.174 

E 0.406 0.377 0.402 0.382 - 0.184 0.345 0.174 0.171 0.280 0.282 

F 0.369 0.356 0.338 0.353 0.342 - 0.168 0.259 0.248 0.147 0.144 

G 0.358 0.348 0.347 0.353 0.350 0.329 - 0.228 0.223 0.338 0.355 

H 0.436 0.402 0.378 0.401 0.389 0.367 0.354 - 0.392 0.217 0.235 

I 0.433 0.406 0.373 0.410 0.375 0.349 0.338 0.418 - 0.215 0.231 

J 0.335 0.325 0.334 0.328 0.352 0.303 0.325 0.332 0.318 - 0.344 

K 0.383 0.362 0.381 0.358 0.399 0.333 0.346 0.385 0.376 0.339 - 
¶ Plain and grey shaded values were calculated from eigenvectors obtained from Cartesian and 

dihedral spaces, respectively.  
§ A, PPL+colip (water); B, PPL-O (water); C, PPL-Cl (water); D, PPL-O (ethanol); E, PPL-Cl 

(ethanol); F, PPL-O (toluene); G, PPL-Cl (toluene); H, PPL-O (octanol); I, PPL-O (octanol + 

crystal-water); J, PPL-Cl (octanol); and K, PPL-Cl (octanol +crystal-water). 
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3.4.5 Free Energy Surface of PPLmut-Cl and Lid Opening Dynamics 

    

Figure 14. Free energy landscape of PPLmut-Cl in water (A) and octanol (C) constructed by 

projection of corresponding first eigenvectors of dPCA against cPCA with the trajectory of 

movement in black lines. The most probable pathway with major transitions in water (B) and 

octanol (D) are identified. The Gibbs energy (in kJ/mol) changes along the reaction coordinates 

calculated in water and octanol are shown as insets in the respective panels. The color codes 

represent the energy levels. 

The major conformational changes which led to opening of the lid in PPLmut-Cl at 

400 K in water and octanol were investigated by construction of free energy surface 

(FES) from their respective MD trajectory. The FES in both the solvents were derived by 

projection of first eigenvectors of cPCA and dPCA as the coordinates (Fig. 14). The 

structures representing energy minima were identified around 8.5, 21.9, and 48.0 ns (S0, 

S1 and S2, respectively) and energy maxima were identified around 18.4 and 35.0 ns (T1 

and T2, respectively) along the simulation trajectory in water. Similarly, minima (S0, S1, 

and S2 at 3.5, 23.5, 46.2 ns, respectively) and maxima (T1 and T2 at 17.8 and 25.9 ns, 
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respectively) were identified in octanol also. In order to get more insight on the 

interactions, the existence of hydrogen bonds between the lid and rest of the protein were 

also analyzed (Fig. 15-17). 

          

Figure 15. Existence map of H-bond interactions of lid residues with other residues in the protein 

during the simulation of PPL-Cl in water at 300 K. The presence of H-bond interactions are shown 

in red and the blank spaces represent the absence. The list of interacting partners are given in 

Appendix A1. 
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Figure 16. Existence map of H-bond interactions of lid residues with other residues in the protein 

during the simulation of PPLmut-Cl in water at 400 K. The presence of H-bond interactions are 

shown in red and the blank spaces represent the absence. The list of interacting partners are given 

in Appendix A2. 
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Figure 17. Existence map of H-bond interactions of lid residues with other residues in the 

protein during the simulation of PPLmut-Cl in octanol at 400 K. The presence of H-bond 

interactions are shown in red and the blank spaces represent the absence. The list of interacting 

partners are given in Appendix A3. 
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3.5 Discussion 

3.5.1 Basic Trajectory Analysis 

The dynamics of PPL was followed in water and three non-aqueous solvent 

conditions in both closed and open states to probe solvent-induced conformational 

changes at atomistic-detail. The results show that PPL in water and ethanol has more 

fluctuations in both closed and open conformations. Except in the case of PPL-O in water 

(previous chapter), in all other conditions the major fluctuations are observed in domain 

2, particularly around the surface-exposed β5' loop. The distance between two domains of 

PPL calculated in these conditions clearly indicates that the increased RMSD could be 

attributed to the domain movements rather than any major conformational changes 

around the lid region (Fig. 18). Thus, these conformational changes could not transfer 

PPL-Cl to PPL-O or vice versa. Also, in the case of PPL-O in toluene, the domain 

movements contributed for the increase in fluctuations around domain 2. This was 

evident from the changes observed in Rg and SASA values for PPL-O in toluene (Fig. 1 

and 3). In the presence of octanol, the dynamics of both PPL-Cl and PPL-O are reduced; 

even inclusion of the water molecules (octanol + crystal-water) could not increase the 

flexibility. These observations are supported by the changes observed in Rg and SASA 

values. The packing density of the protein in different solvents also complements these 

observations. PPL in the solvents with higher SASA has lower packing density (Fig.  3C-

D). Moreover, the conformational entropy of PPL predicts that the open state has 

constrained motions compared to the closed state in all the solvents, except in the case of 

PPL-O in toluene where domains are moving closer to each other during the simulation 

time. It is also notable that the conformational entropy decreases with decreasing polarity 

of the solvent and even the inclusion of crystal water molecules in the presence of octanol 

did not increase the entropy. These results suggest that the protein flexibility is globally 

restrained, as polarity of the solvent decreases. 

Though PPL-O could show lid closing movement in water, the lid opening 

movements are not observed for PPL in any of the solvents at ambient conditions.  To 

further explore the conformational changes involved during the lid opening, dynamics of 

a double mutant of PPL (D250V and E254L) in closed conformation was studied in all 

the four solvents at ambient conditions. Comparison of RMSD and Rg values of PPLmut-

Cl (Fig. 8) with PPL-Cl suggests that the overall fluctuations (RMSD) are not 

considerably altered by the mutation in water, toluene and octanol. Only in ethanol, 

increase in RMSD and radius of gyration could be noticed. The RMSF values of PPLmut-

Cl propose that the observed increase in fluctuations might be due to the changes around 

the lid region of the protein in ethanol. However, these changes could not initiate lid 

opening of PPLmut-Cl (Fig. 9). 
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Figure 18. Distance between domain 1 and domain 2 during the simulations run at 300K for (A) 

PPL-Cl, (B) PPL-O, and (C) PPLmut-Cl in water (black), ethanol (red), octanol (green), toluene 

(yellow) and octanol with crystal water (blue). (D) Domain-domain distance during the simulations 

run at 400K for PPL-Cl in water (brown) & octanol (olive) and for PPLmut-Cl at 400K in water 

(orange) & octanol (green). 

In order to facilitate the lid opening movements of PPL-Cl, MD simulation was 

performed at elevated temperature (400 K) in two extreme solvent conditions, i.e., in 

water and in octanol. The RMSD of PPL-Cl shows increase in water, but not in octanol 

(Fig. 10). The increased RMSD in water might be due to the fluctuations around lid 

region and domain 2 which is evident from RMSF values of corresponding amino acids 

(Fig. 10). However, these conformational changes could not lead to lid opening (Fig. 11 

A-B).  These results suggest that even at higher temperature, the interactions between 

D250-Y115, and D250-E254 do not allow the lid opening in PPL-Cl (Fig. 6 and 7). 

Therefore, the dynamics of double mutant of PPL-Cl (PPLmut-Cl) was carried out at 400K 

in water and octanol which showed movement of lid from its closed conformation 

towards open conformation (Fig. 11C-D). At higher temperature, PPLmut-Cl shows slight 

decrease in RMSD in water whereas in octanol it marginally increases. In water, Rg and 

SASA values are not altered by mutation whereas Rg increases in octanol (Fig. 10). 

Comparing these results with RMSF values suggest that PPL-Cl in water possesses more 

flexibility around domain 2 and at the region connecting the lid with domain 2, which are 

highly constrained in the open conformation of the protein. Major fluctuations are found 

in the regions around helix 12 and the loop connecting helix 13 with sheet 11 which are at 

the bottom of the lid along with the loop at the end of C-terminal domain of the protein. 
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These fluctuations could increase RMSD and Rg values of PPL-Cl. At the same time, the 

dynamics of domain 2 is highly restrained in octanol. 

In case of PPLmut-Cl, most of these fluctuations are reduced and Rg and SASA 

values are comparable to PPL-O (Fig. 10). However, the mutations led to increased 

fluctuations around G114 (N-terminal cap of helix 4) which interacts with the side chain 

of D250 and the region around the C-terminal cap of helix 4 probably due to loss of 

helicity.  In octanol, PPLmut-Cl shows maximum fluctuations around the loop connecting 

the domains and the residues at the end of C-terminal. At higher temperature, the major 

fluctuations are noted around helices 3 and 4, particularly on Gly residues (19, 82, 110 

and 141) along with the lid region. Further, the mutation caused larger residue 

fluctuations on PPLmut-Cl in octanol compared to water which resulted in increase in Rg 

and SASA values of PPLmut-Cl in octanol at higher temperature. 

3.5.2 Lid opening Dynamics of PPLmut-Cl in Water 

From the projection of first eigenvector of dPCA against cPCA obtained from MD 

trajectory of PPLmut-Cl at 400 K, at least three minimal energy conformations were 

identified. The conformational changes between these transitions were analyzed (Fig. 14 

A and B). 

3.5.2.1  Step 1 - SO –T1- S1: (8.5 ns – 17.1 ns – 18.3 ns) 

The initial conformation of PPLmut-Cl shows significant changes at the earlier 

stages of the simulation. This could be attributed to increase in simulation temperature 

introduced during production simulation. The further changes are examined from the first 

minimal energy state, S0 which is around 8.4 ns. The initiation of lid movement probably 

starts with the loss of hydrogen bond between Asp248 on the lid and Arg23 on domain 1 

which could be the major energy barrier between S0 and T1. This leads to movement of 

the strands at N-terminal end away from the lid which is supported by movements of 

(cap) residues in helix 3 and helix 4. However, β5-loop simultaneously moves along with 

the lid during the first step. This could be due to the strong interactions between Lys81 on 

the loop and Asp258 on the lid and the possible interaction between Asp258 with Arg112 

which is spatially nearer to β5-loop and lid. During these movements at the top of the lid, 

conformational changes at the neck of the lid are also observed, particularly loss of 

hydrogen bonds between Pro212 and S244 of lid. These changes are associated with 

small conformational changes at the loop connecting two domains and other loop regions 

on both the domains. 

3.5.2.2 Step 2- S1 to S2: (18.3 ns – 26 ns – 35 ns) 

The further lid movement is probably facilitated by breaking the salt bridge 

between K81 and D258. As this energy barrier is crossed (T2), the lid moves further away 
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from domain 1 and reaches more opened conformation. These changes are accompanied 

by conformational transitions around the helices 3 and 4 and the loop region connecting 

these helices. It is also observed that these conformational transitions are accompanied by 

loss of hydrogen bonding interaction between Asn295 and Ser384 at the interface of the 

domains. 

3.5.3 Lid opening Dynamics of PPLmut-Cl in Octanol 

Using the first eigenvectors of dPCA and cPCA, derived from MD trajectory of 

PPLmut-Cl in octanol at 400 K, FES was constructed. From the FES, at least three minimal 

energy conformations were identified and the transitions between these states were 

analyzed (Fig. 14C-D). 

3.5.3.1 Step 1- S0 to S1- SO –T1- S1: (3.5 ns – 18 ns – 23.5 ns) 

The first minimal energy conformation of PPLmut-Cl is identified around 3.5 ns.  

In the first major transition, the polar interaction of Asp85 with Arg92 is lost and it 

establishes an interaction with Arg265 which is nearer to the terminal of lid. Moreover, 

Lys81 which is part of β5-loop forms polar interaction with Asp258 on the lid. These 

interactions moved the lid away from domain 1 along with the loss of interaction between 

Glu188 and Arg191 in the β-turn surrounding the active site.  This is associated with the 

movement of β2-loop and helix 1 at N-terminal region. A large amplitude fluctuation is 

also found on domain 2 and the interfacial residues between the domains. 

3.5.3.2 Step 2- S1 to S2: (23.5 ns – 26 ns – 46 ns) 

During this transition, the lid moves further away from domain 1 which is 

facilitated by loss of polar interaction between Glu83 on β5-loop and K269 at helix 11 

which is part of the lid domain. However, the interaction between Lys81 and Asp258 is 

found to be intact during these conformational changes. These observations suggest that 

the rearrangements of interactions between β5-loop and the terminal region of the lid 

plays vital role in lid opening dynamics of PPLmut-Cl. 

3.5.4 Comparison of Lid Opening Pathways in Water and Octanol. 

Mutation and the raise in temperature altered the conformation of PPL-Cl in water 

and octanol. In water, major conformational changes are observed around the lid region 

including the loss of helical structures and movement of lid and β2-loop closer to each 

other. In case of octanol, major conformational changes occur around the lid and domain 

2. Also, the lid opening pathway is found to be different in both the cases. Disruption of 

polar interaction between R23 and D248 was the major initial conformational barrier in 

water; however, the interaction between D85 and R92 is identified to be the major barrier 

in octanol. Further, K81 loses its interaction with D258 in water during the lid opening 

whereas in octanol this interaction is relatively stable during the dynamics. Notably, β10-
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loop connected to the N-terminal of lid does not show much conformational changes 

during the lid opening whereas the helix connected to the C-terminal of lid shows large 

fluctuations in octanol, but not in water.  The extent of lid opening, measured as a 

distance between tip of the lid (residues 250-254) and the active site triad, suggests that 

the lid opening movement is larger in octanol than in water (Fig. 19). 

                                    

Figure 19. Distance of the tip of lid (residues 250-254) from the active site triad during the 

simulation of PPLmut-Cl at 400 K in water (orange) and octanol (green). 

3.5.5 Active Site Conformation in Different Solvent Conditions. 

The conformational changes of residues belong to the active site triad, in PPL 

during different simulations, were examined by extracting their side chain conformations 

at the interval of every 10 ns (Fig. 20) and the distribution of backbone and side chain 

dihedral angles (Fig. 21). The dihedral angles of active site residues are altered in the 

cases of PPLmut-Cl at 400 K and PPL+colip-O, otherwise in all the other conditions they are 

not affected. In case of PPL+colip-O, only the side chain dihedral angles of Ser153 and 

His264 are different from other conditions whereas in PPLmut-Cl  at 400 K the backbone 

dihedrals of Ser153 are altered. However, the difference in conformations of active site 

residues in closed and open conformations are minimal. This suggests that during lid 

opening movement backbone dihedrals of active site residues may be slightly altered; 

however, as PPL reaches completely open state, they would attain the similar 

conformations as in the closed state. 
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Figure 20. Conformational changes of active site residues Ser153, Asp177, and His264 during 

the simulation of PPL-O monitored at the interval of each 10 ns in ethanol (blue), octanol 

(magenta), and octanol + crystal-water (cyan). Also, for PPLmut-Cl in octanol at 400 K (olive) 

and PPL+colip-O in water at 300 K (red) are presented. 

                  

Figure 21. Distribution of backbone (phi and psi) and side chain (chi1 and chi2) dihedral 

angles of active site residues Ser153, Asp177 and His264 during MD simulation of PPL+colip-O 

in water (red), PPL-O in ethanol (blue), PPL-O in octanol (magenta), PPL-O in octanol + 

crystal-water (cyan), and PPLmut-Cl in octanol at 400 K (olive). 
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3.5.6 Mechanism of Lid Closure in Different Lipases. 

To the best of our knowledge, this is the first atomistic-level study on lid opening 

mechanism of a pancreatic lipase. However, the lid opening movements of microbial 

lipases which also have lid conformation-dependent activity and same structural features 

as N-terminal domain of PPL have been studied using MD simulation. In general, the 

studies have shown that the lid moves towards open conformation in the presence of non-

polar solvents and at oil/water interfaces [176, 208, 209]. In some lipases, such as from 

Candida Rugosa, slight opening of lid in water is also observed [176]. It is also found 

from both experimental and computational studies that the extent of opening and the 

stability of lid vary with solvent polarity [176, 207-210]. Further, disruption of salt 

bridges between the charged residues are found to be the major factor at the initial 

movements of lid opening in most of the lipases [175, 210, 211], as observed here in the 

case of PPL as well. Though some of the lipases, such as Rhizomucor miehei, show rigid-

body movement [176], Yarrowia lipolytica [208],  Candida rugosa [176], and 

Burkholderia cepacia [175] lipases undergo large conformational changes and formation 

of new interactions during lid opening which are not found in either of the extreme 

conformations. These results suggest that even the lipases with very close sequence and 

structural similarity might adapt different lid opening pathways. 

3.6 Conclusion 

MD simulation of PPL was carried in water, ethanol, octanol, toluene and octanol 

+ crystal-water to monitor the lid movement. In all the cases, the fluctuations observed 

around the lid region were minimal. Though major fluctuations were noted on PPL-Cl in 

the presence of water and ethanol which was associated with increase in Rg and SASA 

values, it could not induce the lid opening movement. Also, larger conformational 

changes were noted on PPL-O in toluene mostly due to domain-domain movement. To 

further explore the lid opening conformation of PPL-Cl, simulations were carried out at 

higher temperature (400 K), however, it could not result in lid opening movement. 

Having broken the interactions between D250-Y115, and D250-E254 by a double mutant 

(PPLmut-Cl) and raising the simulation temperature to 400 K, significant conformational 

changes were observed around the lid region which was moving away from domain 1 in 

water and octanol. The analysis of FES of these simulations suggested that the lid 

opening pathway in water and octanol are not similar. Also, the lid was found to be in 

more open conformation in octanol compared to water suggesting that non-polar 

environment could facilitate lid opening dynamics compare to aqueous environment. 
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4.1 Abstract 

Mammalian pancreatic lipases require bile salt along with colipase for optimum 

catalysis. Bile salt is also known to activate the pancreatic lipases in the absence of 

colipase at very low concentration. Near and above the micellar concentrations, bile salt 

inhibits the activity which can be reverted back by colipase. All atom molecular dynamics 

simulation has been implemented to study the role of monomeric and micellar sodium 

taurocholate (NaTC, bile salt) in the stabilization of the active state of porcine pancreatic 

lipase (PPL). An exposure of hydrophilic residues was noted at sub and supra-micellar 

concentration of NaTC. At supra-micellar concentration of NaTC, colipase showed 

considerable decrease in radius of gyration and the hydrophilic solvent accessible surface 

area. Monomeric and oligomeric NaTC were present throughout the surface of the protein 

and the complex. Micellar aggregates were either in solvent or interacting to rear side of 

the colipase. Lid was prevented from denaturation at all concentration of NaTC and 

maximum stabilization was observed in lipase-colipase complex at supra-micellar 

concentration. By superposing the structures along with NaTC with respect to each other, 

a plausible model was generated. Lipase-colipase complex makes a hydrophobic plateau, 

which includes hydrophobic tip of colipase fingers, lid in the open conformation and a 

few residues of the N-terminal domain of PPL. The hydrophobic plateau might be 

efficient substrate binding site. The growth of the micellar aggregate at the rear side of the 

fourth finger of the colipase might provide additional stability to the complex. The C-

terminal was not found close enough to the micelle, hence its role in stabilizing the 

complex could not be affirmed with NaTC as bile salt. 

 

 

 

Abbreviations used in the chapter: 

 NaTC, Sodium taurocholate; TcL, NaTC at low concentration; TcH, NaTC at high concentration; 

PPL, Porcine pancreatic lipase in the absence of colipase and NaTC; PPL+colip, Lipase-colipase 

complex in the absence of NaTC; PPL+TcL, Lipase in the presence of TcL; PPL+TcH, Lipase in the 

presence of TcH; Colip, Colipase in the absence of NaTC and lipase; Colip+TcL, Colipase in the 

presence of TcL; Colip+TcH, Colipase in the presence of TcH; PPL+colip+TcL, Lipase-colipase 

complex in the presence of TcL; PPL+colip+TcH, Lipase-colipase complex in the presence of TcH; 

PPL-colip, Lipase chain of lipase-colipase complex in the absence of NaTC; PPL-colip+TcL, Lipase of 

lipase-colipase complex in the presence of TcL; PPL-colip+TcH, Lipase chain of lipase-colipase 

complex in the presence of TcH; PPL-CL, Lipase in closed conformation in the absence of 

colipase and NaTC. 
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4.2 Introduction 

Proteins in cells work in association with other biological macromolecules or 

biomolecular assemblies, unlike the proteins in a test tube. All the essential processes in 

cells are precisely controlled by protein-protein and/or protein-nucleic acid interactions 

[220-222]. Protein-protein interaction (PPI) has a major role to play in cell signaling and 

cell cycle regulation [223-225]. The biological processes involved in cell functioning and 

their regulations have so efficiently evolved such that almost all the activities and their 

feedback controls are governed by PPIs [220-225]. It has been always an intriguing 

question how the PPIs are able to tune the high signal to noise ratio, in the intra- and 

inter-cellular communications [226-228]. Any disruption or destabilization of PPIs and 

their networks may cause significant consequences to the cellular processes like 

apoptosis, metabolism, cell growth and cell division. Disturbances in these events might 

cause diseases like Marfan-like connective tissue disorder [229], Retinitis pigmentosa 

[230], Nephronophthisis [231], Alzheimer's disease, AIDS, diabetes [232], Branchiootic 

syndrome [233], Polycystic kidney disease [234] and cancer [235, 236] etc.  

The disruptions and fine-tuned control in the PPIs can be achieved by numerous 

ways. In schizophrenia, mutation in DISC1 gene, sequesters it from interaction with 

crucial protein [237] and the mutation at the interface of PPI has shown to have 

significant role in many cancer [236]. The synaptic transmission mediated through 

syntaxin based PPI is inhibited by the use of botulinum toxin [238] and many small 

molecules act to influence the PPI  [239-241]. In the normal cell functioning these 

interactions are controlled by the processes like phosphorylation and dephosphorylation 

with the help of several kinases and phosphatases, respectively [242-244] and 

sumoylation, acetylation, sulfonation, glycosylation, neddylation, [245-249] etc. 

In this report, we have investigated a special type of protein-protein interaction 

which controls the activity of porcine pancreatic lipase (PPL) using molecular dynamic 

(MD) simulation. PPL non-covalently binds to its co-enzyme called colipase. This PPI 

gains its uniqueness by the requirement of surfactant for efficient catalysis of PPL in the 

presence of colipase. PPL has a short helical segment in the N-terminal region called lid 

which controls the accessibility of the active site by substrates for catalysis. C-terminal of 

the PPL and lid region in the N-terminal assists the binding of colipase in proper 

orientation. Lipases are ubiquitous across bacteria, fungi and mammals. They all share 

certain common features like the presence of lid, interfacial activation and stability in 

organic solvents [250-252]. Lipases in lower organisms do not have C-terminal 

homologous to PPL and also do not require co-enzyme to stabilize the lid in its open 

conformation. However, in higher organisms the conformational state of the lid is 

controlled by binding of colipase and non-peptide molecules [253, 254]. 
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PPL-colipase interaction is not strong and tend to dissociate [132, 255] in the 

absence of micelle of bile salt. Bile salts are surfactant-like amphipathic molecules which 

play crucial role in stabilizing PPL-colipase interaction. Exact role and mode of bile salt 

interaction with PPL-colipase complex is yet unclear. However, it has been reported from 

dialysis experiments that a single micelle of bile salt binds to one colipase in the absence 

of PPL [255-258]. At very low concentration (far below CMC) of bile salt, in the absence 

of colipase, slight activation of PPL is observed [259-261]. However, further increase in 

concentration (near CMC), bile salt inhibits the catalytic reaction. The activity is 

completely inhibited at above the CMC of the bile salt. This inhibitory effect is reverted 

by the addition of colipase at all the concentrations of bile salt [129, 132, 259-261]. The 

absence of inhibition at higher concentration of bile salt could be due to the formation of 

1:1:1 ternary complex of PPL-colipase-bile salt micelle [132, 262]. With the help of 

small-angle neutron scattering (SANS) experiments a model has been proposed [132, 

262-264] for the ternary complex with the bile salt micelle at the concave junction made 

by the colipase and C-terminal domain of the PPL. Nevertheless, atomic resolution model 

and residue-level interactions of bile salt with lipase-colipase is still elusive. Here, all 

atom molecular dynamic (MD) simulation has been used to reconstruct the ternary 

complex with the help of experimental results available about the each component of the 

enzyme complex. The results are well in agreement with the models proposed by Pignol 

et al [262] and Hermoso et al [263], with only slight differences in the position of the bile 

salt micelle. 

4.3 Experimental Methods 

4.3.1 Structures and Parameters  

X-ray crystal structure of PPL-colipase (PPL+colip) complex was obtained from 

protein database (PDB Id: 1ETH) [132] after removing co-crystalized water and other 

ligands. PPL in open conformation was created by removing colipase from PPL+colip. 

NMR-solution structure (PDB Id: 1PCN) of colipase was also used for MD simulation 

[265]. Conjugated trihydroxy bile salt, sodium taurocholate (NaTC) was used in all the 

simulations in the physiological concentration of sodium chloride (0.15 M). Parameter for 

NaTC was obtained from Automated Topology Builder v2.0 [266]. Two different 

concentrations of NaTC were used, 12 molecules of NaTC for lower concentration and 60 

molecules for higher concentration, in a simulation box of 1000 nm3.  

4.3.2 Molecular Dynamic (MD) Simulation and Data Analysis 

All MD simulations were performed on GROMACS 4.6.3 [52, 149-151], using 

the GROMOS 54A7 force field and SPC/E water model. Cut-off and simulation schemes 

were used as mentioned elsewhere or in Chapter 2 [253]. NaTC was simulated in the 

presence and absence of proteins at lower and higher concentration. Lipase, lipase-

colipase complex and colipase were simulated in the presence (both low and high 
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concentration) and absence of NaTC. All the simulations were performed for 50 ns. The 

simulations are listed in Table 1. The data analyses were performed using GROMACS 

tools, UNIX shell script and in-house R-codes. PyMOL[155] was used for structure 

visualization and obtaining trajectory snapshot and image capture. 

           Table 1. List of simulation carried out 

No System name NaTC conc NaTC number Time (ns) 

1 PPL+colip - 0 50 

2 PPL+colip+TcL Low 12 50 

3 PPL+colip+TcH High 60 50 

4 PPL - 0 50 

5 PPL+TcL Low 12 50 

6 PPL+colip+TcH High 60 50 

7 Colip - 0 50 

8 Colip+TcL Low 12 50 

9 Colip+TcH High 60 50 

10 Colip-NMR+TcL Low 12 50 

11 Colip-NMR+TcH High 60 50 

12 TcL Low 12 50 

13 TcH High 60 50 
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4.4 Results 

4.4.1 Trajectory Analysis 

                     

        

Figure 1. RMSD of all the Cα-atoms of the lipase chain (A & C) and only the lid region (B & D) in the 

presence (PPL-colip) and the absence (PPL) of colipase and in the presence of low (TcL) or high (TcH) 

concentration of bile salt. 

    

Figure 2. RMSF of Cα-atoms of (A) lipase (PPL) and lipase-colipase complex (PPL-colip), (B) lipase-

colipase complex in low (PPL-colip+TcL) and high (PPL-colip+TcH) concentrations of NaTC, and (C) lipase, 

in the absence of colipase, in low (PPL+TcL) and high (PPL+TcH) concentration of NaTC. The lid region 

is marked by green rectangular boxes in all the panels. 
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Root mean square deviation (RMSD) of 

lipase (Fig. 1) was found to be more in the 

presence of NaTC (PPL+TcL, PPL+TcH, PPL-

colip+TcL, PPL-colip+TcH) than its absence. RMSD 

of PPL-colip was found to be the least among the 

simulated trajectories of lipase whereas the 

maximum fluctuation in the structure was 

observed in for the protein in the presence of 

high concentration of NaTC (PPL+TcH). The 

RMSD analysis of the lid region alone 

suggested that in the absence of colipase, lid 

had larger fluctuations without NaTC followed 

by that in the presence of high (PPL+TcH) and 

low (PPL+TcL) concentrations of NaTC. The lid 

region of the protein, in the presence of 

colipase, showed more fluctuation in the 

absence and the presence of low concentrations 

of NaTC (PPL-colip and PPL-colip+TcL) compared 

to PPL-colip+TcH. The root mean square 

fluctuations (RMSF) of individual residues 

during the simulation were calculated using Cα-

atoms of the residues as reference (Fig. 2). It 

was observed that the N- and C-terminals of the 

protein gain more fluctuations in the presence 

of NaTC. The fluctuations around the lid region 

were found to be significantly reduced in the 

presence of colipase, particularly in high 

concentration of NaTC (PPL-colip+TcH) (Fig. 2B). 

In the absence of colipase, lid fluctuation was 

observed to be similar in all three cases (PPL, PPL+TcL and PPL+TcH), with slight decrease 

in the presence of low concentration of NaTC (PPL+TcL).  

Colipase is 95 amino acid long polypeptide chain with five disulphide bonds. It is 

found to be stable against heat and surface-active agents [267]. The structure of colipase 

shows four protruding hydrophobic patches projecting in same direction which are known 

as fingers (Fig. 3A). In order to examine the bile salt binding sites on the colipase, the 

structure of colipase was extracted from lipase-colipase complex. Colipase alone was 

used for further MD simulations with low or high concentrations of NaTC. These results 

were compared with the colipase dynamics obtained from the lipase-colipase complex. In 

all the cases, the RMSF of colipase (Fig. 3B) was less than 4 Å except at the N-terminal 

where it went up to 6 Å. At the core, residues of the fingers 2, 3 and 4 showed notable 

 

Figure 3. (A) Cartoon diagram of colipase 

obtained from the crystal structure of 

lipase-colipase complex (PDB id:1ETH). 

Four protruding fingers are marked as 

finger 1, finger 2, finger 3 and finger 4 

corresponding to the amino acid residues 

14 to 23, 27 to 39, 47 to 64, and 68 to 88, 

respectively. (B) RMSF of colipase 

calculated from the simulations 

performed in the presence and the 

absence of lipase chain (PPL) and in low 

(TcL) or high (TcH) concentrations of 

NaTC (TcL and TcH). 
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fluctuations. Among the trajectories, the lowest RMSF was observed for the colipase 

simulated in the presence of high concentration of NaTC (colipase+TcH).  

  

Figure 4. Change in hydrophobic SASA (left) and hydrophilic SASA (right) for the lipase in lipase-

colipase complex (PPL-colip) (A and B), lipase in the absence of colipase (PPL) (C and D), and only 

colipase in the absence of lipase (Colip) (E and F) in low (TcL) and high (TcH) concentrations of 

NaTC. 

Solvent accessible surface area (SASA) of the complexes was divided into two 

different components: hydrophobic and hydrophilic. Changes in both the components 

were individually evaluated for lipase and colipase chains in the presence and the absence 

of NaTC (Fig. 4). Notably, hydrophobic SASA decreased with the addition of NaTC to 

the lipase-colipase complex and to lipase. In case of colipase, the hydrophobic SASA was 
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nearly unchanged in the presence and the absence of NaTC. However, hydrophilic 

SASA was increased by the addition of NaTC to lipase-colipase complex and to lipase 

which was slightly decreased for colipase in the high concentration of NaTC. Lipase in its 

open conformation is known to have 

large secondary structural changes 

around the lid region (residue 238-262) 

in the absence of colipase and NaTC 

[253, 268]. The secondary structural 

analysis of the lipase lid region (Fig. 5) 

proposed that in the presence of NaTC 

the helical structure of the lid was 

almost intact throughout the simulation 

even in the absence of colipase, though 

trivial changes in position and  

considerable fluctuations were 

observed (as mentioned above). 

4.4.2 Aggregation Property of 

NaTC 

NaTC is a conjugated 

trihydroxy amphiphilic bile salt 

molecule [269]. NaTC forms micelles 

at the concentrations above 4 mM in 

water at room temperature and 

physiological salt concentration. In 

order to understand the micellation 

properties of NaTC and its effect on the 

dynamics of lipase and colipase chains, 

NaTC was simulated in water, and in 

the presence of lipase and colipase. 12 

and 60 molecules of NaTC was 

considered to represent lower (TcL) 

and higher (TcH) concentrations, 

respectively. The simulations were 

initiated by randomly positioning the 

NaTC molecules and the molecules 

were allowed to move without any 

constraint. The MD simulation 

exhibited the formation of different types of aggregates. For further analysis, the 

aggregates were classified as oligomers (1-4 molecules), small aggregates (5-8 

molecules) and micellar aggregates (9-12 molecules). All the atoms of NaTC were 

considered to quantitate the fraction of NaTC in their respective aggregates, using in-

 

Figure 5. Secondary structural changes in the lid 

region (residues 238-262) of PPL-CL (A), PPL+colip 

(B), PPL (C), PPL+TcH (D), PPL+TcL (E), 

PPL+colip+TcH (F), PPL+colip+TcL (G) during their 

respective MD simulation. Color codes for 

secondary structure description are: blue – α-helix, 

yellow – turn, green – bend, white – coil, grey – 310-

helix, black – β-Bridge and purple – π-helix. Right 

panels present the cartoon diagram of the lid 

region at the end of 50 ns simulation. 
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house R-code, with a cutoff of 4 Å. Low concentration of NaTC (TcL) did not show any 

micellar aggregates whereas high concentrations of NaTC had all the three types of 

aggregates (Fig. 6) when simulated in water. It was also observed that no small 

aggregates or micellar aggregate were present in the PPL+Colip+TcL and Colip+TcL 

suggesting that these simulations are comparable to the lower concentrations of NaTC 

conditions used in experiments. Further, the data suggested that in the presence of protein 

chains more than half of the NaTC were found to be in oligomers except in the presence 

of colipase alone (colipase+TcH). In colipase+TcH, NaTC had almost equal fractions 

oligomers and small aggregate with notable fraction of micellar aggregates as well. 

 

Figure 6. The mean fraction of different types of 

NaTC aggregations formed during the last 10 ns 

of MD simulations performed in the presence 

(PPL+colip) and the absence (PPL) of colipase and 

in only colipase (Colip). The different aggregates 

formed by low (TcL) and high (TcH) 

concentrations of NaTC in water is included for 

reference (light and dark gray, respectively). 

 

Figure 7. The percentage of interaction of  

NaTC with each groups of amino acids in the 

presence (PPL+colip) and the absence of colipase 

(PPL), and only colipase (Colip) in low (TcL) 

or high (TcH) concentrations of NaTC.  

4.4.3 NaTC Interaction Sites on Lipase and Colipase 

The percentage of NaTC interaction with each amino acid of PPL and colipase 

was calculated. At both the NaTC concentrations, a larger number of interactions were 

observed to be with non-polar residues, followed by polar residues whereas the 

interactions with charged residues were less (Fig. 7). In the lipase-colipase complex Leu, 

Ile and Pro were noted as the most interacting residues with NaTC. In lipase chain Leu, 

Ile, Gly, Pro and Val, and in the colipase Leu, Ile and Gly were interacting more with the 

surfactant. Among the polar residues Asn, Gln, Ser and Thr were interacting more with 

lipase-colipase complex whereas Cys, Ser, Asn, and Thr were interacting in lipase in 

large number. In lipase and lipase-colipase complex at high concentration of NaTC, Lys 

was also considerably involved whereas at low concentration of NaTC, there were no 

considerable interactions with charged residues. On the other hand, lipase at low 

concentration of NaTC showed considerable fraction of interaction with Asp. In colipase 
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as well, polar residues showed more interactions with NaTC than the charged residues 

(Fig. 8). 

 

Figure 8. The percentage distribution of NaTC interactions with all the amino acid residues of 

lipase-colipae complex (PPL+colip), lipase (PPL), and colipase (Colip) in the presence of low (TcL) 

and high (TcH) concentrations of NaTC. The number of each amino acid residue in the protein is 

given in the parentheses. 
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4.4.4 Dynamics of Colipase 

          

Figure 9. The cartoon diagram of colipase (A) obtained from the crystal structure of lipase-colipase 

complex (PDB id: 1ETH) and (B) obtained from the solution NMR structure (PDB id: 1PCN). The 

four protruding fingers are highlighted with different colors. 

                                            

Figure 10. The change in secondary structure of the fourth finger of colipase during MD 

simulations of only colipase in (A) low concentration or (B) high concentration of NaTC. The initial 

structure of colipase is from solution NMR (1PCN). Color codes for secondary structure description 

are: blue – α-helix, yellow – turn, green – bend, white – coil, grey – 310-helix, black – β-Bridge and 

purple – π-helix. 

The presence of lipase and NaTC were found to significantly influence the 

dynamics of colipase during MD simulation. For complete insight on the colipase 

dynamics, three different types of colipase were implemented in MD simulation in the 

presence and absence of NaTC; colipase in the presence of lipase (PDB: 1ETH), colipase 

in the absence of lipase (colipase extracted from 1ETH) and NMR structure of colipase 

(PDB: 1PCN). The fourth finger of colipase has a short helical stretch of 6 residues 

(residue 75-80) (Fig. 9A) in the crystal structure of the colipase, but it was not found in 

the NMR structure (Fig. 9B). However, the helix structure was induced by low 

concentration of NaTC during the simulation of NMR structure of colipase (Fig. 10). It 

was also observed from the other simulations (using crystal structure of colipase) that the 

helix remained stable in the presence of NaTC (Fig. 11-12) except in PPL+Colip (Fig. 11A). 
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Figure 11. The change in secondary structure of the fourth finger of colipase during MD 

simulations of lipase-colipase complex (PPL+Colip) in the absence (A), in low concentration (B) 

and in high concentration of NaTC. Refer Fig. 10 for color code. 

          

Figure 12. The change in secondary structure of the fourth finger of colipase during MD 

simulations of only colipase (without lipase) in the absence (A), in low concentration (B) and 

in high concentration of NaTC. The initial structure of colipase is obtained from the crystal 

structure of lipase-colipase complex (PDB id: 1ETH). Refer Fig. 10 for color code. 
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4.5 Discussion 

4.5.1 Effect of NaTC on the Structures 

Significant changes in the 

global dynamics of the protein 

could be observed in the 

presence of both lower and 

higher concentrations of NaTC 

which is directly evident from 

the RMSD changes (Fig. 1). In 

the presence of colipase, RMSD 

is minimum in the absence of 

NaTC and maximum RMSD is 

shown by PPL+Colip+TcL. RMSD 

of PPL+Colip+TcH has intermediate 

value, but close to PPL+Colip. 

Similary, the RMSD of PPL+TcH 

is maximum followed by 

PPL+TcL and minimum in PPL in 

the absence of colipase. The mean fluctuation in the structure of lipase in the presence of 

NaTC correlates well with the increase in the hydrophilic SASA and decrease in 

hydrophobic SASA (Fig. 4) suggesting that the added NaTC would preferably occupy the 

hydrophobic surfaces on the lipase both in the presence and absence of colipase. 

However, when NaTC is added to colipase, only the higher concentrations of NaTC could 

reduce its hydrophilic SASA whereas hydrophobic SASA almost remains same.  This 

could be attributed to the increased compactness of the colipase at supra-micellar 

concentration of NaTC which is evident from the radius of gyration (Fig. 13). This 

reduction of SASA is mostly contributed by hydrophilic residues. Particularly, the 

formation of polar interactions between bile salt micelle and the fourth finger of colipase 

(residues Glu70 and Asp72) at the rear side of the colipase might provide strong 

anchorage for the micelle. 

Multiple interaction sites for NaTC could be found on the surfaces of both the 

lipase and the colipase chains which facilitate the binding of NaTC in monomeric and in 

oligomeric state as well (Fig. 9). The global changes observed in the protein which led to 

the increase in RMSD could be attributed to the multiple sites available on the protein 

which affected the fluctuations of hydrophobic and hydrophilic residues. Among all, 

PPL+Colip+TcH in which the colipase is held with lipase in the presence of TcH shows 

relatively less fluctuations. Also, the number of NaTC molecules bind at the junction of 

the lipase lid and colipase is relatively more which might provide additional stability to 

the complex, thus minimizing the RMSD. It could be further affirmed by the reduction of 

RMSD around the lid region (Fig. 1B) of PPL+Colip+TcH. Interestingly, RMSD of the lipase 

 

Figure 13. The radius of gyration (Rg) of Colipase when 

simulated in the absence of lipase. Rg of colipase is plotted 

as a function of time in the absence and presence of NaTC. 
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and their respective lid do not follow the same trend. In the absence of the NaTC, the lid 

RMSD is maximum for PPL in the absence of colipase. This suggests that NaTC induces 

global rearrangements and exposes the hydrophilic groups on the surface which can 

further assist the NaTC binding. On the contrary, the lid residues are more stabilized in 

the presence of NaTC and colipase. It was also apparent from the snapshot of the last 

frame (Fig. 14F) where more numbers of NaTC molecules are bound to the hydrophobic 

tips of colipase fingers along with the lid. In the absence of colipase, lid RMSF are almost 

same (Fig. 2). Probably, the direct interaction of NaTC molecules with the lid could 

prevent its denaturation in all the cases. Further, the N-terminal domain and C-terminal 

domain of the lipase show more RMSF (Fig. 2) in the presence of the NaTC. This could 

be due to the increased flexibility of the residues around the binding sites of NaTC. In the 

colipase chain, the RMSF is reduced at high concentration of NaTC (colip+TcH), because 

of formation of micellar and oligomeric aggregates of NaTC around the colipase (Fig. 3 

and Fig. 12C). Two most preferable binding sites are identified on the colipase for NaTC: 

the micellar aggregate binding site at the rear side of the fourth finger; and oligomeric 

binding site covering the hydrophobic tips of the fingers. 

4.5.2 Conformational Changes on the Lid 

Apart from the terminal regions, NaTC has considerable effect on the lid 

dynamics of the lipase. In all the cases, direct interactions between the lid and NaTC 

molecules are observed. In the presence of NaTC, secondary structure of the lid is intact 

(Fig. 5D-G). Though the values of RMSD and RMSF suggest that there have been 

positional fluctuations and displacement in the lid residues, the topology of the lid is 

largely maintained. In the absence of the NaTC, distortions in the lid secondary structure 

depend on the initial conformation of the protein. The structural changes on the lid in 

closed conformation and in the presence of colipase are little whereas in the open 

conformation lid shows larger structural and positional distortions (Fig. 5A-C). In fact, 

the lid moves towards the closed conformation, if the MD simulation is initiated from the 

open-state without any constrains [253]. 
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Figure 14. Snapshots of the last frames from the trajectory of 50 ns MD simulations of  lipase (A-

C) and lipase-colipase complex (D-F) in the absence (A and D), in low concentration (B and E) and 

in high concentration (C and F) of NaTC. N-terminal, C-terminal and the lid of lipase chain is 

represented by green, blue and pink colors, respectively. NaTC molecules are presented as stick 

models.  

4.5.3 Self-aggregation of NaTC and its Residue-Specific Interactions  

NaTC consists of three hydroxyl groups, one amide and one sulfate group which 

are polar and rest of the molecular skeleton is hydrophobic in nature. Taurodeoxycholate 

(derivative of dihydroxy conjugated cholic acid, NaTDC) is known to form larger 

aggregates than NaTC in a wide range of ionic strength [269, 270]. In the present work, 

MD simulations of NaTC show that the molecule can form oligomeric aggregates and 

smaller aggregate at low and high concentrations. Large micellar-like aggregates, with 9-

12 monomers are formed only at higher concentration of NaTC [269, 270]. In other 

words, 12 molecules of NaTC in 1000 nm3 box behave as a sub-micellar concentration 

and 60 molecules of NaTC represent supra-micellar concentration. For time and cost 

effective computing NaTC is chosen against NaTDC. Also, the matured micellar 
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aggregates of NaTC could be created by MD simulation without applying any constrains 

[269, 270]. Further, NaTDC inhibits the activity of lipase at the concentrations 1 to 3 mM 

whereas NaTC enhances the activity in rat and human pancreatic lipase. Only at above 3 

mM, NaTC inhibits the lipase activity and it is retained even above the CMC of NaTC in 

the absence of colipase [129, 254].  

NaTC molecules interact with all classes of amino acid residues. However, more 

preferential interactions could be found with hydrophobic residues followed by polar 

residues. A small fraction of interaction with the acidic and basic residues is also noted 

during the simulation (Fig. 7). The presence of three hydroxyl groups act as hydrogen 

bond donors toward acidic and polar residues, the amide and sulfate groups interacted 

with basic and polar residues, and the hydrophobic carbon skeleton shows affinity with 

the non-polar residues.  

4.5.4 Bile Salt Interaction Models 

Brockerhoff, H. (1973) [271] proposed that for pancreatic lipases the nature of 

both substrate and product are hydrophobic and they must be reluctant to leave the oil 

phase of the substrate emulsion. So near the active site of the lipase, the oil-water 

interface should be in direct contact and the substrate molecules should remain partially 

in the oil phase for the catalysis. Though the role of surfactants in the stability of the 

lipase in its active conformation was not discussed in earlier studies, it was shown that 

bile salt resides on the surface of the substrate emulsion. Chapus et al. (1975) [272] 

proposed a scheme in which the activity of lipase depends on the formation of a complex 

comprising the lipase, colipase, bile salt and the substrate emulsion. According to this 

model, bile salt forms a mono layer on the emulsion and free micelles. These forms of 

bile salts have direct interacting capacity with the colipase which further creates or 

unmasks the lipase binding site. This scheme, however, did not include the substrate entry 

or exit sites. Borgström  (1977) [273] proposed that the lipase and colipase complex is 

formed in the bulk phase which has micelle binding site. This ternary complex finally 

binds to the substrate emulsion.   

The knowledge of the pancreatic lipase and its interfacial activation greatly 

enhanced after Winkler et al. (1990) [274] and van Tilbeurgh et al. (1993) [161] 

deciphered the structure of lipase and lipase-colipase complex with micelle, respectively. 

Hermoso et al. (1997) [263] with the help of small-angle neutron scattering (SANS) 

experiment modeled the orientation of lipase, colipase and bile salt micelle. According to 

this model, pancreatic lipase activation is not interfacial, but it is mediated by the bile salt 

micelle and colipase. The micelle could be placed at the concave grove formed between 

the colipase and C-terminal of the lipase. The center of mass separation of colipase and 

micelle was proposed to be ~27 Å, with 22-24 molecules of the NaTDC. The micelle was 

estimated to be prolate with 10 Å radius of minor axis and nearly 20 Å for major axis. 
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Figure 15. Schematic representation of lipase (green) - colipase (orange) complex with the micelle 

of NaTC. The red sphere represents the total volume of the micelle consisting of nine molecules of 

NaTC and the black plane represents the hydrophobic plateau formed by protruding fingers of 

colipase, lid (blue) and the N-terminal residues of the lipase. 

In the present study, NaTC at high concentrations form micelle-like aggregates 

when simulated without any constrain in the presence and the absence of the lipase. The 

micelle formed in the presence of lipase-colipase complex is not found on the surface of 

the lipase. However, monomeric NaTC molecules bind on the lipase surface and also 

small aggregates of NaTC could be identified on the tip of lid and lipase-colipase 

interface. It is also observed that the micellar form of NaTC (Fig. 15 and video file V4) is 

created by 9 monomeric molecules with the axial radii of 11 and 15 Å (minor and major 

axis, respectively). The distance between the center of mass of the colipase and micelle is 

23.59 Å as obtained from Colip+TcH simulation. The exact position of micelle on 

PPL+Colip was evaluated by superimposition of the colipase-micelle complex on PPL+Colip.  

The probable position of the bile salt micelle is found to be the concave grove formed 

between the colipase and C-terminal of the lipase which is similar to the model proposed 

by Hermoso et al. The positioning of the micelle suggests that the micelle has direct 

interaction with the fourth finger of colipase. The MD simulation also suggests that 

hydrophobic tip residues on colipase along with the lid and N-terminal residues (Gly109, 

Gly110, Gly114, Val35, Gly19, Ile20, Val21, Pro24, Leu25, Ile27 and Leu28) create a 

hydrophobic plateau (black plane in Fig. 15 and video file V4) which could interact with 

the substrate emulsion. Also, the large micelle (larger than 15 Å) might also interact with 

the substrate emulsion and provide a special anchorage of the complex.  
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4.6 Conclusion  

The conjugated trihydroxy bile salt, NaTC is a convincing model of bile salt to 

study the role of bile salt in the lipase-colipase stabilization at the physiological 

conditions. Twelve and sixty molecules of NaTC in 1000 nm3 of the simulation box 

satisfactorily represented sub-micellar and supra-micellar concentration of the NaTC 

molecules, respectively. From MD simulation, it is found that NaTC can be in monomeric 

as well as in higher aggregate forms with aggregation number varying from 4-8 and 9-12, 

in the presence and absence of the protein. A cooperative exposure of the polar residues 

in the protein was evident from increase in hydrophilic SASA in the presence of NaTC. 

These rearrangements of polar residues might be helpful in creating the binding site for 

pancreatic lipase on the bile salt coated emulsion. At supra-molecular NaTC 

concentration, colipase shows decrease in the exposure of polar residues which probably 

assists the micelle formation at the rear side of fourth finger and facilitates small 

aggregate binding at the hydrophobic tips of the other fingers. It is known that at both the 

concentrations NaTC molecules are efficient in inhibiting the denaturation of the lid. This 

could be attributed to the direct interaction of NaTC to the lid residues. This also explains 

the role of NaTC, at very low concentration, which supports the lipase activity in the 

absence of the colipase by preventing the enzyme denaturation at the oil-water interface. 

In the 50 ns simulation, lipase-colipase complex was considerably stabilized by supra-

micellar concentration of the NaTC keeping the lid more intact in the open conformation. 

The presence of the micelle at the rear side of fourth finger assists the lipase-colipase 

stability and the C-terminal of lipase has minimal role in the formation of colipase-

micelle complex. 
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5.1 Abstract 

Fluorescent dyes are used to investigate the hydrophobic exposure of proteins in 

different conformational states. Despite of their wider applications, the molecular level 

interactions of these dyes with different states of proteins are not well understood. In this 

part of the thesis, we have analyzed the interaction between protein and 2-p-

toluidinylnaphthalene-6-sulfonate (TNS) using molecular docking and simulation. Three 

different unfolded conformations of alpha-lactalbumin (-LA) and ribonuclease A 

(RNase A) were generated. TNS was docked against these protein states and the 

molecular simulation of protein-TNS complexes were carried out.  These results were 

compared with TNS in water and TNS bound to the native form of bovine serum albumin 

(BSA). The results suggest that TNS binds to the proteins through ionic and hydrophobic 

interactions. TNS bound to the unfolded conformations of -LA and RNase A and the 

native-BSA has less solvent accessibility and surrounded by more hydrophobic residues. 

The orientation of TNS in protein bound states were analyzed using two of its bond 

angles and dihedrals. The analysis shows that the aromatic rings of TNS move from near 

planar to non-planar in different protein-TNS complexes and ring rotation is much 

constrained. Orientation of TNS is influenced by the conformation of the binding pocket 

and the hydrogen bonding interactions between the protein and TNS. Therefore, we 

suggest that TNS fluorescence enhancement upon binding to unfolded states of proteins 

might be due to the hydrophobic environment and reduced solvent accessibility rather 

than the binding ability and specific orientation of TNS in the bound state. 

5.2 Introduction 

There has been a continuous research in the field of protein structure in relation to 

its function. Understanding protein structure and stability would answer various questions 

regarding the diseases caused by protein malfunctioning. Various states of proteins, from 

natively folded to random coil have been studied using various biophysical techniques 

[275-286]. Fluorescence as a spectroscopic tool is tremendously used in the study of 

biomolecules [287-292]. Most of the proteins have aromatic amino acid residues, 

tryptophan, phenylalanine, and tyrosine, which provide intrinsic fluorescence to the 

proteins. This has larger applications in protein structural studies. Fluorescent molecules 

(such as dansyl chloride and fluorescein) chemically conjugated to amino acid side chains 

[293-296], and externally added fluorophoric dyes are also used to follow conformational 

changes in proteins. These dyes are sensitive to their micro-environment such as polarity, 

ionic strength, and pH [277, 281-283]. The most commonly used fluorophores are pyrene, 

8-anilino-1-naphthalene-sulfonate (ANS), 6-(p-toluidino)-2-naphthalenesulfonate (TNS), 

and, 6-propionyl-2-dimethylaminonaphthalene (prodan) [277-285] . The quantum yield of 

these dyes in a non-polar environment is, in general, quite higher than in a polar 

environment which is used to probe the conformational changes of proteins. 
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Figure 1. Line representation of TNS with individual atoms labels. 

 

Among the fluorescent dyes, TNS (Fig. 1) is widely used as fluorescence probe to 

find hydrophobic pockets in proteins [277, 283-286, 297-299]. Fluorescence intensity 

change of TNS was used to follow the conversion of pepsinogen to pepsin by Wang et al. 

[284]. The transitions between non-charged and charged conditions of axons were 

characterized using fluorescence changes of TNS-stained axon [297]. In these studies, 

binding of TNS with proteins was mainly attributed to the hydrophobic interactions [277, 

278, 282-286]. McClure and Edelman proposed that variation in the solvation of excited 

state is the origin for TNS fluorescence changes in different environments [277]. Studies 

with short peptides and micelles suggested that polar proximity and proper positioning of 

the aromatic ring are the necessary conditions to increase the quantum yield of TNS [284, 

300, 301]. These studies also emphasized on the hydrophobic forces for the stabilization 

of protein-TNS interaction. However, the exact binding modes and molecular orientations 

are yet to be investigated to provide more insight on the TNS interaction with 

polypeptides. 

Computer simulations have proved their importance in elucidating the interactions 

at the molecular and atomic level. They have spanned almost the whole spectrum of 

biomolecular research, from small molecules [302-304] to large molecules like ribosomes 

[305], from the processes of aggregation [304], micellization [306] to membrane [307] 

and membrane vesicles formation [308]. In the present study, we have carried out a series 

of molecular dynamics simulation experiments to understand the nature of TNS 

interaction with different conformational states of the proteins, ribonuclease A (RNase 

A), alpha-lactalbumin (-LA) and bovine serum albumin (BSA). RNase A and -LA 

were unfolded in silico and three partially unfolded conformations of the proteins were 

chosen to analyze TNS binding properties. Since TNS quantum yield increases when it 

binds to the native form of BSA [3], BSA was considered as a reference to compare the 

binding orientation and interactions. Molecular dynamic (MD) simulation of the TNS 

bound proteins were carried out to study the conformational changes of TNS upon 

binding to different states of proteins and in water. The results were analyzed in terms of 

ligand orientation, binding interactions, solvent accessibility, and the surrounding protein 

residues. 
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5.3 Materials and Methods 

5.3.1 Fluorescence Measurements 

TNS was purchased from Sigma-Aldrich. All the solvents in HPLC grade were 

from SRL, India. TNS stock was made in 10% ethanol and the concentrations were 

measured using absorption coefficient of 18.9 mM-1 cm-1 for TNS at 317 nm [277].  

Fluorescence spectra of 10 μM of TNS in varying solvents, solvent-water mixtures and in 

the presence of 10 μM of the proteins (BSA, α-LA and RNase A) were measured between 

350 nm and 550 nm after exciting the samples at 317 nm. During the measurements, 

temperature was maintained at 298 K using Peltier attached with the instrument. For the 

experiments performed in aqueous solutions (with and without protein), pH was 

maintained at 7 using 20 mM phosphate buffer. All the measurements were carried out in 

Fluoromax 3 (Horiba) spectrofluorometer. 

5.3.2 Molecular Dynamics Simulation 

Molecular dynamics simulations were carried out using GROMACS 4.5.4 [52, 

149-151]. The force field parameters used were GROMOS 53a6. Protein structures, 1FS3 

(RNase A), 1HFZ (-LA), and 4F5S (BSA) were obtained from the protein data bank 

(www.rcsb.org). TNS structure was modeled using Automated Topology Builder and 

Repository ver1.2 [309] using GROMOS53a6 force field and quantum mechanical 

calculation at the level of HF/STO-3G. All the protein models, with and without bound 

TNS, were solvated in a dodecahedron simulation box with SPC-E (single point charge 

extended) water model with a periodic boundary condition. Lennard-Jones and the short-

range Columbic interactions were calculated with a cutoff of 1.0 nm. Particle mesh Ewald 

(PME) [152] was used for treating long range electrostatic interactions. To obtain 

unfolded conformations of proteins, the constant volume condition was maintained by 

NVT at a higher temperature (700 K) [310]. For normal protein dynamics in ambient 

conditions NVT ensembles were maintained at 300 K. Throughout the simulation, the 

temperature was maintained by stochastic velocity rescaling scheme [311] with time 

constant of 0.1 ps. Pressure was maintained at 1 bar with time constant of 2.0 ps by 

Parrinello-Rahman  [153] type pressure coupling. LINCS algorithm was used for all the 

bond constraints [154]. 

5.3.3 Docking 

Docking of TNS against the proteins was done using AutoDock Vina [312] and 

GOLD [313]. Initial blind docking was done using AutoDock Vina. The search grid was 

put on the whole protein and the exhaustiveness was increased to 15-20 to compensate for 

the large search space. GOLD 3.2 was used for further refinement of the docked poses. 

The best-scored pose was used for further simulation. PyMOL 1.3 [155] was used for 

visual inspection and pictorial representation of data. DSSP was used to evaluate the 
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secondary structure contents. LigPlot+ [314] was used to find the pattern of H-bond and 

hydrophobic interaction of the amino acid residues with TNS. 

5.4 Results 

5.4.1 Fluorescence Spectra of TNS 

Fluorescence emission of TNS was measured in different solvents with varying 

polarity (Fig. 2A). The quantum yield of TNS was almost null in water, as reported earlier 

[315]. TNS showed significant increase in fluorescence intensity in non-aqueous solvents. 

Among all the solvents, TNS had the highest quantum yields in DMF and DMSO 

whereas TNS fluorescence intensities were reduced in alcoholic solvents. TNS showed 

poor quantum yield in hexane, toluene, chloroform and acetone. The wavelength of 

fluorescence emission maxima (WLmax) of TNS was plotted against increasing polarity of 

the solvents according to the ET(30) polarity scale of Dimroth-Reichardt [316] (Fig. 2B). 

A monotonous bathochromic shift was observed as the solvent polarity was increased. 

However, DMF and DMSO showed a larger wavelength shift than expected suggesting 

that apart from the polarity, chemical nature of the solvents might also influence the 

WLmax as witnessed in other dyes as well [317-319]. In the present case, the solvents with 

strong H-bond acceptors shifted the emission wavelength towards the longer region. 

Fluorescence spectra of TNS in different binary mixtures of water, methanol, DMSO and 

DMF were measured (Fig. 3). As the polarity of the solvent mixture was decreased by the 

addition of methanol, DMSO or DMF, the fluorescence emission intensity was increased 

and the WLmax showed hypsochromic shift. Further, the fluorescence emission spectra of 

TNS were followed in the presence of three different model proteins: BSA, α-LA and 

RNase A (Fig. 4). Among the three proteins, BSA provided the highest quantum yield 

followed by α-LA. In the presence of RNase A, TNS showed poor quantum yield similar 

to that of polar solvents. 
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Figure 2. (A) Fluorescence spectra of TNS in different solvents after exciting at 317 nm. (B) 

Wavelength of emission maximum obtained from fluorescence spectra plotted against the 

solvents with the increasing order of polarity.  

 

Figure 3. (A) Fluorescence intensity and (B) 

wavelength of emission maximum of TNS in 

binary solvent mixtures of water, methanol, 

DMSO and DMF. The abscissa represents the 

percentage of the first solvent in the mixure 

mentioned in the label. 

 

Figure 4. Fluorescence spectra of TNS in the 

presence of native-states of the proteins: 

BSA (brown), α-LA (pink) and RNase A 

(orange) after exciting at 317 nm. The 

spectra of TNS in the solvents (inset): water 

(blue), DMF (green) and DMSO (red) are 

shown for comparison (refer Fig. 2A). 
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5.4.2 Unfolded States of Proteins 

In order to unfold the proteins, dynamic simulations of -LA and RNase A were 

carried out at 700 K. At 700 K, the solvent accessible surface area (SASA) of -LA 

increased to ~350 nm2 from 190 nm2 within 4 ns. However, the SASA of RNase A was 

around 280 nm2 (Fig. 5). Therefore, RNase A unfolding simulation was further extended 

up to 6 ns, where the SASA value reached to 320 nm2. From the triplicates of 4 ns (-LA) 

and 6 ns (RNase A) simulations, it was observed that the maximum unfolding of -LA 

Figure 5. The total solvent accessible surface areas of α-LA (A) and RNase A (B) obtained from 

high temperature simulations (700 K). The solid lines represents the running average over 100 ps. 

The ribbon diagrams of selected protein conformations are shown pictorially at the respective time 

points. Triplicates of high temperature simulations were done for 4 ns (-LA) and 6 ns (RNase A). 

-LA and RNase A attained the maximum SASA and RMSD in 4 and 6 ns, respectively. 

Figure 6. RMSD (A) α-LA and (B) RNase A 

simulation carried out at 700K. The solid line 

represents the running average over 100 ps. 

Figure 7. Change in secondary structure of (A) α-

LA (B) RNase A during the simulation carried out 

at 700 K. The color codes represent:  blue-α-helix, 

red-β-sheet, white-coil, black-β-bridge, green-

bend, yellow-turn, violet-π-helix, grey-310helix. 
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and RNase A was achieved at 700K. The unfolding was also verified with the increase in 

RMSD and decrease in secondary structure content of the proteins with increasing 

simulation time (Fig. 6 and 7). 

Table 1. Structures selected at different time points from α-LA and RNase A 

unfolding simulations (Fig. 5) 

Structure Time 

(ps) 

SASA 

(nm2) 

RMSD(nm) 

-LA 
Lnative 0 165.97 0.00 

LD1 1098 255.10 1.01 

LD2 1974 322.74 1.32 

LD3 3776 364.37 1.74 

RNase A 

Rnative 0 176.74 0.00 

RD1 286 236.40 0.71 

RD2 1984 264.96 0.99 

RD3 5838 327.71 1.56 
 

The secondary structure analysis suggested that -LA lost its helices and  sheets 

within the initial 500 ps of the high temperature simulation whereas RNase A retained 

some of the secondary structures till 6 ns. All of the disulfide bonds remain intact in both 

the proteins throughout the simulation. From the simulation trajectory, four different 

conformational structures including the initial native conformation were selected for both 

-LA (Lnative, LD1, LD2, and LD3) and RNase A (Rnative, RD1, RD2, and RD3) with 

increasing order of SASA and RMSD values (Table 1). The selected unfolded structures 

were quite distinct from their native conformations and also among each other in their 

secondary structure content (Fig. 8). The native form of -LA has less -sheet content 

than RNase A, but the helical contents of both the proteins were similar. The partially 

unfolded conformations of -LA, i.e., LD1, LD2 and LD3, are completely devoid of  

sheets, but the unfolded conformations of RNase A, i.e., RD1, RD2, and RD3 showed 

decreasing order of -sheet contents. 310 helices were not found in the unfolded 

conformations of both the proteins except in RD1. A substantial increase in the bend was 

observed in both the proteins suggesting that the proteins were significantly unfolded with 

the applied simulation conditions. 
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Figure 8. Secondary structure content of the selected conformations of α-LA (A) and RNase A 

(B) calculated using DSSP algorithm. H, B, E, G, T, and S represents alpha-helix, residues in 

isolated beta-bridge, extended strand participates in beta ladder, 310 helix, hydrogen bonded 

turn, and bend respectively. 

  
Figure 9. Two-dimensional representations of TNS docked with selected conformations of α-LA 

(A-D) and RNase A (E-H). The purple sticks represent TNS molecule. The red arcs labeled with 

amino acid codes are residues of the proteins interacting with the ligand atoms (noted with 

arcs) through hydrophobic interactions. The yellow sticks represent the residues involved in 

hydrogen bonding with ligands, and the H-bonds are shown in green dotted lines. 
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5.4.3  TNS Binding to Proteins 

TNS was docked against the selected protein 

structures of -LA and RNase A, and the native state 

of BSA. The docked complexes were analyzed using 

LigPlot+ (Fig. 9 and 10). From the docking results, it 

was evident that TNS was surrounded by more 

hydrophobic residues when it bound to the partially 

denatured structures of -LA and RNase A, except 

LD3 which formed more H-bonding interactions. On 

the other hand, the native form of BSA showed more 

hydrophobic interactions than the native states of -

LA and RNase A with TNS. Further, the MD 

simulations of all the ligand-bound proteins were 

carried out for 2 ns at room temperature (300 K) to 

follow the dynamics of protein-TNS complexes. The RMSD vales obtained from 

molecular simulations are presented in Fig. 11. Table 2 lists all the simulations performed 

in this study. 

Figure 11. (A) RMSD plots of native forms of α-LA, RNase A and BSA and their TNS bound 

forms obtained from the MD simulations carried out at 300 K. (B) RMSD plots of 

representative unfolded conformations of α-LA and RNase A and their TNS bound forms. The 

solid lines are running average of the RMSD values. 
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Figure 10.  Two-dimensional 

representations of TNS docked 

against BSA. The color codes are 

same as in Fig. 9.  
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5.4.4 H-bonding Profile of Protein-TNS Complexes 

Since hydrogen bonding is one of the major contributors for protein-ligand 

interaction, the formation of stable H-bonds between proteins and TNS molecule was 

analyzed from simulation trajectories (Fig. 12). The atoms O20, O21, O22 of TNS act as 

Table 2. Summary of the 

simulations carried out. 

Structural detail  Simulation 

time 

(ns) 

Unfolding simulation (700 K) 

α-LA            x 3 4 

RNase A     x 3 6 

Protein-ligand Complex 

Simulation (300 K) 

α-LA 

Lnative without TNS 2 

LD1 without TNS 2 

LD2 without TNS 2 

LD3 without TNS 2 

Lnative with TNS 2 

LD1 with TNS 2 

LD2 with TNS 2 

LD3 with TNS 2 

RNase A 

Rnative without TNS 2 

RD1 without TNS 2 

RD2 without TNS 2 

RD3 without TNS 2 

Rnative with TNS 2 

RD1 with TNS 2 

RD2 with TNS 2 

RD3 with TNS 2 

BSA native 

BSA  without TNS 2 

BSA with TNS 2 

Free TNS 

TNS 10 
 

   

Figure 12. The account of all the H-bonds formed between 

TNS and the selected conformations of α-LA (A-D) and 

RNase A (E-H) and the native-BSA (i) during molecular 

simulation. The numbers on the ordinate correspond to 

the distinct H-bonds. The details of protein and ligand 

atoms involved in H-bond is given in Table 3-5. 



Chapter 5 

98 

 

H-bond acceptors and the atom N7 acts as H-bond donor in TNS (Fig. 1). They form H-

bonds with the amide backbone and/or the side chains of the proteins. In all the protein-

TNS complexes, an average of 15 different H-bonds were observed at different positions 

during the simulation. Analysis of these bonds indicated that -LA-TNS complexes did 

not show any consistent H-bond formation, except in LD1. However, RNase A and BSA 

complexes showed the presence of H-bonds persisting throughout the simulation, except 

RD1. Account of each H-bond is mentioned in Table 3-5. 

                  

 

 

 

 

 

 

 

Table 3. Atom wise description of H-bonds obtained from TNS-BSA complexes 

simulations (Fig. 12) 

 

BSA 

No Donor Hydrogen Acceptor 

1 TNS584N7 TNS584H27 SER201OG 

2 ARG194NE ARG194HE TNS584O20 

3 ARG194NE ARG194HE TNS584O22 

4 ARG194NH2 ARG194HH21 TNS584O20 

5 ARG198NE ARG198HE TNS584O20 

6 ARG198NE ARG198HE TNS584O21 

7 ARG198NE ARG198HE TNS584O22 

8 ARG198NH2 ARG198HH21 TNS584O20 

9 ARG198NH2 ARG198HH21 TNS584O21 

10 ARG198NH2 ARG198HH21 TNS584O22 

11 TRP213NE1 TRP213HE1 TNS584O20 

12 TRP213NE1 TRP213HE1 TNS584O21 

13 TRP213NE1 TRP213HE1 TNS584O22 

14 ARG217NE ARG217HE TNS584O21 

15 ARG217NH1 ARG217HH11 TNS584O21 

16 ARG217NH2 ARG217HH21 TNS584O21 

17 ARG217NH2 ARG217HH21 TNS584O22 

18 SER453OG SER453HG TNS584O20 

19 SER453OG SER453HG TNS584O21 

20 SER453OG SER453HG TNS584O22 
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5.4.5 Bond Angles and Dihedrals of TNS 

To probe the conformational freedom of protein bound TNS in terms of bending, 

rotation, and co-planarity of the aromatic rings, two major bond angles and dihedrals of 

TNS were analyzed. The bond angle formed by C8-N7-C1 atoms was defined as angle-1. 

It describes the bending movement of the aromatic rings in TNS. The cosine value of the 

angle between the orthogonal vectors drawn from the planes of naphthalene and toluene 

rings was defined as angle-2 which represents the rotational movement of the ring 

systems. The dihedral angles-1 and -2 were defined by the dihedrals made by C13-C8-

N7-C1 atoms and C8-N7-C1-C2 atoms, respectively. Dihedral-1 represents the 

naphthalene ring rotation around C8-N7 bond and the dihedral-2 maps the rotation of 

toluene ring around N7-C1 bond. The change in angles and dihedral values of TNS in 

free-state and in all the protein-TNS complexes during the simulation were smoothed for 

further analysis. The results are presented in Fig. 13. The distribution of bending angle 

(angle-1) of TNS was similar in both the free (132.5) and protein-bound states (132.5  

2.5). From the angle-2 values of TNS in solvent, it is clear that both the rings are out of 

plane nearly by 40. TNS bound to the native states of -LA, RNase A and BSA showed 

            

Figure 13.  Change in the angles and dihedrals of TNS during the simulation. (A) Distribution plot 

of the angle between C8-N7-C1 which depicts the bending movement of TNS. (B) Cosine value of 

the angle between the perpendiculars drawn from naphthalene and toluene rings of TNS 

representing the degree of planarity between the rings. (C) and (D) Distribution plots of the 

dihedrals representing C13-C8-N7-C1 and C8-N7-C1-C2 which infers the rotation of naphthalene 

and toluene rings, respectively. Solid black, red, green and yellow lines represent TNS bound to 

Lnative, LD1, LD2 and LD3, respectively. Dashed black, red, green and yellow lines represent 

TNS bound to Rnative, RD1, RD2 and RD3 respectively. Solid purple and dotted black lines 

represent free TNS and TNS bound to BSA, respectively. 

A

AC

B
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the angular values between 40 and 60. When bound to LD1, LD3 and RD1, the angle-2 

in TNS was fairly less than 30, whereas in LD2, RD2 and RD3 the angle was around 

40. The most preferable conformation of free TNS has the dihedral-1 either at 40 or at -

40 with equal probability in the absence of any bound molecules. The dihedral-1 of 

protein bound TNS states has less deviation from either of the most probable angles of 

free TNS, except Lnative and RD1 bound TNS. In the case of Lnative, dihedral-1 was 

more probable at ±150 and in RD1 a fairly sharp peak was obtained around ±170.  

However, the peak width of the protein bound TNS is less compared to the free-TNS, 

except in the cases of LD2 and LD3. Also, BSA shows more restricted rotation of 

naphthalene ring with a narrow peak width having maximum at 40. Further, most of the 

protein-bound TNS states and free TNS dihedral-2 was restricted at ±170, except that the 

Rnative and LD1 were at -13 and LD3 was at 13. 

5.4.6 Solvent Count, Rotational Autocorrelation, and Radius of Gyration 

The number of solvent molecules available within 0.35 nm radius around TNS in 

the free and protein-bound states were calculated (Fig. 14A). As expected, free TNS was 

surrounded with more number of water molecules than the protein-bound state. In 

general, TNS bound to the native proteins were surrounded with more solvent molecules 

than the TNS bound to the partially unfolded proteins. In the case of RD2 and RD3 the 

solvent counts were comparable to their native state, Rnative. In order to evaluate the 

rotational dynamics of TNS in various states, rotational autocorrelation decay rates C(t) 

were derived from the simulation trajectories (Fig.14B). Though C(t) of the free TNS 

rapidly decayed to zero as expected, in the protein-bound states the decay rates were 

decreased significantly. The least C(t) decay was observed in RD3 bound TNS and the 

most rapid decay was observed in LD3 and LD2 bound TNS. In the other complexes, the 

C(t) rate showed intermediate values. The radius of gyration (Rg) of the proteins and the 

protein-TNS complexes were calculated from their corresponding simulation trajectories. 

The mean values of Rg calculated from the trajectory showed that the Rg values of the 

completely unfolded proteins (LD3 and RD3) and native conformation of BSA were 

decreased when TNS bound to them. TNS bound to the other conformational states of 

proteins slightly increased the Rg values compared to their ligand-free states (Fig. 15). 
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Figure 14. (A)The solvent count around the free and protein-bound TNS, within a radius of 0.35 

nm. (B) The rotational autocorrelation function, C(t) of TNS molecule bound to different proteins. 

Solid black, red, green and yellow lines represent TNS bound to Lnative, LD1, LD2 and LD3, 

respectively. Dashed black, red, green and yellow lines represent TNS bound to Rnative, RD1, 

RD2 and RD3 respectively. Dotted black lines represent TNS bound to BSA. The inset shows C(t) 

of TNS in water. Here, the rotation is correlated with the vector change of perpendicular on the 

plane of naphthalene ring of TNS. 

 

Figure 15. The mean values 

of radius of gyrations of the 

proteins and their TNS 

bound complexes obtained 

from the MD simulation 

performed at 300 K for 2 ns. 

Black bars represent the Rg 

values of protein alone and 

the red bars represent the 

Rg values of  protein-TNS 

complexes. 

 

Figure 16. (A) 2D 

representation of TNS 

docked with BSA obtained 

from the average of 2 ns 

simulated conformations of 

BSA-TNS complex. (B) 3-D 

surface representation of 

TNS binding pocket in BSA 

obtained from the average of 

2 ns simulated 

conformations. (Color codes 

are as describrd in Fig. 6 ) 
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Figure 17. 2D and 3D representations of TNS bound to different conformations of α-LA (A-D) and 

RNase A (E-H) The purple sticks represent TNS molecule. The red arcs labeled with amino acid 

codes are residues of the proteins interacting with the ligand atoms (noted with arcs) through 

hydrophobic interactions. The yellow sticks represent the residues involved in hydrogen bonding 

with ligands, and the H-bonds are shown in green dotted lines. 
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5.4.7 Hydrophobic Interactions between Protein and TNS 

In order to create an overall hydrophobic interaction profile, an average of the 

dynamic trajectory was considered as a representative of the most probable 

conformational state. Therefore, the average structures for each TNS bound native and 

partially unfolded conformations were derived and analyzed using LigPlot+ (Fig. 16 and 

17). From these representative structures it could be inferred that TNS was surrounded by 

relatively less hydrophobic residues when it was bound to the native -LA than the 

unfolded states of -LA. But in RNase A, the native and unfolded states showed similar 

number of hydrophobic contacts. TNS bound to BSA showed considerably high number 

of hydrophobic contacts than Lnative and Rnative. 

5.5 Discussion 

5.5.1 Conformational States of Unfolded Proteins 

The extent of unfolding at 700 K for -LA and RNase A is not similar. RNase A 

retains some of the secondary structures. Two out of the four disulphide bonds in RNase 

A are formed between helix and sheets whereas in the case of -LA all of the disulfide 

bonds are formed between flexible loops and helices. This might provide a higher 

stability to RNase A and some of the secondary structures, particularly part of the -

sheets, are retained even at longer time of the simulation at higher temperature (Fig. 7). 

Considering these factors, we have carefully chosen different unfolded conformations of 

the proteins based on their increasing SASA and RMSD values (Fig. 5-6).  Further, the 

analysis of secondary structure content of the chosen conformations showed that the 

structure is gradually lost in both the proteins, though RNase A retains some amount of -

sheets (Fig. 8).  

5.5.2 Protein-TNS Binding Interactions 

From the docking results (Fig. 9-10), we could identify that TNS is preferably 

surrounded with hydrophobic residues when it is bound to partially unfolded proteins and 

in the case of native BSA. In order to understand the dynamical changes of these 

interactions, the mean of the simulation trajectory of the proteins in ligand bound forms 

are also analyzed (Fig. 16-17). This reinstates the fact that TNS is surrounded by more 

number of hydrophobic residues in the case of partially unfolded conformations of -LA 

whereas in RNase A the number is not significantly increased compared to its native 

state.  At the same time, the hydrogen bonds formed between unfolded conformations of  

RNase A and TNS are shown to be more stable during the simulation compared to the 

more fluctuations observed in all the conformations of -LA and native RNase A over 

time. The unfolded conformations of RNase A retain some of the secondary structural 

contents. This might hinder the accessibility of hydrophobic interior of the protein to the 

TNS molecule. Thus, it contains less hydrophobic surrounding and the molecular binding 



Chapter 5 

106 

 

interactions are mostly stabilized by hydrogen bonding interactions. Comparing these 

interactions with the observed interactions in BSA suggest that TNS prefers to be in a 

hydrophobic environment. If the hydrophobic core is not accessible, the TNS may still 

form a stable interaction with the protein through hydrogen bonds. 

5.5.3 Conformational Dynamics and Solvent 

Accessibility of TNS 

From the analysis of dynamics of angle-1 in 

TNS, it is evident that the bending angle around the 

nitrogen atom is highly constrained. In the protein 

bound state, TNS could show the bending of the 

ring systems to the maximum extent of 2.5 from 

the free TNS bending angle of 132.5. However, the 

twisting of the rings measured through angle-2 

suggests that the aromatic rings are more non-planar 

with an angle above 50, when TNS is bound to the 

native forms of the proteins and in the case of RD3. 

Interestingly, when TNS is bound to the unfolded 

conformations of the proteins (except RD3) the 

twisting angle is reduced. In other words, the rings 

are moved towards more coplanar conformation. It 

is also observed that this shift towards co-planarity 

is also facilitated by the orientation of the binding 

pocket in the protein (Fig. 17-18). In order to 

facilitate the hydrogen bonding interaction with the 

protein through its sulfate and/or amino group, TNS might reorient itself. This could 

energetically favor the binding orientation of TNS towards the protein. 

Dihedral angle-1 changes suggest that the accessible dihedrals of naphthalene ring 

are reduced in the protein-bound TNS compared to the free-TNS except in LD2 and LD3. 

The reduced conformational change is due to the hydrogen bonding interaction of TNS 

with proteins through the sulfate group attached to the naphthalene ring.  The exceptions 

for TNS bound to LD2 and LD3 conformational states could be due to the fragile 

hydrogen bonding interactions (Fig. 12). In the case of BSA, the conformational rotation 

of naphthalene rings is highly restricted. This might be due to the binding of TNS into the 

hydrophobic cavity of the protein. Dihedral angle-2 which corresponds to the toluene ring 

rotation suggests that the rotation of toluene ring system is also highly restricted except in 

the case of LD3. The toluene ring is always found to be in a hydrophobic pocket, if not 

found on the surface, probably due to its smaller volume. This could reduce the 

conformational rotation of the ring system. Further, the rotational autocorrelation decay 

 

Figure 87. Orientation of aromatic 

rings of TNS in the binding cavities 

of the proteins (A) LD3, (B) RD3 

and (C) BSA.  

A

C

B
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also suggests that the TNS has restricted global rotation in the protein-bound forms, 

except in LD2 and LD3. 

The number of accessible water molecules around TNS comes down, when it 

binds to unfolded conformations of the proteins, except RD3. This suggests that TNS 

preferably binds to the hydrophobic cavity of the proteins, thus having reduced water 

accessibility. In the case of BSA where TNS is buried in a hydrophobic pocket, the 

solvent accessibility comes down significantly compared to the other proteins. 

5.5.4 Molecular Orientation vs. Hydrophobic Environment 

The binding and MD simulation results suggest that TNS binding to the unfolded 

conformations of proteins has less water accessibility and mostly surrounded by 

hydrophobic residues. Though the hydrogen bond formation between TNS and the protein 

stabilizes the binding interaction to certain extent, it might not have considerable 

influence on the fluorescence changes. It is evident from the fact that TNS forms 

significant number of hydrogen bonds with the native states of RNase A and α-LA which 

do not increase the fluorescence quantum yield of TNS. Earlier studies on TNS 

interacting with peptides also suggested that initial ionic interaction might encourage the 

binding, but not sufficient enough to increase the fluorescence quantum yield [278, 301]. 

Further, the orientation of the ring systems may also have less contribution to the 

fluorescence changes observed for TNS. In the case of native-BSA bound TNS the ring 

orientation is non-coplanar as compared to the TNS bound to other unfolded 

conformations of the proteins, but still possess high fluorescence quantum yield. The 

angles and dihedral accessible for protein-bound TNS is much constrained and close to 

free-TNS conformational angles. Moreover, the toluene ring of TNS is found to be 

preferably surrounded by the aromatic residues of the proteins than the naphthalene ring 

which in most of the cases interacts with the protein via hydrogen bonding through the 

sulfate group. These binding preferences of TNS and the surface availability and 

orientation of protein binding pockets could influence the conformational freedom of 

TNS molecules. Therefore, we conclude that the surrounded hydrophobic pocket and the 

reduced polar solvent accessibility could be the major contributing factors for the increase 

in fluorescence quantum yield of TNS rather than the ring planarity and the other 

interactions. 

From the fluorescence experiments it is also evident that the hydrophobic 

microenvironment was very crucial for the fluorescent behaviour of the TNS. The 

quantum yield of the TNS is found to decrease as the polarity of the medium is increased 

(Fig. 2). Similar results are obtained in the mixture of binary solvents where the content 

of the polar solvent is decreased, the quantum yield is increased with blue shit in the 

emission maximum (Fig. 3). 
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5.6 Summary 

To probe the TNS interaction with proteins, binding of TNS with native and three 

different unfolded conformations of α-LA and RNase A were analyzed in silico. The 

unfolded conformations of α-LA and RNase A were obtained from the molecular 

simulations carried out at 700 K. Analysis of TNS conformational changes upon binding 

to different conformational states of the proteins suggest that TNS finds more restricted 

movements in the bound state and the conformational angles and dihedrals accessible by 

TNS is constrained upon binding. The orientation and planarity of aromatic rings are 

influenced by the structure of binding pockets which varies even among the 

conformations providing higher fluorescence to TNS. Though, ionic and hydrogen 

bonding interactions are seen almost similarly in all the conformational states of proteins, 

TNS bound to unfolded conformations has less solvent accessibility and mostly 

surrounded by hydrophobic residues. Therefore, the results suggest that the reduced 

solvent accessibility and increased hydrophobic packing around the TNS might enhance 

the quantum yield rather than binding capacity and ring orientation. 
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6.1 Abstract 

Characterization of different conformational states of proteins is essential to 

understand their stability and activity. Biophysical techniques aid in analysing these 

conformational states and molecular fluorescence is one of the most reliable and quickly 

accessible methods.  Apart from the intrinsic fluorescence of proteins, external 

fluorescence dyes such as TNS, ANS, nile red and thioflavin are also used to characterize 

partially unfolded, aggregated and fibrillar states of proteins, though their exact 

molecular-level interactions with proteins are yet to be completely unraveled. The present 

study attempts to investigate the binding of TNS molecule on different conformational 

states of proteins. Unconstrained molecular dynamic simulation of 50 molecules of TNS 

with the native state of BSA, native and two partially unfolded states of RNase A and α-

lactalbumin in water was carried out. Dynamic simulation of TNS alone in different 

solvents such as water, ethanol, DMF and DMSO was also performed. The binding 

environments in all the proteins and the solvents were analysed in terms of H-bonding 

interactions, order of contacts, amino acid specificity and conformational changes of 

TNS, and correlated with experimentally observed fluorescence changes of the dye. The 

results suggest that TNS forms aggregates in water whereas in non-aqueous solvents the 

order of aggregates are less which might result in enhancement in its fluorescence 

intensity. Further, TNS preferably binds with basic and aromatic amino acid residues of 

the proteins. In RNase A and α-lactalbumin, most of the TNS molecules tend to form 

aggregates even with the unfolded conformations of the proteins. However in BSA, the 

number of aggregated TNS molecules is less and TNS molecules in monomeric form are 

found in the hydrophobic crevices of the protein. This might result in enhancement of the 

fluorescence in BSA compared to the other proteins. The angles and dihedrals of TNS in 

different environments suggest that the bending movement between the naphthyl and 

tolyl rings is constrained whereas significant planar rotations could be observed both in 

solvents and in protein-bound states. 

6.2 Introduction 

Fluorescence spectroscopic methods are widely used in the field of biology to 

investigate the structure, dynamics and activity of macromolecules owing to their high 

sensitivity and reproducibility [318, 320-323]. The intrinsic fluorescence of proteins by 

its naturally occurring aromatic amino acid residues offers valid information on the 

conformational states and the activity of proteins [324, 325]. Covalently attached 

fluorescent moieties or externally added fluorescence dyes extend the applications by 

following the spectral and temporal changes of these fluorochromes in understanding the 

dynamics of bound or interacting proteins [281, 324, 326, 327]. According to the classical 

definition of Edelman and McClure, an external fluorescence probe is a small molecule, 

non-covalently interacting with the protein and showing difference in one or more of its 

fluorescence properties due to the change in its microenvironment upon binding [328]. 

This environment-sensitive fluorescence dyes has been widely used to monitor the 
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structural changes in biological membranes, to identify the intermediates during protein 

folding, to characterize the protein-protein and protein-ligand interactions, to follow 

protein aggregation and fibril formation and to estimate the activities of enzymes over the 

past several years [322, 324, 329-333]. For instance, the intensity ratio between third and 

first vibronic bands of pyrene is used to assess the polarity of the environment [334]. Nile 

red is used to identify large protein aggregates through spectroscopy and microscopy 

[335, 336]. Congo red and thioflavin T are used as histochemical stains to characterize 

amyloid fibrils [337]. Fluorescent molecular rotors such as dicyanovinyl-julolidine and 

coumarin derivatives are used to probe the local microviscosity of cellular membranes 

and to follow bio-polymerization processes [338, 339]. PRODAN, NBD, DMAP and 

their derivatives are other popularly known probes in biological, environmental and 

material sciences [340-342]. These external fluorescence probes along with their energy 

transfer properties with the intrinsic protein fluorochromes could provide detailed 

information about kinetic events during folding and aggregation of proteins [327, 343-

345]. 

Among the various fluorescence dyes, N-arylaminonaphthalene sulfonate 

derivatives occupy a significant place in probing the conformational changes of proteins 

[330]. l-anilinonaphthalene-8-sulphonate (ANS) and its covalent dimer bis-ANS are most 

popular fluorescence probes of this class adapted for biophysical analysis of proteins.  

The photophysical properties and the binding interactions of these dyes with different 

proteins have been well studied using experimental and computation methods [346-348]. 

2-p-toluidinylnaphthalene-6-sulfonate (TNS, Chap. 5 Fig. 1) is another widely recognized 

aminonaphthalene-based probe characterized for its solvatochromic effect.  TNS is found 

to be almost fluorescence silent in aqueous medium whereas shows a high quantum yield 

in organic solvents with a hypsochromic shift as the polarity of the medium decreases 

[277, 328, 349]. This property has been exploited to probe the micellation properties of 

surfactants [350], membrane fluidity [331], the hydrophobic surfaces on the proteins 

[277, 328], conformational changes upon ligand binding [299] , ligand binding events 

[286, 351, 352], protein-surfactant interactions [285], multimeric protein assembly [353], 

protein aggregation, fibril formation [327, 343]  and so on. Despite of their wider 

applications as biophysical probes, their interaction with biological molecules is yet to be 

clearly understood. 

The binding of fluorescence probes such as ANS and TNS on the proteins’ surface 

is assumed to be mostly hydrophobic and non-specific [354]. However, different 

experimental and computational studies [301, 347, 355, 356] along with crystallographic 

structures of protein-dye complexes [357] have emphasized on the specific role of 

electrostatic interactions as well in the binding. Further, these fluorescence dyes also tend 

to form aggregates at the concentrations which are most commonly used in biological 

investigations [319]. However, most of the studies have not considered the aggregation of 

fluorescence probes in water while analyzing the interactions between the dye and protein 
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molecules including our earlier studies (reported in Chapter 5). Fluorescence probes may 

bind to multiple sites on proteins with slightly differing environments and interactions 

[347, 358, 359]. These discrete multiple binding sites are characterized to be more for 

anionic probes such as TNS than cationic probes [360].  Though the fluorescence 

enhancement of the probes is induced by unfolded states of the proteins, the studies on 

binding of these probes with unfolded conformations of proteins are very limited [347, 

361]. Further, addition of cosolvents such as urea and guanidine hydrochloride or 

increasing temperature which are commonly employed in biophysical methods to 

populate denatured states might directly influence the fluorescence property of the probes 

rather than exploring their interactions with the exposed hydrophobic surfaces of proteins 

during unfolding [358, 362]. Considering these factors, the present study attempts to 

investigate the probable binding interactions between TNS and proteins using molecular 

dynamic (MD) simulation method by including multiple number of TNS molecules and 

by using native and in silico denatured conformations of proteins. The results suggests 

that ionic interaction between TNS and positively charged amino acid residues initiate the 

binding and the positioning of aromatic rings in appropriate hydrophobic environments 

would further favour the binding. TNS aggregation and its exposure to solvent upon 

binding vary among the proteins and between the native and denatured conformations of 

the proteins. The most probable angles and dihedrals of TNS in solvents and in different 

proteins were also investigated. The results predict similarity in correlated, but 

constrained, movements of the two aromatic rings of TNS in solvents and upon binding to 

the proteins.   

6.3 Experimental Methods 

6.3.1 Structure of TNS and Proteins 

The structure of TNS was drawn and energy minimized in Avogadro 1.1.1 using 

UFF[363]. Three model proteins bovine α-lactalbumin (α-LA), bovine ribonuclease A 

(RNase A) and bovine serum albumin (BSA) were selected for the study as they are 

functionally different and representing different fold classes and surface charges. Their 

native state conformations were obtained from protein data bank (PDB): 1FS3 (RNase 

A), 1HFZ (α-LA), and 4F5S (BSA). The in silico unfolded conformations of RNase A 

and α-LA were obtained using the protocol reported in the previous Chapter [361].  

6.3.2 Molecular Dynamic Simulation 

Molecular dynamic (MD) simulation of TNS molecules was carried out in the 

presence of three different proteins and four different solvents. The proteins were: native 

state of bovine serum albumin (BSA), native and two partially denatured states (A0, A2 

and A3) of α-lactalbumin (α-LA), and native and two partially denatured states (R0, R2 

and R3) of RNase A. 50 molecules of TNS were randomly placed around the protein, 

kept in a cubic box and then filled with water molecules. Also, 64 molecules of TNS 
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randomly placed in a cubic box was simulated in four pure solvent conditions: water, 

ethanol, DMF and DMSO. The systems were energy minimized and equilibrated as NVT 

and then as NPT ensembles. The final production simulations were run without any 

constrains at 300 K for 100 ns coupled with leap-frog integrator [364]. Short-range van 

der walls and short-range electrostatic cut-off was fixed at 1 nm. Long range electrostatics 

was maintained by particle mesh Ewald (PME) [152] scheme with order of 4 and spacing 

0.16. Temperature coupling was treated by V-rescale[311] with time constant 0.1 ps. 

Parrinello-Rahman algorithm [153] was used to maintain the pressure at 1 bar with the 

time constant of 2 ps. LINCS algorithm [154] was used for all bond constraints. All the 

MD simulations were run in GROMACS 4.6.3 using GROMOS53a6 force field on a 

Unix based cluster of 42 cores, 3.33GHZ speed (per processor), Intel Xeon CPU. The list 

of simulations carried out is tabulated in Table 1. 

Table 1.  List of the simulations carried out. 

Name Protein Solvent Number of 

TNS 

Simulation Time (ns) 

BSA + Water 50 100 

A0 + Water 50 100 

A2 + Water 50 100 

A3 + Water 50 100 

R0 + Water 50 100 

R2 + Water 50 100 

R3 + Water 50 100 

Water - Water 64 100 

Ethanol - Ethanol 64 100 

DMF - DMF 64 100 

DMSO - DMSO 64 100 
 

6.3.3 Analysis 

From 100 ns MD simulations, the last 10 ns data were used for further analysis 

where the systems were stable in all the conditions. Types and number of aggregates, H-

bonding interactions, order of contacts, amino acid specificity, electrostatic surface 

analysis, and angles and dihedrals of TNS were calculated by combining Gromacs tools 

with in-house codes written in R (for details refer Appendices B1-B3). Electrostatic 

surface was constructed with the help of PDB2PQR [158, 159] and APBS [160]. PyMOL 

[155] was used for visualization and to create structural graphics. 
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6.4 Results 

6.4.1 Dynamics of TNS in Solvents and Proteins 

            

Figure 1. The snapshots of positions of 64 TNS molecules in (A) water, (B) ethanol, (C) DMF and 

(D) DMSO obtained at the end of 100 ns simulation. 

In order to understand the conformational changes and aggregation behaviour of 

TNS in different solvent environments, 64 TNS molecules were simulated in water, 

ethanol, DMF and DMSO for 100 ns without any constrains. The last frames of all the 

simulations, representing the stabilized TNS-TNS interactions, are presented in Fig. 1. It 

clearly depicted that TNS formed larger aggregates in water whereas in non-aqueous 

solvents only monomers or smaller aggregates were found. In order to quantitatively 

measure the different aggregates formed during MD simulation, the fraction of aggregates 

with different sizes were calculated using the method described in Appendix B1. The 

analysis showed that the fraction of medium and higher order aggregates (more than four 

TNS molecules) are more in water whereas in non-aqueous solvents the fraction of higher 

order aggregates were minimal (Fig. 2A). 

A

DC

B
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Similarly, to investigate the binding modes of TNS on different conformations of 

proteins, 50 molecules of TNS were simulated in the presence of native and two partially 

denatured conformations of α-LA and RNase A for 100 ns without any constrains. Since 

in the presence of BSA, TNS showed high quantum yield similar to its behaviour in DMF 

and DMSO, TNS was simulated in the presence of native conformation of BSA as well. 

The last frames of all the simulations are presented in Fig. 3-5. The simulation results 

suggested that all the three proteins could induce formation of TNS aggregates on their 

surface. However, there were significant differences in the fraction of distribution of 

aggregates. The quantitative analysis (Fig. 2B-C) showed that TNS preferably formed 

lower order aggregates in BSA where as in the presence of RNase A or α-LA the fraction 

of higher order aggregates were predominant. Upon denaturation of α-LA, the distribution 

of aggregates, in general, did not show any specific preference. However, as RNase A 

was denatured, the fraction of smaller aggregates increased over the higher order 

aggregates. 

 

Figure 2. The aggregates of TNS formed in different conditions are categorized into four groups 

based on the number of TNS molecules in the aggregate (refer Appendix B1). The fraction of 

different sizes of aggregates of TNS (A) in solvents, (B) in α-LA in native (A0) and two denatured 

conformations (A2 & A3) and (C) in RNase A in native (R0) and two denatured conformations (R2 

& R3). The fractions of  TNS aggregates formed in the presence of native-state of BSA are plotted 

in panels (B) and (C) for comparison. 
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Figure 3 The snapshot of positions of 50 TNS molecules in the presence of BSA obtained at the end 

of 100 ns simulation. Cartoon diagram and stick models represent the protein and TNS, 

respectively. 

   

 

Figure 4 The snapshots of positions of 50 TNS 

molecules in the presence of (A) native and (B 

& C) two-denatured conformations of α-LA 

obtained at the end of 100 ns simulation. 

Cartoon diagrams and stick models represent 

the proteins and TNS, respectively. 

 

A B

C
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Figure 5 The snapshots of positions of 50 TNS 

molecules in the presence of (A) native and (B 

& C) two-denatured conformations of RNase A 

obtained at the end of 100 ns simulation. 

Cartoon diagrams and stick models represent 

the proteins and TNS, respectively. 

6.4.2 Hydrogen Bonding Interactions of TNS 

In order to analyse the interaction between TNS and the proteins, the number of 

H-bonding interactions of TNS with proteins and with solvents were calculated for last 10 

ns of MD simulation using the method described in Appendix B2. Among all, the fraction 

of H-bonds formed by TNS was more with BSA followed by the denatured states of 

RNase A and α-LA (Fig. 6A). As expected, TNS formed higher number of H-bonding 

interactions with the solvent molecules (water) in all the cases irrespective of the proteins 

and their conformational states (Fig. 6B). For further insight, the fraction of H-bonds 

formed by TNS with different solvent molecules, water, ethanol, DMF and DMSO, were 

also calculated. The fraction was found to be above 0.95 in all the cases. The mean value 

of the fractions calculated from all the solvents is presented in Fig. 6B for reference. 

Comparison of Fig. 6A-B suggested that the fraction of H-bonds formed between TNS-

solvent were reduced as the protein was added. 

A B

C
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Figure 6. The fraction of  H-bonds formed by TNS (A) with proteins and (B) with water in the 

presence of different proteins. The mean value of fractions of H-bonds formed by TNS in different 

solvents, i.e., water, DMF, and DMSO is presented as ‘Sol’ in panel B. 

6.4.3 Order of Contacts 

To probe the microenvironment around the TNS molecule, the numbers of other 

atoms around each TNS was calculated in different proteins and in different solvents as 

well. The contacts were classified into three types: TNS interacting with the protein 

atoms, TNS interacting with water and each TNS interacting with other TNS molecules. 

The numbers of contacts were counted and the fraction of each interaction over last 10 ns 

of MD simulation was evaluated by following the method mentioned in Appendix B3. 

The results are presented in Fig. 7A. The analysis clearly indicated that all the TNS 

molecules have contact with water in all the cases under study. Further, TNS-TNS 

interactions were found to be in significant fractions in all the conditions. Among all the 

proteins, BSA showed the highest fraction of TNS-protein contacts and the least fraction 

of TNS-TNS contacts. In α-LA, a slight increase in protein-TNS contacts was observed as 

the protein was denatured where as in RNase A, the changes were minimal. 

In order to understand these interactions with respect to the self-aggregation 

property of TNS, the contacts were categorized into three types: zero order (no 

interaction), lower order and higher order contacts (more details in Appendix B3). All the 

three types of contacts for TNS with the proteins, solvent and other TNS molecules were 

calculated and are presented in Fig. 7B-D. In the case of DMF, DMSO and ethanol only 

zero order (no interaction with other TNS molecules) and lower order contacts were 

found. However, in water, almost 30% of the TNS molecules were participating in higher 

order contacts. Almost all the TNS molecules had contact with the solvent molecules. 

Also, the direct TNS-solvent contacts were less in water. These results suggest that TNS 

had more aggregation propensity in water whereas in non-aqueous solvents the numbers 

of aggregates were either reduced or not present. Further, the increased protein-TNS 

contacts in BSA could be attributed to the increase in lower order contacts suggesting that 

monomeric forms or smaller aggregates of TNS could be found on the protein (Fig. 3). 

This is complemented with the lowest number of higher order TNS-TNS contacts 

*A B
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observed in BSA. The slight increase in protein-TNS contacts in α-LA as the protein was 

denatured corresponded to increase in both lower order and higher order contacts around 

the protein which is complemented with slight decrease in higher order TNS-TNS 

contacts. This suggested that as the protein was denatured, the direct interaction between 

protein and TNS increased compared to TNS- protein bound TNS contacts (Fig. 4). In the 

case of RNase A, the higher order TNS-TNS contacts were reduced as the protein was 

denatured and the protein-TNS contacts and lower order TNS-TNS contacts were found 

to be increasing. This suggested that in the presence of denatured conformation of RNase 

A, the higher order aggregates of TNS were disturbed and the unfolded surface facilitated 

the formation of smaller TNS aggregates (Fig. 5). 

      

Figure 7. (A) The fraction of number of contacts of each TNS molecule with protein (pink), other 

TNS molecules (olive), and solvent (cyan) calculated in different solvents and in proteins. Further, 

each fraction of contacts, i.e., (B) TNS-protein, (C) TNS-other TNS molecules and (D) TNS-solvent 

is categorized into zero order (green), lower order (blue) and higher order (red) contacts based on 

number of neighbors (refer Appendix B3). 
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Figure 8. The number of contacts formed between TNS and  backbone (blue) or side chain (red) 

atoms of  each amino acid residue during the last 10 ns of MD simulation is counted and 

normalized with respect to the number of respective amino acids in the protein. The plots present 

the normalized TNS-amino acid contacts in (A) BSA, (B) native state of α-LA  and (C & D) in 

denatured states of α-LA. 

         

Figure 9. The normalized TNS-amino acid contacts in (A) native state of RNase A  and (B & C) in 

denatured states of RNase A. 
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6.4.4 Amino Acid Specificity in TNS Binding 

Though the binding of fluorescence probes such as ANS, bis-ANS, TNS, and 

PRODAN are assumed to be non-specific, there are studies suggesting the possible amino 

acid specificity in binding of these probes on proteins and selective increase in their 

fluorescence in such environments [301]. In order to obtain further insight, the amino 

acids interacting with TNS in all the proteins were analysed based on their contacts and 

normalized with respect to the number of each amino acid in the corresponding protein 

(Appendix B3) Interestingly, most of the interactions were found to be with basic residues 

(Arg, Lys and His), polar residues with amide side chains (Gln and Asn) and with solvent 

exposed aromatic amino acid residues (Trp, Tyr and Phe). In a few cases, significant 

interactions with proline were also found. In general, there were considerable amount of 

interactions with the peptide backbone of the protein chain as well which could be non-

specific (Fig. 8-9). 

6.4.5 Solvent Accessible Surface Area 

(SASA) 

To evaluate the surface area of 

proteins occupied by TNS molecules, the 

SASA values of the proteins was used as a 

measurement. The percentages of TNS 

occupied hydrophobic and hydrophilic 

SASA on the proteins were calculated (Fig. 

10A) and the ratio of hydrophobic to 

hydrophilic SASA were also evaluated 

(Fig. 10B). The values suggested that TNS 

preferably occupied the hydrophobic 

surface patches on the proteins compared to 

the hydrophilic surfaces.  In case of α-LA, 

upon denaturation of the protein, there was 

a slight increase in the occupancy of both 

hydrophobic and hydrophilic surfaces. In 

case of RNase A, the occupancy of TNS on 

the hydrophobic surface area was slightly 

reduced upon denaturation whereas the 

extent of occupied hydrophilic SASA 

remained the same.  

 

 

Figure 10. The solvent accessible surface area 

(SASA) of the proteins are classified in to 

hydrophobic and hydrophilic regions. (A) The 

percentage of hydrophobic (light green) and 

hydrophilic (dark green) surface areas 

occupied by TNS on different proteins. (B) The 

ratio of hydrophobic to hydrophilic surface 

area occupied by TNS in different proteins. 
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Figure 11. Four angles and two dihedrals defined for conformational analysis of TNS. (A) With 

reference to the center nitrogen atom N7 as the visual plane (pink), the naphthyl (blue) and tolyl 

(black) aromatic rings are represented below and above the plane, respectively. The angles 

defined are: α1 - angle between C8-N7-C1, α2 - angle between the planes of naphthyl (blue) and 

tolyl (black) rings,  α3 - angle between the plane of naphthalene ring and the center nitrogen  

atom N7, and α4 - angle between the plane of  tolyl ring and center nitrogen N7. (B) The dihedral 

angles defined are:  θ1 - rotational angle of naphthyl ring with reference to the plane of central 

nitrogen N7 and θ2 - rotational angle of tolyl ring with reference to the plane of central nitrogen 

N7. 

 

Figure 12. TNS conformational changes in different solution conditions is analyzed using four 

angles (refer Fig. 11 ). The distributions of TNS angles, clockwise from left bottom, (A) α1, (B) α2, 

(C) α3, and (D) α4 during MD simulation simulation in the presence of different solvents and the 

proteins and the color codes for different conditions are listed in panel B. The central panel (E) 

depicts the correlation-coefficients of the change in mean values between the angles (refer Table 

2). 
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6.4.6 Angles and Dihedrals of TNS 

To understand the conformational changes of TNS in solvents and upon binding to 

different states of the proteins, four angles and two dihedrals (Fig. 11) were investigated. 

The four angles are: α1 - the angle between C8-N7-C1; α2 - the angle between the planes 

of naphthyl and tolyl rings; α3 - the angle between the plane of naphthyl ring and nitrogen 

N7 at the centre; and α4 - the angle between the plane of tolyl ring and nitrogen N7 at the 

centre. The two dihedrals are: θ1 - rotational angle of naphthyl ring with reference to the 

plane of central nitrogen N7 and θ2 - rotational angle of tolyl ring with reference to the 

plane of central nitrogen N7. The calculated angles are shown in Fig. 12. The 

distributions of angles were fitted into Gaussian model and the calculated mean and 

standard deviation (SD) are presented in Table 2. In all the solvents and in the proteins, 

TNS showed similar distributions of α1 angle except in DMF and DMSO where the mean 

of the distributions of α1 were slightly increased. Notable changes were observed in the 

mean of α2 in different conditions, however, in DMF and DMSO the values were found 

to be exceptionally lower. The mean values of angle α3 varied between 161.8° and 163.6° 

with the lowest value in the unfolded conformation of α-LA (A2) to the highest value in 

RNase A (R0). There were evident differences in the mean values of α4 in different 

conditions with exceptionally higher mean values in the presence of DMF and DMSO. 

The correlation between the mean values of all the four angles of TNS in different 

environments were calculated (Fig. 12E). There is a negative correlation between the 

change in angles α1 and α2, i.e., if the bond angle between the two ring systems with 

respect to the central nitrogen was reduced, the planar angles between the rings would be 

increased. However, the change in α1 angle positively correlated with α4 suggesting that 

when the bond angle between the rings was reduced the planar angle of tolyl ring would 

be reduced with reference to the central nitrogen atom. Further, the angles α2 and α4 

showed a negative correlation suggesting that increase in the angle between the two ring 

systems would decrease the planar angle of the tolyl ring with respect to the atom N7. 

Similarly, the distribution of dihedral angles θ1 and θ2 were also calculated and 

fitted to bimodal distribution (Fig. 13 and Table 3). In all the environments, TNS showed 

two preferable dihedral angles with different fractions of distributions. The dihedral angle 

θ1 was centered around 164° and 195° with an exception for unfolded conformation of 

RNase A (R2) in which the dihedral was centered around 158.1° and 192.6°.  The 

dihedral angle θ2 was centered around 169.7° and 190.6° with less variation in the 

distributions (less FWHM values) compared to dihedral θ1.  
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Protein/ 

Solvent 

α1 α2 α3 α4 

µ σ Ꞙ µ σ Ꞙ µ σ Ꞙ µ σ Ꞙ 

BSA 132.989 3.556 8.374 38.353 14.214 33.471 161.970 9.940 23.406 153.169 14.734 34.697 

A0 133.130 3.555 8.372 38.037 15.942 37.540 162.726 10.379 24.440 152.905 14.264 33.588 

A2 132.913 3.526 8.303 39.456 15.098 35.552 161.799 10.789 25.407 152.481 13.648 32.139 

A3 132.937 3.513 8.273 39.573 14.539 34.235 162.676 10.199 24.016 151.649 14.936 35.171 

R0 133.200 3.605 8.488 37.381 15.383 36.223 163.569 10.573 24.897 153.254 14.296 33.664 

R2 132.895 3.520 8.288 39.775 15.251 35.913 161.872 10.879 25.619 153.074 14.060 33.109 

R3 133.072 3.632 8.552 36.624 15.284 35.991 162.744 9.7890 23.051 154.143 14.411 33.935 

Water 133.034 3.592 8.458 37.695 15.455 36.393 163.074 10.286 24.221 152.656 14.387 33.879 

DMF 133.528 3.498 8.238 35.210 16.172 38.082 162.508 10.168 23.944 155.878 14.175 33.379 

DMSO 133.756 3.515 8.277 34.305 15.087 35.528 163.014 9.726 22.903 157.087 14.015 33.003 

Ethanol 133.069 3.513 8.272 38.237 14.722 34.668 162.884 10.34 24.349 153.255 13.964 32.884 

 

Protein 

/ 

Solvent 

θ1 θ2 

µ1 σ1 Ꞙ1 µ2 σ2 Ꞙ2 µ1 σ1 Ꞙ1 µ2 σ2 Ꞙ2 

BSA 163.094 13.357 31.453 195.334 11.668 27.476 171.274 8.736 20.572 192.031 7.283 17.150 

A0 163.798 12.044 28.361 195.133 13.725 32.319 168.626 7.491 17.640 189.640 8.323 19.599 

A2 163.120 13.171 31.016 194.916 13.706 32.275 169.105 8.040 18.932 191.006 7.944 18.708 

A3 164.753 12.341 29.060 195.874 13.642 32.124 169.538 8.459 19.918 191.154 7.806 18.381 

R0 164.856 13.131 30.920 193.719 13.734 32.341 169.516 7.612 17.924 190.737 8.734 20.567 

R2 158.113 11.356 26.741 192.642 15.213 35.825 171.239 8.796 20.713 192.253 7.063 16.631 

R3 165.260 11.437 26.932 195.023 12.228 28.796 168.896 6.990 16.460 189.415 8.424 19.837 

Water 166.604 13.662 32.171 195.479 13.110 30.87 169.662 8.373 19.716 191.392 8.181 19.265 

DMF 165.279 13.083 30.807 196.435 12.827 30.204 169.502 7.908 18.621 189.338 8.723 20.542 

DMSO 164.920 12.397 29.192 194.521 12.070 28.424 170.557 7.810 18.391 188.852 8.521 20.065 

Ethanol 163.708 12.896 30.367 195.485 12.522 29.487 168.479 7.875 18.545 190.498 8.288 19.517 

Table 2. Distribution of four angles of TNS (as defined in Fig. 11) during MD simulation 

in the presence of different solvents and the proteins 

Table 3. Distribution of two dihedral angles of TNS (as defined in Fig. 11) during MD 

simulation in the presence of different solvents and the proteins 
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Figure 13. TNS conformational changes in different conditions analyzed using two dihedrals (refer 

Fig. 11). The distribution of dihedral angles (A) θ1 and (B) θ2 during MD simulation in different 

solvents and proteins as mentioned in the label. 

      

Figure 14. Electrostatic surface maps of  (A) BSA, (B) native state of α-LA, (C & D) denatured 

states of α-LA, (E) native state of RNase A, and (F & G) denatured states of RNase A constructed 

using APBS tool are presented as surface models with bound TNS molecules as stick models. 

6.4.7 Electrostatics Surface Analysis 

In order to analyse the preferential binding regions of TNS on the protein surfaces, 

the representative electrostatics maps of the model proteins were created (Fig. 14). It was 
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consistently noticed that TNS preferably binds around the hydrophobic surface of the 

proteins and with the positively charges regions on the proteins. In the case of BSA, the 

aggregated forms of TNS molecule were found to be less whereas in the native forms of 

RNase A and α-LA a significant amount of TNS aggregates were observed. As RNase A 

and α-LA were denatured, more hydrophobic surfaces of the proteins were exposed which 

led to the redistribution of fraction of different aggregate forms of TNS molecules. Even 

in these cases, TNS preferably bound to the hydrophobic surfaces preferably adjacent to 

the positively charged regions of the proteins. 

6.5 Discussion 

6.5.1 TNS in Solvents 

 TNS fluorescence emission showed polarity dependent solvatochromic 

effect. As the polarity scale was increased, WLmax was shifted to longer wavelength. The 

highest quantum yield and exceptional shift in WLmax observed in the presence of DMF 

and DMSO (Chap. 5, Fig. 2) indicate that the solvent molecules with proton accepting 

group could enhance the quantum yield of the dye. MD simulation of TNS molecules in 

water suggests that the fraction of TNS molecules in free non-aggregated state is very low 

and the aggregated forms are more prevalent (Fig. 2A and 7C) which could quench the 

fluorescence. Nevertheless, in ethanol and DMSO, only lower order aggregates and 

monomeric forms could be found almost in equal proportions. In DMF, even the fraction 

of the lower order aggregates is significantly reduced (Fig. 2A and 7C). This is 

complemented by the decrease in solvent contacts of TNS in water compared to other 

non-aqueous solvents (Fig. 7D). Formation of such aggregates in water and 

destabilization of aggregates in non-aqueous solvents have been proposed in earlier 

studies as well [315]. In fact, self-aggregation of structurally similar dye ANS was also 

proposed to be weakened in the solvent with proton-accepting group such as dioxane (in 

the present study DMF and DMSO) and showing enhanced fluorescence emission [319]. 

These results support that the computational methods and the parameters used to probe 

TNS properties in different conditions by MD simulation are within the acceptable limits 

only. Comparing these results with experimentally measured fluorescence emission 

intensities and with earlier studies suggest that the aggregation of TNS molecules in water 

might quench the fluorescence emission probably due to partial exclusion of water as 

attributed in the case of ANS [365]. Further, similar environments for TNS could be 

found in the presence of proteins which could alter its fluorescence properties in the same 

manner (discussed below). 

6.5.2 TNS in Different Conformations of Proteins 

 A simple count of interaction of each TNS molecule with proteins suggests 

that BSA has maximum number of TNS contacts and most of the contacts are in the form 

of lower order aggregates. However, in RNase A and α-LA, the monomeric form of TNS 
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bound on the surface of the proteins is reduced at the cost of increasing higher order 

aggregates (Fig. 2 - 5). This is complemented with the increase in TNS-TNS contacts in 

these proteins (Fig. 7C). Comparing these results with experimental results suggest that 

formation of aggregates on the surface of the protein would quench the fluorescence 

whereas binding of TNS in monomeric form or as lower order aggregates at the interior 

of the protein would enhance the fluorescence. Similar self-aggregation dependent 

fluorescence change upon binding to protein is proposed for ANS as well [319]. 

Further analysis on the specific interactions between TNS molecules and the 

proteins suggest that BSA forms more number of hydrogen bonding interactions with 

TNS even compared to the unfolded states of RNase A and α-LA (Fig. 6A). Thus, the 

higher order aggregates in water might be destabilized in the presence of BSA which is in 

fact observed as a reduction of H-bonds of TNS with solvents (Fig. 6B). Moreover, TNS 

molecules occupy higher fraction of hydrophobic surfaces on BSA than hydrophilic 

surfaces. Though the denaturation of α-LA, would increase the hydrophobic surface 

available for TNS occupancy, the percentage of occupancy is not varied (Fig. 10) and the 

distribution of different forms of aggregates also remain almost same (Fig. 7C). In case of 

RNase A, upon denaturation of the protein, the percentage occupancy of hydrophobic 

surfaces by TNS is reduced. This could be attributed to the increase in the number of 

lower order aggregates of TNS (Fig. 2B) which is presumably encouraged by interactions 

with the side chains of basic amino acids (Fig. 9) rather than hydrophobic pockets of the 

denatured protein. This could be due to the inherent basic nature of RNase A (pI 9.3). 

The analysis of charges on the protein surfaces where TNS molecules are bound 

provides further insight on the charge-charge interactions. The electrostatic surface maps 

(Fig. 14) evidently show that monomeric or lower order aggregates of TNS preferably 

binds around hydrophobic surfaces or to the basic amino acid residues of BSA (Video 

file, V6 ). However, such monomeric (or lower order aggregates of) TNS molecules are 

not found on the surfaces of RNase A and α-LA even in their unfolded states. In fact, 

these two proteins encourage formation of higher order TNS aggregates on their surface 

which is lower in fraction on BSA. This predicts that the fraction of distribution of TNS 

in monomeric and in aggregated forms might vary from protein to protein based on their 

surface charge, availability of hydrophobic crevices, and the extent of unfolding. Thus, 

the amount of increase in fluorescence emission of TNS upon binding to denatured states 

of different proteins cannot be expected to be similar. 

The further analysis on residue specificity of TNS interactions also suggest that in 

all the proteins TNS preferably binds to the side chains of basic or aromatic amino acid 

residues (Fig. 8-9). Earlier experimental studies with short peptides have also proposed 

that the binding of TNS with basic amino acids could be the initiating factor followed by 

hydrophobic interactions to position the aromatic ring systems in appropriate environment 

which could in fact enhance the fluorescence of the dye [278, 301]. Interestingly, for 
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ANS as well the ionic interactions between sulfonyl group and the side chains of basic 

amino acid residues is attributed to the stabilization of protein-dye complex and 

enhancement of the fluorescence [357]. Further, the most effective interactions of ANS 

are characterized to be with the arginine side chains followed by lysine and histidine 

[356].  Similar interactions have been identified for bis-ANS while interacting with 

Bacillus subtilis lipase using MD simulations [347, 357]. Moreover, the amino acids with 

polar side chains also contribute to the binding of TNS, however, it is clearly observed 

that the fraction of interactions with acidic side chains is very less. Persistent contacts of 

TNS with the backbone of the protein chains are also noticed in all the cases supporting 

the existence of weak non-specific interactions which could be probably found in all the 

proteins. 

6.5.3 Binding Modes of TNS 

Since the fluorescence property 

of fluorophores could be altered by the 

conformational changes of the molecule 

[366], the conformational states 

accessed by TNS in different 

environments need to be examined. In 

order to accomplish this, four 

representative angles and two dihedrals 

of TNS were calculated in different 

solvents and in different proteins. There are notable changes observed in the mean values 

of all the angles (Table 2). In DMF and DMSO, the mean of the angles θ1, θ2 and θ4 are 

exceptionally increased/decreased suggesting that the monomeric form of TNS in these 

environments would be different from the aggregated forms (such as  in water) and the 

monomers found on the surface of the protein (such as in BSA). Representative 

conformations of TNS in these three conditions are shown in Fig. 15. Further, the 

variations in the distribution of angle α1is found to be less (FWHM of < 8.5°) compared 

to the other angles. In general, the curve width followed the trend of α2 ≈ α4 > α3 >> α1. 

The lower values of α1 suggest that the bending motion of the two-ring systems in TNS is 

more constrained during the binding whereas the extent of movements along the planes of 

the rings, as represented by other angles, could be relatively high. This is further 

supported by the direct analysis of two of the dihedrals. Each dihedrals θ1 and θ2 show 

two most-probable angles (Fig. 13) represented by bimodal distributions. Their variation 

(FWHM) is also comparable with the angles θ2, θ3 and θ4 (Table 2). This further 

confirms that the binding of TNS on proteins might be facilitated by planar movements 

than the restricted angular bending between the ring systems. Further examination on the 

correlations between the extent of changes among the four angles suggest that if the bond 

angle between the two aromatic rings (α1) in TNS is reduced, the angle between the 

planes of these rings (α2) would be increased and the planar angle of toluene ring with 

 

Figure 15. Representation of most accessible 

conformation of TNS in water (blue), DMF (red) 

and BSA (black). The central nitrogen atom N7 is 

labeled for reference. 

N7

tolyl ring

naphthyl ring
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respect to the central nitrogen atom (α4) would be decreased (Fig. 12E). These 

constrained-correlated changes could assist the favourable binding of TNS on the 

proteins. 

To the best of our knowledge, there is 

no crystal structure of TNS bound to a protein 

molecule is available. However, structures of 

proteins with ANS (Fig. 16) (similar dye as 

TNS) have been resolved. The conformations 

of protein bound ANS molecules were 

extracted from protein databank and aligned in 

PyMOL [155]. Also, the angle and dihedrals 

of ANS correspond to α1 and θ1 & θ2 of TNS, 

respectively, were calculated (Table 4). The 

results show that ANS does not undergo larger 

changes on the bending angle whereas limited dihedral movements are plausible upon 

binding. MD simulation of protein bound bis-ANS also supports the constrained changes 

in the conformations of the dye at different binding sites on lipase [347]. Hence, it may be 

assumed that these restricted dynamics could be a common nature of N-

arylaminonaphthalene sulfonate dyes. 

PDB ids from which ANS 

conformations were 

obtained‡ 

Bond angle between  

C1-N-C11  

(equivalent to α1) 

Rotational angle of 

naphthyl ring  

(equivalent to θ1) 

Rotational angle of 

phenyl ring 

(equivalent to θ2) 

1txc-ans1 132.2 141.9 150.4 

1txc-ans2 135.5 151.4 168.2 

1txc-ans3 134.6 142.5 178.5 

3pxq-ans1 129.2 142.2 143.7 

3pxq-ans2 127.7 127.4 164.7 

3pxq-ans3 127.7 169.1 124.4 

4n3e-ans1 119.9 173.5 149.7 

4n3e-ans2 125.2 143.3 142.8 

4n3e-ans3 121.8 167.6 147.2 

4n3e-ans4 121.1 157.6 145.3 

       ‡ - ans1, ans 2, etc., represents that the same protein has multiple ANS molecules bound on it  

6.5.4 Aggregation, Binding and Fluorescence 

 The overall analysis of the TNS configurations in different solvents and in 

different protein states suggest that TNS preferably aggregates in water whereas in non-

aqueous solvents the number of higher order aggregates is largely reduced. In the 

presence of solvents with H-bonding acceptors, such as DMF and DMSO, TNS 

 

Figure 16.  Stick model of ANS molecule 

with all the atoms labeled. 

      Table 4. The angle and dihedrals of protein bound ANS 

θ1
θ2
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preferably exists in its monomeric form. Experimental results suggest that in these 

conditions TNS fluorescence could be enhanced. Comparing these correlations with the 

TNS fluorescence changes in the presence of proteins predict that TNS prefers basic or 

aromatic amino acid residues for binding. The hydrophobic crevices along with positively 

charged surfaces on the protein could facilitate TNS molecules to bind in its monomeric 

form, thus enhance its fluorescence quantum yield. However, binding on the hydrophilic 

surfaces of the protein and exposed to water might encourage the aggregation of TNS 

molecules which would reduce the fluorescence emission. The protein-TNS structures 

obtained from the simulations suggest that there could be different microenvironments for 

TNS binding as proposed earlier [358]. An attempt to dissect at least three different TNS 

sub-structures as proposed from fluorescence life time measurements of different proteins 

[315, 358] provides the following: (a) TNS in monomeric form buried in the hydrophobic 

crevices of the proteins which could show high fluorescence quantum yield, (b) smaller-

aggregates of TNS which are partially-exposed to the solvent, and (c) almost completely 

solvent-exposed higher-order aggregates which are similar to the TNS aggregates found 

in water in terms of solvent exposure, thus, may show similar lifetime and fluorescence 

quenching as suggested by the experiments.  

6.6 Summary 

Conformational state of TNS in different solvents and in proteins has been 

investigated using unconstrained MD simulations with multiple numbers of TNS 

molecules. The simulations provide hitherto unknown information on protein-TNS 

interactions. TNS preferably forms aggregates in aqueous environment which could be 

completely destabilized by non-aqueous solvents with proton-accepting groups. When 

protein surface could facilitate the binding of TNS in monomeric form through its 

hydrophobic pockets and with basic amino acid residues, the fluorescence emission of the 

dye might increase. However, in some proteins TNS forms aggregates of different 

proportions and their fluorescence emission is similar to the aqueous environment. If the 

unfolded conformations of such proteins could not create appropriate hydrophobic 

crevices to accommodate the aromatic ring systems and stabilize the monomeric state of 

TNS, the fluorescence emission would not be enhanced. Thus, fluorescence emission 

must be cautiously used as an evidence to interpret the unfolded conformations of 

proteins which might vary with different proteins based on their surface charge and 

ability to form hydrophobic pockets for the binding of TNS. Further, this study identifies 

the constrained-correlated motions of the aromatic rings in TNS upon binding to the 

proteins. 
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Appendix A1 

 

Appendix A2 

 

 

 Donor Acceptor  Donor Acceptor  Donor Acceptor 
1 ARG266N CYS262O 31 THR256OG1 GLY251O 61 GLN245N GLN245NE2 
2 LEU265N CYS262O 32 THR256OG1 GLU254OE1 62 SER244OG ILE242O 
3 ASN263ND2 GLN239O 33 THR256OG1 ARG257N 63 SER244OG LEU243O 
4 ALA261N PHE259O 34 THR256N GLY251O 64 SER244OG SER244O 
5 VAL260N ASN241OD1 35 GLY255N GLY251O 65 SER244OG ILE246O 
6 VAL260N ASN241ND2 36 GLY255N ILE252O 66 SER244N ILE242O 
7 PHE259N ASP258OD1 37 GLU254N ASP250O 67 ILE242N ASN241OD1 
8 PHE259N ASP258OD2 38 GLU254N GLY251O 68 ASN241ND2 ILE242O 
9 ASP258N ARG257NE 39 GLU254N ILE252O 69 ASN241ND2 SER244OG 

10 ASP258N ARG257NH1 40 TRP253N ILE249O 70 ASN241ND2 ASP258OD2 
11 ARG257NH2 ILE242O 41 TRP253N ASP250O 71 ASN241ND2 ASP258O 
12 ARG257NH2 SER244OG 42 ILE252N ASP248O 72 ASN241ND2 VAL260O 
13 ARG257NH2 ILE246O 43 ILE252N ILE249O 73 LYS240N GLN239OE1 
14 ARG257NH2 ASP248OD1 44 GLY251N ASP248OD1 74 GLN239NE2 GLN239N 
15 ARG257NH2 ASP248OD2 45 GLY251N ASP248OD2 75 GLN239NE2 LYS240O 
16 ARG257NH2 ASP250OD1 46 GLY251N ASP248O 76 GLN239N GLN239OE1 
17 ARG257NH2 ASP250OD2 47 ASP250N ASP248OD1 77 GLN234NE2 CYS238O 
18 ARG257NH1 SER244OG 48 ASP250N ASP248OD2 78 GLN234NE2 GLN239O 
19 ARG257NH1 ILE246O 49 ILE249N ASP248OD1 79 GLN234NE2 LYS240N 
20 ARG257NH1 ASP248OD1 50 ILE249N ASP248OD2 80 TYR115N ASP250OD1 
21 ARG257NH1 GLU254OE2 51 ASP248N ARG257NE 81 TYR115N ASP250OD2 
22 ARG257NH1 THR256OG1 52 ASP248N ARG257NH1 82 ARG112NH2 GLU254OE1 
23 ARG257NH1 THR256O 53 VAL247N GLN245O 83 ARG112NH2 GLU254OE2 
24 ARG257NE ASP248OD1 54 ILE246N SER244OG 84 ARG112NH2 GLU254O 
25 ARG257NE ASP248OD2 55 ILE246N SER244O 85 ARG112NH1 TRP253O 
26 ARG257NE ASP248O 56 GLN245NE2 LEU243O 86 ARG112NH1 GLU254OE1 
27 ARG257NE THR256O 57 GLN245NE2 SER244O 87 ARG112NH1 GLU254OE2 
28 ARG257NE ASP258O 58 GLN245NE2 GLN245O 88 LYS81NZ GLU254OE2 
29 ARG257N GLY251O 59 GLN245N SER244OG 89 LYS81NZ GLU254O 
30 ARG257N GLY255O 60 GLN245N GLN245OE1    

 

 Donor Acceptor  Donor Acceptor  Donor Acceptor 
1 ARG23NH1 ASP248OD1 25 TYR115N GLY251O 49 GLN234NE2 CYS238O 
2 ARG23NH1 ASP248OD2 26 TYR115N TRP253NE1 50 GLN234NE2 GLN239O 
3 ARG23NH2 ASP248OD1 27 TYR115N LEU254O 51 MET235N ASN263OD1 
4 ARG23NH2 ASP248OD2 28 TYR115N GLY255O 52 MET235N ASN263ND2 
5 LYS81N LEU254O 29 TYR115N ASP258OD2 53 GLY237N GLN239OE1 
6 LYS81N ASP258OD1 30 TYR115N ASP258O 54 GLY237N GLN239NE2 
7 LYS81NZ GLY251O 31 TYR115OH TRP253NE1 55 CYS238N GLN239OE1 
8 LYS81NZ GLY255O 32 TYR115OH TRP253O 56 CYS238N ASN263OD1 
9 LYS81NZ THR256O 33 TYR115OH LEU254O 57 GLN239N GLN239OE1 

10 LYS81NZ ASP258OD1 34 TYR115OH ASP258O 58 GLN239N GLN239NE2 
11 LYS81NZ ASP258OD2 35 HIS152NE2 HIS264ND1 59 GLN239N ASN241OD1 
12 LYS81NZ ASP258O 36 HIS152NE2 HIS264O 60 GLN239NE2 CYS238O 
13 ARG112NE ASP258OD1 37 SER153OG HIS264ND1 61 GLN239NE2 GLN239O 
14 ARG112NE ASP258OD2 38 THR205OG1 ASN263OD1 62 GLN239NE2 ASN241OD1 
15 ARG112NE ASP258O 39 THR205OG1 ASN263ND2 63 LYS240N CYS238O 
16 ARG112NH1 ASP258OD1 40 ASN213ND2 CYS238O 64 LYS240N ASN241OD1 
17 ARG112NH1 ASP258OD2 41 ASN213ND2 GLN239O 65 LYS240NZ ILE242O 
18 ARG112NH2 ASP258OD1 42 ASN213ND2 ASN241OD1 66 ASN241N CYS238O 
19 ARG112NH2 ASP258OD2 43 ASN213ND2 ILE242O 67 ASN241N ASN241OD1 
20 THR113N ASP258OD2 44 ASN213ND2 VAL260O 68 ASN241ND2 CYS238O 
21 GLY114N GLY255O 45 LEU214N ILE242O 69 ASN241ND2 GLN239O 
22 GLY114N ASP258OD2 46 LEU214N SER244O 70 ASN241ND2 ASN241O 
23 TYR115N ILE249O 47 LYS233N GLN239OE1 71 ASN241ND2 ILE242O 
24 TYR115N VAL250O 48 GLN234N GLN239OE1 72 ASN241ND2 ASP258O 
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Appendix A2 

 

 

 

 Donor Acceptor  Donor Acceptor  Donor Acceptor 
73 ASN241ND2 VAL260O 132 TRP253N VAL250O 190 ARG257NH1 THR256O 
74 ILE242N ASN241OD1 133 TRP253N GLY251O 191 ARG257NH1 ASP258OD1 
75 ILE242N ASN241ND2 134 TRP253N LEU254O 192 ARG257NH1 PHE259O 
76 LEU243N LYS240O 135 TRP253NE1 GLN245OE1 193 ARG257NH2 ASN241OD1 
77 LEU243N ASN241O 136 TRP253NE1 GLN245O 194 ARG257NH2 ILE246O 
78 LEU243N SER244OG 137 TRP253NE1 ILE249O 195 ARG257NH2 VAL247O 
79 LEU243N THR256OG1 138 TRP253NE1 VAL250N 196 ARG257NH2 ASP248OD1 
80 SER244N LYS240O 139 TRP253NE1 VAL250O 197 ARG257NH2 ASP248OD2 
81 SER244N ILE242O 140 LEU254N VAL250O 198 ARG257NH2 THR256OG1 
82 SER244OG ILE242O 141 LEU254N GLY251O 199 ARG257NH2 ASP258OD1 
83 SER244OG LEU243O 142 GLY255N ASP248OD1 200 ARG257NH2 ASP258OD2 
84 SER244OG SER244O 143 GLY255N GLY251O 201 ARG257NH2 PHE259O 
85 SER244OG GLN245OE1 144 GLY255N ILE252O 202 ASP258N GLY255O 
86 SER244OG GLN245O 145 GLY255N TRP253O 203 ASP258N THR256OG1 
87 SER244OG ILE246O 146 GLY255N ARG257O 204 ASP258N THR256O 
88 SER244OG TRP253O 147 THR256N LEU243O 205 ASP258N ARG257NH1 
89 SER244OG LEU254O 148 THR256N SER244OG 206 ASP258N ASP258OD1 
90 SER244OG THR256OG1 149 THR256N GLN245O 207 ASP258N ASP258OD2 
91 SER244OG ASP258O 150 THR256N ASP248OD1 208 ASP258N ASP258O 
92 GLN245N LEU243O 151 THR256N ASP248OD2 209 ASP258N PHE259O 
93 GLN245N SER244OG 152 THR256N VAL250O 210 PHE259N ARG257NH1 
94 GLN245N GLN245OE1 153 THR256N GLY251O 211 PHE259N ARG257O 
95 GLN245N GLN245NE2 154 THR256N TRP253O 212 PHE259N ASP258OD1 
96 GLN245N THR256OG1 155 THR256N ASP258O 213 PHE259N ASP258OD2 
97 GLN245NE2 ILE242O 156 THR256OG1 ASN241O 214 VAL260N ASN241OD1 
98 GLN245NE2 LEU243O 157 THR256OG1 LEU243O 215 VAL260N LEU254O 
99 GLN245NE2 SER244O 158 THR256OG1 GLN245O 216 ALA261N PHE259O 

100 GLN245NE2 GLN245O 159 THR256OG1 VAL247O 217 CYS262N ASN241OD1 
101 GLN245NE2 ILE246O 160 THR256OG1 ASP248OD1 218 CYS262N VAL260O 
102 GLN245NE2 TRP253NE1 161 THR256OG1 ASP248OD2 219 ASN263N ASN263ND2 
103 ILE246N SER244OG 162 THR256OG1 VAL250O 220 ASN263ND2 CYS238O 
104 ILE246N SER244O 163 THR256OG1 GLY251O 221 HIS264N ALA261O 
105 ILE246N GLN245OE1 164 THR256OG1 ARG257N 222 HIS264N HIS264ND1 
106 ILE246N GLN245NE2 165 THR256OG1 ASP258O 223 LEU265N ALA261O 
107 VAL247N SER244O 166 ARG257N SER244OG 224 LEU265N CYS262O 
108 VAL247N GLN245O 167 ARG257N ASP248OD1 225 LEU265N HIS264ND1 
109 VAL247N ILE252O 168 ARG257N GLY251O 226 ARG266N CYS262O 
110 ASP248N ILE246O 169 ARG257N TRP253O 227 ARG266N ASN263O 
111 ASP248N GLY251O 170 ARG257N GLY255O 228 ARG266N HIS264O 
112 ASP248N ILE252O 171 ARG257N ASP258O 229 ARG266NE ASN263OD1 
113 ILE249N VAL247O 172 ARG257NE ASN241OD1 230 ARG266NH1 CYS262O 
114 ILE249N ASP248OD1 173 ARG257NE SER244OG 231 ARG266NH1 ASN263OD1 
115 ILE249N ASP248OD2 174 ARG257NE VAL247O 232 ARG266NH2 CYS262O 
116 ILE249N THR256OG1 175 ARG257NE ASP248OD1 233 SER267N ASN263O 
117 VAL250N ASP248OD1 176 ARG257NE ASP248OD2 234 SER267N HIS264O 
118 VAL250N ASP248OD2 177 ARG257NE THR256OG1 235 SER267OG ASN263O 
119 VAL250N ASP248O 178 ARG257NE THR256O 236 SER267OG HIS264O 
120 VAL250N THR256OG1 179 ARG257NE ASP258OD1 237 TYR268N HIS264O 
121 GLY251N ASP248OD1 180 ARG257NE ASP258O    
122 GLY251N ASP248OD2 181 ARG257NE PHE259O    
123 GLY251N ASP248O 182 ARG257NH1 ASN241OD1   
124 GLY251N ILE249O 183 ARG257NH1 LEU243O    
125 ILE252N VAL247O 184 ARG257NH1 SER244OG   
126 ILE252N ASP248OD1 185 ARG257NH1 ILE246O    
127 ILE252N ASP248OD2 186 ARG257NH1 VAL247O    
128 ILE252N ASP248O 187 ARG257NH1 ASP248OD1   
129 ILE252N ILE249O 188 ARG257NH1 TRP253O    
130 ILE252N LEU254O 189 ARG257NH1 THR256OG1   
131 TRP253N ILE249O        
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Appendix A3 

 

 

 Donor Acceptor  Donor Acceptor  Donor Acceptor 

1 LYS81NZ ASP258OD1 61 GLN245N GLN245OE1 122 ARG257N LEU254O 
2 LYS81NZ ASP258OD2 62 GLN245NE2 LEU243O 123 ARG257N GLY255N 
3 LYS81NZ PHE259O 63 GLN245NE2 SER244O 124 ARG257N GLY255O 
4 TYR115N TRP253NE1 64 GLN245NE2 GLN245N 125 ARG257NE GLN239OE1 
5 TYR115N TRP253O 65 GLN245NE2 GLN245O 126 ARG257NE ILE246O 
6 TYR115OH ILE249O 66 GLN245NE2 ILE246O 127 ARG257NE ASP258N 
7 TYR115OH TRP253NE1 67 ILE246N SER244OG 128 ARG257NE ASP258OD1 
8 TYR115OH ARG257O 68 ILE246N SER244O 129 ARG257NE ASP258OD2 
9 HIS152NE2 HIS264ND1 69 ILE246N GLN245OE1 130 ARG257NE ASP258O 
10 HIS152NE2 HIS264O 70 ILE246N GLN245NE2 131 ARG257NH1 GLN239OE1 
11 SER153OG HIS264ND1 71 VAL247N SER244O 132 ARG257NH1 SER244OG 
12 SER153OG HIS264NE2 72 VAL247N GLN245O 133 ARG257NH1 ILE246O 
13 SER153OG HIS264O 73 VAL247N ASP248O 134 ARG257NH1 ASP258OD1 
14 THR205OG1 ASN263O 74 ASP248N ILE246O 135 ARG257NH1 ASP258OD2 
15 THR205OG1 HIS264O 75 ASP248N VAL250O 136 ARG257NH2 GLN239OE1 
16 ASN213ND2 ASN241OD1 76 ILE249N VAL247O 137 ARG257NH2 GLN239NE2 
17 ASN213ND2 ASN241ND2 77 ILE249N ASP248OD1 138 ARG257NH2 SER244OG 
18 ASN213ND2 ASN241O 78 ILE249N ASP248OD2 139 ARG257NH2 ILE246O 
19 ASN213ND2 ILE242N 79 VAL250N ASP248OD1 140 ARG257NH2 ASP258OD1 
20 ASN213ND2 ILE242O 80 VAL250N ASP248OD2 141 ARG257NH2 ASP258OD2 
21 ASN213ND2 SER244N 81 VAL250N ASP248O 142 ARG257NH2 ASP258O 
22 ASN213ND2 SER244OG 82 GLY251N ASP248OD1 143 ASP258N ARG257NH1 
23 LEU214N SER244OG 83 GLY251N ASP248OD2 144 ASP258N ARG257NH2 
24 LEU214N SER244O 84 GLY251N ASP248O 145 ASP258N ASP258OD1 
25 LYS233NZ ASN241O 85 GLY251N ILE249O 146 ASP258N ASP258OD2 
26 LYS233NZ ILE242O 86 GLY251N TRP253O 147 PHE259N ILE252O 
27 GLN234NE2 ASN241O 87 ILE252N ASP248OD1 148 PHE259N TRP253NE1 
28 GLN234NE2 ILE242O 88 ILE252N ASP248OD2 149 PHE259N ASP258OD1 
29 MET235N ASN263OD1 89 ILE252N ASP248O 150 VAL260N GLN239OE1 
30 GLY237N ASN263OD1 90 ILE252N ILE249O 151 VAL260N ASN241OD1 
31 CYS238N ASN263OD1 91 ILE252N TRP253O 152 VAL260N ASP258OD1 
32 GLN239N GLN239OE1 92 TRP253N ASP248OD1 153 VAL260N ASP258O 
33 GLN239N ASN263OD1 93 TRP253N ASP248OD2 154 ALA261N ASN241OD1 
34 GLN239NE2 CYS238O 94 TRP253N ILE249O 155 ALA261N PHE259O 
35 GLN239NE2 LYS240O 95 TRP253N VAL250O 156 CYS262N VAL260O 
36 GLN239NE2 ASP258OD1 96 TRP253N GLY251N 157 ASN263N VAL260O 
37 GLN239NE2 ASP258O 97 TRP253N GLY251O 158 ASN263N ALA261O 
38 GLN239NE2 VAL260O 98 TRP253N THR256OG1 159 ASN263N ASN263OD1 
39 LYS240N GLN239OE1 99 TRP253NE1 GLY255O 160 ASN263ND2 CYS238O 
40 LYS240N GLN239NE2 100 TRP253NE1 ARG257O 161 ASN263ND2 GLN239O 
41 LYS240NZ CYS238O 101 LEU254N VAL250O 162 HIS264N ALA261O 
42 ASN241N ASN263OD1 102 LEU254N GLY251O 163 HIS264N ASN263OD1 
43 ASN241N ASN263ND2 103 LEU254N ILE252O 164 LEU265N ALA261O 
44 ASN241ND2 VAL260O 104 LEU254N TRP253NE1 165 LEU265N CYS262O 
45 ASN241ND2 ASN263ND2 105 LEU254N ARG257O 166 ARG266N CYS262O 
46 ILE242N LYS240O 106 GLY255N GLY251O 167 ARG266N ASN263O 
47 ILE242N ASN241OD1 107 GLY255N ILE252O 168 ARG266N HIS264O 
48 LEU243N ASN241O 108 GLY255N TRP253NE1 169 ARG266NH1 CYS262O 
49 SER244N ASN241OD1 109 GLY255N TRP253O 170 SER267N HIS264O 
50 SER244N ILE242O 110 GLY255N ARG257O 171 SER267OG HIS264O 
51 SER244N GLN245OE1 111 THR256N GLY251O 172 TYR270OH ASN263OD1 
52 SER244OG ASN241OD1 112 THR256N TRP253O 173 TYR270OH ASN263ND2 
53 SER244OG ILE242O 113 THR256N LEU254O 174 TYR270OH ASN263O 
54 SER244OG LEU243O 114 THR256OG1 ASP248OD1   
55 SER244OG SER244O 115 THR256OG1 ASP248OD2   
56 SER244OG GLN245OE1 116 THR256OG1 VAL250O    
57 SER244OG GLN245O 117 THR256OG1 GLY251O    
58 SER244OG ILE246O 118 THR256OG1 TRP253O    
59 GLN245N LEU243O 119 THR256OG1 THR256O    
60 GLN245N SER244OG 120 THR256OG1 ARG257N    
   121 ARG257N GLY251O     
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Appendix B1 

Characterization of aggregates  

Aggregates were calculated using 

the distance coordinates between 

every atom in a particular time 

frame during simulation. 

 A distance matrix 

consisting of all the atoms 

was created. 

 All the atoms of each TNS 

(T1) was compared 

against all the atoms of 

another TNS (T2) 

molecule. If the distance 

was ≤ 4 Å, the molecules 

were considered to be 

forming an aggregate 

(Ag1). 

 Then, Ag1 was checked 

against all the atoms of 

another TNS, excluding 

T1 and T2. If the distance 

condition (≤ 4 Å) was 

met, the Ag1 was updated. 

 If Ag1 cannot be updated 

anymore, it means that the 

aggregate is complete. 

 The steps 2 and 3 were 

repeatedly performed on 

all TNS molecules, 

excluding the members of 

Ag1. The new aggregates 

were numbered as Ag2, 

Ag3 and so on. 
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Appendix B2 

Number of Hydrogen bonds: 

• Last 10 ns frame was used for the hydrogen bond analysis. 

• The hydrogen bonds were calculated with the help of the g_hbond tool of the 

GROMACS. 

• All the hydrogen bonds formed by TNS molecule with protein, TNS and solvents were 

considered. 

• R-code was written to analyze the g_hbond output file. 

• Proper sorting and counting was implemented. 

• Care was taken not to over-count the hydrogen bond number, e.g all the three oxygen of 

TNS showing hydrogen bond with an amino acid atom was counted as one. 

Appendix B3 

Order of contacts and amino acid specificity 

• Order of contacts was calculated for last 10 ns at an interval of every100 ps (i.e., for 

101 frames). 

• For each TNS, list of atoms in contact with other components of the system (protein, 

solvent and other TNS molecules) was obtained using Gromacs tool for every chosen 

time frame. The file consisted of all the possible interactions of all the TNS 

molecules. 

• In-house R-code was written to dissect each type of interactions, as given below. 

• For 101 frames, with 50 TNS molecules (or 64 TNS in the cases of solvent-only 

simulations) in each frame, the interactions were classified into TNS-protein, TNS-

TNS and TNS-solvent, and the number of interactions were counted.  

• The number of each interactions were divided by 101 to calculate the average of 

interactions/frame. 

• These values were further divided by 50 (or 64 in the cases of solvent-only 

simulations) to evaluate the fraction of TNS molecules interacting with protein or 

with solvent or with other TNS molecules. 

• The number of TNS-protein contacts was in the range  of 1 to 50 and TNS-TNS & 

TNS-solvent contacts were in the range of 1 to 90 

• For TNS-Protein contacts, three categories were assigned such that zero, lower and 

higher order for 0, 1-20 and above 21 contacts, respectively. 

• For TNS-TNS and TNS-solvents contacts, three categories were assigned such that 

zero, lower and higher order for 0, 1-50 and above 51 contacts, respectively. 

• From TNS-Protein contact information, the individual amino acids interacting with 

TNS were counted. The amino acid-TNS contacts were classified into TNS-side 

chain and TNS-main-chain contacts based on atom labels.  

• The counted contacts were normalized with respect to the number of each amino acid 

residues available in the protein.  
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