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Abstract 

  

 EPR experimental data is extremely informative in the studies of protein 

dynamics; however, it is difficult to interpret the spectral changes in terms of the 

magnitude of structural movements in atomic detail. In the present work we aimed to 

investigate the site-specific structural dynamics of proteins by using molecular 

dynamics (MD) simulations upon analyzing and interpreting the EPR data. The major 

goal of this work is to know how far the computer simulations can meet the 

experiments! As a first step, MD simulations are performed to identify the location and 

orientation of the tyrosine radical in the R2 subunit of ribonucleotide reductase. The MD 

results show that the tyrosine is moving away from the di-iron center in its radical state. 

This data is in agreement with the EPR results and suggests reorientation of the tyrosine 

radical when compared to its neutral state. The comparison between experimental and 

calculated data have given confidence in the validity of simulations and have led to their 

successful application in a range of complex systems from which convincing insights 

and significant new information have been obtained. As the spin label side chain (R1) is 

the major source of information in EPR experiments, the behavior of R1 in various 

environments of the protein are characterized by using MD simulations. RMSD analysis 

and reorientational angle β distributions of nitroxide of the spin label show that R1 in 

buried sites (211R1, 215R1 ) in a protein helix is significantly immobile, where as in the 

surface exposed sites (213R1, 214R1, 216R1) it is highly mobile. Further analysis of 

MD data suggests that internal rotations of χ4 and χ5 dihedrals of R1 are more dominant 

in R1 dynamics. Our studies also show that interaction with the surrounding residues 

show significant influence on the dynamics of R1. MD simulations data on the vinculin 

tail protein, both in water and in vacuum are compared to the experimental results for 

further analysis of 12 different R1 sites in various environments.  RMSD, β distributions 

and the mobility parameter values from MD are in agreement with the EPR data 

suggesting site specific behavior of the R1 side chain. In a study on the photosynthetic 

reaction center (RC), MD is used to identify the location of the R1 binding site (position 

156 on H subunit) and thereby exploring the conformational dynamics in the light 

structure of the RC protein upon light activation.  The distances measured between the 

primary quinone, QA and H156R1 from MD simulations data are in agreement with the 

EPR measurements with a small discrepancy.  The origin of the difference between 

simulations and experimental data is addressed. This thesis sets up an approach for 

finding theoretical evidence for the spectroscopic structural data thus obtained for spin 

labeled biomolecules.  

 

 

 



 

Abbreviations and notations 

Å   Angström 

BFGS    Broyden, Fletcher, Goldfarb and Shanno algorithm 

bR   Bacteriorhodopsin 

CG    Conjugate Gradients  

D84  Aspartic acid located at position 84 

EPR  Electron Paramagnetic Resonance 

fs  Femtosecond 

K    degree Kelvin 

kDa   kilo Dalton  

MC   Monte Carlo simulations 

MD   Molecular Dynamics  

MTSSL (1-Oxyl-2,2,5,5-tetramethylpyrroline-3-methyl) methanethiosulfonate 

nm  Nanometer 

NMR   Nuclear Magnetic Resonance 

NO  Nitroxide 

PBC   Periodic Boundary Conditions 

PDB   Protein Data Bank 

ps   Picoseconds 

R1   Spin label side chain 

RC  Reaction Center of photosynthetic bacteria 

RMSD  Root Mean Square Deviation 

RNR  Ribonucleotide reductase 

T  Temperature 

TYR   Tyrosine 

U  Potential energy 

Vh   Vinculin head 

Vt  Vinculin tail 

Y122  Neutral tyrosine at position 122 

Y122*   Radical tyrosine at position 122 

 



 

 

 

 

 



             

 

 

 

 

 



 

 

 

 



Chapter 1  

 

Introduction 

 

This chapter gives a basic introduction to 

the necessity and importance of computer 

simulations that complement the 

experimental data.  Aims of this thesis, 

methodology and the proteins that were 

used in the simulations are also 

introduced. 
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In all things of nature there is something of the marvelous. 

-Aristotle (384 BC – 322 BC) 

 

1. Introduction 

 Rapid advances in computer technology have led to the development of 

increasing successful molecular simulations of protein structural dynamics that are 

intrinsic to biological processes. These simulations have resulted in the development of 

novel models and methods that increasingly agree with experimental observations; 

suggest new experiments and insights into biological mechanisms. Used in combination 

with the information gained by the sophisticated experimental techniques, molecular 

simulations can help us to understand biological complexity at the atomic and molecular 

levels.  This knowledge could give promising insights into the thermodynamic and 

functional/mechanistic behavior of biological processes.  Here, we emphasize such an 

approach that illustrates the potential of molecular simulations. 

In silico studies of protein dynamics  

Proteins have greatest diversity of functions in all living organisms
[1]

. Major 

examples of the biochemical functions of proteins include binding, catalysis, operating 

as molecular switches, and serving as structural components in cells and complex 

organisms. These functions are performed by means of simple or complex internal 

dynamics of proteins. For example, oxygen cannot reach the binding site in myoglobin 

or haemeglobin unless the protein structure fluctuates to open a transient pathway 
[2]

. 

Therefore, knowledge of the structure and dynamics of a protein at the molecular level 

is imperative to understand its function. Many experimental techniques like X-ray 

crystallography and Nuclear Magnetic Resonance (NMR) spectroscopy provide 

knowledge about these molecular systems. The X-ray structure provides a static picture 

of a protein at atomic level, which is exceptionally informative but still deficient in 

explaining its dynamical behavior
 [3]

. NMR has the ability to determine the spatial 

structure of small proteins, but is still far away from determining the dynamical 

behavior of complex molecular system. Interestingly, by recent advances in the fields of 

fluorescence spectroscopy
 [4]

, single molecule atomic-force microscopy (AFM)
[5]
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combined with either optical or magnetic tweezers, NMR
[6]

 relaxation and Electron 

Paramagnetic Resonance(EPR) spectroscopy
 [7]

 it becomes possible to monitor the 

dynamical properties of the molecules at the atomic level. However, these techniques 

yet are not able to directly provide an atomistic picture of protein dynamics with 

sufficient time resolution. 

Therefore, methods that complement the static protein structures in crystals to 

offer a dynamic representation of proteins in various protein environments, in large are 

of current interest. Computational approaches became versatile in this area and 

molecular dynamics (MD) simulations is one of the established techniques in the 

prediction, analysis, and design of complex molecules at the atomic scale 
[1,8,9]

. 

Molecular dynamics simulations are particularly useful when detailed experimental 

studies become difficult or even not possible, as well as for the in-depth analysis of 

experimental results.  

1.1 Molecular dynamics simulations 

 Computer simulation techniques, in particular MD simulations become an 

important part of biophysics research, predominantly in the studies of conformational 

dynamics of biological macromolecules. The method of MD simulations calculates the 

time dependent behavior of a molecule according to Newton’s laws of motion. The 

advantage of using MD is that an all-atom representation of each state as a function of 

time can be obtained. Therefore, MD simulations have been successfully applied to 

answer many biological questions. By using MD, the macroscopic behavior (pressure, 

energy, heat capacities, etc.,) of a molecular system can be computed from microscopic 

interactions (thermodynamic, kinetic properties). Microscopic consideration offers most 

important contributions in understanding and interpretation of experimental results.  

  Provided the structural information and a potential function, the computer 

simulation methods have the ability to simulate the dynamics of proteins up to the 

nanosecond range (also hearing microsecond range nowadays). Very much valuable 

information, such as protein conformational changes, enzyme-substrate binding, and 

protein folding/unfolding can also be obtained by using MD simulations. These 

computer simulation techniques have another significant advantage. Though the 

potentials used in simulations are approximate, they are completely under the control of 

the user, so that by removing or altering specific contributions their role in determining 

a given property can be examined 
[2, 8]

.     
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1.2 EPR and SDSL 

 EPR spectroscopy is the promising method which probes the dynamics of 

macromolecules under their physiological conditions. In general, by spectroscopy 

energy differences between atomic or molecular states are measured to gain insight into 

the identity, structure and dynamics of the sample under study
[10]

. The energy 

differences studied by EPR are predominantly due to the interaction of unpaired 

electrons in the sample with a static magnetic field B0 produced by an electromagnet or 

a superconducting magnet. EPR spectroscopy is capable of providing molecular 

structural information inaccessible by any other analytical tool. Besides the other major 

advantages, protein EPR spectroscopy, based mainly on using free-radical containing 

nitroxide spin labels, yields information about the nitroxide mobility thus characterizing 

the protein structure and dynamics 
[11-13]

.  

With the exception of some metallo-proteins, most of the proteins that do not 

have unpaired electrons cannot be directly studied by the EPR method. This situation 

has changed after the pioneering work of Wayne Hubbell who developed a method 

called site-directed spin-labeling (SDSL)
[14]

 to introduce nitroxide spin labels (carrying 

a stable radical) at any desired site in a protein.  

In SDSL, the natural amino acid at the selected position is replaced by a 

cysteine, which can be specifically labeled with a nitroxide spin label. For this, native 

cysteines of a protein should be replaced by suitable non-reactive amino acids. The spin 

labeling might cause perturbation in the protein structure and might affect the function 

of a protein. Therefore, the function of the spin-labeled proteins should be checked prior 

to study by EPR. The most commonly used spin label is the methanethiosulphonate 

(MTSSL) spin label that generates a side chain designated as R1
 [15]

. 

1.3 Combination of theory and experiment 

 Both computer simulations and experimental techniques have their own 

advantages and limitations in studying the conformational dynamics of proteins. For 

example, computer simulations may not always necessarily represent the real picture of 

macromolecules under their physiological conditions. Hence, these calculations are 

exceptionally meaningful only when they are comparable to real experiments. In the 

present work, we studied the protein conformational dynamics by MD simulations and 

thereby compared and analyzed the EPR experimental data. This sets up an approach for 

finding theoretical evidence for the spectroscopic data thus obtained for the 
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biomolecules. The combination of both techniques facilitates not only to understand the 

data, but also to help validating both methods and helps designing improved 

models/experiments. 

1.4 Aim of the research 

 Site directed spin labeling in combination with EPR spectroscopy is a widely 

used experimental technique to study the site-specific conformational dynamics of 

proteins. Though the data obtained by these experimental techniques is extremely 

valuable, however, it is difficult to interpret the spectral changes in terms of the 

magnitude of structural movements in atomic detail. Hence, in the present work we 

aimed to investigate the site specific structural dynamics of proteins by using computer 

simulations to analyze and interpret the EPR data. 

Toward this end, three major aspects that were addressed are: 

1. Comparison of molecular dynamics simulations with EPR data of native radical 

centers  

2. Characterization of the behavior of spin labels in various environments  

3. Using molecular dynamics simulations to interpret EPR data of spin labels 

 Chapter 2 of this thesis describes the theoretical background of MD 

simulations, EPR methods and the simulation of EPR spectra from MD trajectories.  

 In Chapter 3, we aimed to study the location and orientation of the tyrosine 

radical in comparison to the inactive state of the R2 subunit of ribonucleotide reductases 

(RNR). R2 in neutral and radical generated states were simulated which shows that the 

conformation of the tyrosine radical state is different from that of the neutral tyrosine. 

This thesis gives an insight into the reorientation of tyrosine radical in R2 and also 

shows the ability of theoretical calculations to meet the experimental results. 

 Chapter 4 gives insight into the spin label side chain dynamics in a simple two 

stranded -helix model that is selected from bacteriorhodopsin (bR). MD simulations 

were performed in vacuum to study the position dependent behavior of the spin label. 

The internal dynamics of the spin label side chain are characterized by MD simulations 

analyses. This study helps in understanding the structure and dynamics of a protein.  

 Chapter 5 of this thesis aims at characterizing the spin label behavior in 

different environments and the simulations results were compared to the EPR data to 

validate the models. MD simulations were performed both in vacuum and in water to 

study the dynamics of the vinculin tail domain to identify the flexible and rigid regions 
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of the protein. This study provides an insight into the structural dynamics of specific key 

locations in the vinculin tail protein. The MD simulations data is compared to the 

experimental results. 

 In Chapter 6, we employed molecular dynamics simulations to study the spin-

labeled binding site in the photosynthetic reaction center (RC) of Rhodobacter 

sphaeroides and thereby studied the conformational changes in the dark and light states 

of RC. This chapter also explored the behavior of the primary quinone (QA), one of the 

key cofactors in the electron transport chain. This study shows the importance of the 

MD simulations technique to predict the spin label binding site in a protein and also 

shows the potential application of combined EPR-SDSL and MD as powerful tool in 

exploring the protein conformational dynamics. 

 

1.5 Choice of proteins 

The proteins that were chosen for this study are structurally well characterized. 

These protein models range from simpler to more complex structures, water soluble to 

membrane proteins. They are described briefly below in the order of their appearance in 

this study.  

 Ribonucleotide reductase (RNR) is an enzyme that catalyses the formation of 

2'-deoxyribonucleotides from the four different ribonucleotides, a reaction essential to 

DNA synthesis in all living organism. The class I RNR contains a di-iron cofactor, 

which generates a stable tyrosyl radical in the protein subunit R2 upon oxygen 

activation for the catalytic reaction. During the catalysis, the tyrosyl radical is postulated 

to generate a thiyl radical on a cysteine residue at the active site in the protein subunit 

R1, using a long-range electron-proton transfer chain. However, the generation and 

orientation of the tyrosyl radical in active R2 is still not clear.  

Bacteriorhodopsin (bR) is the best understood ion transport protein; it has 

become a paradigm of light-driven transmembrane proton pumps. This small integral 

membrane protein belongs to the family of archaeal rhodopsins, all of which exhibit a 

heptahelical transmembrane architecture. All the helices are almost straight and parallel 

to each other, appropriate for the purpose our study.  

 Cellular adhesion is an essential process that accompanies numerous biological 

activities. Vinculin is a regulatory molecule that is essential in cellular adhesion. 

However, nothing is known so far about vinculin's conformation in living cells. Intra-
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molecular interactions of vinculin head (Vh) with its tail (Vt) domain are thought to play 

a key role in this process. 

 The photosynthetic reaction center (RC) is a protein that is the site of the light 

reactions of photosynthesis.  RC proteins of the purple bacteria, Rhodobacter 

sphaeroides, are ideal native systems for addressing basic questions regarding the nature 

of biological electron transfer because both the protein structure and the electron-

transfer reactions are well-characterized.  

 

  

http://en.wikipedia.org/wiki/Photosynthesis


 

 

 

 

 

 
 

 

 

Chapter 2 

Theory of  
MD simulations and  
EPR spectra calculations 
 

 

This chapter presents the theoretical 

basis of this thesis. The details of the 

MD simulations (Section 2.1), EPR 

spectroscopy (Section 2.2) and EPR 

spectra calculation from the MD 

simulations trajectories (Section 2.3) 

are briefly explained.  
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2.1 MD simulations 

MD simulations are the most common and widely used computer simulations 

techniques to study the conformational dynamics of biological macromolecules such as 

proteins. Newton‟s classical equations of motion are solved iteratively to simulate the 

motion of a system of particles as a function of time. Due to the remarkable resolution 

in space (single atom), time (femtosecond), and energy, MD represents a powerful 

complement to experimental techniques, providing mechanistic insight into 

experimentally observed processes. Consequently, MD simulations can be treated as a 

virtual experimental method that provides an interface between the theory and a real 

laboratory experiment. In a typical MD simulation, a starting configuration is generated 

from an experimentally determined structure, and put into an environment that best 

mimics its natural environment. Obviously, the quality of the obtained dynamic model 

depends on the quality of the starting model. Therefore, MD can be used to address 

specific questions about the properties of a model system, often more straightforwardly 

than the experiments on real systems.  

 MD primarily concerns with the energy of a given molecular system based on 

the structure. Thus, the initial step in designing a molecular modeling study is to 

describe the problem as one involving a structure-energy relationship. Theoretically, 

there are two different possible ways to study the energy of such molecular systems, 

namely (i) a molecular mechanics model that describes the energy of a molecule in 

terms of a classical force field that is used to determine the distortions from equilibrium 

values such as bond lengths, angles, and also non-bonded interactions; (ii) a quantum 

mechanics based model that describes the energy of a molecule in terms of interactions 

among nuclei and electrons as given by the Schrödinger equation
[16,17]

. In principle, 

quantum mechanics would be the best approach to compute the dynamics and functional 

properties of molecular systems. Unfortunately, it is not possible to perform this type of 

calculations by using quantum mechanics because of the limitations imposed by the 

computer technology available today.  So, it is necessary to use molecular mechanics, 

which uses approximations like ignoring electrons
 [18]

. In special cases,  hybrid quantum 

mechanical/molecular mechanical approaches become necessary in the field of 

molecular modeling.   
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2.1.1 Molecular mechanics 

Molecular mechanics (molecular modeling) is a method to calculate the structure 

and energy of molecules based on nuclear interactions
 [19]

.  In the framework of 

molecular mechanics, a molecule is considered as a collection of masses centered at the 

nuclei (atoms) connected by springs (bonds) 
[20]

. In response to inter and intra molecular 

forces, the molecule stretches, bends and rotates about these bonds. This simple 

description of molecular system as a mechanical body is usually associated with a 

classical system.  Hence the goal of MD simulations is to study the motion of this 

classical system in hopes of interpreting and predicting the dynamics of real 

macromolecules at the atomic level
 [21]

. 
 

 Two fundamental molecular mechanics approaches that are effectively 

used to study protein dynamics by computer simulations are 
[18]

  

(i) Normal-modes analysis, that is based on the assumption, 
[22-25]

 that the 

molecular system being analyzed at a minimum in conformational energy 

space can be described as series of point masses, connected by springs 

obeying Hook‟s law.  

For a number of given particles „n‟, if displacement of q describes 

the dynamics of the system, its potential in the vicinity of its minimum q
0
 

is given by 

                                (2.1) 

  The entity q can refer to atomic coordinates, translation or rotation of 

  rigid molecular domains, torsional side chain motions or any other  

  variable, which can be used to describe the dynamic behavior of the 

  system.   Fij is a force constant matrix derived from the second derivative  

of the potential with respect to the coordinates. The goal of the normal 

mode analysis is to find coupled vibrations and to provide frequencies for 

the individual modes as well as vibrational spectra. 

(ii) Trajectory based method, which involves the computation of the 

coordinates and velocities of the atoms in a molecule as a function of 

time 
[26-29]

.  This is the most commonly used method to determine the 

dynamics of proteins. In view of the imposed harmonic behavior, normal 

mode analysis describes the motions in a solid-like state. In contrast, a 
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liquid-like behavior of the protein is obtained by the trajectory based MD 

method. Therefore, it is generally preferred in comparative investigations 

of protein dynamics by applying computational and experimental 

approaches. Monte Carlo (MC) simulations
 [30, 31]

 is another trajectory 

based theoretical method, which was historically used before MD.  

Monte Carlo procedures also involve the evaluation of a potential energy 

but differ in that an ensemble of conformations is generated by 

performing random displacements of the atomic positions from one 

conformation to the other, accepting or rejecting these conformations 

based on the Metropolis criteria 
[32]

. In the Metropolis scheme, the 

sampling of the configurational space is controlled by the parameters 

temperature and step (jump) size. Its main advantage is that it allows 

crossing of high-energy barriers provided that they are narrow. This 

method is also very efficient in sampling low or medium density systems 

but not dense systems such as proteins in solution. The main 

disadvantage with respect to MD is that the history of the system is lost 

and no insight can be gained for instance on folding pathways
 [33]

.  

Despite of other theoretical methods that can be used to study proteins, 

the unique molecular dynamics simulations remains popular. However, 

both of these methods require a prior knowledge of the atomic 

coordinates of the system.  

2.1.2 Molecular dynamics 

 The molecular dynamics simulation is a trajectory based approach that is popular 

because of its simplicity and physical appeal 
[3]

. The key ingredients of MD simulations 

are the forces acting on each atom in the system, which are usually derived from 

analytical, inter atomic potentials (force fields). Knowledge of the atomic forces and 

masses can then be used to calculate the positions of each atom along a series of 

extremely small time steps (in the order of femtoseconds). The resulting series of 

snapshots of structural changes over time is called a trajectory. The use of this method 

to compute trajectories can be more easily seen when Newton's equation is expressed in 

the following form 

ij
 
                                               (2.2) 
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Where, Fij is the force between particles i and j; U is the potential energy; rij is the 

distance between particles i and j; mi is the mass of a particle i.  

 In practice, trajectories are not directly obtained from Newton's equation due to 

the lack of an analytical solution. First, the atomic accelerations are computed from the 

forces and masses. Next, the velocities are calculated from the accelerations based on 

the following relationship:   

     ai =                                                            (2.3) 

Finally, the positions are calculated from the velocities:  

     vi =                                                          (2.4) 

A trajectory between two states can be subdivided into a series of sub-states separated 

by a small time step, Δt (e.g. 1 fs).    

The coupled equations of motion are solved iteratively by using different 

integrating algorithms to generate a trajectory. Despite the limitations, several 

algorithms are in use today to calculate trajectories, and the most extensively used one is 

the numerically stable, leap-frog algorithm.  

 Leap-frog algorithm 

 The leap-frog algorithm is one of the several variants of the Verlet scheme 

developed for integrating the equations of motion in MD simulations. This method is 

named according to the way in which the calculations of positions and velocities leap 

over each other (see Figure 2.1). This algorithm evaluates the velocities at half-integer 

time steps and uses these velocities to compute the new positions.  

 

 

Figure 2.1 Leap-frog algorithm. In this algorithm, the velocities are first calculated at time 

t ; these are used to calculate the positions, r, at time t+Δt. In this way, the velocities leap 

over the positions, and then the positions leap over the velocities. 
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To derive the leap-frog algorithm, we start by defining the velocities at half-integer time 

steps as follows: 

   v(t ) =                                              (2.5) 

and 

v(t ) =                                (2.6) 

From the latter equation we obtain an expression for the new positions, based on the old 

positions and velocites: 

                r(t+Δt) =  r(t)+  Δt  v(t+ )                                      (2.7) 

From the Verlet algorithm, we get the following expression for the update of velocities: 

v(t+ ) = v( t  ) + a(t) Δt                              (2.8) 

The advantage of this algorithm is that the velocities are explicitly calculated, however, 

the disadvantage is that they are not calculated at the same time as the positions. The 

velocities at time t can be approximated by the relationship: 

v(t) =                                   (2.9) 

2.1.3  Force fields 

The potential energy function described by the so called force fields describes 

the interaction energies between the atoms. They are often calibrated to experimental 

results and quantum mechanical calculations of small model compounds. The ability of 

force fields to reproduce physical properties measurable by experimental methods has 

been tested 
[34]

.  It should be noted that each force field is usually well suited for specific 

general conditions, i.e. molecules in water or vacuum. Moreover, they are optimized for 

specific classes of molecules, such as inorganic molecules, organic molecules, 

biomolecules (DNA, proteins, lipids), etc.  Apart from these specifications, a general 

way to accomplish the determination of the potential energy of a system is to sum all 

contributions from bonded and non-bonded interactions within the system. The term 

„bonded‟ includes two-, three-, and four-body interactions. These are bond stretching, 
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bond angle bending and dihedral angle fluctuations.  The non-bonded terms encompass 

the van der Waals interactions and electrostatic Coulomb interactions.   

The energy is a function of atomic positions of all atoms in the system. The 

energy can be written as the sum of all bonded and non-bonded interaction energies. 

Therefore,  

  E      =   E bond  +  E angle +  E dihedral + E improper   + E non-bond             (2.10) 

 Bond stretching energy 
  

 The bonding potential in the polypeptide chain is associated by a 

harmonic potential which can be represented as a simple quadratic function of 

the bond length: 

                                      (2.11) 

     Where kb is harmonic force constant ; 

       r is bond length between atoms ; 

       r0 is the equilibrium bond length 

This equation describes the energy change as bonds stretch and contract from 

their ideal unstrained length.  This is a fairly poor approximation at extreme 

values of (r - r0), however works fine for moderate T. The accuracy can be 

improved by using an anharmonic Morse potential. 

 

 Bond bending energy 

 The bond angle energy is defined for three subsequent atoms covalently 

bound and forming an angle which deviates from the ideal value θ0. The 

potential is then given by a simple harmonic representation  

 

                            (2.12) 

 

     Where kθ is the angle-bending force constant;  

      θ is the actual bond angle; 

      θ0 is the equilibrium bond angle; 
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Figure 2.2 Scheme to illustrate the force field terms; arrows shows corresponding bonded and 

non-bonded interactions. (a) bond potential, (b) angle potential, (c) dihedral potential (d) 

improper dihedrals(see text for definition); (left) out of plane bending for rings, (right) 

substituents of rings or out of tetrahedral (e) van der Waals potential (f) Coulomb potential 
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 Energy due to torsions   

 The energy associated due to torsions is given by the rotation about an 

axis defined by the central bond of a four consecutive bonded atoms. 

 

                       (2.13) 

Where kj is the torsional barrier parameter that controls the amplitude of the 

curve. n is a parameter that controls the periodicity. Ø is the phase shift that 

shifts the entire curve along the rotation angle,  is the reference torsional angle. 

Torsional motions are generally hundreds of times less stiff than bond stretching 

motions. They mimic the steric hindrance of neighboring atoms and their side-

groups to rotation about the chain axis. 

  

 The improper-dihedral term 

 Improper dihedrals are meant to keep planar groups planar (e.g. aromatic 

rings) or to prevent molecules from flipping over to their mirror images. The 

energy applied to maintain planar and chiral configurations in such kind of 

structures is given by 

                             (2.14) 

    kω is the improper force constant and ω0 the equilibrium-out-of-plane angle. 

 The improper dihedral angle is calculated exactly like a dihedral angle, but 

 the connectivity of the atoms is different (see Figure 2.2).  

 Non-bonded energy  

 The non-bonded energy is composed of (a) van der Waals and (b) 

coulomb energies that are based on the short range attraction and repulsion as 

well as electrostatic interactions. These non-bonded interactions are the most 

important factor for the stability of the biological macromolecule 
[35-37]

. 

 

E non-bond   =  E vdW    +    E Coulomb 

 

(a) van der Waals interactions 

Van der Waals attraction, also referred to as London dispersion, arises at 

short range, and rapidly dies off as the interacting atoms move apart by a few 
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Ångstroms. Repulsion occurs when the distances between the interacting atoms 

becomes even slightly less than the sum of their contact radii. This is due to the 

Pauli‟s exclusion principle. The van der Waals interaction is most often modeled 

using Lennard-Jones potentials for the attraction (  dependency) and repulsion 

(  dependency) terms
 [37,38] 

. 

                          (2.15) 

Where rij is the distance between atoms i and j  

The parameters A and B control the depth and position of the potential energy 

well for a given pair of atoms.  Aij is the attractive term coefficient and Bij is the 

repulsive term coefficient. The van der Waals interactions are typically truncated 

at a particular cut-off distance to reduce the amount of calculations. 

(b) Coulomb potential 

  The electrostatic interaction is represented by the Coulomb potential. The 

 electrostatic energy is a function of the charge on the non-bonded atoms, their 

 inter-atomic distance, and a dielectric permittivity that accounts for the 

 attenuation of electrostatic interaction by the environment (e.g. solvent or the 

 molecule itself).  

                                   (2.16) 

                ε = dielectric permittivity 

     qi & qj = charges on atoms  

     r ij = distance between atoms i and j  

 

2.1.4 General procedure used in molecular dynamics 

 X-ray, neutron diffraction, 2D-NMR, or model-building atomic coordinates are 

used as starting structures for simulations in general. For this study the initial 

coordinates of proteins were obtained from the Protein Data Bank 
[53] 

(see Section 2.1.6). 

Very often the starting structural information does not include the coordinates of 

hydrogen atoms. Therefore, they have to be generated additionally.  However, not all of 

them need to be treated explicitly.  For instance, aliphatic hydrogens are commonly 

“integrated” with the carbon atoms they are bound to. This is called united-atom force 

field 
[40].

  In general, only the hydrogen atoms bonded to non-polar atoms such as 

carbons are modeled as „united-atoms‟. The hydrogens bonded to polar atoms such as 
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oxygen or nitrogen are able to participate in hydrogen bonding interactions and 

therefore have to be modeled explicitly. With united-atom force-fields a considerable 

amount of computations can be saved, since the number of particles to be simulated is 

reduced and consequently the number of interactions to be calculated is smaller. 

However, united-atom force-fields do have some drawbacks. With this kind of 

representation the level of detail and accuracy is lower 
[34]

. Moreover, chiral centers may 

be able to invert during the simulation because of the absence of any explicit hydrogen 

atom on the chiral carbon, and so an additional improper torsion must be added into the 

force-field to prevent the inversion 
[31]

.  

  The flowchart below describes the general procedure for setting up an 

MD run. Please refer to Appendix IV for the step by step procedure for the MD 

simulations within the GROMACS (see section 2.1.5) simulation suite.  

 

 
 

 
Figure 2.3 MD Scheme. (See Appendix IV for detailed procedure) 
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Initial coordinates and velocities 

 As the starting point for the MD simulation calculations, the initial positions and 

velocities of the molecule have to be assigned. The initial coordinates are taken from the 

X-ray structure as mentioned already. The initial velocities are generated randomly 

obeying a Maxwell-Boltzmann distribution 
[41]

. The Maxwell distribution provides the 

probability density D(v) as a function of velocity as given by 

D(v) =                                       (2.17) 

where D(v) is the probability distribution of atoms having velocities between v and 

v+Δv;  v
 
 represents the velocity components in the three spatial directions and kB is the 

Boltzmann constant, T is the temperature in K. 

 

Temperature  

 In the classical molecular mechanics model, the temperature is directly related to 

the kinetic energy of the system 
[34]

:  

                                 (2.18) 

 where K is the kinetic energy, pi the momentum of particle i ,m is the mass of 

that particle, kB the Boltzmann constant, T the current temperature, N the number of 

particles simulated in the system in a 3-dimensional space and NC the number of 

constraints imposed on the system - a requirement that the positions of particular 

particles have to be maintained throughout the simulation. NC includes three additional 

degrees of freedom that must be removed, because the three center-of-mass velocities 

are constants of the motion, which are usually set to zero. When simulating in vacuo, the 

rotation around the center of mass can also be removed. The velocities are generated 

during the simulation and hence the momenta and the temperature can be calculated. 

The simplest way to control the temperature for a constant temperature simulation is to 

multiply the velocities at each time step by the scaling factor 

                                            (2.19) 

One of the most accurate algorithms to constrain the temperature is the Nosé-Hoover 

thermostat 
[42, 43]

.  
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Topology files 

 The most important files that are needed in the molecular dynamics simulations 

are the topology files. A topology contains the information about the atoms in the 

system. For example, the bond lengths, bond angles, atom masses and partial charges 

etc.  These are the particular values for particular atom sets. Please refer to Appendix-III 

for the topologies of different structures used for this study. (MTSSL, Bchl, QA and 

Y122*)  

 

 Periodic boundary conditions 

 When molecular dynamics (MD) simulations of biological macromolecules such 

as proteins or DNA are performed in explicit solvent, periodic boundary conditions 

(PBC) are commonly used to minimize edge and finite size effects 
[44, 45]

. This is 

because otherwise a relatively large part of particles will lie on the surface and will 

experience forces quite different from those in the bulk
 [46, 47]. 

 

 The technique is fairly simple with the system in a central box surrounded by an 

infinite number of copies of itself. During the simulation, the molecules in the original 

box and their periodic images move exactly in the same way. Hence, when a molecule 

leaves the central box one of its images will enter through the opposite side. As a result, 

there are no physical boundaries and no surface molecules. However, it is necessary to 

select an appropriate box type for the simulations depending on the molecular geometry 

and also to minimize the number of solvent in the system 
[48]

. Several types of box 

shapes are available e.g. cubic, octahedron or the rhombic dodecahedron etc.  

 

Energy minimization 

 In general, the crystal structures used to define the initial atom positions are not 

in the energy minimum state. Moreover, the addition of hydrogens and solvent 

molecules will lead to much interference in the structure. Energy minimization will steer 

a molecular system to a relaxed state (local energy minimum, see Figure 2.4) which is a 

prerequisite to start the MD-simulation. Though, it may not give a global minimum, but 

the optimum structure for the MD input. Several energy minimization algorithms are in 

use today and the three major approaches for finding a minimum of a function are 
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Search methods:  Search methods are usually slow and inefficient, but always 

find a nearest local minimum. For this reason, they are often used as an initial 

step, when the starting point in the optimization is far from the minimum. 

Steepest Descent is the most widely used algorithm in molecular mechanics. In 

brief, the steepest descent method makes moves parallel to the direction of the 

force on a particle, so a move is taken directly downhill on the potential energy 

surface, with either a step of arbitrary size, or, from the result of a line search, to 

the minimum energy position along the new direction. Then the process is 

repeated without using any information from the previous move.  

Gradient methods:  Gradient methods utilize values of a function and its 

gradients. These methods offer a much better convergence rate than search 

methods and do not require a lot of computer memory (only 3N first derivatives 

are needed). The „conjugated gradient‟ algorithm is considered the most robust 

in this class. In contrast to the steepest-descent approach, in the conjugate 

gradient method the previous step directions are used to refine the current 

direction of move. 

Newton methods:  Newton methods are the most rapidly converging algorithms 

which require values of the function, and its first and second derivatives. These 

methods are not suggested for large molecules. The „BFGS‟ algorithm is 

considered to be the most refined one in these methods. 

 

 

Figure 2.4 Energy minimization scheme. Unfortunately, all the energy minimization schemes 

are only capable of bringing the system into nearest local minima. Molecular dynamics are 

needed to cross the high potential barriers. 
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Position restrained MD 

 Position restrained molecular dynamics is performed after energy minimization. 

It involves restraining (partially freezing) the atom positions of the macromolecule 

while simultaneously allowing the solvent to move freely in the simulation. This permits 

the water molecules to “soak” into the macromolecule. A position-restrained simulation 

is run for a time period longer than 20ps because the relaxation time of water is 

approximately 10ps (at least one order of magnitude greater). 

Final MD setup 

 This step involves three stages: (i) the heating process, (ii) equilibration and (iii) 

the production run. In MD, at time zero velocities are assigned according to the 

Maxwell-Boltzmann distribution corresponding to a temperature close to 0K. Therefore, 

it is necessary to heat the system to the desired temperature (usually to 300K). This is 

done by rescaling the velocities. However, the heating process, in which kinetic energy 

is added over several integration time steps, often requires that a weak restraint has to be 

placed on the protein for the first 50 to 100 ps. After the desired temperature is 

achieved, equilibration is done to ensure that the system is in a stable state. During this 

stage, the velocities are rescaled if the temperature evades a window of ±10K (in 

general) of the desired temperature to maintain the target temperature. Next, in the 

production phase, the velocity scaling is turned off and the system is allowed to 

propagate in time without any further intervention. If the system is properly 

equilibrated, the energy and temperature should remain stable. MD production runs can 

continue up to several nanoseconds depending on the system size and computational 

power available. However, one of the determining factors in the simulations is the time 

step of integration.  

Time step of integration 

 In general, the integration time step size, dt, is specified by the user. Appropriate 

selection of an optimal time step is crucial for the efficiency of integration algorithms. 

Since each step costs the same CPU time (independent of the value of the time step), 

using a larger time step would naturally speed up the calculation so that a larger 

conformational space can be sampled. However, any time steps that are larger than the 

time period of high frequency thermal oscillation should not be used.  This is in the 
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femtosecond range (10
-15

s) which consequently limits the simulation trajectory length to 

the nanosecond range (10 
-9 

s).  2 fs is the typical value used in practice for the time step 

of integration. This means that 500000 computationally expensive integration steps are 

necessary to simulate a system for just 1ns (taking in the order of one week for a typical 

system that contains about 10000 atoms on a fast computer cluster).   

Application of constraints in simulation 

 Two types of ensembles that can be applied in MD simulations are NVE and 

NTP.  In the case of a NVE ensemble, the number of particles N, the volume V and the 

energy E of the system are kept constant and the temperature T and the pressure P are 

allowed to fluctuate. However, this is not always a useful ensemble. A better way would 

be to study the systems of interest under conditions of constant T and P (NTP) that 

corresponds better to the experimental conditions.  

 

 However, apart from the constraints mentioned above, the additional constraints 

that are commonly used to accelerate the MD calculations are: (a) cut-off distances, (b) 

neighbors list.  

 

(a)  Cut-off distances 
 

 The most time consuming part of a MD simulation is the calculation of the non-

bonded energies and forces (van der Waals and electrostatic). In principle the non-

bonded interactions should be determined between every pair of particles in the system, 

but this turns out to be too time consuming. Therefore to limit time and computational 

costs, the calculations can be approximated by using a cutoff radius. A truncation will 

be applied after a certain distance for the neighboring atoms. All the interactions in 

between the pairs of particles further away than a spherical cutoff value are set to zero. 

The most important factor to be chosen is the correct cutoff radius. Van der Waals 

interactions are in general short range interactions, and in the case of atomistic 

simulations they can be truncated after 10 Å. In contrast, all electrostatic interactions are 

of long range and their effects are obvious even at a considerably greater distance than 

the cutoff distance that is commonly used for simulations. To implement the cutoff 

method without losing accuracy, several techniques are available. First, two different 

cutoff radii can be used, a shorter one for short range van der Waals interactions and a 

longer one for long range electrostatic interactions 
[34]

. Otherwise, more complicated 
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methods such as the Ewald 
[49]

 sum can be employed for calculating the full electrostatic 

energy of a unit cell.  

 

(b)  Neighbors list 
 

 To reduce the time for the computation, a particle‟s neighbors list is created 
[50]

. 

For a given particle, it contains a list of the particles within a distance slightly larger 

than the cutoff. To speed up the simulation the neighbor list is updated at given intervals 

and not at each simulation step. Between updates the program does not check through 

all the particles, but it calculates the distance between the particle of interest and only 

those particles appearing in the list, and consequently the time for the non-bonded 

calculation is significantly reduced. Please refer to Appendix II for the typical values 

used for the simulations in this study. 

 

2.1.5 GROMACS 

 All simulations for this study were performed with the GROMACS simulation 

package 
[51]

. A modification of the GROMOS96 force field
 [29]

 was used with additional 

terms for aromatic hydrogens and improved carbon-oxygen interaction parameters. The 

Lincs 
[52]

 algorithm was used to constrain bond lengths, allowing a time step of 2 fs.  

  

2.1.6 Protein Data Bank 

 The Protein Data Bank (www.rcsb.org) 
[53]

 is the major store for all the protein 

structures determined so far. It currently holds over 46557 structures as of October 9
th

, 

2007. Most of the protein structures were determined by X-ray crystallography, and 

some by NMR spectroscopy.  Thus, X-ray crystallography is still the main source of 

structural data that provides the Cartesian coordinates of the constituent atoms that are 

used as the input for all the MD simulations calculations in general.   

 

2.2 Basics of EPR Theory 

Electron Paramagnetic Resonance (EPR) spectroscopy is a powerful technique 

to probe the dynamics of proteins at its physiological conditions 
[54-57]

. It is based on 

detecting any unpaired electron, often called a free radical that is present in any 

biological macromolecule. In general most molecules do not contain free radicals since 

they are diamagnetic. However some molecules possess the lone pair of electrons. EPR 

http://www.rcsb.org/
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provides information on the structure, reactivity and the local environment of such an 

unpaired electron. This ultimately helps in understanding the structure, dynamics and 

thereby the function of that molecule.  

The physical basis of EPR is the interaction between the magnetic moment of 

the electron and the applied magnetic field. In general, an unpaired electron exists in one 

of two possible spin orientations (Ms = +1/2 or -1/2) and in the absence of a magnetic 

field these two spin states are degenerated. However, when an atom or molecule with an 

unpaired electron is placed in an external magnetic field, the spin of the unpaired 

electron can align either in the same direction or in the opposite direction as the field. 

Under such a condition, these two electron alignments have different energies. This 

produces Zeeman energy levels such that the Ms= - 1/2 state will have a lower energy 

than the Ms =+1/2 state. A transition between the two spin states can be induced by 

applying an electromagnetic radiation of the appropriate frequency v.  The resonance 

condition meets when the energy difference between the two spin states of a free 

electron is equal to the applied frequency „v‟ multiplied by the Planck‟s constant, h: 

ΔE = hv                              (2.20) 

The energy splitting between these two spin states is proportional to the magnitude of 

the applied magnetic field.  It can be written as 

ΔE  =  hv =  g(θ,φ) β B0                                      (2.21) 

where, g is a dimensionless constant called the Landé g-factor. For an unpaired electron 

in free space g is 2.0023.  For real samples, g is an „orientation dependent 

proportionality factor‟, which depends on the electronic configuration of the radical or 

ion being studied. Since the g-values of organic and organ metallic free radicals are 

usually in the range  1.8 - 2.2, the free electron value is a good starting point for 

describing the experiment. B0 is the applied magnetic field with respect to the lone 

electron. β is the electronic Bohr magneton. Spectra are obtained by measuring the 

absorption of the microwave radiation while scanning the magnetic-field strength. 

Spectra are dependent on the probe orientation with respect to the applied magnetic field 

described by the angles θ and .  (see Figure 2.5) 
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Figure 2.5   Nitroxide moiety of a spin label that contains a free electron required to be detected 

by an EPR spectroscope.  The x-axis is along the N-O and the z-axis represents the p-orbital 

containing the unpaired electron. B0 is the applied magnetic field with respect to the lone 

electron. 

 Due to the experimental reasons, EPR spectra are usually displayed in the form 

of first derivatives of the absorption spectra.  

The EPR spectrum is not only limited to the interaction of the unpaired electron 

with the magnetic field, but rather several other contributions influence it. If the electron 

would just interact with an external magnetic field, the EPR spectrum would consist  of 

only one line, from which only the g-factor value could be deduced. However, several 

other interactions contribute to the different spectral components.  

The interaction between the unpaired electron and nuclear spins is called 

hyperfine coupling and is orientation dependent as well. This is the second major source 

of information obtained with an EPR experiment. It provides information about the 

electron density at the nucleus, the distance and orientation of the nucleus to an ion 

carrying the unpaired electron, or the number of equivalent nuclei coupling to the 

electron. Further interactions influencing the EPR spectrum are the zero-field splitting 

for systems with S > 1/2, the nuclear quadrupole interaction due to a quadrupole 

moment for nuclei with I > 1/2, and the nuclear Zeeman interaction. 

2.2.1  Spin Hamiltonian 
 

The Hamiltonian for the effective spin is called the spin Hamiltonian. Spin 

Hamiltonians are fundamental to the understanding of experimental magnetic resonance 

spectroscopy, providing formalisms in which to systematically assemble spectral data 

[58]
. All above mentioned interactions are collected in the spin Hamiltonian operator Ĥ. 
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The energies of the states within the ground state of a paramagnetic species with one 

effective electron spin S coupled to n nuclear spins Ik are described by: 

Ĥ = HEZ+HZFS+HHF+HNZ+HNQ+HNN                                                                         (2.22) 

Ĥ is called the spin Hamiltonian because, apart from phenomenological constants, it 

contains only coordinates described by the electron spin vector operator S and the 

nuclear spin vector operators Ik. 

Where, HEZ: the electron Zeeman interaction 

HZFS: the zero-field splitting 

HHF: the hyperfine couplings between the electron spin and the nuclear spins 

HNZ:the nuclear Zeeman interaction 

HNQ:the nuclear quadrapole interactions for spins with nuclear spin quantum 

 numbers  I > ½;  

HNN: the spin-spin interactions between pairs of nuclear spins. 

 

The concept of the spin Hamiltonian is based on the work of Pryce and Abragam 

[59]
. The matrix elements of the spin Hamiltonian determine the positions and intensities 

of the absorption lines in the radio-frequency range of the electromagnetic radiation.  

 

For an isolated paramagnetic center a general spin Hamiltonian is  

Ĥ= Ŝ.D.Ŝ + β B0.g.Ŝ + Ŝ.A.Î+ Î.Q.Î – γ Î.(1-σ). B0.Î                          (2.23) 

where,  Ŝ and Î are the electron and nuclear spin operators respectively. D is the zero 

field splitting tensor, g and A are the electron Zeeman and hyperfine coupling matrices, 

respectively. Q is the quadrapole tensor, γ the nuclear gyromagnetic ratio, σ the 

chemical shift tensor, β the Bohr magneton and B0 the applied magnetic field. 

The first term in the above equation describes the zero-field splitting and the 

second term describes the electronic Zeeman effect (the interaction of the net spin 

magnetic moment with the external magnetic field B0). The third term represents the 

magnetic interactions between the electrons magnetic moment and nuclear spin 

magnetic moments. The fourth term represents  the interaction of the nuclear spin 

magnetic moments with the external magnetic field. When two or more paramagnetic 

centers interact, the EPR spectrum is described by a total spin Hamiltonian(Htotal) which 

is the sum of the individual spin Hamiltonians
[60]

.  
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More details about spin labeling and EPR spectra are given in the following 

section. The illustration below gives an insight into various applications of EPR and 

their uses. 

 

 

Figure 2.6 A graphic representation that shows the broad range of EPR applications. 

 

 

2.3 Site directed spin labeling and EPR spectra simulation 

2.3.1 SDSL-EPR 

As mentioned already in Chapter 1.2, most of the biological molecules are 

diamagnetic, and do not contain a free radical that can be detected by EPR.  Therefore, 

it is necessary to incorporate a paramagnetic reporter group into a molecule to gain 

insight into its structure and dynamics.  Attaching such a probe to the specific site of the 

molecule is often called as spin labeling 
[56]

. The most commonly used spin labels 

contain nitroxide derivatives.  The nitroxide moiety is not very reactive and is stable up 

to about 80°C over a pH range of 3-10.  Previously, it was possible to attach the spin 

probe only to a native cysteine residue because of the unique properties of its lateral 

chain. This was limiting the EPR investigations only to the cysteine containing 

molecular systems and did not allow studying specific regions of the proteins.  By the 

development of DNA recombination techniques, it became possible to substitute a 

nitroxide-containing amino acid side chain (R1) at any desired location in a molecule. 
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This technique is called Site Directed Spin Labeling (SDSL). In general this is 

accomplished by cysteine-substitution mutagenesis, followed by modification of the 

unique sulfhydryl group with a selective nitroxide reagent 
[61, 62]

.  Though there exists a 

number of other reagents, the methanethiosulfonate spin label (MTSSL) (Figure 2.7) is 

the most frequently used spin label side chain as of today for various advantages. First, 

it is a small spin label of the size of a tryptophan residue which fits naturally in the 

protein structure. Labeling of many proteins with this spin label has been shown to 

result in minimal structural perturbation and more importantly very little functional 

perturbation 
[63]

.  

 

MTSSL spin label 

 

 

Figure 2.7 The reaction of (1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl)-methanethio- 

sulfonate to produce the nitroxide side chain designated R1.(source: 
[11]

) 

 

Following the spin labeling, EPR spectroscopy then yields information about the 

rotational restrictions of the attached spin label that arise from structural constraints due 

to secondary, tertiary, or quaternary structure of the protein. 
[64]

. The continuous wave 

(cw) EPR spectral line shape reports on the spin label side chain mobility and thus 

allows characterization of protein dynamics with correlation times ranging from 

picoseconds to microseconds (for reviews see e.g. 
[58, 66-69] 

). Four fundamental types of 

information can be obtained from the EPR of a nitroxide side chain in a protein: 

 

i. The periodicity of the investigated chain 

ii. Solvent accessibility 

iii. Distance of the side chain from a second nitroxide or bound paramagnetic 

metal ion in the protein 

iv. Dynamics of the side chain 
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2.3.2 Application of EPR 

EPR has been extensively used in the structural and dynamical studies of 

biological macromolecules under physiological conditions.  Recently, in vivo studies 

were also reported on living E.coli cells 
[70]

. A typical EPR spectrum for two spin 

labeled positions is shown in Figure 2.8. 

 

 

Figure 2.8 Mobility of the R1 side chain. The relationship between the topology of the spin-

labeled side chains and EPR spectral shape is illustrated. Protein structures that are spin-labeled 

at different positions are shown on the left side and the corresponding first derivative EPR 

spectra are given on the right side. The backbone of the protein is rendered in ribbon style, the 

amino acids in stick and the spin label is in ball and stick style. (A) The spin label is located in a 

loop region. Since the loop regions are very dynamic, the spin label is very mobile as reflected 

in the EPR spectrum with small apparent hyperfine splitting and small line widths. (B) The spin 

label that is located in the protein interior where its motion is restricted by strong helical 

contacts is reflected in an EPR spectrum with a large apparent hyperfine splitting and broad line 

widths. The dotted lines highlight the outer hyperfine splittings and the yellow bar is used to 

indicate the line widths. (source: 
[70]

 ) 

 

2.3.3 Calculating EPR spectra from MD simulation trajectories 

An EPR spectrum of a protein bound spin label contains a great amount of 

information about the local structure of the molecule under investigation.  However, it is 

possible that the information that is obtained from the spectrum alone is ambiguous and 



 

  

                                                                                                                             Chapter 2. Theory              

31 

 

can not be easily understood in molecular detail.  Moreover, identification of the spin 

label binding site in the protein is a time and money consuming process as it is needed 

to check the possibilities for several mutation sites. Getting pre estimation about the 

specific site would reduce the experimental effort.  For example, the binding site L234 

in the reaction centre (RC) protein is highly rigid and labeling such sites for the 

conformational studies is not very useful unless there are large structural disturbances 

such as unfolding of the protein during its function. See RC chapter for the details on 

the rigidity of L234. 

  In all the situations that are mentioned above, it will be beneficial to develop a 

system that allows simulating the properties of the spin labeled molecule in a computer 

so that the corresponding EPR spectra can be obtained directly from the MD simulations 

trajectories. Thereby it provides not only a better analysis of EPR experimental results, 

but also gives more information before the actual experiments.  

During the last years, such a method was developed
 [71] 

and verified 
[72]

 by 

Steinhoff et. al which allows calculation of EPR spectra of site-directed spin labeled 

proteins on the basis of MD simulations. This approach provides a direct link between 

protein structure, protein dynamics and EPR spectral shape. In the present thesis spin 

labeling is combined with MD simulations and EPR spectra calculations thereof to show 

the potential application of this new method.  

 

A detailed description of the method is given in the following: 

A series of spin labels are modeled at the sites of interest in the protein structure. 

The typical information needed to calculate the EPR spectrum from the MD simulations 

are the reorientational dynamics of the bound spin label. Therefore, MD simulations are 

performed at 600K, in order to ensure the complete conformational space that can be 

occupied by the nitroxide within in the stipulated time of 6ns in vacuum.  At lower 

temperatures the probability of crossing high energy barriers is often too small and 

therefore the conformations at these temperatures are likely to be confined to limited 

regions of the conformational space.  The only solution that allows overcoming this 

limited sampling by MD simulations at room temperatures within a time of several 

nanoseconds is to raise the temperature of the simulation. In fact, proteins denature at 

higher temperatures, typically over 330K.  This situation can be avoided by imposing 

position restraints on all the backbone atoms of the protein. This ensures the protein 

stability even at higher temperatures.  Recent studies by Beier and Steinhoff 
[72] 
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suggested a trajectory length of 10ns would result in a sufficient sampling for the 

nitroxide at 600K.  However, the trajectories of simulations performed at 300K can also 

be used for the EPR spectra simulation provided the sampling is done adequately. Our 

studies show that a MD trajectory of 30ns length at 300K seem to be sufficient to 

calculate the EPR spectra. (See Chapter 4)    

In fact, simulating EPR spectra from the MD simulations trajectories is not a 

straight forward approach. Though in principle, the MD simulation trajectory contains 

all the information necessary to calculate the EPR spectrum, the length of the time scale 

is not sufficient.  For the simulation of a proper EPR spectrum, the length of the 

trajectory has to be in the order of the spin-spin relaxation time, T2, i.e. in the order of 

several hundred nanoseconds. With the computer power available now, it may take 

several months or even more just to obtain the trajectories. Therefore, it is necessary to 

couple the MD with single particle Brownian dynamics(BD) simulations as described 

below to attain the required length of trajectories within in a short time period. 

Since the essential data required for the EPR spectra simulation is the 

reorientational motion of the nitroxide, only the trajectory of nitroxide atomic 

coordinates is extracted from the complete MD trajectory.  From this trajectory, the 

orientations of the spin label Ω (t) = (α (t), β (t), γ (t)) are obtained,  where α(t), β(t) and  

γ(t) are the Euler angles. The Euler angles are the classical way of representing rotations 

in 3-dimensional Euclidean space 
[73]

.   

The orientation population of the nitroxide in the polypeptide fixed reference 

frame is evaluated from the Euler angle trajectory in the angle interval (α, α + dα;  β,  β 

+ dβ;   γ, γ + dγ)  as a function of the three Euler angles Ω = (α , β , γ ). This orientation 

population is identified with W(α , β , γ ) dα dβ dγ,  where W is the probability density 

function. 

Because of the limited sampling time of 6ns, the topology might be distinctly 

modulated by noise. This noise can cause large fluctuations of the potential-dependent 

motion during the single particle simulation in the later stage and therefore should be 

eliminated without influencing the global topology. The procedure for the noise 

elimination is nicely described by Beier et al. 
[72]

. According to the authors, the 

smoothing algorithms that utilize averaging techniques tend to produce an undesirable 

broadening of sharp peaks caused by the noise. To avoid this problem the MEDIAN 

smoothing algorithm 
[74] 

is applied with the smallest filter matrix (3x3x3) to fully 

eliminate the sharp noise peaks. The perturbation of the global topology due to the 
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MEDIAN filtering has been proven to be less than that caused by an averaging square 

filter. Since the MEDIAN technique can only substitute original values with already 

existing adjacent values, it tends to form small step like plateaus. However, this effect is 

less significant when smoothing is performed in high dimensions. If necessary, an 

additional square filtering could be applied to straighten out these remaining plateaus.   

 

Potential energy function 

 The effective potential energy function Ueff(Ω)  is required, to determine the 

torques in the Langevin equation(see eq. 2.25). This function is given by the free energy 

that can be estimated from the MD or BD trajectories of the spin labeled proteins. 

Therefore, the smoothed and normalized 3D frequency distribution of the Euler angle 

triplets, in other terms the probability topology (W (Ω)) was used to calculate the free 

energy surface of the nitroxide orientations, that is given by:  

 

Ueff (Ω) = -kBT  ln W(Ω) +  C                                       (2.24) 

 

where kB is the Boltzmann constant, T is the temperature, and C an arbitrary constant.   

 

Brownian Dynamics  

 The EPR spectral line shape of a single nitroxide spin label is completely 

determined by the reorientational behavior of the nitroxide group. The reorientation 

trajectories with lengths of a few hundred nanoseconds are required for the calculation 

of proper EPR spectra 
[75]

.   Such trajectories were obtained by the numerical solution of 

the potential-dependent Langevin equation 
[76]

 for a single particle undergoing rotational 

diffusion. The simplest form of the stochastic rotational dynamics of a single particle 

can be represented by 
[76]

 

(t)                        (2.25) 

                  i ϵ {x, y, z} 

 

This equation provides three contributions to the general torque Mi of a particle 

having a moment of inertia Ii. The term  represents the friction torque on a 

particle with an angular velocity  in the x, y, or z direction;   is the drag 
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coefficient, that is independent of position and time. The friction coefficient, f is related 

to the rotational diffusion coefficient Di by the Einstein equation: 

                                                   (2.26) 

       

The expression   represents the systematic torque for the orientation. 

The torque is the derivative of the mean potential function, Ueff (Ω) with respect to the 

rotation angle ϕi , around axis i, with i= x,y or z 

 

   (2.27) 

 

The value of  at a distinct orientation  is obtained from the discrete free 

energy topology  by trilinear interpolation in the Euler angle space.  The last 

term (t) represents the random force described by a Gaussian distribution with zero 

mean. By means of , a stochastic torque is implemented to mimic the coupling with 

the solvent. The value Ri satisfies the fluctuation dissipation relation 

      (2.28) 

Where  is the Dirac delta function and  is the Kronecker value.  is the 

product of the Boltzmann constant and temperature. 

Assuming the systematic force to be constant during Δt and assuming that  

Δt, one obtains the numerical solution for the reorientation  around axis i 

at time n  Δt.  is given by 

                      (2.29) 

                with the torques   

 

The value  is further assumed to be approximately constant during each time 

step. Thus, the derivative of can be neglected.   is a random variable, and the 

values can be calculated by using a normally distributed random number generator.  The 

values of  meet the rules of a random walk with  
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Under consideration of equations 2.27 and 2.29 we get a conventional Brownian 

dynamics equation: 

                  (2.30) 

 

This algorithm represents the simplest form of stochastic dynamics, called 

diffusive Brownian dynamics, because neither spatial nor time correlations are taken 

into account
 [77]

. The solution of potential-depended stochastic dynamics simulations 

gives the single particle trajectories of the three Euler angles of the nitroxide 

reorientation with respect to the protein-fixed coordinate system with an appropriate 

time length of 720 nanoseconds. Thus, 160 single particle trajectories are generated by 

numerical integration of the Langevin equation consisting of 15000 integration steps 

each (75000 integration steps for D = 0.1 ns
-1

).  The average W(Ω) histogram of these 

720ns trajectories showed an excellent agreement with that of the original MD trajectory 

of all spin labeled R1 positions for the model system bacteriorhodopsin
[67]

.  

 

Spectra calculation 

The simulation of EPR spectra from Brownian dynamics trajectories of the spin 

label motion are based on a simple, classical treatment of the motion of the magnetic 

moment M  of a given spin packet with the Lamor frequency ω.  

From the orientation trajectories Lamor frequency trajectories, v(t) are calculated 

with the magnetic tensors taken from experimental spectra.  

                                (2.31) 

The Bloch equations are solved numerically according to the approach published by 

Robinson and coworkers 
[75]

 to yield the magnetization trajectory. T2 is set to 2
 
*10

-8
s. 

The magnetization trajectory along the xy-plane is given by 

                               (2.32) 

Where  is given by  and  is the fundamental lamor frequency. This 

lamor frequency depends on the orientation  of the considered molecule with respect 

to the magnetic field according to eq. 2.31. In order to obtain the magnetization 

trajectory for an entire sample of paramagnetic molecules,  has to be averaged 
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over all possible initial orientations of , with the proper equilibrium distribution 

 

                               (2.33) 

The final EPR spectrum is given by the Fourier transformation of the 

magnetization trajectories  integrated for an isotropic distribution of protein 

orientations.  

                            (2.34) 

 

The spectrum is finally convoluted with an additional Gaussian function to 

account for inhomogeneous line broadening. 

 

Figure 2.9 shows a schematic representation of the steps performed to calculate 

the EPR spectra from MD trajectories as described above. 
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Figure 2.9 A schematic representation of step by step procedure to calculate EPR spectra from 

MD trajectories. 

 

 

 

 

 

 

Diffusion coefficient 



Chapter 3    
 

Displacement of the tyrosyl  

radical in RNR 
 

Amino-acid radicals are involved in the 

catalytic cycles of a number of enzymes. 

Advanced spectroscopic and structural 

studies have been performed since several 

years to investigate the origin of these 

protein based radicals. TYR122* is a stable 

radical that is generated in the R2 subunit of 

ribonucleotide reductase (RNR), the enzyme 

responsible for the synthesis of deoxyribo- 

nucleotides. EPR experiments performed by 

Lendzian et al.
[76]

 have shown the orientation 

of the tyrosyl radical in the active state of 

E.coli RNR. The different g-tensor values 

obtained indicate the displacement of the 

tyrosine radical in the vicinity of the di-iron 

center. Molecular dynamics simulations were 

performed for both the neutral and radical 

tyrosine states of RNR to analyze the 

experimental data in further detail. The 

results obtained by MD simulations reflect 

the experimental observations but also 

display minor deviations. For the first time 

such a comparison was made for the g-factor 

based orientations obtained from the EPR 

experiments directly with those of MD 

simulations results. This kind of 

methodology offers a comprehensive 

knowledge on the structural dynamics of 

biomolecules.  
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3.1  Introduction 
 

3.1.1 Ribonucleotide reductase (RNR) 

 

Ribonucleotide reductase (RNR) is an enzyme which is responsible for the 

conversion of ribonucleotides into deoxyribonucleotides, the building blocks necessary 

for the DNA synthesis. There is no alternative mechanism for de novo synthesis of DNA 

and this makes RNR crucial for cell progression in all living organisms 
[77]

. In order to 

be functionally active, all RNR enzymes should contain two components, a radical 

generator and a reductase. The catalytic reaction is initiated when a proton coupled 

electron is transferred from the radical generator site to the active site of the reductase.  

Based on their different methods of radical initiation, the RNRs have been divided into 

three classes, named class I, II and III, respectively.  Class I RNR enzymes require a 

diferric iron center and molecular oxygen to produce a tyrosyl radical, thereby they can 

function only under aerobic conditions.  Class II RNR enzymes use a radical on the 

cofactor cobalamin in a radical generation process not affected by oxygen, thereby they 

can work under aerobic or anaerobic conditions. The class III RNR enzymes form a 

glycyl radical generated by an S-adenosyl methionine with the help of iron-sulfur 

protein and function only under strictly anaerobic conditions 
[78]

.   However, all RNR 

enzymes catalyze a similar kind of reaction with a conserved cysteine residue at the 

active site where the nucleotide is reduced to the deoxyribonucleotide.  Although a lot 

of information is available about the control and the mechanism involved in the radical 

transfer to the active site, the major unresolved problem is the mechanism of radical 

initiation by the class I RNR. 

Class I RNR 

  Based on sequence identity and allosteric properties, class I RNRs are 

subdivided into two categories, Ia and Ib.  The class Ia prototype is the α2β2 enzyme 

from Escherichia coli, which has been fully characterized.  In other words, the active 

reductase of E. coli is composed of two homodimeric subunits, R1(α2) and R2(β2) (see 

Figure 3.1).   A 1:1 complex of R1 and R2 is thought to be essential for the free radical-

based chemistry involved in the catalytic reaction.  The R1 site contains the active site 

for nucleotide reduction and the two different allosteric effector sites that regulate the 

substrate specificity and turnover rate. The R2 protein contains a stable tyrosyl free 
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radical that initiates nucleotide reduction in R1 by a putative long-range proton-coupled 

electron transfer pathway over 35Å 
[79, 96]

.  

This unusually long radical transfer chain of hydrogen bonds comprises various 

amino acids in both R1 and R2 sites. Previous studies reveal the essential participants 

directly involved in the pathway from R2 to R1 are Y122, D84, H118, D237, W48 in R2 

and two tyrosines (Y730 , Y731) , and a Cysteine (C439) in R1 (see Figure 3.2).  

 

 

Figure 3.1 Ribonucleotide reductase (RNR) structure represented in ribbon form. E.coli RNR 

contains two homo dimeric subunits R1 and R2, both necessary for the function of RNR.  R1 

(colored in magenta) contains the substrate-binding site and R2(colored in green and blue) 

contains an essential tyrosyl radical which initiates the radical-based reaction. 
 [Figure adapted from 

Sjöberg, B.M.] 

 

The R1 subunit 

R1 is a dimer of 2 × 85.5 kDa in E. coli.  In addition to the docking site for the 

subunit R2 and the allosteric effector binding sites, the R1 subunit also comprises 

docking sites for the small hydrogen donor proteins called thioredoxin or glutaredoxin. 

These two proteins are necessary for the reduction of the active site disulfide bridges 

which are generated during the turnover. 

R1 dimer 

R2 dimer 
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Figure 3.2 Proposed pathway for the coupled electron/proton transfer along the chain of 

hydrogen bonded amino acids between Y122* in R2 and C439 in R1.  The colors indicate the 

type of atom; oxygen: red, nitrogen: blue, sulfur: yellow, and iron: orange spheres. 
[Figure adapted 

from Sjöberg, B.M]
 

 

The R2 subunit  

The R2 subunit of E.coli RNR is also a dimer of two polypeptide chains 

consisting of 375 amino acid residues each.  Each polypeptide chain possesses a 

binuclear iron site coordinated by acidic amino acids and histidine residues.  In the 

active state of R2, a tyrosine residue close to the di-iron site carries a stable radical 

independently of the R1 subunit. The exact location and orientation of this tyrosyl 

radical is not known so far. 

e- + H+ ↑ 

C439 



 

 
                                                                                                           Chapter 3. Tyrosyl radical 

42 

 

Di-iron site 

The role of the di-iron site in R2 is to form the active cofactor, consisting of an 

oxidized metal site and the tyrosyl radical 
[82]

.  Tyr 122 is the radical containing residue 

situated in a hydrophobic pocket close to the di-iron (Figure 3.3). 

 

Figure 3.3  A schematic view of di-iron center (see text for details) 

The physicochemical interactions of various amino acid residues which harbors 

the generation of tyrosyl radical in R2 involves three GLU at positions 115, 204 and 

238, two HIS at positions 118 and 241 , one ASP at position 84,  and an oxo bridged di-

iron center. The whole complex is often termed as di-iron center.   

3.1.2  Mechanism of radical formation  

 

The non-heme di-iron site catalyses a reductive activation of molecular oxygen 

to generate a high-valent iron complex. This reaction ultimately leads to the oxidation of 

a nearby tyrosine residue into a stable tyrosyl radical 
[83]

. The reaction performed in the 

R2 subunit to produce the organic free radical can be represented as shown in Figure 

3.4. 

  

Figure 3.4    Neutral to radical state transformation of tyrosine at position 122 in R2 of RNR. 
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During the catalysis, the radical is continuously shuttled to a cysteine of the R1 

subunit and there generates a thiyl radical required for activation of the substrate. 

However, no structural details are yet available for the exact location and orientation of 

the tyrosyl radical (Y122*, E.coli numbering used throughout)
 [84-87]

.  

Much attention is driven towards understanding the mechanism involved in the 

radical initiation following the conformational changes that occur in the vicinity of 

Y122 (see Figure 3.5).  By single crystal EPR studies, Lendzian et. al 
[76]

 determined the 

orientation of the tyrosine radical* (neutral radical, without the H at the oxygen) near 

the di-iron site. They found strong dynamic effects in the EPR spectra at higher 

temperatures.  In order to further investigate and analyze the EPR experimental results, 

we used molecular dynamics simulations as a tool to study this radical containing 

tyrosyl in R2 of RNR. It is understood from the previous studies that such a comparison 

between experiments and theoretical studies gives a better understanding of the 

molecular system 
[66, 70].

    

 

 

Figure 3.5 The reaction center in R2 of RNR. The part of the protein backbone is represented as 

a ribbon with tyrosine and aspartate shown in lines with the hydrogen of the OH group (Y122) is 

facing towards the OD2 of the D84. The di-iron(colored in green) and oxygen(colored in red) 

are represented as spheres. 

 

Y122 

D84 

Fe1-OX-Fe2 
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3.2   Methods  

As a first step towards understanding the reorientational dynamics of the 

tyrosine, molecular dynamics simulations were performed for the R2 protein with Y122 

in its normal form with its OH group and then on a modeled protein with Y122*  in  its 

radical form without H.  

 

 

                              
 

Figure 3.6 A tyrosine residue in its normal form with OH group represented in ball and stick 

model. In the radical state a proton is removed from the head group OH (hydrogen not shown). 

 

Molecular dynamics (MD) 

The initial coordinates of R2 protein were obtained from the Protein Data Bank 

(PDB code: IMXR).  The R2 protein is composed of two monomeric subunits named 

1MXR-A and 1MXR-B. The final yield of the tyrosyl radical was about 60% in subunit-

A when compared to the poor yield of 30% in subunit-B.  Thus, the monomeric subunit 

of 1MXR-A was taken for all molecular dynamics simulations.   

Necessary hydrogens were added based on the protonation states of the 

respective amino acids of the protein. All simulations used a time step of 2 fs. The 

LINCS algorithm was used to constrain all bonds in the system 
[52]

. Periodic boundary 

conditions were applied in all three dimensions to minimize the finite volume effects by 

putting the atoms of the system into a space-filling box, which is surrounded by 

translated copies of itself. All the simulations in this current study were carried by a well 

developed molecular dynamics simulations package called GROMACS 
[51] 

(see Chapter 

2.1.5). 

 The internal waters that are present within a radius of 10 Å from the di-iron 

center were considered for the simulations. Two water molecules (H2O) at positions 82 

and 70 play a crucial role near the di-iron center by forming hydrogen bonds to the iron 

atoms. However, surface waters also have a profound influence on the stability, and 
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energy of a protein molecule as a whole. Hence, a sufficient number of additional water 

molecules (~ 10000) were added to hydrate the system. Counter ions were added to 

neutralize the whole charge.   

Energy minimization was performed by using the conjugate gradients algorithm 

for 1000 steps with the steepest descent algorithm applied for every successive 10 steps 

of conjugate gradients calculations. Furthermore, to relax the solvent around the protein, 

the protein backbone was restrained to its position and solvent molecules were allowed 

to move around at a constant temperature of 300K for 1ns. Then, the position restraints 

on the protein backbone were removed and the protein was allowed to relax for 1ns at 

300k.  The bond lengths were constrained during the complete simulation. The high spin 

irons were fixed to their positions as a reference point to the orientation and location of 

the tyrosine residue. 

Long range electrostatic calculations were made by using PME 
[49]

. The Nose-

Hoover algorithm 
[39, 40] 

was used for temperature coupling with a thermostat relaxation 

time of 0.5 ps. The protein and the solvent were coupled separately to the temperature 

bath. The temperature in all production simulations was maintained at 300 K. The 

analysis of the subsequent results was performed using a combination of the 

GROMACS analysis utilities and our own code. Molecular graphics were rendered 

using VMD 
[89]

 and Weblab Viewer. 

With regard to the di-iron cluster topology, both irons were in the diferrous state 

and carboxylate bridged. In this state, the oxygen is activated and forms a peroxo 

intermediate, after an electron transfer. In this form the di-iron site becomes EPR active, 

whereas in its fully oxidized state the di-iron site is EPR mute. The partial charges 

calculated using gaussian03 were used for the simulations [courtesy: Marcus / 

Lendzian]. The Fe1 of the di-iron center has five ligand bonds and Fe2 has 6 ligand 

bonds as shown in Figure 3.3. The protonation of the carboxylate ligands is such, that 

the formal 6 positive charges on the two irons are compensated by formal charges of -2 

from the iron-bridging oxygen atom, -1 from the iron bridging carboxylate, -1 from the 

aspartate at the iron next to the tyrosine, and -1 each from the two glutamate ligands at 

the other iron. The overall charge of the total complex is zero.  

In the case of radical tyrosine, after 1ns production MD, the system is cooled 

gradually down to 80K (300K, 200K, 100K, 80K), and the final structure thus obtained 

is energy minimized and was used for further simulations.  
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3.3  Results and discussion  

  
Table 3.1 shows the distance between the atoms of the di-iron center obtained 

from the crystal structure (PDB code:1MXR), which gives an insight into the position of 

the tyrosine with respect to the other residues of the di-iron center. Though very weak, a 

hydrogen bond is formed between tyrosine at position 122 and aspartic acid at position 

84.  

 

Table 3.1 Distances between the atoms of the di-iron center obtained from the crystal structure. 

Residue (atom name) Distance, Å 

Tyr122(OH)-Asp84(OD2) 3.38 

Asp84(OD1)-O82 3.70 

Fe1-Asp84(OD2) 1.98 

Fe1-O82 2.30 

Fe1-O 1.93 

Fe1-His118(ND1) 2.12 

Fe1-Glu115(OE1) 2.02 

Fe2-O 1.94 

Fe2-Glu115(OE2) 2.04 

Fe2-His241(ND1) 2.22 

Fe2-O70 2.30 

Fe2-Glu204(OE2) 1.96 

Fe2-Glu238(OE2) 2.06 

 

In folded proteins most of the polar groups will form at least one intra molecular 

hydrogen bond 
[91,92]

. Most of the tyrosine side chains are buried and are hydrophobic, 

despite the polar -OH group. Högbom et al. 
[82]

 observed from the structural data that, 

similar to the other enzymatic reactions as in RNR from mouse and Herpes simplex 

virus, the radical in E. coli RNR is also hydrogen bonded to the nearby metal site in its 

reduced state.  It is interesting to see that the tyrosyl oxygen is not directly connected to 

the metal site but through one of the carboxyl oxygens of D84 that is located at a 

distance of about ~3.4 Å.  The aspartate is in turn ligated to one of the irons in the 

binuclear metal site.  
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Figure 3.7  Y122, D84 and oxo-bridged di-iron represented in wire framed surface with probe 

radius of 1.4°A to show the direct interaction of D84 with one of the irons (green).   

 

Nordlund et al. 
[82]

 pointed out that there appears to be variability in the distance 

between the redox-active tyrosine and the metal site in RNR.  In the active system the 

distance between the oxygen of the reduced tyrosine and the closest metal ion is about 

5.3Å 
[93]

. In the class Ib enzyme from Corynebacterium ammoniagenes the phenol 

oxygen/metal distance is increased to about 7Å 
[93]

. Nevertheless, the insertion of a 

water molecule between the tyrosine oxygen and the oxygen of the aspartate iron ligand 

maintains a hydrogen-bonded chain connecting the phenolic oxygen of the reduced 

tyrosine to the metal site. A bridging water molecule is also observed in the structure of 

the fully reduced R2 subunit from Salmonella typhimurium, which also belongs to the Ib 

class
 [93a]

. As suggested by the authors, the longer tyrosine/metal distance and the 

bridging water molecule may be a general feature of the class Ib enzymes 
[93]

.   

In the following, the results of two molecular dynamics simulations were 

presented. First, the simulation results performed on the system, which contains a 

normal tyrosine with its OH group, are shown.   

3.3.1 MD simulations of RNR with a neutral tyrosine at position 122 (Y122) 

 

The conformation and reorientation of the tyrosine residue was studied during 

the simulation with respect to the nearby aspartic acid at position 84. Our aim was to see 

whether Y122 is able to form a hydrogen bond with its neighbor. The distance between 

the oxygen of the OH group, labeled OH, of neutral tyrosine and OD2 of the aspartic 

acid (D84) was analyzed after the simulation. It is evident from the distance plot shown 

in Figure 3.8 and the corresponding distance distribution depicted in Figure 3.9 that the 

distance between OH and OD2 is in accordance with the assumption that they are 
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coupled by a hydrogen bond.  By approximation the bond distance between two 

different atoms has to be the sum of their individual covalent radii. The covalent radii of 

oxygen and hydrogen are 1.43 – 2.15Å and 1.06 – 1.12Å respectively.  It indicates that 

OH of Y122 and OD2 of D84 are able to form a hydrogen bond.  

 

 
 
Figure 3.8 Distance trace between OH of Y122 and OD2 of D84 during the simulations at 

300K.  On average, a distance of ~4Å is observed, slightly larger than that obtained from the 

crystal structure (~3.4 Å).  
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Figure 3.9 Distance distribution for the OH of Y122 and OD2 of D84 during the simulations at 

300K. The arrow indicates the distance in the crystal structure. 
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In proteins it has been found that the hydroxyl group of tyrosine often forms a 

single intra-molecular hydrogen bond and that the partner is most often a main-chain 

carbonyl oxygen or a side-chain carboxyl group as was shown by Baker & Hubbard 
[90]

. 

They also showed that the tyrosine -OH group forms a hydrogen bond to a water 

molecule more often than an intra-molecular hydrogen bond. It is not surprising that 

Y122 forms hydrogen bond with D84 at 3.4Å distance instead of one to the nearest 

water molecule at 3.8Å distance in RNR.   

 

                             

Figure 3.10 Distance trace between the hydrogen of tyrosine OH- group and the oxygen of 

aspartic acid during the production MD at 300K.  

 

 Figure 3.10 shows the distance trace between the hydrogen of the OH- group of 

Y122 and the oxygen of the D84. This further clarifies that the tyrosine residue is able 

to form a hydrogen bond with the nearby aspartate in its normal state.  Structural 

inspection shows that it is bonded to only one of the carboxyl oxygens, OD2 of ASP84. 

The hydroxyl group of tyrosine is a strong hydrogen bond donor. However, the ability 

of hydrogen bond formation is not only due to the tyrosine -OH group, but it is also 

attributed to the high affinity of D84, that has the stronger partial negative charge on the 

carboxyl oxygen. The carboxyl oxygens of ASP tend to form about 50% more hydrogen 

bonds than main-chain carbonyl group
 [93b, 93C]

.  

The results in the following sections address the question how the distance will 

be in the case of reduced tyrosine in E.coli RNR. 
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3.3.2 MD simulations of RNR with the tyrosine radical (Y122*) at position 
 122  

 

 

 
 

 

 

 
                                
Figure 3.11 Illustration of the removal of a proton from the normal tyrosine. (Top) the tyrosine 

in its normal state with the head group OH. (Below) The tyrosine in its radical state without a 

proton in the head group. 

The energy minimized structure after the previous MD simulations is taken as 

the input for the next simulations where the tyrosine is in its radical form, i.e. the proton 

on the OH of tyrosine is removed. The partial charge on the di-iron center complex is 

calculated again by gaussian03 and the overall charge is zero. When an electron is 

subtracted from the tyrosine, a cation radical is formed which immediately (at 

physiological pH) drops the oxygen proton, so that the tyrosyl radical is a neutral 

species. Therefore, the overall atomic charge on both the neutral and radical tyrosine is 

zero. The simulations were performed with no position restraints on any protein atoms. 

After 1ns production MD, the system is cooled gradually to 80K (300K, 200K, 100K 

and 80K) and the structure is energy minimized.  

During the simulation, it is observed that the radical tyrosine is moving away 

from the di-iron center. The distance trace between OD2 of D84 and OH of Y122* as a 

function of time is shown in Figure 3.12. It is evident from the graph that the two atoms 

are further away from each other by a distance of ~5Å on average (Figure 3.13). This is 

more than the sum of their contact radii. This indicates the disconnectivity of the OH of 

Y122* from the di-iron site.  
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                    Figure 3.12 Distance trace between OH of Y122* and OD2 of Asp  
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Figure 3.13 Distribution of distances between OH of Y122* and OD2 of Asp 

 

 

Superimposed, arbitrarily chosen energy minimized structures from both normal 

tyrosine and radical containing tyrosine simulations give strong evidence for a different 

location of the tyrosine in its radical state, compared to the non-radical state(see Figure 

3.14).   
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Figure 3.14 The arbitrarily chosen energy minimized structures showing the distances between 

oxygen of Y122 and oxygen of D84 for every 50ps of 1ns MD runs in both cases.  

 

These results reveal that the interaction between the Y122 and the metal site 

breaks upon radical formation. This is in contrary to the previous assumptions that the 

tyrosyl radical abstracts hydrogen from the terminal water that is bound to Fe1 of the di-

iron and for that to happen the tyrosyl radical has to move towards the di-iron center.  

For certain this is not the case here as Y122 is significantly displaced from the metal 

site. Högbom et al. 
[76]

 mentioned that the disconnection of the tyrosyl radical from the 

metal site might be a contributing factor to the remarkable stability of the radical. 

3.3.3 The displacement of the tyrosyl radical  

 

The structural studies by Lendzian et al. 
[76, 94]

 suggested the reorientation of the 

tyrosyl radical in the active enzyme RNR. Following radical formation via oxygen 

activation at the di-iron site, there is a shift in the aromatic side chain of Y122. They 

claim that the orientation of the radical Y122* deviates from the x-ray structure of 

Y122-OH by 10°, 8°, and 5° (errors ± 1°) for the respective x, y, and z axes. In 

estimating the location of the radical, in particular the position of the tyrosyl oxygen, 

which is proposed to be involved in a transient hydrogen abstraction reaction, they 



 

 
                                                                                                           Chapter 3. Tyrosyl radical 

53 

 

assume that the origin of the measured rotation lies in the flexible tyrosine side chain, as 

the head group is a rigid structure.  

 

 

 

 
Figure 3.15 A view of the superimposed structures from radical and neutral state of R2. (Inset) 

A closer view of the backbone and the tyrosine at position 122.  

 

The superposition of the backbone Cα atoms from both the radical and the 

neutral state structures of R2 (Figure 3.15) does not support the idea of a backbone 

movement in the site of Y122* as the origin of tyrosine displacement. It is obvious that 

the conformational change is observed mainly in the orientation of the side chain head 

group of Y122* (Figure 3.15 and 3.16). The results of the MD simulations support the 

assumption that no larger translational motion of the backbone occurs in the vicinity of 

Y122*.  

To further analyze this data, the displacement of the Y122* when compared to 

neutral tyrosine at position 122 is determined from MD trajectories.  
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Figure 3.16  The energy minimized structures after MD simulations were superimposed to see 

the displacement of the tyrosine radical when compared to normal tyrosine. The side chain 

shown in magenta color is for the neutral state of tyrosine and the one displayed in yellow color 

is for the radical state. The nearby side chain is the aspartic acid located at 84. The iron atoms 

are also shown for reference. 

 

  

 
 

Figure 3.17 Bond angles along the tyrosine head group ring atoms (CE-CZ-OH). For the atom 

names refer to Figure 3.16 
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A closer look at Figure 3.16 may drive our attention to think that there might be 

a small deviation or bending in the planar region of the tyrosine head group ring atoms 

(CE1-CZ-OH and CE2-CZ-OH) (see Figure 3.11 or 3.16 for the atoms names).  To 

determine whether the small kink as visible in the superimposed image for the angle 

rotation is just due to the visualization or reflects a real kink, the bond angles along the 

ring atoms mentioned above are calculated.  From Figure 3.17 it is clear that the bond 

angles are stabilized at 120° and the planarity of the ring is not disturbed during the 

simulations.  

We have already shown the displacement of the tyrosine radical in our MD 

simulations results. To further reveal exactly at what angle the tyrosine head group is 

rotating, the angle differences of tyrosine with respect to the tyrosine radical are 

determined according to the g-tensor principal axes shown in Figure 3.18. The direction 

cosines of the orientation of the g-tensor axes system in the crystal axes system 

(orthorhombic, A, B, C), obtained from the analysis of the EPR spectra are given in 

Table 3.2. It has been shown in a previous study on an irradiated tyrosine single crystal 

that the g-tensor axes coincide with the tyrosine radical molecular axes as shown in 

Figure 3.18 
[95]

. Therefore, the orientation of the g-tensor axes represents the orientation 

of the tyrosine radical. 

 

 

 
 

Figure 3.18 Tyrosyl radical g-tensor principal axes as shown by Lendzian et al. 
[76]

 The g-tensor 

principal axes are collinear with the molecular axes.  

 

 

The coordinates of the trajectories from the MD simulations of normal tyrosine 

and the tyrosine radical are extracted and the angle difference over 1ns time period is 

calculated.  
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The angle ß that is measured between the CZ and OH,  of the neutral 

and    of the radical tyrosine as shown in Figure 3.19 is given by 

cosß =  

Similarly, the angle between the two Y-axes (Figure 3.20)is determined.  

 

 
Figure 3.19 Super imposed structures of neutral and radical tyrosine to calculate the angle 

difference in x- direction 

 

 

 
 

Figure 3.20 Angle difference in y- direction 
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In order to calculate the angle between the plane normals, vectors ,  

are defined as shown in Figure 3.2.1. 

 
 

Figure 3.21 For the angle difference in z- direction 

 

The angle γ then determined according to  

 

 

 

    cosγ =  

 

 

The results of the angle difference between normal and radical tyrosine are given 

in Table 3.2 and compared to the experimental values. 

 
Table 3.2 Angle differences measured between normal and radical tyrosine  

 

 MD simulations Experimental
[76]

 

CZ, OH 4.95°  10°   

CD1, CG, CD2 7.57°    8°     

CE1, CE2 5.28°    5°     
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The angle deviations for the y- and z-axes determined by the MD simulations are 

in agreement with the experimental results, both with respect to magnitude and direction 

of rotation. Also for the rotation of the x-axis the directions agree, however, the 

magnitude deviates,  5° results from MD simulations and 10° from the experiment. Both 

the experimental and the simulation results show that the radical tyrosine is oriented 

away from the di-iron center. 

From these results, it is obvious that the cluster of the di-iron center rearranges 

according to the redox reactions that take place in the di-iron site. Naturally, some 

residues show substantial changes in their conformation which will influence the overall 

flexibility of the cluster. As shown in the results, the position of Y122 changes in 

response to the redox state of the di-iron cluster. i.e., the diferric state of di-iron is 

changed to the diferrous state. D84 also plays a crucial role in the di-iron center that 

enables to use one of its oxygen atoms to mediate coupled electron and proton transfer 

between tyrosine and the di-iron site (Figure 3.3).  

 

Figure 3.22 The root mean square fluctuations of cα atoms computed against the normal and 

radical tyrosine during the simulations as a function residue number.  

 

Apart from the displacement of the tyrosine radical, another significant change is 

observed in the conformation of one of the ligands with respect to the di-iron center 

during the simulations.  The carboxylate of Glu238 shifts from one coordination mode 

to another (See Figure 3.3 for the location of Glu238). When the tyrosine is in its normal 

form with the OH group, the coordination mode of the Glu238 was different from that 
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of the Y122* simulations.  The root mean square deviation of all Cα atoms computed 

against the normal and radical containing systems during the simulations as a function 

of residue number is shown in Figure 3.22. A drastic shift in the Glu238 site is observed 

in the plot. We assume that this change in the Glu238 site is necessary to switch ON or 

OFF the interaction between Y122 and D84.   

Our MD results, as was predicted by the Lendzian et al.
 [76]

 from the structural 

studies, confirm that the conformational motion of the tyrosine head group in the radical 

state is mainly because of the rotation along the CA-CB bond, but not of the main-chain. 

Though, the rotation is fairly small, it shows substantial influence on the radical transfer 

mechanism as the OH group is the key in harboring the coupled proton in the metal site.  

3.4 Conclusions 
 

The location and orientation of the tyrosyl radical (Y122*) compared to the 

neutral tyrosine was determined by MD simulations. A distance of 4Å was obtained in 

between the oxygen of tyrosine and the oxygen of the nearby aspartic acid in the di-iron 

center when the tyrosine is in its normal form. In contrast to that, a distance of 5Å was 

obtained in the case of Y122*.  The distance is significantly larger in the radical state 

compared to its corresponding neutral state.  

This study provides more evidence for the displacement of the tyrosyl  radical in 

the RNR enzyme. To our knowledge, this is for the first time, that such reorientational 

calculations from MD simulations data were compared to the g-factor based 

orientations.  This shows the potential application of MD simulations in analyzing EPR 

experimental results.  This study will further enhance the knowledge about the 

functioning mechanism of RNR.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 4 

 

Spin label dynamics in a 
protein helix 

 

 

  

SDSL and EPR in combination with MD 

simulations serve as tools to study protein 

dynamics at atomic level. The dynamics of 

spin labels at various consecutive positions 

of a protein α-helix are investigated to 

understand the motions and structural 

transitions within that type of secondary 

structure. The behavior of the spin label is 

analyzed to draw general conclusions that 

support the interpretation of EPR spectra of 

spin labeled proteins. 
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4.1 Introduction 
 

 An EPR spectrum reflects different dynamical modes of the attached nitroxide 

spin label (R1) that contains the information about a variety of structural and dynamic 

features of the protein. The most commonly used spin label in EPR studies is the 

methanethiosulfonate spin label (MTSSL)
 [62]

, a relatively long and flexible residue. 

MTSSL has been demonstrated to adopt several site-dependent conformations in crystal 

structures 
[97]

. The spin label side chain is presented in Figure 4.1.  

 

Figure 4.1 Cysteine bound spin label MTSSL. The molecular coordinate system (x, y, z) of a 

nitroxide with x along the N-O bond and z perpendicular to the plane of the nitroxide for z-axis 

anisotropic motion is depicted. The orientation of the tether with respect to the nitroxide axis 

system is determined by the angles α, β and γ (α and γ not shown). β is the angular deviation 

from the mode of the orientational distribution of the z-axis of the nitroxide. The nitrogen p 

orbital along the z-axis is shown in shaded color. For simplicity, the methyl substituents of the 

nitroxide ring are not shown. 

 

In this study, we have performed a conformational analysis of the R1 side chain 

with the purpose of characterizing the geometrical and motional parameters of the spin 

label. This study yields data supporting the interpretation of the EPR data of spin 

labeled proteins. The following two chapters in this thesis are dedicated to the study of 

different complex proteins with different functional roles.  Prior to the application of 

this technique to such complex molecules, it seemed reasonable to study the behavior of 

spin labels in a simple model system, such as a small peptide.  
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The motion and structural transitions that the spin label undergoes are of particular 

interest. Previous studies show that the side chain dynamics provide a highly localized 

view of conformational changes mediating protein function on the millisecond time 

scale.
 [98]

  

 Here, we employed molecular dynamics simulations of an α-helical hairpin, i.e., 

a 68- residue-long N-terminal sequence of bacteriorhodopsin (the residues numbered 

from 163 to 231), as a test platform for studying the configurational variety of the 

MTSSL.  

Bacteriorhodopsin was chosen because its structure has been resolved up to a 

resolution of 1.4Å and is a well studied model system with well characterized helical 

content (73% with 7 helices)
 [12]

. The helices selected for this study are oriented parallel 

to each other. This is perfect to study the position dependent behavior of the spin label 

in a detailed way, especially in the surface exposed regions and the buried regions.  The 

residues from position 211 to 216 that cover more than a complete helix turn are picked 

randomly for our studies. 

 

4.1.1. Structure and properties of an α-helix  

 An α-helix is formed when the carbonyl atom of a peptide forms a hydrogen 

bond with the amide nitrogen atom of the same peptide four residues further along the 

chain. The carbonyl atom serves as a hydrogen bond acceptor and the amide as the 

donor. Thus, when the α-helix is viewed with N-terminus at the left and C-terminus at 

right, all the carbonyls point left and all the N-H groups point right. A model of an α-

helix is illustrated in Figure 4.2. 

 

Figure 4.2  A model of an α-helix with all constituting atoms, where R represents the respective 

side chains. The dotted lines show the hydrogen bonds between aminoacids at different 

locations in the polypetide chain. 
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The orientation of the amino acid residues in the α-helix results in a 

configuration where all side chains point away from the axis of the helix forming the 

surface of the α-helix 
[99]

.  The hydrogen bonding which is responsible for the stability 

of the helix does not depend on the particular residue. The stability of the α-helix, 

therefore, does not depend on the identity of residues, which form side chains pointing 

out from the helix. Thus, the same α-helical structure can accommodate almost any 

flexible side chain as long as they are L-amino acids and not too bulky to interfere 

sterically with the structure.  

 The α-helix is worth studying because of the following reasons. (a) The α-helix 

is a well designed secondary structure 
[99-101]

. The hydrogen bonds are intra-segment and 

therefore self-contained, with nearly ideal geometry. Backbone atoms are closely 

packed, and all interactions are local, confined between consecutive turns of the helix; 

(b) Over one third of all residues in globular proteins are found in helices, mostly α-

helices 
[102]

. 

 The aim of this study was to scan the sequential positions in a pair of parallel 

helices to reveal periodic variation in the mobility of the spin label, therby 

characterizing the protein secondary structure. An understanding of the structural 

transitions of a spin label side chain in a pair of helices thus will help to elucidate such 

motions in proteins in general and the functional role of the side chains.  

 

4.2 Methods  
 

 MD simulations were performed by using the GROMACS
 [51]

 simulation suite 

(see Chapter 2). In order to investigate the dynamics of the spin label in a helix, all the 

natural amino acids in one complete turn of a helix each at a time were replaced with a 

spin label, MTSSL.  The small two stranded parallel helix peptide was obtained from 

the PDB structure 1C8R 
[103]

 of bacteriorhodopsin. The peptide consists of 68 residues. 

To investigate the internal motion of the isolated side chain, it is necessary to select a 

site for placement of R1 that has minimal backbone flexibility and at the same time one 

at which R1 makes tertiary contact interactions with its neighboring residues.  

Zhang et al.
 [104]

 has shown that the peptide’s helical structure is very stable at 

low temperature (278 K) whereas the same α-helix is denatured at high temperature 

(358 K) during a 20-ns simulation. The MD simulations were performed in vacuo at 

600K with position restraints applied to all of the backbone atoms (see Chapter 2) as we 

were interested only in the dynamics of the spin label side chain.   
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Figure 4.3 A ribbon representation of the used peptide with 68 amino acids. (Inset) Six 

consecutive sites where R1 was substituted are identified as spheres on the α-carbons. The inset 

image is tilted left and shown from top for the sake of clear visibility of all the spin labeled 

positions (starts from 211 in the top down to 216 in bottom). 

 

The entire sequence of the peptide selected for the simulation (residues numbered from 

163 to 231) was as follows:  

 

MRPEVASTFKVLRNVTVVLWSAYPVVWLIGSEGAGIV 

PLNIETLLFMVLDVSAKVGFGLILLRSRAIFG 

 

 The residues from position 211 to 216 (shown in red color) that cover more than 

a complete turn were picked randomly for our studies. These positions were selected to 

represent the spin label behavior from buried to surface exposed regions.  
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4.3 Results and Discussion 
 

A series of MD simulations results are presented that were performed in vacuo 

for the modeled helix. The spin label was bound at different locations along the helix 

turn. The effect of neighboring residues on the spin label dynamics is also shown by 

means of different simulations with different amino acid residues.   

 

 

 

Figure 4.4  RMSD of Cα as function of time 

 

  

 As an indicator of the overall stability of the structures, the RMSD, computed 

using the Cα, for all residues during the 10ns simulations in vacuo is presented. The 

deviation of the dynamical structures against the structure that represents the MD 

average is shown in Figure 4.4.  The RMSD stabilizes around 0.5Å, meaning that the 

MD runs fluctuate very little around their own average. This shows the presence of a 

well equilibrated trajectory after relaxation and also that the movement of the backbone 

is restricted during the simulations. We were interested to investigate the dynamics of 

the side chains especially the spin label dynamics. 
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4.3.1 Spin label dynamics 

 

 

Figure 4.5 RMSD versus time. RMSD of all the side chains (starting from CB onwards) 

computed against the 10ns MD average side chain structure.  

 

 The spin label samples a range of conformations during the simulations that 

imply its motional freedom.  Most of these are in the neighborhood of the average 

structure, however at any given moment an individual R1 conformation is likely to 

differ significantly from the average structure. In order to analyze the dynamics of the 

side chains from a simulated trajectory the root mean square deviation with respect to 

the average structure of all the side chains was calculated. Figure 4.5 shows the average 

RMSD fluctuations for all the side chains of individual simulated trajectories computed 

against the corresponding average side chain structure during the 10ns MD simulations. 

As shown in Figure 4.5, the RMSD in all the equilibrated production trajectories is in 

the order of 1.101Å on average. This means that the side chains that fluctuate more than 

that are more mobile than the average, whereas side chains with a RMSD lower than 

1.101Å are considered as rigid in this case.  The variation in the spin label dynamics 

with respect to their positions are presented below.  
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Figure 4.6 (left)  Spin labels attached at positions 211 to 213 of the peptide. The spin label is 

rendered in CPK.  (right) RMSD of the spin label side chain(from CB onwards) during the 10ns 

MD simulations as function of simulation time. 
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Figure 4.7  (left)  )  Spin labels attached at positions 214 to 216 of the peptide. The spin label is 

rendered in CPK. (right) RMSD of spin label side chain during the 10ns MD simulations as a 

function of time. 
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 The summarized RMSD results of all spin labeled sites are presented in Table 

4.1. In addition to the RMSD results, a nitroxide mobility parameter is introduced. The 

mobility parameter is given by the root mean square deviation of β, 

 

                  for each residue,                    (4.1) 

 

where β is the angular deviation from the mode of the orientational distribution of the z- 

axis of the nitroxide. The fluctuation amplitude varies with the residue position and 

therefore reflects the dynamical character of the spin label in a protein. The higher the 

mobility value, the higher the flexibility. 

 

Table 4.1 shows the location of the spin label side chain in the helix turn, the mean RMSD of 

spin label side chain calculated from 10ns MD simulations and the mobility parameter  (see 

text). 

Residue number RMSD, nm Mobility,  

211 0.099 0.477 

212 0.118 0.601 

213 0.139 0.741 

214 0.131 0.738 

215 0.107 0.594 

216 0.132 0.724 

 

Inspection of the structure (Figure 4.6)  shows that the spin label at position 211 

resides in a pocket between the two helices and is stabilized by steric interactions with 

nearby residues. Consequently, its motion will be highly restricted by both the backbone 

and neighboring side chains. This behavior is predictable for buried side chains and is 

revealed in the root mean square deviation value as shown in Figure 4.6 and in Table 

4.1.   

The spin label attached to position 212 resides in a relatively exposed pocket 

between the two helices. As a result, an increase in both the mobility parameter value 

and in root mean square deviation from the average structure can be seen (Figure 4.6). It 

shows an RMSD value of 1.18Å. Although the spin label at this site is orientated along 

the neighboring helix, it has less interaction with its neighbors as compared to that at 

position 211 most likely because it has a larger surface exposed area. 
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Figure 4.8   Mobility and RMSD as a function of residue numbers. RMSD values are scaled 5 

times to their actual values for convenient drawing.  

The spin label at position 213 shows RMS deviation of 1.39Å.  This is the 

highest mean deviation that is observed in this series of spin labeled sites. Surface side 

chains generally have fewer geometrical restrictions than buried side chains and 

therefore are much more mobile. This is reflected in the RMSD value for the spin label 

at this position. The spin labels at positions 214, 216 exhibit similar behavior.  Side 

chain 215 is partially buried and has interactions with nearby residues that can be again 

observed in the RMSD graph. The spin label at this position shows a RMSD value of 

1.107Å indicating a decrease in mobility compared to positions 213, 214 and 216. The 

mobility parameter value 0.594 supports the RMSD data. 

 Figure 4.8 shows a plot of the mobility and RMSD for spin-labeled side chains 

as a function of position through the sequence 211-216. High values for both parameters 

correspond to the surface exposed sites and the low values in turn correspond to 

positions facing the neighboring helix. Both mobility and RMSD values in the plot show 

the helical periodicity. The position dependence of the R1 residue mobility is consistent 

with the helical structure. This behavior of spin labels helps in analyzing secondary 

structural elements of complex proteins and therefore can be used as ‘sensors’ of 

conformational changes and folding processes in proteins. 

 In addition to the RMSD and mobility values, the reorientational dynamics of the 

spin label that is represented by the mean fluctuation of the nitroxide (angle β) during 

the MD simulations are presented in Figure 4.9.  
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Figure 4.9 (left)  Reorientation angle β motion of the nitroxide z axis for six spin label side 

chains at position 211 to 216 as a function of simulation time.  (right)  distribution of angle β 
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Despite the complicated nature of the nitroxide dynamics, simple parameters 

extracted from the MD trajectories were found to be correlated with the secondary 

structure of the binding site environment 
[67]

. The orientation trajectories of the nitroxide 

z-axes with respect to a space fixed coordinate system are shown in Figure 4.9 for all 

the six selected residues from position 211 to 216.  It is obvious that the spin label at 

position 211 shows a highly restricted reorientational motion.  The time trace also shows 

that β values does not cover the entire accessible region as the spin label attached to this 

position is buried in between two helices. Only fast reorientational oscillations of the 

nitroxide ring of small amplitude are possible in this type of spin labeled sites because 

of the steric interactions. This type of anisotropy is also observed for position 215.  In 

contrast, the orientation of the z-axis of the nitroxide attached to position 213 at the 

outer surface of the helix covers nearly the entire angle space (Figure 4.9). The 

population density of orientations reveals a sine β weighting similar to what is expected 

for an isotropic orientation distribution. The interaction energy for reorientational 

motion of the nitroxide consists of torsion terms and a small number of nonbonded 

interactions of the atoms of the nitroxide side chain and the fixed protein backbone. This 

interaction leaves wide ranges of orientations with low energy 
[67]

.  The spin labels 

attached to 214 and 216 exhibits behavior similar to that of 213. Though, nitroxide of 

the spin label at position 212 shows a broader distribution, however its mean angle 

fluctuations shows that this residue’s motion is also restricted.  

  

 The root mean square deviation, mobility parameter and angle β fluctuation 

values distinguish different modes of spin label mobility with reference to its position. 

However, the relation between local structure and the side-chain dynamics are 

inherently complex since the nitroxide ring is attached through a number of bonds about 

which rotation can occur. Changes in the rate of rotation of any of these bonds will 

result in changes in the over all dynamics of the spin label. Therefore, the analysis 

critically depends on the structure of the nitroxide itself and on the motional model 

assumed for the internal rotation of the side chain.  
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4.3.2 Internal rotations 

 Rotational motions in the nitroxide side chain occur about the bonds that link it 

to the backbone (Figure 4.10). For the spin label side chain, the dihedral angles 

associated with each bond are defined as χ
1
- χ

5
. Rotation around Cα-Cβ is defined as χ

1 
, 

Cβ-Sγ as  χ
2 

, Sγ-Sδ  as χ
3 

, Sδ-Cε as χ
4
, and finally the rotation around Cε-C1 as χ

5
. These 

bonds are in general not orthogonal 
[105]

.  To see whether there is any general tendency 

of the spin label dynamics in relation to its internal rotations, we calculated the dihedral 

angles of the spin label during the MD simulations.  

 

Figure 4.10 All flexible bonds within the spin label side chain (shown in dotted box). Previous 

studies show that the rotation around the Cε-C1 bond are more flexible when compared to other 

inter torsional angles.  The interaction between the Sγ and Cα proton limits the rotmers Cα-Cß, 

Cß-Sγ, S -Sδ.  

 

 Figure 4.11 shows the average dihedral angles calculated between all the 

rotatable bonds in the spin label.         
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Figure 4.11 Average dihedral angles calculated between all the rotatable bonds in the spin label 

during the 10ns MD. Six different colors in the polar plots indicate six different positions of the 

spin label located in a peptide (positions 211 to 216). 

 

 The conformational freedom and the preferred orientation of the nitroxide spin 

label in the protein environment can be predicted by the MD simulation analysis as 

shown below. As it is shown in the Figures 4.12 to 4.16, all the rotatable bonds between 

the helix backbone and the nitroxide adopts specific orientations reflecting the different 

dynamics of the spin label tether.  The dihedral angle distribution reflects different 

rotameric states attained by the dihedral bonds during the simulations.  
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Figure 4.12  Tendencies of the spin label internal dihedral angle around the Cα-Cβ  bond during 

the simulations for spin labels attached to positions 211-216. 
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Figure 4.13 Tendencies of the spin label internal dihedral angle around the Cβ-Sγ  bond during 

the simulations for spin labels attached to positions 211-216. 
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Figure 4.14 Tendencies of the spin label internal dihedral angle around the Sγ-Sδ  bond during 

the simulations for spin labels attached to positions 211-216. 
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Figure 4.15 Tendencies of the spin label internal dihedral angle around the Sδ-Cε  bond during 

the simulations for spin labels attached to positions 211-216. 
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Figure 4.16 Tendencies of the spin label internal dihedral angle around the Cε-C1  bond during 

the simulations for spin labels attached to positions 211-216. 
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 The analysis of the simulations identifies the dynamic features of the side chain 

motions which give rise to the discrete nature of the dihedral angle distributions. Some 

of the side chain dihedral angles make rotameric transitions and others do not because of 

the confining potential arising from the surrounding residues. The inspection of the 

dihedral rotations indicates different specificity for each rotatable bond, e.g., rotation 

around the χ
3 

bond of the spin label (Figure 4.14) exhibits two preferred states. It clearly 

shows the behavior of the χ
3
bond with two defined extremes that stabilize around either 

+90° or -90°. Interestingly, for the most mobile side chains in the dihedral χ
3 

rests 

mostly on the positive side and for the immobile side chains in the opposite side. Within 

these two local potential minima, the side chain dihedral bond performs fast librational 

oscillations of small amplitude. The reorientation between the two major orientations 

appears to be a jump diffusion-like process 
[67]

. Moreover, the periodic nature of the 

bond dihedral angle potential can be seen in Figures 4.12 to 4.16 (right column).  For 

the most mobile side chains well resolved periodic nature of the dihedral rotations are 

found. This is one more specific feature that is observed from the internal dihedral 

bonds. A recent experimental study by Guo et al 
[106]

 suggests preferred orientations for 

the χ
1,

 
 
χ

2  
rotamers in the spin label side chain MTSSL. They show that the χ

1 
dihedral 

angle does not prefer +60° in any rotameric state. Our MD simulations results are in 

agreement with their experimental results showing this quantitatively for all the 

rotamers of the spin labels [see Figure 4.12].  

 A number of groups 
[107-110]

 have analyzed the χ
1
- χ

3
conformations of disulfide 

bonds. Rotation about the χ
1 

bond is hindered by the interaction of the α-carbon with the 

backbone of the preceding turn of the helix.  In this case, rotations about χ
2
 , χ

3
 ,

 
χ

4
 and 

χ
5
 are expected to give rise to high mobility. However,

 
Scheraga et al 

[111]
 reported that 

Sγ of the disulfide lies in proximity to the position of the H atom on Cα of the same 

residue separated by 3.3Å. This is close to the sum of their van der waals radii (3.1Å), 

suggesting the possibility of attractive interaction between the Cα-Cβ-Sγ. This restricts 

the mobility around these bonds. 

 Recently, a crystallographic analysis has provided structural models of the R1 

side chain at solvent-exposed helical sites in T4L 
[106]

. In the structures, the disulfide 

group is relatively fixed in position, thus fixing the average values of the dihedral angles  
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χ
1
 and χ

2
. The disulfide bond dihedral angle has either  90°. Our results support this 

data. Inter-conversion between the states has a free energy of activation of 6.6-9 

kcal/mol 
[112 ]  

and thus is too slow to contribute to the nitroxide motions observed 

experimentally.  Collectively, this may suggests a model for the side chain internal 

motion that involves torsional oscillations of  χ
4 

 and χ
5
  of the R1 side chain as 

dominant contributors to the motion of the nitroxide. Further analysis is made on the 

trajectories to reveal exactly the dominant contributors to the spin label mobility. 

 The dynamic behavior of individual bonds within the helix can be described by a 

generalized order parameter, S
2
 which can be readily extracted from the MD simulation 

trajectories. From a recent study 
[113, 114]

 it was reported that the backbone NH vectors in 

the helices often have very high S
2
 values (0.85-0.9), suggesting limited internal motion. 

On the other hand, the NH bond vectors on loop and turn regions have smaller S
2
 values 

( 0.5), indicative of more extensive internal motion. 

 The order parameter is given by 

                                                     (4.2) 

Where θ is the root mean square deviation of the dihedrals given by  

 

     for n=1...5 

 

 The order parameters that are derived from the MD trajectories to characterize 

the amplitude of angular motion of each dihedral group on a scale from 1 (perfectly 

rigid) to 0 (dynamic) are presented in the table 4.2.  

 

 
Table 4.2 Order parameters calculated for all the dihedrals of the spin labels from position 211-

216. 

 211 212 213 214 215 216 

χ
1
 0.51 0.25 0.25 0.43 0.83 0.26 

χ
2
 0.23 0.21 0.27 0.39 0.51 0.12 

χ
3
 0.09 0.04 0.15 0.17 0.31 0.05 

χ
4
 0.12 0.01 0.01 0.11 0.11 0.03 

χ
5
 0.03 0.08 0.08 0.06 0.1 0.03 
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Notice the variation in the order parameter values from χ
1 

to χ
5
 for all the spin labeled 

sites (Table 4.3 and Figure 4.17). For all the side chains, the dihedrals χ1 and χ
2 

exhibits 

high order parameter values reflecting the restricted internal motion.  
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Figure 4.17 Tendencies of the spin label internal dihedral angles around all rotatable bonds for 

all the spin labeled positions 211-216. 

 

 The depicted graph (Figure 4.17) also shows that the χ4 and χ5 bonds are highly 

flexible with order parameters nearly equal to 0.1 for all the spin labeled sites. However, 

the χ3 would tend to have higher order parameters than χ4 and χ5.  Therefore, the 

motion that averages the nitroxide magnetic interactions in R1 is apparently rotation 

about the terminal bond in the side chain.  

 Indeed there is no experimental evidence available whether the specific 

orientation of the spin label might affect the structure and function of the protein under 

study. However, it is beneficial to know the correct folding and geometry of the spin 

label in order to obtain exact information from the EPR spectra e.g. in the case of inter 

spin distance measurements between two nitroxide spin labels. This is the reason  
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for considering the distance distribution between the two spin labels instead of the direct 

distance measurement. However, the analysis of reorientational motion provides clear 

evidence for the existence of local dynamics of the spin label side chain. It is also 

possible that the order parameter predicted by the MD simulations simply reflects the 

general topology of the site where the spin label binds, and therefore could be used as a 

parameter to predict good sites for binding.  

 The influence of the spin label mobility on the shape of its EPR spectrum is 

illustrated by calculation of EPR spectra for all the selected spin labeled sites on the 

basis of the MD trajectories. 
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4.3.3 Simulated EPR spectra   

                           

Figure 4.18  Simulated EPR spectra (right) for six consecutive sites of a helix turn. The 

Peptide with all the spin-labeled positions represented as spheres on Cα is shown on left hand 

side. Arrows in the right side indicate the immobile component, whereas the shadowed bar 

highlights the mobile component of the spectra. 
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The simulated EPR spectra for consecutive sites of a helix turn are presented in 

Figure 4.18. The spectra are calculated from the 10ns in vacuo simulation trajectories. 

The line shape of an EPR spectrum of a spin-labeled side-chain contains information 

about the dynamics of the nitroxide on the nanosecond timescale. The spectra exhibit 

either two dominant components that reflect the different dynamic modes of the spin 

label side chain or a single narrow peak that represents high flexibility.   

MD simulation results have shown that the spin label attached to the site 211 is 

quite restricted in its reorintational dynamics. The simulated EPR spectrum for the 

position 211 displays similar restricted probe dynamics characterized by a broadened 

line and increased apparent hyperfine splitting. This is the characteristic for spin labels 

in the tightly packed protein interior.  

The simulated spectrum of the spin label at position 212 shows a considerable 

mobile component when compared to the spectrum of 211R1. A very minute immobile 

component can be observed on the left hand shoulder of the low field peak as shown by 

arrow mark in Figure 4.18. This small shoulder indicates that the nitroxide has very little 

helical contact. 

213R1 shows a spectrum with small apparent hyperfine splitting and line width. 

This is characteristic for a spin label that is located on a surface exposed region of a 

protein. The lack of tertiary interactions and the domination of bond rotations in the side 

chain make this site highly mobile.  

 The simulated spectra for the spin labels at position 214 and 216 are quite similar 

to that of the spectrum of 213R1.  On the exposed surfaces of α-helices, the side chain 

mobility is determined by the reorientation around single bonds of the linker between 

Cα and the nitroxide ring.  

It is not surprising that the spin label at position 215 shows considerably 

restricted mobility as compared to its neighbors. The head group of MTSSL falls into 

the contact regime of the facade helix. This spin label side chain is not buried 

completely as in the case of 211. This is reflected in the EPR spectrum when compared 

to 211, the motional restriction is some what reduced. This indicates the influence of 

transformation from a surface site to a contact site. The mobility for this side chain is 

dominated by the surroundings like long and bulky neighboring residues or tertiary 

contacts with the backbone of the adjacent helix. All the spectra shown above represent 

the behavior of a spin label resulting from different interaction modes at different sites 

of a protein.  Therefore we can conclude that the mobility of the side chain is position 

dependent.   
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4.3.4 Influence of neighboring residues 

In order to examine the influence of neighboring residues on the dynamics of the 

spin label, one amino acid in the adjacent helix just opposite to the spin label at position 

212 is replaced by side chains of different size. The volume of the residues was 

considered as a measure of bulkiness. Tyrosine is the original residue that is located at 

position 212. Tyrosine has a volume of 193.6 Å3, whereas the volume of the spin label 

side chain is 195Å
3
.   

The spectra presented in Figure 4.19 reveal the behavior of the spin label in the 

presence of neighboring residues.  The analysis of the EPR spectra from the MD 

simulation trajectories suggest that the spin label is very mobile in the absence of strong 

interactions with other contact residues. However, a considerable decrease in the 

mobility can be seen when the spin label has strong interactions with the side chains of 

the opponent helix.  

Glycine has a simplest side chain, just a hydrogen atom.  It has a unique role 

within the conformations of many proteins, since its side chain is small enough to fit 

into any position that accommodates no other amino acid. It has a volume of just 60Å
3
, 

almost  of the volume of tyrosine. Therefore, a significant increase in the mobility can 

be seen in the EPR spectrum (Figure 4.19) where tyrosine is replaced by a small 

glycine. We further investigated how the bulkiness of the residues serine, aspartate, and 

lysine opposite to the spin label influences it dynamics. The mobility of the spin label 

decreased with the increasing volume of these residues. Change in mobility can be seen 

in both EPR spectra (Figure 4.19) and the mobility parameter values presented in Table 

4.3.  These changes in mobility can be easily interpreted as the steric restrictions being 

increased with the bulkiness of the residues. This leads to larger rotational barriers 

imposed by the larger residues.  
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Figure4.19  (Left)  Simulated EPR spectra for the spin labels at position 212 by replacing 

different  residues in front of it at position 185 of the opponent helix. The bar represented in 

magenta color denotes the immobile portion of the spectra, where as the bar in gray color 

highlights the mobile component. (Right) CPK rendering of the spin labels at position 212 and 

the side chains at position 185 of the adjacent helix to show the bulkiness of the residues.  
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The results indicate that bulky residues influence the dynamics of the spin label. 

Surprisingly, when compared, the mobility of the spin label in front of proline was also 

restricted. However, we could not detect any structural influence of proline as it has 

smaller volume compared to other bulky residues. It is assumed that the intra hydrogen 

bond between Sγ with the Cα of spin label itself could be the possible reason for its 

restricted mobility. Nevertheless, the special property of the proline in general restricts 

the dynamics of the surrounding residues as the peptide nitrogen is part of the ring 

structure which limits the peptide and side chain dynamics. Influence of the proline on 

the dynamics of the spin label is left open for further investigation. 

 

Table 4.3 Volume of the residues present at position 185 opposite to the spin label at 212. The 

3
rd

 column represents the mobility of the spin label at position 212. 

 

Residue Volume, Å
3
 

Mobility 

parameter 

G 60.1 0.796 

S 89 0.714 

D 111.1 0.630 

P 112.7 0.496 

K 168.6 0.619 

Y 193.6 0.601 
W 227.8 0.529 
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Figure 4.20  The plot shows the relation of volume of the residues opposite to the spin label and 

the mobility of the nitroxide.  
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Although, we report the influence of only selected residues on the dynamics of 

the spin label, however, based on our studies, it can be seen that the type and location of 

the side chain groups are significant in determining the dynamics of the spin labels. This 

study helps to show the site-dependent orientations and flexibility of the spin label in 

accordance with the crystal structures.  

4.4  Conclusions 
 

 MD simulations were performed for six spin labeled positions in an -helix. 

Analysis of the MD simulations data characterizes the site specific behavior of the spin 

label side chains. Considerable mobility is observed for the spin labels attached to 

surface exposed sites 212, 213, 214 and 216. On the other hand, spin labels at positions 

211 and 215 are buried and show considerable immobility.  These changes in dynamics 

reflect changes in tertiary contacts between side chains within the inter-domain region.  

 Studies on the rotations around the internal bonds of a spin label side chain show 

that the terminal bond is the origin for the mobility of a spin label. The influence of the 

neighboring residues on the dynamics of the spin label shows that the R1 mobility is 

related to the volume of the surrounding residues. This study also suggests that 

quantitative measures such as the mobility parameter and the order parameter that are 

calculated from the MD trajectories are helpful in resolving the complexity of EPR 

spectra. 

In conclusion, the present
 
study provides direct insight into the spin label 

dynamics in proteins. This method can be useful in predicting the preferred sites for 

labeling and also provides structural and dynamics data that could be used to rationalize 

experimental observations. 

 

 

 



 

 

Chapter 5  

 

Structure and dynamics of the 

vinculin tail 

  

In the previous chapter, we explored the 

dynamics of the spin label MTSSL in a small 

peptide in vacuo environment. The aim of this 

chapter was to investigate the site-specific 

behavior of the spin label in various 

environments by using MD simulations and to 

compare the MD simulations data with those 

of the EPR experiments to validate the 

methods. Here, we took vinculin protein as a 

model system to study the dynamics of the spin 

label in both vacuum and in aqueous 

environments. Vinculin is a protein localized at 

the cytoplasmic face of cell–matrix and cell–

cell contacts is an essential constituent for the 

regulation of cell adhesion and migration. 

Vinculin exists in two distinct conformations 

depending on an intra-molecular interaction 

between its head and tail domains.  However, 

the dynamics of vinculin activation are still 

unclear. The data obtained by MD simulations 

were comparable to the EPR experiments and 

suggests the localization of dynamic and 

flexible regions of the vinculin tail protein. 

This study shows MD simulations as a 

complementary tool necessary to interpret 

experimental EPR data. 
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5.1 Introduction 

 

The ability of cells to stick tightly to one another and to the external matrix is an 

essential process for numerous biological activities, including embryogenesis, wound 

healing, tumor metastasis and maintenance of tissue integrity 
[115]

.  Basically, all cellular 

contacts are regulated by specific adhesion molecules that are capable of interacting 

with molecules of the neighboring cell or extra-cellular matrix. Vinculin is a highly 

conserved intracellular protein that plays a critical role in cellular adhesion, migration, 

maintenance and regulation of cell shape by mediating the linkage between cadherins 

upon cell-cell interactions or integrins upon cell-matrix interactions or the actin 

cytoskeleton through interactions with various proteins 
[116]

.  The word “vinculum” is 

the latin term for “link”.  

Conformational changes within the vinculin protein are believed to be important 

for its
 
function at the sites of cell adhesion. However, nothing is known

 
about vinculin's 

conformation in living cells and its conformational dynamics 
[117, 118]

. Moreover, the 

mechanism of how vinculin contributes to the assembly of cell adhesion has not been 

well established. According to the studies by Izard et al. 
[119]

, vinculin is held in an 

inactive, closed-clamp conformation through hydrophobic interactions between its head 

and tail domains, and vinculin activation has long been thought to be dependent on 

severing the head-tail interaction. Therefore, vinculin can no longer be viewed solely as 

a structural link between adhesion receptors and the actin cytoskeleton but, also, as a 

key regulator of cell adhesion. 

The loss of vinculin impacts a variety of cell functions; it disrupts the formation 

of the multi protein complex at the sites of cell contacts, and prevents cell adhesion and 

spreading. Vinculin null mice die in early embryogenesis (E8-E10), due to heart and 

brain defects suggesting its requirement for the complex array of cell contacts and 

movements that occur during development 
[120]

. Loss of vinculin activity in 

Caenorhabditis elegans (C. elegans) leads to defects in muscular activity and lethality at 

the larval L1 stage 
[121]

. These properties make vinculin an important molecule to 

investigate. 
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5.1.1 Structure and mechanism of vinculin  

Vinculin is composed of a large N-terminal 90 kDa globular head domain (Vh), 

which is connected through a short proline-rich region to a 30 kDa tail domain (Vt). The 

three regions serve as docking sites for several proteins. Figure 5.1 shows a schematic 

representation of the functional domains of vinculin and depicts the proposed model for 

vinculin activation. 

 

Figure 5.1 Schematic representations of the functional domains of vinculin and some of its 

ligands.  Vinculin is supposed to cycle between active and inactive conformations.  Insertion of 

the hydrophobic hairpin(C-terminal) into the membrane is thought to be the primary step 

involved in the Vt detachment from its head.  (Top) The inactive state of vinculin. In this state, 

vinculin is held in a “closed”, auto-inhibited conformation by intra-molecular interactions 

between the head and tail domains.   (Below) A model of vinculin activation. Conformational 

changes in the
 
C-terminal tail domain are thought to play a key role in this action, but there are 

no significant studies so far that provide the active state conformation in living cells.  
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The vinculin head domain is further distinguished into four individual sub domains D1( 

6–252); D2(253–485); D3(493–717); and D4(719–835). Vinculin head domains D1 and 

D3 form „pincers‟ that hold the vinculin tail (Vt) in an auto-inhibited state. D2 of 

vinculin stabilizes the pincers by forming extensive contacts with D3. Biochemical 

studies have demonstrated that a strong interaction between the head and tail domains 

regulates binding of vinculin to other cytoskeletal components
 [122, 123-125]

.  For example, 

binding of  Vh with Vt masks cryptic binding sites for talin, α-actinin, and α-catenin to 

Vh, to the VASP (vasodilator-stimulated phosphoprotein)-binding site on the proline-

rich linker region and for F-actin to Vt (see Figure 5.2). 

 

 

Figure 5.2 The cytoplasmic face of cell contact sites comprises large macromolecular 

assemblies that link transmembrane cell adhesion molecules to the cytoskeleton. These 

assemblies are dynamic structures that are the targets of regulatory signals that control cell 

adhesiveness.  The image shows the vinculin molecule, which comprises three distinct domains: 

head, tail and proline rich regions. The vinculin head is further distinguished into four sub 

domains. D1-D4. The vinculin tail is shown in red color, whereas the dotted yellow colored 

thread represents the proline-rich region. In cells vinculin is found in soluble
 
form as well as 

bound in the dense assemblies of proteins at adhesion
 
sites. Its incorporation into adhesion sites 

has been shown
 
to be dependent upon its interaction with other proteins. (Figure adopted from 

Bakolitsa et al. 2004)  

 Consequently, only structural changes that separate the Vh - Vt interaction can 

bring the vinculin into its active mode [see Figure 5.1 for a schematic representation of 

vinculin activation]. However, the signals that disrupt these intra-molecular interactions 

are still unresolved. Binding of the phospholipids, phosphatidylinositol 4,5-
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bisphosphate(PIP2) to the tail domain is thought to disrupt the head to tail association, 

because it unmasks the talin-binding site 
[126,127]

. Indeed, binding of PIP2  also facilitates  

the interaction of Vt with F-actin 
[128]

. However, a very recent study by Izard et al 
[119]

 

suggests that talin, alpha-actinin, and the invasin IpaA of Shigella flexneri break 

vinculin's head-tail interaction by inserting an alpha-helix into vinculin's N-terminal 

four-helical bundle, provoking extensive conformational changes by a helical bundle 

conversion mechanism; these alterations in vinculin structure displace its tail domain, 

allowing vinculin to bind to its other partners. 

 Despite intensive biophysical and biochemical studies, the dynamics of vinculin 

activation are still unclear. Conformational changes in the
 
C-terminal tail domain are 

thought to play a key role in this action, but there are no significant studies so far that 

provide the active state conformation in living cells. Here, we employ molecular 

dynamics simulations to study the site specific behavior of the vinculin tail in its 

inactive conformation. 

5.1.2  the vinculin tail 

Vt is an actin-binding module whose activity is regulated by the intra-molecular 

interaction with the Vh domain 
[124]

. The isolated tail domain consists of a helical 

bundle, 60Å long and 20 – 30Å  in diameter( see Figure 5.3). Five amphipathic helices 

are connected by short loops, adopting an antiparallel topology with hydrophobic 

residues buried inside the bundle. The last helix is followed by a  C-terminal arm, which 

ends in a five-residue hydrophobic hairpin (residues 1062–1066,   HPWYQ) 
[128]

. 

               

Figure 5.3 Vinculin tail domain with its 5 helix pack; Each helix is shown in different color for 

easy identification. N and C-terminal domains are shown as threads. The residue numbers of 

each helix are given on the right.  

H1 =  residues 895-913 

H2 = residues 919-939 

H3 = residues 945-973 

H4 = residues 979-1006 

H5 = residues 1013-1047 

Hydrophobic hairpin= 1062-1066 
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Interaction of the vinculin tail with the lipid bilayers is very complex. A collar of 

basic residues (including amino acids 910, 911, 1049, 1060, and 1061), a basic ladder 

centered on helix 3 (residues 945–973), and a hydrophobic hairpin (residues 1062–

1066) are thought to be involved in this interaction.(see Figure 5.4)  

 

Figure 5.4 Molecular Surface of Vt;  two views of the solvent-accessible surface of Vt, with 

salient features indicated (Figure adopted from Bakolitsa et al. 1999). 

 

From the site directed mutagenesis data a model is proposed 
[118,128,129]

, that the 

first contact of the vinculin tail with the lipid bilayer is mediated by the basic collar, the 

basic ladder, and the hydrophobic hairpin at the C-terminal end. This hydrophobic 

hairpin can then insert into the bilayer, which results in opening of the helical bundle. 

This action then leads to close association of helices H2 and H3, in particular, with the 

bilayer. According to the available data, the vinculin tail interacts with both acidic 

phospholipids such as phosphatidylserine and PIP2. Further studies are needed to 

determine whether specific separate binding sites exist for these different lipids. Until 

very recently it was not clear whether binding to PIP2 is indeed sufficient to fully 

activate auto-inhibited vinculin 
[130]

. A new structural study by Bakolitsa et al.
 [118]

 

further enhances this knowledge.  In intact vinculin, the basic ladder is mostly exposed 

to the solvent, but the basic collar is partially buried, and conformational changes 

induced by PIP2 in the tail are inhibited. The authors propose a kinetic pathway to 

activation, in which binding to PIP2 quickly releases the vinculin tail from the head, 

allowing interaction with other ligands, which then stabilize the active conformation. 

Vinculin would thus be activated by a spatial co-localization of lipid and protein-
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binding partners rather than by one partner alone. Indeed, DeMali et al. 
[131]

 observed 

that the lipid bilayer insertion of intact vinculin is enhanced in the presence of its 

binding partner α-actinin
[131, 131a]

.
 
 

The aim of a study started in this working group together with Vogel, K.P., in 

collaboration with David R. Critchley, London was to understand the structure and 

dynamics of vinculin in its tail domain, which is the key for several bindings at cell 

contact sites. The dynamics of spin labels at site specific regions could provide insight 

into possible conformational changes that occur upon lipid interaction.  

In this chapter we report on molecular dynamics simulations of the vinculin tail 

in vacuo, and in an aqueous environment. The objective of this study was also to 

enhance our understanding of the dynamics of spin labels in different environments in 

general. Additionally, this study also serves as a comparison of molecular dynamics 

simulations of proteins in vacuo and in solvent with those of the experimental EPR data.  

 

5.2 Methods  

 

The initial coordinates for the vinculin tail simulations were obtained from the 

Protein Data Bank (PDB code: 1ST6). All MD simulations were performed with the  

GROMACS simulation suite for water and vacuo simulations. The force field ffG43a1 

was used for the simulations in water and the force field ffG43b1 from GROMOS, 

which is integrated into GROMACS, was used for the simulations in vacuum. Several 

MD simulations were performed with different spin labeled sites for 30ns at 300K in 

water, whereas the simulations in vacuum were performed for 10ns at 600K with 

position restraints on the backbone atoms. Periodic boundary conditions were applied as 

mentioned in the Chapter 2. A detailed description of the simulation procedure is given 

in the MD simulations theory ( see Chapter 2). The vinculin tail protein holds 2 native 

cysteines at positions 950 and 972 on helix 3. Genetically modified cysteines are at 

positions 901, 909 on helix 1 (H1); 922,927,934 on helix 2(H2); 957 on helix 3(H3); 

984 on helix 4(H4); 1024, 1033 on helix 5(H5); and 1062 in the C-terminus.  
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5.3 Results and discussion 

 

5.3.1 Dynamics of the vinculin tail 

 

Figure 5.5  The vinculin tail.  C atoms represented as spheres indicate spin labeled sites to 

study the dynamics 

 

The previous studies by Izard et al 
[117]

 and Bakolitsa et al. 
[118]

 suggest that 

conformational changes may occur in the vinculin tail region while transforming into 

the active state. However, they could not address the origin of this initiation. We took 

the vinculin tail as a model system to analyze the dynamics of a spin label in vacuum 

and in water by using molecular dynamics simulations. The comparison of the MD 

simulations results with the experimental results will provide an insight into the 

advantages and limitations of these methods. The following results will address the 

specific questions concerning the dynamics of the spin labeled sites along the helices of 

the vinculin tail from which it can be possible to identify the mechanism that initiates 

the structural detachment of Vt from Vh. 
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Backbone dynamics 

An averaged structure is calculated from the 30ns MD simulations trajectory. 

The average structure is computed by first aligning the coordinates from each snapshot 

onto a reference structure, then averaging the resulting coordinates. The superimposed 

starting and averaged structures of the vinculin tail from the MD simulations in water 

are shown in Figure 5.6 that shows a small deviation in the backbone atoms, whereas 

loops and terminal regions show significant deviation.  

 

 

Figure 5.6 The Cα superimposed starting and average structures of vinculin tail. The starting 

structure is represented in green color. 

 

The RMSD plot in Figure 5.7 shows that the trajectories are well equilibrated 

during the simulations. The helix, loops and terminal domains are clearly distinguished 

in the plot.   It is interesting that the loops between H1-H2 and H3-H4 are not highly 

fluctuating compared to the other loops.  The structural inspection suggests that these 

two loops are small in length and that the loop between H1 and H2 is masked by the 

long C- terminal end domain. The lower flexibility of the loop between H3 and H4 is 

associated with the central kink in the helix H4 that brings one end of the H4 into strong 

tertiary and backbone contacts with helix 3 residues (see Figure 5.6).  
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Figure 5.7 Root mean square fluctuations of C as a function of residue number for all the 

simulations. Different colors represent different simulations trajectories of spin labeled vinculin 

tail protein. As may be seen, the pattern of fluctuations is similar in all cases, indicating that the 

MD results are yielding reliable information as to the dynamics of the system. The higher peaks 

represent the deviation in the loop regions and the lower values represent the fluctuations along 

the helices.  The five helices of Vt are also shown in the figure (Top).  

 

 

Spin label dynamics in water and in vacuo 

 In order to characterize the dynamics of the spin-labeled side chain sites, the 

reorientational dynamics of the spin label that are represented by the mean fluctuation of 

the nitroxide ring orientation (angle β) during the MD simulations are presented in 

Figure 5.8 and 5.9 for residues 901, 909, 922, 927, 934, 950, 957, 972, 984, 1024, 1033 

and 1062..  
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Figure 5.8 Distribution of angle β for (left) water simulations and (right) simulations in vacuum. 

Residue number is given in front of the respective plot. (Gaussian fittings were shown in red) 
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Figure 5.9 Distribution of angle β for (left) water simulations and (right) simulations in vacuum. 

Residue number is given in front of the respective plot. In case of position 972R1 of vacuum 

simulations, a peak to peak distance is given instead of Gaussian fitting. 
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Figure 5.10 Comparison of the full width at half height values of the angle β distributions of the 

nitroxide side chains both in water and in vacuum simulations. 

The simulations in water are performed at 300K for 30ns and the simulations in 

vacuum are performed at 600K for 10ns. The length of the simulation trajectories are 

different and therefore could not provide exact comparison. However, studies by Beier 

et al. 
[72]

 show that the dynamics of the spin label in vacuum at 600K for 10ns 

simulations would yield almost the same conformational space as that of the 30ns 

simulations in water at 300K.  Therefore, the comparison of water simulations data with 

that of the vacuum simulations data would help to enhance the understanding of the spin 

label dynamics. 

The reorientational angle distribution for the spin label at position 901 (on H1 

helix) in water and in vacuo simulations is presented in Figure 5.8. Similar broad 

distributions are found for this position in both water and vacuum simulations. This spin 

label is located near the flexible loop region and also the head group of the side chain is 

exposed to the surface of the protein. The spin label at position 909(H1) shows a narrow 

distribution of β in water simulations as well as in the vacuum simulations. This 

indicates that the spin label mobility at this position is restricted. Inspection of the 

structure indicates that this spin label is buried between two helices.  

The reorientational dynamics of the spin label at position 922(H2) show a broad 

distribution in both water and vacuum simulations. This indicates that the spin label at 
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this position is mobile. Though part of the spin label linker is buried, the nitroxide 

shows a significant mobility because the more flexible dihedrals χ4 and χ5 are not 

restricted. The spin label at position 927(H2) shows a moderate distribution of β in 

water simulations when compared to the position 922(H2).  However the distribution of 

β in vacuum simulations indicates that the spin label at this position is highly restricted. 

This spin label is deeply buried in the protein interior. The spin label at position 

934(H2) show very restricted mobility, both in water and vacuum simulations with a 

narrow β distribution. This spin label side chain is surrounded by bulky residues. 

Considering the overall mobility pattern, the H2 helix shows restricted mobility with 

low β distributions.  

Helix H3 carries three spin labels located at positions 950, 957 and 972. The 

distribution plots indicate that the mobility is moderate in water simulations, whereas in 

vacuum simulations the mobility is significantly increased. A very interesting 

distribution pattern is found in vacuum simulations of 972R1 that indicates two 

rotameric states of the spin label that are equally distributed (Figure 5.9).  This spin 

label is located near the loop region and oriented between two helices.  

Helix H4 has only one spin label at position 984 showing very narrow 

distribution of β in water simulations and a larger distribution in vacuum simulations. 

This spin label location is near to the kink region of the helix. The narrow distribution of 

β in water simulations reveals that this spin label has strong interactions during the 

simulations, whereas in the vacuum simulations the spin label is mobile. This indicates 

the helical movement in the water simulations that brings the spin label into strong 

tertiary contacts.   

H5 helix holds 1024R1 and 1033R1. Both water simulations and vacuum 

simulations indicate that 1024R1 is very mobile when compared to 1033R1. 1024R1 is a 

surface exposed site. Though the spin label at 1033 is partially surface exposed, 

however its mobility is restricted by the presence of an arginine residue located at 987 in 

the adjacent helix. 1062R1 is located on a C-terminus end that naturally shows a broad 

distribution in both water and vacuum simulations.   

 As a simple measure of the spin label dynamics the full width at half height of a 

Gaussian distribution fitted to the β-distribution are plotted in Figure 5.10. The overall 

mobility determined in water is smaller than the vacuum simulations. The relative 

changes reflected in the water simulations in the range from 901 to 950 and from 1024 

to 1062 resembles those of the vacuum simulations. Deviations are observable in the 

sequence from 957 to 984. The differences in the mobility pattern are due to the 



 

                                                                                                               Chapter 5. Dynamics of vinculin tail 

104 

 

restriction of the backbone in the vacuum simulations.  Nevertheless, the different 

mobility pattern is seen only in helices H3 and H4.  

Comparison of simulated and experimental data 

In addition to the MD analysis, the simulated and experimental EPR spectra of 

spin labels attached at various positions of the vinculin tail are presented in Figure 5.11 

and 5.12. Most of the spectra show two distinct components that reflect the different 

dynamic modes of the spin label side that depends on the interactions of nearby residues 

and helical contacts. The high mobility of the spin label indicates the flexible region of 

the protein.   

Figures 5.11 and 5.12 show the simulated and EPR experimental spectra for the bound 

spin labels in the vinculin tail domain. The simulated spectra of spin labels at positions 

901 to 922 show similar behavior in both water and vacuum simulations. The β 

distributions (see Figure 5.8) support this data.  An experimental spectrum is available 

for position 922 that reveals a higher mobility compared to the simulated spectra. A 

different mobility pattern is seen in water and vacuum simulations for the positions 927 

and 934. Vacuum simulations show a decrease in the mobility for both positions 

reflecting more backbone or tertiary interactions. Unfortunately, experimental spectra 

are not available for these two positions.  950R1 shows a similar behavior in both water 

and vacuum simulations. Again the experimental data reveal higher mobility. In contrast 

to the simulated spectra of the spin label at 957 show higher mobility than revealed in 

the experimental spectrum.  Water simulations of the spin labels attached to 972 and 984 

in helix 2 show similar behavior to the experimental spectrum, whereas the vacuum 

simulations differ with that data. The spin label at position 1024 shows an increased 

mobility in both simulated and experimental spectra. However, a small immobile peak 

in the experimental spectrum suggests a significant interaction for this position with the 

surrounding residues. The simulated spectrum for 1033R1 in vacuum is well in 

agreement with that of the experimental spectrum with a decrease in mobility. Again the 

spin label at position 1062 shows similar behavior in both simulated and experimental 

spectra, with the experimental spectrum revealing less motional restrictions.  
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Figure 5.11 Simulated (left) and experimental (right) EPR spectra for various positions in the 

vinculin tail domain.  This comparison is intended to show the variability of the spin label 

dynamics in that particular location where it is bound to. The mobility trend is comparable in 

most of the cases. 

Simulated      Experimental 
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Figure 5.12 Simulated (left) and experimental (right) EPR spectra for various positions in the 

vinculin tail domain.  This comparison is intended to show the variability of the spin label 

dynamics in that particular location where it is bound to. The mobility trend is comparable in 

most cases. 

 

Simulated             Experimental 
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  When compared to the experimental data, the dynamics of the spin labels at 

positions 957, 1024 and 1033 show slightly higher mobility in simulations, whereas the 

tendency is true for 922, 950, 972 and 1062. The possible reason may be the value of the 

diffusion coefficient that is used in the calculations of the simulated spectra. In the case 

of vacuum simulations it was 0.05 ns
-1  

according to the previous studies by Steinhoff et al. 

[67, 72]
 and also our analysis (please see Chapter 6 for the comparison of different diffusion 

coefficients in the spectra calculations). However, in the water simulations we used a diffusion 

coefficient of 0.08 ns
-1 

(chosen on average based on some of our testing simulations and 

analysis; data not shown). This might be an underestimated value. Unfortunately, no 

experimental evidence is available yet for these specific values.  

 In the following a more quantitative analysis and comparison of experimental 

and simulated data is presented. 

Mobility parameter 

 A mobility parameter is calculated as was described in chapter 4. The mean 

square fluctuation amplitude of the nitroxide  is determined from the 

simulations. The inverse line width of the central resonance is a convenient 

experimental measure of the nitroxide mobility that can be compared to the MD 

simulations results.  

A series of scans of nitroxide mobility is monitored, and is projected below as 

function of residue number.  The higher the mobility value, the higher the flexibility.  
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Figure 5.13 Measures of mobility for twelve representative nitroxide side chains at various 

positions in vinculin tail protein.  
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Figure 5.14 Structure of vinculin tail with C atoms represented in stick model colored by B-

factor values. All the B-factor values in the coordinate file are set to zero and the mobility 

parameter values are replaced for the selected C positions. Inverse line width values are used in 

the case of experimental values( multiplied by 1.5 times to facilitate comparison).  Color coding 

bar is shown on the right side with the scale from zero (rigid) to one (mobile).  However, 

experimental values for the positions 901, 909, 927 and 934 were not shown due to 

unavailability. 

 As already demonstrated in Figure 5.10 the overall mobility of the spin labels 

calculated from in vacuum simulations is larger than that determined from in water 

simulations. This is most probably due to the comparably large temperature of 600K of 

the vacuum simulations which allows the spin label to overcome sterical barriers which 

may restrict the motion at 300K in water. One exception is position 927 where the 

vacuum simulations reveal a highly restricted dynamics behavior. This might be due to 

the fact that the backbone motion is restricted in vacuum simulations by positions 

restraints of Cα and this spin label is in strong contact to a neighboring helix which 

cannot move away. Furthermore, with this exception, the overall pattern characterized 

by the relative changes of the mobility is similar in vacuum and water simulations. This 

pattern is also reflected in the experimental mobility parameter for the sequence 950-

984 and for 1033/1062. Also interesting, the spin labels that have shown immobile 

behavior are mostly located in hydrophobic core of the protein. This indicates that the 

spin labels in hydrophobic environment are relatively slow and are buried (see Figure 

5.15).  The color coding (variation in colors) in Figure 5.14 shows that the spin labels in 

aqueous environments exhibit a variety of mobility behavior depending upon the label 

position along the protein chains when compared to the vacuum simulations. 
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 From the Figures 5.13 and 5.14, it is clear that the high mobility is associated 

with the residue numbers 901, 922, 950, 972, 1024 and 1062.  Among these spin labels; 

the one at 1062 is in the end of the C-terminal region. Remaining spin labels that show 

highest mobility belong to the helices H1, H2, H3 and H5, respectively, indicating that 

these helices are more dynamic than H4. However, the plots show H2 is dynamic only 

in the spin labeled site of 922R1, where as it is highly rigid in the remaining segment. 

901R1 that belongs to H1 helix is immediately next to the loop region. Therefore it 

shows high degree of freedom in water simulations. However, a comparatively less 

mobility is seen in the vacuum simulations of spin label at this position. All above 

results indicate that the overall mobility pattern in the vinculin tail can be categorized 

into 3 parts. The residues in H1 show similar behavior in both water and vacuum 

simulations. The residues in H2 showing different mobility pattern indicating the 

complex behavior of spin label in different environments especially in the buried sites. 

Residues from H3, H4 and H5 show similar behavior in both environments. These 

results are in agreement with the RMSD analysis confirming the position dependant 

behavior of the spin label.  
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Figure 5.15 Hydrophobicity of vinculin tail. (Left) Residue positions in the helices (Right) top 

view showing the helices. Blue color in the image shows the hydrophobic part of the protein, 

whereas the red color shows the hydrophilic region. The residues that show significant 

immobility are located in the hydrophobic environment, indicating that they are in the buried 

region of the protein. 

 

Inter helical distances 

Inter helical distance measurements within the vinculin tail are good means of 

representing the tertiary structure conformations. In addition, they give a highly 

localized view of the conformational dynamics of the polypeptide chains.  The results 

presented below shows the distances from selected spin labeled sites within the vinculin 

tail domain as simulated by in vacuum MD simulation. Sites were chosen according to 

available experimental data. 
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Figure 5.16 Inter helical distances (left) spin label positions (right) distance distribution 
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Table 5.1 Comparison of distances from X-ray structure, MD simulations and EPR experiments. 

Residues 
X-ray 

(Cα-Cα), Å 

MD 

(NX-NX), Å 

EPR 

(NX-NX), Å 

901-957 16.4 27.2 >20 

922-957 5.53 9.5 8 ± 1 

  901-1033 11.37 12.7 8 ± 1 

 984-1033 6.58 
7.3(~65%) 

9 (~35%) 
7 ± 1 

 

 The structural dynamics within a subunit of the vinculin tail protein depicted by 

the relative motion between spin labels 901 and 957 in helices H1 and H3 respectively is 

shown in Figure 5.16.  The distance distribution shows the mean distance of 27.2 Å with 

an overall width of about 4 Å.  This shows the high flexibility of either of the helices or 

both or any other conformation which might influence it.   A recent study by Miller G.J. 

et al 
[131b]

 suggests that conformational change in the vinculin C-terminal may depend on 

a critical histidine residue at position 906 in H1. The conformational change triggered 

by the presence of this histidine may push/pull H3 with respect to H1. The distance 

values between spin labels at positions 922(H2) and 957(H3) show a relatively smaller 

distribution. The MD simulation data shows that H2 is relatively immobile and this is 

reflected in the distance distribution. The distribution of distance between 901 and 1033 

is similar to the distribution between 901 and 957. It is interesting that the distance 

distribution between 984R1 (H4) and 1033R1 (H5) show two distinct maxima at 7Å and 

9Å respectively. It indicates that the spin label fluctuate around two conformations out 

of which the most dominant conformation is at 7Å. The existence of multiple 

conformations in dynamic equilibrium also raises questions regarding the internal 

mobility of the individual side chains as well as of larger structural domains. However, 

the MD simulations data show that both these spin labeled positions show significant 

immobility. The simulated inter-nitroxide mean distances are in-line with the results of 

EPR experiments (cf. Table 5.1). 

  

Unfolding of Vt  
 

 The MD simulations data together with EPR results indicate, while the majority 

of the spin labeled sites in the vinculin tail show considerable dynamics, perhaps the 

most significant ones are those belongs to the H1, H3 and H5 helices.  Concerning the 
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tail region, naturally the C-terminal end residue 1062 is more dynamic than the helical 

part. The C-terminal domain is essential in stabilizing the Vt helical bundle and also for 

the effective binding with lipids. A study by Critchley et al. 
[131c] 

has shown that the 

removal of C-terminal domain significantly reduced the ability of the Vt to bind PIP2. 

Based on the previous studies and our current results we may assume that, first, a 

hydrophobic hairpin(C-terminal) that protrudes from a ring of basic residues(Figure 5.3 

and 5.4) might insert into the membrane, while the basic region interacts with the head 

groups of acidic phospholipids. Second, helix 3 is an amphipathic helix (see Figure 

5.15) that contains a ladder of basic residues that could target the domain to acidic 

phospholipids. Partial unfolding of the vinculin tail bundle may take place and would 

expose hydrophobic residues that could then insert into the membrane. This insertion 

pulls other helices towards the membrane. Such a conformational change may disrupt 

the head to tail interaction. This unfolding process does, however, play a significant role 

in opening the binding pocket of vinculin head to the different targets in the cell 

adhesion sites.  

5.4 Conclusions 

MD simulations were performed on the spin labeled vinculin tail domain both in 

vacuum and in aqueous environment. The behavior of the spin label at various positions 

of the vinculin tail domain was analyzed by means of RMSD analysis and simulated 

EPR spectra. The results were comparable to EPR experiments. At present it is difficult 

to interpret the results in terms of the magnitude of structural movements. A correlation 

in the dynamics of the spin label mobility was found when MD simulation mobility 

parameter values were compared with the EPR inverse line width data for the most of 

the spin-labeled sites of vinculin tail.  To estimate the magnitude of helix displacements 

in the vinculin tail domain, direct distance measurements between pairs of spin label 

side chains were performed. The MD simulations results in combination with EPR data 

show that changes in R1 mobility in the vinculin tail provide a powerful means of 

mapping protein folds and their changes. 

 

 

 

 



Chapter 6 

 

A study on the structure and dynamics 

of  the photosynthetic reaction center 

(RC) from Rhodobacter sphaeroides. 
 

 

For the last four decades, the photosynthetic 

reaction center (RC) has served as a paradigmal 

model for studying electron transfer mechanism in 

proteins with a special emphasis on long-distance 

biological electron transport. Our aim was to help 

determining how structural and dynamic features 

of the RC influence the sequential electron transfer 

reactions that lead to efficient light induced charge 

separation. We used MD simulations to study the 

conformational dynamics of a spin labeled 

photosynthetic RC of Rhodobacter sphaeroides.  

The spin label binding site was identified as Cys-

156 of the H (heavy) sub unit and distances were 

measured between the reporter group and the 

primary quinone, QA. The spin label dynamics in 

both dark and light adapted RC structures provided 

useful insight into the conformational mechanism 

of RC.  
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6.1 Introduction 

 

6.1.1 Photosynthesis 

Photosynthesis is a physico-chemical process by which plants, algae and 

photosynthetic bacteria utilize light energy to drive the synthesis of organic compounds.  

The food we eat, the oxygen we breathe are the ultimate products of photosynthesis. 

Therefore, photosynthesis is the most important process for the existence of life on this 

planet. Photosynthesis can be categorized into two basic groups depending on how the 

process is carried out. In plants, algae and certain types of bacteria, the photosynthetic 

process results in the release of molecular oxygen and the removal of carbon dioxide 

from the atmosphere that is used to synthesize carbohydrates. This is called oxygenic 

photosynthesis
 [132]

. Other types of bacteria use light energy to create organic 

compounds but do not produce oxygen. This is called anoxygenic photosynthesis
 [133]

.
  

The general principles of energy transduction in both oxygenic and anoxygenic 

photo systems are similar 
[134]

. Furthermore to notice, photosynthesis is carried out in 

two stages: the light-dependent reactions and the light-independent reactions (dark 

reactions). In the first stage, the energy of light is converted into chemical energy in the 

form of nicotinamide adenine dinucleotide phosphate (NADPH) and adenosine 

triphosphate (ATP). In the second stage, the dark reactions use the energy produced in 

the first stage to produce reduced carbon compounds such as sugars from carbon 

dioxide.  

The primary processes of photosynthesis involve  

i. absorption of photons by light-harvesting complexes (LHs) 

ii. transfer of excitation energy from LHs to the photosynthetic reaction 

 centers (RCs)  

iii. the primary charge separation across the photosynthetic membrane  

 

 For light harvesting, photosynthetic organisms usually utilize so-called antenna 

complexes. The function of these pigment-protein complexes is to absorb light and to 

transport the excited-state energy to a special pigment-protein complex, the 

photosynthetic reaction center (RC), where charge separation occurs by means of 

electron transfer across the membrane(see Figure 6.1). After the initial charge separation 

event, a series of electron transfer reactions takes place that eventually stabilizes the 

stored energy in forms that can be used by the cell. 
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Figure 6.1 schematic representation of primary process of photosynthesis. Light is absorbed by 

the light-harvesting antenna and the energy is transferred to the reaction center, where charge 

separation occurs. In photosynthetic purple bacteria the core light-harvesting complex (LH1) 

directly surrounds the RC, being further surrounded by a peripheral light-harvesting complexes 

(LH2) in most species. 

 

The oxygenic cyanobacteria and green plants  have two different reaction center 

complexes that work in series, with the reduced acceptors of one photoreaction 

(photosystem II) serving as the electron donor for the other center (photosystem I). 

Other types of photosynthetic organisms contain only a single photosystem, which is 

more similar to photosystem II in some cases and in other cases to photosystem I of the 

oxygen-evolving organisms. The photosystem II like bacterial reaction centers however, 

are not capable of extracting electrons from water, so they do not evolve O2.  As 

mentioned before, to provide electrons for the reduction of CO2, anoxygenic 

photosynthetic bacteria must oxidize inorganic or organic molecules available in their 

environment.  

The determination of the three-dimensional structures of the reaction center of 

the non- sulfur purple bacteria, Rhodopseudomonas (Rps.) viridis and Rh. sphaeroides, 

has provided an unprecedented opportunity to understand the functional mechanism of 

photosynthetic reaction centers 
[137, 148, 163-166]

. These reactions centers are structurally 

related to the oxygen-evolving photosystem II of green plants and cyanobacteria 
[167-171]

.  

The reaction center isolated from the purple bacterium
 
Rb. sphaeroides is particularly 

useful for the study of
 

electron transfer because this complex has been well 

characterized
 
biochemically and spectroscopically, and the three-dimensional

 
structure 

has been determined at high resolutions
 [148, 173, 174]

. Much of the molecular level 

understanding of the early events in photosynthesis is based on the information derived  
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from these systems. The structure of the reaction center from Rb. sphaeroides is shown 

in Figure 6.2. 

Though the reaction centers from different photosynthetic systems are 

structurally similar however, the structural information on the photosystems from 

oxygenic organisms is less detailed than that from purple bacteria. Nevertheless, it is 

clear that all photosynthetic reaction centers operate on similar overall principles, so the 

general lessons learned from the purple bacterial enzymes are applicable to other 

systems. 

 

6.1.2    Structure and function of RC. 

 The reaction centers from the purple non-sulfur photosynthetic bacteria, Rb. 

sphaeroides contain a core protein complex consisting of two related yet distinct 

integral membrane protein subunits, known as L and M , and a third subunit called H 

that caps the membrane subunits from the cytoplasmic side (Figure 6.2).   L, M and H 

stands for “light”, “medium”, and “heavy” respectively, based on the apparent 

molecular weight. Both L and M subunits, each contain five membrane-spanning α-

helices. The secondary structure of the H subunit is very different from that of the L or 

M subunits. The H subunit has only one anchoring transmembrane helix. The bulk of H 

lies on the cytoplasmic side. In addition to the protein subunits, the reaction center also 

contains several additional cofactors that are not covalently attached to the protein (see 

Figure 6.2).  These include four bacteriochlorophylls (Bchl), two corresponding metal-

free bacteriopheophytins (Bphe), two ubiquinones, and a non-heme ferrous iron (Fe). 

These molecules are arranged along the complex through two symmetrical branches 

usually denoted as `A' and `B' (see Figure 6.3). Both branches span the membrane and 

`start' at the level of the primary electron donor bacteriochlorophyll-a dimer (Bchl2) near 

the periplasmic side. Two monomeric bacteriochlorophyll- a, two bacteriopheophytin-a 

and two ubiquinone molecules are symmetrically arranged.  The overall complex of RC 

with particular spatial configuration plays a central role in the process of energy 

conversion. It catalyzes a light-induced charge separation (electron transfer) across the 

membrane dielectric, thus promoting the primary events of photosynthetic energy 

transduction. 
[137,138] 
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Figure 6.2 The structural arrangement of the RC of the photosynthetic purple bacterium 

Rhodobacter (Rb.) sphaeroides with the cofactors embedded in the L, M, and H protein 

subunits. Despite the apparent two fold local symmetry of the cofactor arrangement the electron 

transport pathway is one-sided along the L subunit.  (Inset) The cofactors are arranged in two 

branches, the active A-branch (spanning along L subunit) and the inactive B-branch (spanning 

along M subunit), showing nearly twofold symmetry 

 

             The major role of the subunits L, M and H is to facilitate the cofactors to carry 

the electron by means of local conformational fluctuations.  Chains L and M carry all 

the cofactors, whereas the subunit H caps the cytoplasmic side of the protein complex 

and determines the extent of fluctuations.   

 The role of the cofactors is to transport the electron across the membrane.  Two 

of the bacteriochlorophyll molecules (special pair) form the primary donor. In response 

to a flash of light, the ejected electron from the special pair travels along a series of 

electron carriers to the tightly bound ubiquinone molecule QA that functions as a one-

electron carrier that transfers electrons to the secondary quinone QB.  QB is reduced first 

to a semiquinone anion QB
•–

, and then after receiving the second electron, to a quinol 

QBH2. The formed quinol molecule can diffuse out of the RC 
[172]

.  Generally, 
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understanding of quinones function in the RC is important, since 2/3
rd

 of all herbicides 

bind to the QB site of PSII, whereas the rest hits all other targets in a plant.  

 

  

Figure 6.3 overlapping of cofactors along the side-A is different from side-B that makes side-A 

is accessible for electron transport process.  A nice overlapping of tails of the special pair, Bcl A 

and Bph A can be seen on the A-branch that shows the possibility of strong interactions between 

these cofactors. 

 

The primary goal of this work was to determine how structural and dynamic 

features of the reaction center protein influence the sequential electron transfer reactions 

that lead to efficient photo induced charge separation. Exploring structure and dynamics 

of the spin labeled reaction center would answer many unresolved questions which are 

not addressed so far e.g., on the conformational dynamics in the vicinity of primary 

quinone.  

The two major issues addressed in this chapter are the dynamics of spin labeled 

RC and the distance measurements. A brief overview in the following sections explains 

the necessity of these studies. 

Dynamics of RC 

 

Proteins are dynamic in nature performing transitions between different 

conformational sub-states, which reflect their complex energy landscape
[139]

. 

Conformational sub-states of the isolated photosynthetic RC depend on many external 

factors (i.e., temperature, type of detergent used for RC solubilization, illumination, pH 

and cryosolvent) 
[140,141]

 and on the functional state of RC 
[142,143]

.  The techniques by 
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which the dynamical properties of the RCs have mainly been studied are optical 

spectroscopy 
[139, 141]

 , EPR spectroscopy 
[144,145]

 and X-ray crystallography.
[146-148]

 

The X-ray structure of the RC from Rb. sphaeroides has been just recently 

resolved up to 1.87 Å 
[173]

. Whereas these data provide very valuable information about 

the structure of the RC including the positions of cofactors and their surrounding, the 

function of this energy-transducing complex is still not fully understood. A challenging 

goal is the understanding of mechanisms underlying the electron transfer processes. As 

was already shown in previous chapters, the spin labeling in combination with 

molecular dynamics simulations and EPR spectra calculations  has emerged as a 

valuable approach to probe protein structures and dynamics at specific locations in the 

polypeptide chain 
[66,149] 

.  

Despite of the fact that the spin labeling technique has been applied to various 

biological systems 
[149-152]

, we are aware  of only a few reports 
[145,154,155]

 where this 

method has been applied to the study of the RC proteins. Native RCs from the 

carotenoidless mutant Rb. sphaeroides R26 contain five cysteine residues at positions 

92, 108, 247 in subunit L and positions 156 and 234 in subunit H
[148]

 . Subunits L and M 

span the membrane and subunit H caps the RC protein from the cytoplasmic side. 

Poluektov et al.
[155]

 studied the dynamical properties of the wild type RC protein using 

methanethiosulfonate spin label (MTSSL) to modify the RC. In their study the position 

of the spin label was uncertain. Hence, in the present work MD simulations were 

applied to identify the position of the spin labeled site in the photosynthetic RC from 

Rb. sphaeroides R26.  Spectra of different spin labeled sites of RC protein were 

compared with that of the experimental spectrum to identify the spin labeled position.  

Distance measurements 

Structure determination was the main goal of the research for many decades to 

understand the function of a macromolecule. Since a few years, the attention is focused 

on the determination of structural changes as a main goal in order to understand the 

function, rather than just the structure determination itself. Many new methods are 

invoked to study structural changes in biological systems. One of such a method is 

distance determination by EPR spectroscopy and site directed spin labeling. The 

measurement of distances in proteins also provides the major source of geometric 

constraints in the process of structure determination by EPR or fluorescence 

spectroscopic methods. It is particularly necessary when conventional methods, such as 

X-ray crystallography, cannot be applied to obtain detailed information for e.g., in 
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membrane proteins, in particular when investigating functionally important 

conformational changes. Given the large influence of the donor-acceptor distance on the 

electron-transfer rates, and the importance of conformational changes in the regulation 

of these processes, structural information is of particular relevance. The reaction centre 

(RC) of bacterial photosynthesis is one of the model electron-transfer membrane 

proteins. Here we explored the possibility to address this protein complex by molecular 

dynamics (MD) simulations in comparison with the experimental data obtained by 

pulse, two-frequency EPR spectroscopy (DEER or PELDOR) to determine inter-spin 

distances. The distance between a natural cofactor, the primary quinone acceptor (QA), 

and a spin label is investigated. To do so, the quinone is reduced to the semiquinone 

anion radical state QA , and the spin label is attached to the native cysteine at position 

156 in the H-subunit (H156).  

 Previously, in other proteins, distances between two spin labels, often 

introduced by site-directed mutagenesis have been measured. Relating the distances 

between two spin labels to the structure of the protein is hampered by the unknown 

orientation of the 0.5 nm long linker joining the spin label to the protein backbone 
[156]

. 

Combining a native cofactor that is fixed in the protein with a spin label should reduce 

that uncertainty without sacrificing the flexibility the spin-label approach offers with 

respect to the region of the protein to be probed.  Molecular-dynamics (MD) simulations 

are performed to analyze the spin-label linker conformation in order to compare the 

distance obtained by DEER with the X-ray structure. As the experimental data are 

obtained on a frozen sample, an MD approach is proposed to simulate the freezing-in of 

the room-temperature conformations. The MD simulations with a length of 6 ns yield 

good agreement with the width and the shapes of the distance distribution obtained by 

DEER, but result in a smaller average distance then experimentally observed. The origin 

of this difference is discussed. 

 

6.2  Methods 

 

We have performed MD simulations with tasks including 

i. identification of the spin label linker position 

ii. conformational dynamics in the light activated structure of RC 

iii. re-orientational dynamics of spin label  

iv. selecting double mutant sites for labeling (data not shown here) 
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In order to identify the spin label binding site we applied MD simulations and 

EPR spectra calculations based on MD trajectories. This method provides a direct link 

between simulated protein dynamics and the EPR spectral shape. It thus facilitates 

determination, refining or verifying computer modeled protein structures. Details of the 

method and verifications were described in Chapter 2.  

The atomic coordinates of the proteins were obtained from the PDB crystal 

structures „1AIJ‟ for the neutral state(dark) and “1AIG” for the charge separated 

state(light) of RC
[168]

.  The MD simulations of the protein in vacuum were performed as 

described earlier, using the GROMACS simulations suite 
[51]

. The simulation procedure 

is the same as described in chapter 3, otherwise specifically mentioned. The starting 

orientation of the spin label at position 156 was such that the nitroxide head group was 

oriented towards the Fe(II) ion that is located between QA and QB. The dihedral angles 

of the spin-label linker were adjusted to avoid close contacts with the neighboring side 

chains. Then the structure was energy minimized using steepest-descent and conjugate-

gradient algorithms in 1000 steps.  A preparation run of 1ns at 300K followed with 

constraints on all-bonds and no position restraints. During this preparation run the 

average deviation of all C  positions from their initial values converges within the first 

400ps to 0.12nm. After this time the system was observed to be stable. The maximum 

value of the root mean square deviation of the averaged C  positions from their initial 

(crystal) positions is less than 0.18 nm. This shows that the absence of crystals contacts 

or the lack of the stabilizing effects of a lipid bilayer during the MD simulation does not 

lead to gross structural changes of the protein. Next, the temperature was gradually 

raised from 300K to 600K, while the positions of the carbon, oxygen and nitrogen atoms 

of the backbone and the positions of the cofactors were restrained to avoid possible 

initial steps of unfolding of the protein. At 600K small potential barriers can be easily 

overcome, i.e., the system is not trapped into local energy minima, and the space 

accessible for the spin label side chain is sampled within relatively small computation 

time (see Chapter 2).  The system was equilibrated for 1 ns at 600K. The resulting 

structure was used as the starting point for the MD run, which lasted 6ns with time steps 

of 2fs. 

To better represent the experiments carried out at 60K, 30 structures were chosen 

at arbitrary time points of the MD run and used as starting structures for energy 

minimization. This should simulate the freezing-in of different conformations in the 
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low-temperature experiment. Thus, an ensemble of structures was generated. The 

distances observed in this ensemble of structures were compared to those of the MD run.  

 

 

6.3  Results and discussion 

 

6.3.1 Identification of spin label linker position 

Native RCs from Rb. sphaeroides R26 contain five cysteine molecules. 

Borovykh et al. mentioned that one of the reasons that only one out of five cysteine 

residues is spin labeled could be due to the presence of detergent 
[personal communication to 

Borovykh]
. Detergents surround the protein and prosthetic groups at the level of the 

transmembrane  helices. The thickness of the detergent phase along the direction of the 

 helices is nearly 30Å. This detergent phase may influence the accessibility of the 

cysteine residues of the L subunit for the spin label. On the contrary, most of the 

cytoplasmic part of subunit H is free of detergent 
[157]

.   In order to determine whether 

the spin label is located on subunit L and/or H, two different RC samples, one 

containing subunits L, M and H and one containing only L and M, were prepared and 

labeled under the same conditions 
[Courtesy: Borovykh, I.] 

. Low temperature cw EPR spectra 

of both samples were recorded (data not shown) and the values of double integrated 

spectra were compared. The analysis of the EPR spectra of the spin labeled LM complex 

showed the presence of less than 10% of bound spin label compared to the intact RC 

that was assumed to have 100% bound spin label. The presence of 10% bound spin label 

in the LM complex correlated with the purity of this sample in which about  5-10% of 

the H subunit was still present. From these measurements authors concluded that the 

spin label is bound to subunit H, either to position 156 or to position 234. In contrast a 

mercurial spin label was reported to bind to all five cysteine residues when incubated for 

20-30 hr 
[154,155]

. This may be attributed to the high reactivity and probably different 

diffusibility of the mercurial spin label. 

The results obtained from biochemical analysis and EPR spectroscopy indicate 

that only two cysteine locations on subunit H are left as putative binding sites for the 

spin label. The dynamics of the RC protein with spin labels bound to these cysteines at 

positions 156 and 234 in subunit H were studied by MD simulations and the consequent 

EPR spectrum for each spin labeled variant was calculated based on a 6ns MD 

simulation trajectory.  
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Figure 6.4 Simulations were performed for 5 positions that are shown in CPK rendering style. 

The close-up shows the bound MTSSL to cysteines at H156 and H234. 

 

As shown in Figure 6.4, the spin label side chain at position 156 on subunit H 

accommodates a protein pocket with the nitroxide group facing the protein exterior. The 

spin label side chain at position 234 seems to be sandwiched in between two helices.  

Figure 6.5 shows the space covered by the nitroxides during a 6 ns time period of the 

MD simulation.  The motion of the spin label side chain at position 234, C234R1, is 

considerably restricted.  

 

Figure 6.5 Subset of the RC with spin labels attached to positions 156 (left) and 234 (right). The 

dotted areas define the space the nitroxides cover during a molecular dynamics run of 6 ns 

length. 
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Figure 6.6 Orientation distribution (left) and calculated EPR spectra (right) for spin labels 

bound to positions 234 (top) and 156 (bottom). The population distributions projected onto the 

α-β Euler angle plane reveal different restrictions of the reorientational dynamics of the 

nitroxides in the two sites. This different nitroxide dynamics leads to different degrees of 

motional averaging of the anisotropic components of the hyperfine tensor as reflected in the 

calculated EPR spectral shapes. During the single particle simulations the rotational diffusion 

coefficient, D, was varied between 0.01 and 0.1 ns
-1

. For comparison the experimental spectrum 

for 293 K is shown. 

 This motional restriction is even more pronounced in the presentation of the 

Euler angle population distributions (Figure 6.6). The three Euler angles, α, β and γ, 

define the orientation of the nitroxide group with respect to the protein fixed reference 

frame. The population density projected onto the α-β plane shows a single narrow peak. 

Consequently, the EPR spectra calculated for an isotropic distribution of protein 

orientations and with the potential determined from the shown orientation distribution of  
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the nitroxide resembles that of a powder spectrum (Figure 6.6). Variation of the 

reorientational diffusion coefficient of the spin label side chain reorientation, D, in a 

wide range from 0.01 to 0.1 ns
-1

 does not yield agreement with the spectral shape of the 

experimental spectrum. In contrast, the space covered by the nitroxide of the spin label 

side chain at position 156, C156R1, reveals much less restriction of the side chain 

reorientational motion. The projection of the population density in Euler angle space 

shows a broad distribution of the angle β with distinct population maxima. The 

reorientation of the nitroxide within this limited motion cone leads to partial averaging 

of the anisotropic contributions of the g- and hyperfine tensors. Hence, the 

corresponding EPR spectrum calculated with the potential determined from the shown 

angle distribution reveals an inward shift of the outer hyperfine maxima for 

reorientational diffusion coefficients exceeding 0.03ns
-1

. 

For D = 0.05ns
-1

 the apparent spectral splitting and the shape of the spectrum of 

C156R1 are quite similar to those of the experimental spectrum determined at 293K. It 

is interesting to note that the value of D of 0.05±0.005 ns
-1

 applied during the single 

particle simulations was found to provide agreement between calculated and measured 

spectra for all positions from 157 to 171 of bacteriorhodopsin
[72]

. D mainly represents 

the friction due to the interaction of the spin label side chain with the surrounding 

solvent molecules and the protein surface. Hence, the variation of the friction at 

different binding sites in bacteriorhodopsin was found to be small. The present result is 

in line with the previous findings. Since it is not reasonable to assume a smaller 

effective friction in the microenvironment of C234, the spectrum expected for a spin 

label bound to position 234 should resemble that calculated for D = 0.05 ns
-1

. Based on 

the results mentioned above we conclude that C156 was labeled in the present 

experiment. A closer inspection of the simulated spectrum of C156R1 and comparison 

with the experimental data reveal differences of the spectral shapes that cannot be 

accounted for by further variation of D. One explanation could be that the N-terminus of 

chain M, which is located near position 156 and was fixed during the simulation, in fact 

is flexible. Another simplification during the simulation procedure is the assumption of 

an isotropic D, which in fact could be anisotropic , thereby also accouting for the 

observed discrepancies. 
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6.3.2 Conformational dynamics of the light structure 

     

 

Figure 6.7 RC with primary (QA) and secondary (QB) quinones.  SG (sulfur) of cysteine 156, 

which is modified by MTSSL, is shown in space filled representation. 

 After positive identification of the spin label position (H156), we have extended 

our research to elaborate the structural conformations of the RC with respect to the light 

and dark states. The two quinone molecules QA and QB play a crucial role in the electron 

transport process. The distance determination of spin labeled sites from these embedded 

cofactors will give more insight into possible structural changes that may take place 

upon light activation. 

 Several differences are observed between the primary and secondary quinone 

environments. The QA site is much more apolar than the QB site. The aromatic residue 

Trp M252 is in close contact with QA, whereas no aromatic residues are found near QB. 

Several charged residues can be found near QB in particular Glu L212 and Asp L213, 

whereas there are no charged residues near QA.  The Fe
2+

 is closer to the center of QB 

(8.5Å) than to the center of QA (10.5Å).  As a consequence, the electrostatic potential 

due to the positive charge on the iron may lower the energy of QB relative to QA. These 

factors contribute to the different functional properties of the quinones. 

 Therefore, specific binding site and the interactions with nearby residues are the 

possible reasons for the functional variability of both the quinones. The conformational 

dynamics near the primary quinone, QA, may be of primary importance in transferring 

the electron. To understand this dynamics the variations of the distance between a spin 
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label and the primary quinone molecule in the dark and light induced states of RC‟s 

were presented and compared with experimental data.  The conformational fluctuations 

are characterized by distances measured from an external observer.  

 The distance values from the sulfur of the native cysteines to the ring of the 

primary quinone give some preliminary information about the distance variations as 

shown in the table below.  See Figure 6.7 for the positions of atoms O2 and O5 of QA. 

Table 6.1 Distance measurements  

(Top) Distances measured in between O2 atom of QA ring and the SG atom of cysteine at 

position H156 in both dark and light structures respectively before simulations.  

(Bottom) Distances measured in between O5 atom of QA ring and the SG atom of cysteine at 

position H156 in both dark and light structures respectively before simulations.    

 

Residue 

number 

Distance, nm 
PQAQB  state 

(1AIJ) 

Distance, nm 
P

+
QAQB

– 
state 

(1AIG) 

156 2.87 2.84 

234 1.81 1.79 

92 3.05 3.02 

108 1.21 1.21 

247 2.78 2.78 

 

Residue 

number 

Distance, nm 
PQAQB state 

(1AIJ) 

Distance, nm 
P

+
QAQB

– 
state 

(1AIG) 

156 3.01 3.02 

234 2.02 2.01 

92 2.91 2.90 

108 1.29 1.31 

247 3.05 3.06 

 

 The structures appear to be very similar in both states with a deviation of less 

than 0.03nm.  These differences lie within the resolution of the X-ray experiment. We 

performed MD on both structures, to obtain additional information on the dynamics of 

the proteins with focus on the dynamics of QA.  
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Figure 6.8 (A, B)  Distance variation of the oxygen(spin label) with respect to the O2 atom of 

QA ring in both dark and light states respectively during the simulations. (C,D) Distance 

distribution for the oxygen of spin label with respect to O2 of QA ring in dark and light states 

respectively.  
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Figure 6.9 (A, B)  Distance variation of the oxygen(spin label) with respect to the O5 atom of 

QA ring in both dark and light states respectively during the simulations. (C,D) Distance 

distribution for the oxygen of spin label with respect to O5 of QA ring in dark and light states 

respectively.  

         

                 

Figure 6.10 Energy minimized structures at randomly selected time periods. (left) Distance 

between the oxygen of the spin label and O2 atom of QA ring. (right) Distance between the 

oxygen of the spin label and O5 atom of QA ring.  
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Table 6.2 Average distances between the nitroxide of the spin label at position H156 and O2 or 

O5 atoms of the QA ring. 
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Figure 6.11 Superimposed distance distribution for the dark and light structures measured in 

between the nitroxide of the spin label at position H156 to O5 atom of QA ring. A broad distance 

distribution is seen in case of dark structure compared to the light structure. 

 The results reveal that the average distance is decreasing from dark state to light 

state when measured between the nitrogen of spin label and the O2 atom of QA whereas, 

the average distance is increased in case of the nitrogen and O5 atoms (Table 6.2). 

However, the average distance between the oxygen of spin label and the O2 of QA is 

unchanged, whereas the average distance from oxygen of spin label to O5 of QA is 

increased from dark state to light state.  These results indicate the differences in change 

of the average distances between the nitroxide of the spin label to O2 and O5 of QA from 

dark state to light state.  The increase in the average distance between the nitroxide and 

O5 atom indicates that, O5 is slightly deviated away from the binding site during the 

dark state to light state transition. On the other side, the decrease in the average distance 

between the nitroxide and O2 atom indicates that, O2 is slightly turned towards the 

binding site during the dark state to light state transition. Nevertheless, it is difficult to 

say whether the conformation of QA is changed based on these results as the different 

 Dark(1AIJ) Å Light(1AIG)Å difference 

NX-O2 23.4 23.1 -0.3Å 

NX-O5 27.7 28.2 +0.5Å 

 

OX-O2 23.9 23.9 0.0Å 

OX-O5 28.2 29.1 +0.9Å 
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average distances determined are also influenced by the dynamics of the spin label.  

Interestingly, the MD simulation results also show that the distance distribution of the 

dark conformation is twice broader than that of the light conformation (Figure 6.11).  

This suggests the different dynamics of the spin label 
*
.  Figure 6.12 show the subset of 

superimposed structures for the dark and light conformations of RC.  The 

conformational space occupied by the nitroxide during the 6ns MD indicates restricted 

mobility for the spin label in the light conformation.  This is due to the structural 

restriction formed in the vicinity of the spin label binding site.   

 

 

Figure 6.12 Superimposed dark (blue) and light (green) structures of RC. The conformational 

space covered by the nitroxide of the spin label for the dark structure during the 6ns MD 

simulations is shown in red color. Conformational space covered by the nitroxide side chain of 

the corresponding light structure is shown in pink color.  

 However, these results indicate the different conformational dynamics of the 

spin label in both dark and the light induced states of the reaction center protein. This 

difference in dynamics can be attributed to the overall conformational changes that the 

reaction center adopts in the charge separated state, that facilitate the electron transfer 

from QA to QB.  Thus, the protein structure in the vicinity of the quinones could be 

intimately connected to reorganization energies, important for electron transport.  For 

further understanding, a more detailed inspection is made on the primary quinone, QA.  

* Unfortunately the light structure can not be stabilized at room temperatures to compare the 

experimental EPR spectra in dark and light states of RC. 
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6.3.3 Distance distribution based on spin label orientation. 

 

In collaboration with our group, Martina Huber, Leiden, performed distance 

measurements between the spin label NO group and the embedded cofactor QA using 

pulse EPR techniques (PELDOR or DEER). The experiment yields an inter-spin 

distance value of 3.1 nm with a distance distribution of 0.25 nm.  

The distance that is obtained experimentally resembles the distance calculated 

between O5 of the QA  ring to the nitroxide of the spin label bound to position 156 on H 

subunit (2.9 nm), but not that bound to position H234 (1.5-1.8nm) (cf. Figure 6.13). 

This again confirms our previous results, that the only site which is modified by the 

MTS spin label is position 156 which is located in H-subunit.    

 

 

 

Figure 6.13 The distance distribution for the nitroxide of spin label at position H234 and O5 of 

QA shows the distance of 1.5 to 1.8 nm. It indicates the distances obtained in the EPR 

measurements are not from the spin label bound at position H234. 

 

The results of the MD simulations are shown in Figure 6.14, where the distances 

between the geometrical centre of the N- and O-atoms of the nitroxide and the O5 atom 

of QA are depicted. The trajectory is flat, revealing that the overall structure is well 

equilibrated during the simulation.  
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Figure 6.14 Distance between O5 of QA and the center of the N-O bond of the spin label for all 

frames of the MD run.   

 

The distribution of distances for all structures of the MD run is shown in Figure 

6.11. For comparison with the experimental data, the distribution is fitted to a Gaussian 

line shape with the parameters given in Table 6.3.  In Table 6.4, the distances from the 

spin label to all QA-ring atoms are listed for one structure at the centre of the 

distribution. It reveals that the orientation of QA is such that the distance from the 

nitroxide to O5 is larger than that to the remaining ring atoms of the QA.  

 

Table 6.3 Distances obtained from DEER experiments and MD calculations 

 Distance (nm) Width
a
 (nm) 

DEER 3.05(5) 0.24(2) 

MD 2.80(5) 0.17(5) 

MD 
b
 2.80(5) 0.25(5) 

a) Full width at half height 

b) From energy-minimized structures of MD runs.  
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Table 6.4 Distance from QA ring atoms to the spin label NO group for a typical structure of the 

MD run 

QA-ring atom Distance (nm) 

C1 2.61 

C2 2.54 

C3 2.57 

C4 2.67 

C5 2.74 

C6 2.69 

C1M 2.55 

O2 2.44 

O5 2.83 

 

        To illustrate the conformations of the spin label during the MD run, the position of 

the nitroxide group relative to QA is shown in Figure 6.15 for 15000 frames of the 

trajectory.  

 

Figure 6.15 Conformational space covered by the nitroxide group (shown in red for 15,000 

frames of the trajectory) of the spin-label side-chain (R1) at position H156 and relative 

orientation of QA. In grey, section of the backbone of the H-subunit. The position of O5 of QA is 

shown in blue; separation between QA and R1 not drawn to scale. 

 

To obtain more detailed structural information from the DEER experiment, it has 

to be taken into account that the dipolar interaction is proportional to 1/r
3
 with r, the 

distance between the centers of spin density on the two paramagnetic partners. Thus, the 

distribution of spin density over the semiquinone ring of the QA  and over the nitroxide 

group of the spin label needs to be known. 
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The carbonyl oxygens, O2 and O5, probably involved in the electron transport 

process show different partial electron density of 20% and 15% localized on each 

respectively or vice versa. This indicates the asymmetric distribution of the spin density 

on the entire ring of QA , with the majority at the ring C-O-groups 
[158-159]

. However, no 

quantitative analysis as of today suggests the exact spin-density distribution of QA . 

Therefore, the centre of spin density on QA  cannot be determined.  For reference, we 

give the distance to O5 on QA. On the spin label, the spin density is almost equally 

distributed over the N and O atoms of the nitroxide group, making the geometric centre 

of N and O a good approximation for the average centre of spin density. 

The distance between QA and the nitroxide group of the spin label further 

depends on the conformation of the linker joining the spin-label ring to the protein 

backbone atoms. From the X-ray structure, only the location of the atoms of the cysteine 

to which the spin label is attached, i.e. the Cα and Cβ atoms can be obtained. The length 

of the tether in the extended conformation is 0.56 nm, measured from the Cβ atom of the 

protein to the nitroxide group. Therefore, the distance from the nitroxide group to QA 

can differ substantially from the distance between the Cβ atom of the cysteine and QA. 

Previously, this factor was taken into account 
[160]

, suggesting that by comparing 

the distance from Cα and Cβ to the centre of interest, the orientation of the spin label can 

be estimated: If the distance from the centre of interest to Cα is shorter than the distance 

to Cβ the spin label must point away from Cβ, thus the distance from the centre of 

interest to the spin label is larger than the distance to Cβ, whereas in the opposite case 

the distance is smaller. For H156, the distance between O5 of QA and Cα (3.15 nm) is a 

little larger than that of Cβ (3.06 nm), suggesting that the nitroxide of the spin label 

points towards QA and that the distance between Cβ and QA should be an upper limit for 

the distance from the nitroxide group to QA. The experimentally determined distance is 

3.05 nm, thus in agreement with that approach. The remaining centers of spin density on  

QA are closer to Cα and Cβ of H156, thus, with respect to these centers, the measured 

distance is larger than what is expected from the model.  

The width of the distance distribution is 0.24 nm. For the interaction of the spin 

label with a native cofactor that is firmly anchored in the protein, the only sources of a 

broadening of the distance distribution are multiple conformations of the spin label with 

respect to the protein backbone. Thus, in the case of spin-label-cofactor interactions the 

width of the distance distribution should be smaller than for the interaction of two spin 

labels with each other. The analysis of Freed et al. 
[160]

 suggests that a single spin label  
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can have a conformational distribution between 0.2 and 0.6 nm. Thus, the width 

observed is consistent with the width expected for a single spin label.  

Given the relatively large ambiguity of the position of the spin label due to the 

conformation of the spin-label linker, the distances cannot be interpreted based on the 

X-ray structure alone. Therefore, the orientation of the linker attaching the spin label to 

the protein backbone was determined by MD calculations of the entire protein. This 

yields the position of the nitroxide group of the spin label, and thus allows determining 

the distance. The conformational space covered by the spin label during the MD run 

determines the width of the distance distribution, which is compared to the experimental 

one. 

For the distance from O5 of QA to the centre of the N-O-bond, the MD 

simulations yield a distance distribution with an approximately Gaussian shape at 2.80 

nm with a width of 0.17 nm (see Figure 6.11). The small width of the distribution 

derives from the fact that the linker conformation is restricted by a protein loop in the 

vicinity of the nitroxide. The average distance is smaller than the distance between C  of 

H156 and QA, which is in agreement with the model proposed by Freed et al. 
[160]

.  

Energy minimization was performed for random structures visited during the 

MD run. This should model the situation in the frozen sample, where the orientations of 

the spin label populated at room temperature are frozen-in and form the ensemble of 

structures that is observed in the low-temperature experiment. The centre of the 

histogram of the distance distribution obtained by energy minimization (Figure6.11) is 

close to the distribution calculated from the MD run. The histogram is more asymmetric 

and wider than the distribution of the MD run. To quantify this, a Gaussian shape was fit 

to the histogram with the parameters given in Table 6.3. Apparently, as modeled in the 

MD simulations, the room-temperature conformations of the spin label and the 

ensemble of conformations in the low temperature sample do not have identical distance 

distributions, but the number of energy minimized structures is too small to 

unambiguously determine that point.  



 

 

 

                                                                                       Chapter 6. Photosynthetic reaction center of Rb. Sp. 

138 

 

2 3 4 5 6

 

distance, nm

 

Figure 6.16 Distance distribution determined from analysis of experimental data (DEER). To 

facilitate comparison the distance distribution determined by MD simulation shifted by + 0.28 

nm is also shown (bottom). 

  

To compare the results of the MD simulations with the experimental ones, in 

Figure 6.16, the distance distribution of the MD run is compared to the distribution 

obtained from the DEER experiments. The width and the shape of the simulation agree 

well with the experiment, showing that the spread in the conformations of the spin-label 

linker is adequately modeled in the MD calculations. The average distance of 2.8 nm 

from the atom O5 of QA to the centre of the NO-group of the spin label in the MD 

simulations is significantly smaller than the distance obtained from experiment. The 

disagreement must be even larger, since the other centers of spin density on QA  are 

closer to the nitroxide than O5 (see Table 6.4). For example, the smallest distance, 2.45 

nm, is found for O2, which certainly also carries a significant spin density. A 

quantitative analysis of this factor will only be possible once the assignment of spin 

densities over QA
 
is known. To estimate how large the difference could be, we take the  

spin-density distribution of QA  derived from DFT calculations in 
[161]

. According to 

these calculations, the spin density on the CO groups is 70% and slightly asymmetric. 

Using these spin densities an average distance of 2.62 nm results for the structure given 

in Table 6.4. A symmetric spin density distribution only changes this distance by 0.01 
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nm, showing that small changes of the spin-density distribution have only minor effects 

on the distance. 

Several factors could account for the discrepancy between the distance in the 

MD simulations and the experiment: (i) Incomplete sampling of the spin-label 

conformations, (ii) the charge on QA, that is present in the DEER experiment, but not in 

the X-ray structure or the MD simulations could play a role, (iii) the structure of the RC 

in frozen solution could differ from that in the crystal, and (iv) the structure could differ 

because the native Fe(II) is replaced by Zn(II). 

Incomplete sampling of the spin-label conformations should not be a problem in 

this case, because previous studies suggests that a 6ns MD simulation is sufficient for 

the spin label side chain to cover almost the entire accessible area. Nevertheless, 

freezing of the sample could affect the spin-label conformation and result in a different 

distance distribution than calculated from the MD run. The distance distribution after 

energy minimization (histogram) points in that direction, but there are not enough data 

points to unambiguously determine that. Assuming that the linker conformation is 

properly represented in the MD simulations, the discrepancy of the distances must be 

largely due to the protein backbone conformation in the X-ray structure, which is the 

starting point of the MD simulation.  

It is difficult to predict how the charge on QA  (ii) could have a structural effect 

on the protein over such a long distance. Nevertheless, in principle, this point could be 

addressed by MD methods, provided that the run is long enough to allow relaxation of 

the protein backbone.  

Differences in the structure of the RC in frozen solution and in the crystal (iii) 

could, for example, be due to the glycerol added to the frozen solution, which is absent 

in the crystal. There are suggestions that glycerol could affect the structure or the 

position of the H-subunit (Borovykh et al., unpublished). As the spin label is attached to 

the H-subunit, this could have an effect on its conformation. Crystallization of the spin-

labeled protein and EPR distance determination in the crystal would yield information 

about this. (iii) Given the challenges involved in the crystallization of membrane 

proteins this is an ambitious project. (iv) Previous experiments have not given 

indications for gross structural changes upon replacing the native Fe(II) by Zn(II). For 

example, electron-transfer rates between the cofactors did not show significant 

differences in Fe(II) or Zn(II) RCs 
[162]

. Nevertheless, a change in position of the H-

subunit would not necessarily have an effect on the electron-transfer rates, and, 
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therefore, could have escaped detection in the past. Thus, (iii) and (iv) are the most 

probable sources for the discrepancy between the distances observed by DEER and in 

the MD simulations. Further information about the origin of the discrepancy could be 

obtained by measuring the distance between QA  and spin labels at other positions in the 

RC. Since the remaining native cysteines in the RC are either too buried in the protein or 

in the detergent micelle to be accessible for labeling this would require site-directed 

mutagenesis to introduce new spin-label sites. In the present study, we show that MD 

simulations in combination with DEER approach distances can be measured to high 

precision. This is the prerequisite to set out on the site-directed mutagenesis approach in 

this system. 

 

6.4 Conclusions 
 

In this chapter, EPR spectroscopy and MD simulations were combined to study 

the structure and dynamics of RC. The EPR study of RCs, and of the LM complex show 

that the spin label is attached to one of two cysteine residues, C156 or C234, on subunit 

H.  EPR spectra calculations based on MD simulations prove position 156 to be the spin 

labeled site.  

To understand the conformational dynamics that are believed to show possible 

effect on the electron transport rate, the distance variations of the spin label with the 

primary quinone in the dark and light induced states of RCs were studied. The results 

indicate the existence of different conformational sub-states of RC. 

From our distance measurements, we show that the distance between QA and a 

spin label bound to position 156 can be measured with a precision of  0.05 nm. To 

better represent the experiments performed at low temperature (60 K), a MD method to 

mimic the freezing-in of the room-temperature conformations is introduced. The 

average distances determined by EPR and MD deviate by about 7% indicating that the 

conformations of RC in the crystallized and in the solubilized states are slightly 

different.  However, the distance distribution width determined from experiment and 

simulation agree showing that the difference in the distances determined is mainly due 

to the flexibility of the spin label side chain. 
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Summary 

 

 This thesis presents a strategy for the application of MD simulations to analyze the 

EPR spectroscopic data to get detailed information on protein dynamics. Though the work in 

this study is computational in nature, it shows a clear link that exists between theory and 

experimental data. The beginning chapters provide necessary background information to 

follow the work in this thesis. The summary of the remaining chapters is presented below.   

 

Displacement of the tyrosyl radical in RNR 

 In a corresponding study in Chapter 3, we investigated the orientation and location of 

a protein based radical cofactor (Y122*) in ribonucleotide reductase (RNR), an enzyme 

responsible for DNA synthesis.  Y122*, though appears seldom in proteins, can be treated as 

a natural spin label for EPR studies.  So far, there is no clear evidence for the generation and 

orientation of the tyrosyl radical in its active state.  Recently, Lendzian et al. suggested the 

displacement of the tyrosyl radical by using EPR spectroscopic g-tensor values. We 

performed MD simulations on both neutral and radical containing tyrosine in R2 subunit of 

RNR. The results show, in the neutral state, the tyrosine is very close to di-iron center and 

forms a hydrogen bond with the nearby aspartic acid.  In contrast, the active state tyrosyl 

radical moves away from the di-iron center by breaking the hydrogen bonded network. To 

further analyze this data, we calculated the angle of displacement for radical tyrosine 

corresponding to the EPR g-tensor values. The MD results are in agreement with that of EPR 

experimental data, but with a minor deviation. This is for the first time that such a 

comparison was made for the g-factor based orientations obtained from the EPR experiments 

directly with that of MD simulations results. This kind of methodology offers a 

comprehensive knowledge on the structure and dynamics of biomolecules. These results 

boost our confidence in the validity of MD simulations data and encouraged us for further 

simulations to characterize the spin label (MTSSL) behavior, a critical aspect in EPR 

experiments. 
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Spin label dynamics in a helix 

 Chapter 4 of this thesis presents different dynamical modes of the attached spin label 

in six consecutive positions of a helix turn motif.  MD simulations were performed in 

vacuum to characterize the behavior of the spin label. RMSD analysis and broad 

reorientational β distributions of the nitroxide side chain reveal a small apparent hyperfine 

splitting and line width of the simulated EPR spectrum suggesting that the spin labels on the 

protein surface display a high degree of mobility. On the other side, the spin label side chain 

in the protein interior or at subunit interfaces have stronger interactions with neighboring side 

chains or backbone atoms reflected in a broadened line and increased apparent hyperfine 

splitting. This is revealed in the low RMSD values from the averaged structures and narrow 

reorientational β distributions of the nitroxide side chain. Mobility and RMSD values 

deduced from MD simulations of six consecutive positions on a helix turn motif show the 

periodic position dependence of R1 residue mobility is consistent with the helical structure. 

Furthermore, a thorough investigation on the spin label internal rotations shows that the 

dihedral χ4 ⁄ χ5 are dominant contributors in determining the spin label dynamics. Influence 

of the bulkiness of surrounding residues on the spin label dynamics is shown in a separate 

section of this chapter. In conclusion, this chapter suggests that the sensitivity of the R1 

mobility to tertiary interactions can be used as a powerful means of detecting conformational 

changes in proteins.  

 

Conformational studies of the vinculin tail 

 As an extension of previous studies (Chapter 4), the dynamics of the spin label was 

studied in different protein environments. Molecular dynamics simulations were performed 

extensively on 12 different spin-labeled sites of the vinculin tail protein both in water and in 

vacuum and the results were analyzed in comparison to the experimental data. Our MD 

simulations results show that the spin labels bound to helices H1, H3 and H5 of the vinculin 

tail are more dynamic.  To further analyze this data a quantity called mobility parameter from 

MD simulations is calculated and compared to the inverse line width of the experimental 

spectra. These results again confirm the MD simulations data and are in agreement with the 

previously assumed model of vinculin tail activation.  
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Structure and dynamics of the reaction center (RC) protein 

 In chapter 6, we have extended our knowledge to identify the spin label binding site 

in a protein and thereby study the conformational changes from that external observer. 

Photosynthetic reaction center (RC) of Rhodobacter sphaeroides is taken as a model system 

for this study. Out of five natural cysteines that are present in the RC, we have shown that the 

one located at position 156 on H subunit is the spin label binding site. MD simulations results 

on light and dark states of RC reveal that the conformation of RC in the dark state is more 

flexible than that of the light structure. The MD simulations suggest a distance between the 

attached spin label and the primary quinone of 2.9 nm comparable to the distance of 3.1 nm 

measured by experiments. The average distances determined by EPR and MD deviate by 

about 7% indicating that the conformations of RC in the crystallized and in the solubilized 

states are slightly different. 

This study shows a potential application of MD simulations in analyzing the EPR data. 

 

Success and limitations: 

Does a computer simulation meet an experiment? 

  In general, theoretical models are developed to mimic the real systems and thereby to 

gain insight into its functional mechanism. The major advantages are: the model can be 

improved, to predict and overcome the problems that may occur during the experiments and, 

to study the systems in cases experiments are not feasible at all.  A molecular dynamics 

simulation is one of such a theoretical model widely used today.  Therefore, the ultimate goal 

of any simulation would be to well characterize and predict the behavior of real system. 

Whether this goal is achieved depends on the quality of the model used and the 

computational power available. The simulations described in this thesis show that the 

qualitative agreement between theory and experiment is possible. No model is an exact 

representation of the real system.   All models must be verified, normally by comparison to 

experimental data. When compared, a quantitative agreement is also obtained in most cases 

of this thesis. A study on the displacement of tyrosyl radical and a study on the reaction 

center protein are the best examples for the quantitative agreement between simulations and 



144 

 

experiments. By this, we hope we achieved our aim to provide a theoretical evidence for the 

experimental spectroscopic data. Therefore we conclude that a computer simulation can meet 

an experiment! 

 

Limitations of this work 

Despite the success, there are some noticeable limitations for this work 

1. The simulations are purely based on the force field that is used  

2. Need to write topologies for most of the cofactors manually 

3. Still the time scale of simulations is not in par with that of the molecules in real time 

 

Outlook 

 The simulations on ribonucleotide reductase have to be continued for more time 

period to really estimate the backbone fluctuations. 

 The proper diffusion coefficient needs to be determined to calculate the EPR spectra 

from the MD trajectories of water simulations. 

The reaction center protein can be further simulated with/without different cofactors, 

for example by removing the secondary quinone. This type of studies will provide insight to 

improve the underlying mechanism and hence develop new models. 
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Appendix I 

 

 

 

 

 

 

 

 

 
Name Code Code H/P Structural Formula 

Alanine ALA A H CH3-CH(NH2)-COOH 

Arginine   ARG  R P+ HN=C(NH2)-NH-(CH2)3-CH(NH2)-COOH 

Asparagine ASN  N P H2N-CO-CH2-CH(NH2)-COOH 

Aspartic acid ASP D P- HOOC-CH2-CH(NH2)-COOH 

Cysteine CYS C H HS-CH2-CH(NH2)-COOH 

Glutamine      GLN Q P H2N-CO-(CH2)2-CH(NH2)-COOH 

Glutamic acid   GLU E P- HOOC-(CH2)2-CH(NH2)-COOH 

Glycine GLY G  NH2-CH2-COOH 

Histidine HIS H P+ * NH-CH=N-CH=C-CH2-CH(NH2)-COOH  

Isoleucine ILE I H CH3-CH2-CH(CH3)-CH(NH2)-COOH 

Leucine LEU L H (CH3)2-CH-CH2-CH(NH2)-COOH 

Lysine LYS K P+ H2N-(CH2)4-CH(NH2)-COOH 

Methionine MET M H CH3-S-(CH2)2-CH(NH2)-COOH 

Phenylalanine PHE F H ph-CH2-CH(NH2)-COOH 

Proline PRO P H NH-(CH2)3-CH-COOH 

Serine SER S P HO-CH2-CH(NH2)-COOH 

Threonine THR T P CH3-CH(OH)-CH(NH2)-COOH 

Tryptophan TRP W H ph-NH-CH=C-CH2-CH(NH2)-COOH 

Tyrosine TYR Y H HO-ph-CH2-CH(NH2)-COOH 

Valine VAL V H  (CH3)2-CH-CH(NH2)-COOH 

 

 

 

Table: The 20 common amino acids found in nature together with their three- 

and one-letter codes. In the 4
th

 column, H indicates that the residue is 

hydrophobic in general; P stands for polar; + and –  symbols denotes  the 

charge; * In the case of Histidine, the charge is mostly depended in the 

environment. ph stands for phenolic side chain 

 

 



Appendix II 

 A molecular dynamics parameter file „md.mdp‟ with typical values 

title   =  protein 

cpp   =  /usr/bin/cpp 

constraints = all-bonds 

integrator  =  md 

dt  = 0.002 ; ps ! 

nsteps   =  50000 ; total 100 ps. 

nstcomm  =  1 

nstxout   =  500 ; collect data every 1 ps 

nstvout   =  0 

nstfout   =  0 

nstlist   =  10 

ns_type  =  grid 

rlist   =  1.0 

coulombtype =  PME ; particle mesh ewald 

rcoulomb  =  1.0 ; in nm 

vdwtype =  cutoff 

rvdw   =  1.4 ; in nm 

fourierspacing  =  0.12 

pme_order  =  4 

ewald_rtol =  1e5 

optimize_fft  =  yes 

; Berendsen temperature coupling is on 

Tcoupl   =  berendsen 

tau_t   =  0.1  

tcgrps  =  protein  

ref_t   =  300  

; Pressure coupling is on 

Pcoupl   =  parrinellorahman 

tau_p   =  0.5 

compressibility =  4.5e5 

ref_p   =  1.0 

; Generate velocites is on at 300 K. 

gen_vel  =  yes 

gen_temp =  300.0 

gen_seed  =  173529 

pbc           =  yes 

 

 

 

 

 

The constraints statement sets the LINCS constraint for all-bonds.  



The integrator tells gromacs the type of dynamics algorithm to be used  

dt is the time step (in general 2 fs is used; should be entered in units of ps!). 

nsteps is the number of steps to run (multiply „nsteps‟ with „dt‟ to get the length of the simulation). 

nstxout  sets frequency to write output to the trajectory.  

 (e.g. nstxout = 500 with dt = 0.002 would collect a snapshot every 1 ps) 

coulombtype selects the manner in which Gromacs computes electrostatic interactions between 

atoms.  

rcoulomb and rvdw are the cutoffs for the electrostatic and vander Waals terms. 

Tcoupl  type of temperature coupling 

tau_t  sets time constant in ps for temperature coupling.  

tc_grps sets groups to couple to the thermostat (every atom or residue in the system must be 

represented here by appropriate index groups). 

ref_t  sets  reference temperature for coupling (i.e. the temperature of MD simulation in Kelvin).  

pcoupl – is the pressure coupling algorithm 

pcoupltype – isotropic means that the “box” will expand or contract evenly in all directions (x, y, 

and z) in order to maintain the proper pressure. Note: Use semiisotropic for membrane simulations. 

tau_p – time constant for coupling (in ps). 

ref_p – the reference pressure for the coupling (in bar)  

 



Appendix III.  

(MTSSL Topology) 

 

 

 

[ MTS ] 

 [ atoms ] 

    N     N   -0.380     0 

    H     H    0.280     0 

   CA     C    0.040     0 

   HA    HC    0.060     0 

   CB     C   -0.050     1 

  HB1    HC    0.060     1 

  HB2    HC    0.060     1 

   SG     S   -0.070     1 

   SD     S   -0.070     1 

   CE     C   -0.050     1 

  HE1    HC    0.060     1 

  HE2    HC    0.060     1 

   C1     C   -0.020     2 

   C2     C   -0.040     2 

   H2    HC    0.060     2 

   C3     C    0.110     3 

   C4     C    0.110     3 

   NX    NR    0.080     3 

   OX    OM   -0.300     3 

   C5     C   -0.180     4 

  H51    HC    0.060     4 

  H52    HC    0.060     4 

  H53    HC    0.060     4 

   C6     C   -0.180     5 



  H61    HC    0.060     5 

  H62    HC    0.060     5 

  H63    HC    0.060     5 

   C7     C   -0.180     6 

  H71    HC    0.060     6 

  H72    HC    0.060     6 

  H73    HC    0.060     6 

   C8     C   -0.180     7 

  H81    HC    0.060     7 

  H82    HC    0.060     7 

  H83    HC    0.060     7 

    C     C    0.380     8 

    O     O   -0.380     8 

 [ bonds ] 

    N     H    gb_2 

    N    CA    gb_20 

   CA     C    gb_26 

    C     O    gb_4 

    C    +N    gb_9 

   CA    HA    gb_3 

   CA    CB    gb_26 

   CB   HB1    gb_3 

   CB   HB2    gb_3 

   CB    SG    gb_30 

   SG    SD    gb_33 

   SD    CE    gb_30 

   CE   HE1    gb_3 

   CE   HE2    gb_3 

   CE    C1    gb_22 

   C1    C2    gb_6 

   C1    C4    gb_24 

   C2    H2    gb_3 

   C2    C3    gb_24 

   C3    NX    gb_21 

   C3    C7    gb_53 

   C3    C8    gb_53 

   NX    C4    gb_21 

   NX    OX    gb_52 

   C4    C5    gb_53 

   C4    C6    gb_53 

   C5   H51    gb_3 

   C5   H52    gb_3 

   C5   H53    gb_3 

   C6   H61    gb_3 

   C6   H62    gb_3 

   C6   H63    gb_3 

   C7   H71    gb_3 

   C7   H72    gb_3 

   C7   H73    gb_3 

   C8   H81    gb_3 

   C8   H82    gb_3 

   C8   H83    gb_3 

 [ angles ] 

;   ai    aj    ak  gromos type 

   -C     N     H    ga_31 

    H     N    CA    ga_17 

   -C     N    CA    ga_30 



    N    CA     C    ga_12 

   CA     C    +N    ga_18 

   CA     C     O    ga_29 

    O     C    +N    ga_32 

    N    CA    CB    ga_12 

    N    CA    HA    ga_10 

    C    CA    CB    ga_12 

    C    CA    HA    ga_10 

   HA    CA    CB    ga_10 

   CA    CB    SG    ga_54 

   CA    CB   HB1    ga_55 

   CA    CB   HB2    ga_55 

  HB1    CB   HB2    ga_52 

  HB1    CB    SG    ga_56 

  HB2    CB    SG    ga_56 

   CB    SG    SD    ga_5 

   SG    SD    CE    ga_5 

   SD    CE    C1    ga_54 

   SD    CE   HE1    ga_56 

   SD    CE   HE2    ga_56 

  HE1    CE   HE2    ga_52 

  HE1    CE    C1    ga_55 

  HE2    CE    C1    ga_55 

   CE    C1    C2    ga_34 

   CE    C1    C4    ga_30 

   C1    C2    C3    ga_15 

   C1    C2    H2    ga_31 

   C1    C4    NX    ga_57 

   C1    C4    C5    ga_15 

   C1    C4    C6    ga_15 

   H2    C2    C3    ga_53 

   C2    C1    C4    ga_15 

   C2    C3    NX    ga_52 

   C2    C3    C7    ga_15 

   C2    C3    C8    ga_15 

   C7    C3    NX    ga_12 

   C7    C3    C8    ga_14 

   C8    C3    NX    ga_12 

   C3    NX    C4    ga_18 

   C3    NX    OX    ga_30 

   C3    C7   H71    ga_58 

   C3    C7   H72    ga_58 

   C3    C7   H73    ga_58 

  H71    C7   H72    ga_52 

  H71    C7   H73    ga_52 

  H72    C7   H73    ga_52 

   C3    C8   H81    ga_58 

   C3    C8   H82    ga_58 

   C3    C8   H83    ga_58 

  H81    C8   H82    ga_52 

  H81    C8   H83    ga_52 

  H82    C8   H83    ga_52 

   OX    NX    C4    ga_30 

   NX    C4    C5    ga_12 

   NX    C4    C6    ga_12 

   C4    C5   H51    ga_58 

   C4    C5   H52    ga_58 



   C4    C5   H53    ga_58 

  H51    C5   H52    ga_52 

  H51    C5   H53    ga_52 

  H52    C5   H53    ga_52 

   C4    C6   H61    ga_58 

   C4    C6   H62    ga_58 

   C4    C6   H63    ga_58 

  H61    C6   H62    ga_52 

  H61    C6   H63    ga_52 

  H62    C6   H63    ga_52 

   C5    C4    C6    ga_14 

 [ impropers ] 

;   ai    aj    ak    al  gromos type 

    N    -C    CA     H    gi_1 

    C    CA    +N     O    gi_1 

   CA     N     C    CB    gi_2 

   C1    CE    C4    C2    gi_1 

   C4    C1    C2    C3    gi_1 

   C1    C2    C3    NX    gi_1 

   C2    C1    C3    H2    gi_1 

   C2    C3    NX    C4    gi_1 

   C3    NX    C4    C1    gi_1 

   NX    C3    C4    OX    gi_1 

   NX    C4    C1    C2    gi_1 

 [ dihedrals ] 

;   ai    aj    ak    al  gromos type 

  -CA    -C     N    CA    gd_4 

   -C     N    CA     C    gd_19 

    N    CA     C    +N    gd_20 

    N    CA    CB    SG    gd_17 

   CA    CB    SG    SD    gd_13 

   CB    SG    SD    CE    gd_10 

   SG    SD    CE    C1    gd_13 

   SD    CE    C1    C2    gd_20 

   NX    C4    C5   H51    gd_20 

   NX    C4    C6   H61    gd_20 

   C2    C3    C7   H71    gd_20 

   C2    C3    C8   H81    gd_20 



 

 

Appendix IV 

Simulation procedure in Gromacs 

 

 It is necessary to obtain an initial structure coordinate file before starting the 

molecular dynamics simulations. (x-ray, NMR structure coordinates are available from 

rcsb “Protein Data Bank” or you can build your own peptide by a variety of softwares 

like „insight II‟ ,‟pepbuild web server‟, etc.,). For example, we have a protein coordinate 

file named  „protein.pdb‟. This PDB file has to be converted into a GROMACS readable 

format.   

pdb2gmx  –f  protein.pdb  –p  protein.top  –o  protein.gro 

 where, the –f flag reads the pdb file,  –p flag is used for output of the topology 

file,  –o flag is used to write into the gromacs coordinate format . The coordinate file 

contains the molecular structure while the topology file contains the molecular topology 

such as molecular parameters, force field and charges etc.   

Note: The pdb2gmx prompts you to select appropriate forcefiled for the simulations. For 

example „ffG43b1‟ is used for the simulations in vacuum.  

 

Setup the Box for simulations 

 

The command to generate a cubic box around the protein with a box edge of 

approximately 9A° from the proteins periphery is  

editconf  –f   protein.gro  –o  protein_editconf.gro  -bt  cubic   –d  0.9 –c 

The –c flag keeps the protein in the center of the box. 

Note:  An ideal value for the distance is 8.5A° or more for most systems.  

 

 

 



 

Solvate the box 

 

 This step is not necessary for simulations in vacuum.  However, to solvate the 

protein, „genbox‟ command is used. The genbox command generates the water box 

based upon the dimensions/box type that is specified using editconf.  The genbox 

program will add the correct number of water molecules needed to solvate the box of 

given dimensions. 

genbox –cp protein_editconf.gro   –p  protein.top   –o  protein _water.gro  

 It is necessary to neutralize the system prior to simulations. For that it is needed 

to add counter ions according to the total charge of the system.  First, a gromacs pre-

processor file has to be generated which contains the atomic description+topology of the 

molecule being studied.  

Preprocessing 

 

grompp -f em -c  protein_water  -p  protein.top  -o  protein_b4em.tpr 

 

 „grompp‟ outputs a generic run input file known as a .tpr file. The output file 

then passed into „genion‟, which is responsible for the replacement of solvent molecules 

with monatomic ions (Na+, and Cl-) to neutralize the charges within the system.  

Another input file called em.mdp is needed here, which is provided in Appendix II.   

This file contains details of the simulation to be performed, such as parameters 

controlling run control, energy minimisation, output control, electrostatics and van der 

Waals, temperature and pressure coupling, and velocity generation. 

 

genion -s  protein_b4em.tpr -o protein_genion.gro -nn 3 -nq -1 -n index.ndx 

 

 Here the flag –s is used to input the pre-processed file generated above, -o flag is 

to output after neutralizing the system, -nn for number of counter ions to be added,  -nq 

for the charge of the ion (in case of positive ions –np 1 should be used). For example, in 

the case the system has a net charge of + 3.00. Therefore, it is needed to add three 

chloride ions to neutralize the overall charge. 



 

 

 

 

Energy minimization 

 

Generally an energy minimization and position restrained MD run are performed before 

the final molecular dynamics simulation. It can be done easily by adjusting specific 

parameters in the .mdp file.  

For energy minimization,  

grompp -f em -c  protein_genion.gro  -p  protein.top   -o  protein_em.tpr 

mdrun -nice 4 -s  protein_em.tpr  -e minim_ener.edr  -o  protein_em.trr               

-c  protein_b4md.gro     -v 

 

 Position restraint run is not necessary for simulations in vacuo.  The output of 

this is then passed into the „mdrun‟ command, which actually performs the simulation. 

 

MD simulations 

 

grompp -f md -c  protein_b4md.gro  -p  protein  -o  protein _md.tpr   

mdrun -nice 4 -s  protein _md.tpr -o  protein _md.trr  -g  md_log.log  -e ener_ 

protein _md.tpr     -c  protein _aft_md  -v  

 

 It is necessary to relax the system first before making the production run.  After 

completing a simulation with „mdrun‟, two output files are generated; these are a 

trajectory file (.trr) and an energy file (.edr). These files can be used for further analysis. 
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