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Pre-word 

 

 

 

 

 

 

“Certainly no subject or field is making more progress on so many fronts at the present moment than 

biology, and if we were to name the most powerful assumption of all, which leads one on and on in an 

attempt to understand life, it is that all things are made of atoms, and that everything that living things do 

can be understood in terms of the jigglings and wigglings of atoms” (1). These words were once famously 

stated by Richard Feynman, recipient of the 1965 Nobel Prize in Physics. This statement has kept its 

validity until today, since the understanding of molecular mechanisms has a paramount importance in the 

biomolecular research nowadays. Recent advances and technologies such as electron microscope (2,3) in 

structural biology help us to gain insight about the complicated biochemical processes. Further on, the 

revolutionary Chemistry Nobel prize winner technique in 2017 the cryo electron microscope (4) allows us 

to gain structural information about large molecular assemblies (5,6). Using traditional structure 

determinations techniques (i.e., X-ray, NMR), these structural observations, at atomic resolution, were 

not accessible to us previously. 

Structure determination technique such as X-ray crystallography is still widely used experimental 

technique. It usually provides static picture(s) of the receptor and do not follow dynamic changes 

(evolution) of the system in real time (7). Nuclear magnetic resonance (NMR) also produces a sample of 

snapshots of different conformational states of a receptor-ligand system, but does not provide 

information on their succession (8). Although, structure determination is often considered to be the end-

goal, in many cases nowadays it is the bare starting point. Beside structure determination, mechanisms of 

action, interaction network determination is also of a paramount importance. Thus, complementary 

techniques are required to sample the full molecular dynamism. However, due to the limitations of 

current experimental techniques, it is challenging to study such responses. It was proposed in a previous 

research (9) that “new techniques may be required to study the formation of such transient, though 

potentially biologically meaningful complexes”. Currently computational calculations such as molecular 

docking and molecular dynamics (MD) are considered to be the new techniques, which can resolve the 

aforementioned limitations of experimental structure determination methods. Computational methods 

(10,11) are widely used to complement and in some cases explain experimental results, and these 



5 
 

methods are the only currently feasible approaches available for investigation of real time effect of 

structural modifications on the protein, the binding and unbinding events in a protein-ligand system at 

atomic resolution. In addition, environment is much easier to control in a computational calculation, than 

in a laboratory experiment, therefore the variables influencing the results are usually well known. 
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CHAPTER I 

Introduction 

 

 

 

 

 

 

1.1. Calculation of molecular structures in drug development 

In the past decades, we have witnessed great advances in computational chemistry protocols that 

enabled structural characterization of proteins, ligands, and their interactions. With this great technical 

progress, rapid screening of libraries containing hundreds of thousands of compounds is now possible, 

using precise computational methods. Some of these methods will be further discussed in the upcoming 

chapters. 

 

1.1.1. Levels of structural calculations 

Current methods of structural calculations (Figure 1) enable high versatility from the allowed precision 

point of view. In order to achieve a desired result, the method or combination of methods of choice 

depends on factors such as the size of the system that is analyzed, the available computational time, or 

the required precision of calculation. 

 

 

Figure 1. Atomic resolution calculation techniques applied in the present Thesis  
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Quantum Mechanics (QM) studies the motion and interaction of atomic nuclei and electrons, and most 

often used for local search. QM can provide the total energy of a given arrangement of atomic nuclei and 

the surrounding electron cloud, and can be used for energy-minimization and geometry optimization 

(Section 1.2.2.1.) of a molecular system of moderate size. Notably, computational complexity and time 

grow dramatically with the size of a molecule in QM. Thus, implementations of QM often use various 

approximations to reduce computational time and costs. In the present Thesis, two QM methodologies 

are applied. Ab initio methods are still computationally expensive, and appropriate for relatively small 

molecules (12). Semi-empirical methods (13,14) involve several approximations and parameterizations 

which limit their overall accuracy but are much faster than ab initio methods. Importantly, both 

approaches can provide partial charges of molecules useful for calculations of electrostatic interactions 

(Section 1.2.1). Although QM is very accurate for calculations of small molecules, it is not practical to use 

it alone for extensive simulations of solvated proteins, with several thousands of atoms. Such systems 

necessitate further techniques discussed in the rest of this Chapter. 

 

Molecular mechanics (MM) is based on atom types instead of atomic nuclei and electrons. In this way, 

implementation of the classical laws of physics is possible for the description of molecular systems. MM 

methods calculate the interactions and physical movements of atoms and molecules (15), without 

accounting for electronic effects (see Section 1.2.3.). Polarized atom models explicitly include the 

electronic polarizability, and charge redistribution in the force field (16,17). Polarized force fields provide 

better agreement with experimental data, however in the current stage, several disadvantages such as 

increased computational costs, or identification of faulty parameter sets, limits the usage of these force 

fields (18). The MM methods of Figure 1 can perform either a local or global search for an optimized 

structure of a molecule, or molecular complex. Local energy minimization (EM) is often based on 

deterministic search algorithms. Docking and molecular dynamics (MD) perform a global search and 

generate a statistical amount of ensembles of configurations of the system. 

An important property of the functions used for MM calculations is that they are differentiable. Such EM 

methods are the steepest descent, conjugate gradient. (see in Section 1.2.2.1.). These methods provide 

information regarding the direction of the first derivative of the energy term (gradient), which indicates 

the location of the minimum, and the magnitude of the gradient, which indicates the steepness of the 

slope. Methods that use second derivatives, describes the curvature of the energy surface. 

MD is a deterministic global search method, based on Newton’s laws, and simulations advances in a 

series of small time steps. The forces on atoms are calculated after each time step. Numerical integration 

results in the movements of all atoms, the trajectories and the corresponding velocities within a certain 

period of time.  

Docking methods are also using global searching algorithms, but are heuristic, not deterministic as the 

https://en.wikipedia.org/wiki/Molecular
https://en.wikipedia.org/wiki/Motion_(physics)
https://en.wikipedia.org/wiki/Atoms
https://en.wikipedia.org/wiki/Molecules
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MD simulations. Several approximations are used in docking, in order to speed up the calculations, 

whereas molecular dynamics is a much more precise, but computationally more expensive MM method 

than docking.  

Compared to QM, one major advantage of MM is that it can speed up the calculations considerably. As 

opposed to QM methods, MM threats each atom as a particle (atom types) therefore; electrons and their 

behaviour cannot be studied. Due to this major difference between QM and MM, the size and complexity 

of the molecules that can be studied with MM methods range from small ligands, to large biological 

systems, and complexes.  

In the upcoming section, a more detailed, however not exhaustive description can be found about MM 

methods. The upcoming sections are aimed to provide an overall picture of the field, focusing on the 

features, advantages and limitations of the MM based methods used in our studies. 
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1.2. Molecular mechanics (MM) 

Development of MM has started in the late 1970s (19,20). It was based on the pioneering articles 

developed in the early 1930s (21–23). Nowadays MM is applied in various fields such as chemical physics, 

biochemistry, modeling of biomolecules (24). It has proved to be extremely useful in understanding the 

movements and interactions of biomolecules in early stages of drug development. Advancement of the 

computational background (both hardware and software) made possible to study even the folding of 

several proteins (25), assembly and function of viruses. In order to initiate an MM calculation, the three 

dimensional coordinates of all atoms have to be provided as input. Atomic resolution structures of 

proteins are usually determined by experimental methods such as X-ray, NMR or cryo-electron 

microscope. Theoretical structure determination of proteins can be also performed by homology 

modeling (26,27), if experimental techniques reach their limitations. Theoretical modeling of small 

molecules (ligands) is also often used prior to MM simulations. This is particularly important in early 

stages of drug design, when large ligand libraries are constructed from two-dimensional connectivity 

information. In such cases, a local energy minimization (Section 1.2.2.1.) of the modeled ligand is often 

performed using MM methods prior to calculations with MD or docking. 

An MM method is comprised of at least two essential components: the force field (Section 1.2.1.) and the 

search engine (Section 1.2.2.).  

 

1.2.1. Force field 

The force fields (FF) are sets of functions (potential energy function) and parameters that are used for 

calculation of structural properties of molecules. Parametrization of FFs is based on empirical data which 

is required for the definition of certain atom types. Thus, beside the atom name, the chemical 

environment of an atom is also important in the definition of new atom types. This also implies that FFs 

allow a level of transferability of parameters between chemically similar compounds (e.g. alkanes, 

proteins, etc.). Some of the most popular FFs used nowadays for biomolecular simulations include AMBER 

(28), CHARMM (29), OPLS (30), GROMOS (31).  

The upcoming section describes the potential energy function and the parameters commonly used in the 

FFs implemented in MM. 

 

Potential energy function. There are various MM force fields (32) and potential energy functions 

available for calculation of biomolecules and their complexes. The potential energy (V) is comprised of 

bonded and non-bonded terms as summarized in Figure 2 and described in  Equation 1 (33).  

 

 

 

https://en.wikipedia.org/wiki/Chemical_physics
https://en.wikipedia.org/wiki/Biomolecule
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Figure 2. Components of an MM potential energy function 
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Bonded interactions, arise between atoms that are linked through a covalent bond. Specific components 

of this part are the stretching of bonds, angels and dihedrals. 

Bond length stretching from b0 to b, modeled by a harmonic function, where b is the bond length, b0 the 

equilibrium distance and Kb is the bond-stretching force constant.  
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Bond angle bending from θ0 to θ is also modeled by a harmonic function, where θ is the bond angle, θ0 

the equilibrium angle and Kθ the angle-bending force constant.  

The torsion of the dihedral angles is modeled by a cosine type potential, where φ is the dihedral angle, 

Kφ  its force constant, n its multiplicity and γ its phase of the Fourier series in the dihedral terms.  

 

The non-bonded interactions (as the name suggests) act between atoms that are not linked through a 

covalent bond. It is calculated in a pairwise manner summed up for all possible atomic pairs (here named 

i and j) using the Lennard-Jones potential for van der Waals interactions, and Coulomb potential term for 

electrostatic interactions. 

 

Figure 3. Representations of Lennard-Jones and Coulomb potential energy functions  

 

Lennard-Jones potential is calculated for van der Waals interactions, where; C12 and C6 are the parameters 

of Lennard–Jones 12-6 potential of particles, rij the non-bonded distance, εij is potential well depth at 

equilibrium between i and j atoms types combined from individual well depths, Rij = inter-nuclear 

distance at equilibrium between i and j atom types combined from individual radii. The combination rules 

of R and ε parameters are described in Equation 1, and further discussed in Section 3.3.1.1., in context of 

our new atom type that was developed and implemented in the Wrap’n’Shake method (see Figure 1). 

Coulomb potential term for electrostatic interactions is calculated between i and j particles, with partial 

charges qi and qj respectively, separated by a distance of rij, with ε0, the permittivity of vacuum, being a 

constant of 8.854x10-12 Fm-1. 



12 
 

In the simplest calculation method, potential between the particles is directly proportional to the product 

of the charges, and inversely proportional to the square of the distance (εr = rij Figure 3- dark blue line). 

Calculation of the electrostatic interactions, implemented in MM force fields, can differ, depending on 

the relative permittivity (εr) of the medium surrounding the modeled particles. In water, modeled as 

continuum medium, the permittivity in the whole system can be considered a constant, with εr = 78.4. In 

this way, the calculated and generated potential ensures a long-range repulsive effect (Figure 3 orange 

line), even above rij = 5 Å (above the covalent bound). As the εr decreases (εr = 10 – lila line in Figure 3), 

towards the vacuum (εr = 1), the Coulomb potential, calculated for the O-O atom pair, generates an even 

longer-range repulsion, than in case of the water medium (Figure 3 – orange line).  

The calculation of the electrostatic term, implemented in the popular docking package, AutoDock 4.2 

(34), suggest a sigmoidal dielectric constant dependence on the distance as described in Equation 1 and 

2. Thus, the Mehler and Solmajer (35) definition of the dielectric constant (Figure 3 - Cyan line) ensures a 

screening of the solvation very similar to the continuous water model (Figure 3 – orange line). 

 

                                                                                                                                              Equation 2 

where, 
B=ε0-A, ε0=78.4, A=-8.5525, k=7.7839, λ=0.003627 
 

Force field parameters are implemented in MM methods, such as Molecular dynamics (MD) simulations, 

as part of Potential energy function and in more simplified ways in docking scoring functions (34,36). The 

total potential presented Equation 1, usually does not differ very much from one force field to another. 

The force fields usually vary between one each other based on the parameterization (37). 

However, the potential energies calculated in docking methods, can vary significantly from one method 

to another, since several approximations are applied (38). Scoring functions enforced in docking programs 

make various presumptions and simplifications and so they do not fully account for physical phenomena 

such as, desolvation upon ligand binding, or entropic effects (39). In docking, the scoring function 

attempts to estimate and quantify the fit of a ligand into the binding site (39). The quantification and the 

ranking of the predicted ligand conformations is a crucial to be able to interpret the docking results. This 

process is essential to be able to ultimately differentiate correct poses from incorrect ones, but also to 

identify correct binders in case of a computational virtual screening. Thus, the development of reliable 

scoring functions is of central importance. 

In order to scale the V function to experimental or high level (ab initio) QM values, parameters of 

Equation 1 (Kb, Kθ, Kφ Vn, b0, θ0, γ, C12(i,j), C6(i,j), qi, qj) have to be determined (37). Ab initio calculations were 

also performed in our studies, as detailed in Methods section 5.3.2 (40), using HF/6-31G* split valence 
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basis set (41) in order to calculate the (qi, qj) parameters of non-standard amino acids, and small ligands. 

Parameters such as Kb, Kθ, Kφ are also calculated, a cumulated for a specific force field. The main 

difference between various FFs is the parametrization technique (42). Under certain conditions, the 

parametrization will identify the ideal stretching of bonds, bending of valence angels, and the rotation of 

dihedrals of the molecule.  

In order to correctly calculate the non-bonding terms, a very important part of parametrization is the 

assignation of the partial charges of individual atoms composing a molecule. Thus, the parameters of 

specific atoms (atom types) and their partial charges (40,41,43) can describe the contribution of various 

forces that govern the dynamics of molecules. In a standard FFs package, the parameters of standard 

amino acids are included. In addition to the standard amino acid parameters, FF packages have evolved 

and included parameters of other small molecules such as non-standard amino acids, nucleic acids, or 

several ionic species as well. Although this extension of the original parametrization is very useful, the 

inclusion of small ligand molecules has seriously challenged the present FFs. To get around this, individual 

parametrization of small ligands must be performed by the user. In the purpose of automatization, and 

simplification of these tasks, general FFs were developed such as GAFF for AMBER. Beside the 

development of the generalized FFs, parametrization toolkits such as Antechamber program, Paramfit, 

were also developed with the purpose of easing the production of AMBER specific parameters of small 

ligands. These parametrization toolkits were used in our studies as well, together with the R.E.D Server 

(44) charge calculation and for obtaining an optimized structure, with RESP-A1 charge fitting which is 

compatible with AMBER99SB-ILDN force fields.  

 

1.2.2. Search methods  

1.2.2.1. Local search methods 

Energy minimization. It is important to know the stable conformation of a molecule before performing 

MD or docking calculations. However, when a molecule is built in a computational chemistry software 

package (i.e.: homology modeling, construction of small ligands), or, determined with experimental 

methods (i.e. X-ray, NMR) the initial geometry is not always a stable conformation. Geometry 

optimization is usually carried out to determine a stable conformation. This process is also known as 

energy minimization (EM). Energy minimization is a convergent process with the aim of finding the 

minimum on the potential energy surface starting from a higher energy initial structure. During energy 

minimization, the geometry of the molecule is changed so that the total energy of the molecule is 

reduced in a stepwise fashion.  

There are several methods that can be used for energy minimization, as described in Section 1.1.1. If a 

starting configuration is very far from equilibrium, the forces may be excessively large, therefore in those 
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cases, a (or multiple) robust energy minimization is required. In our studies (45–47), first derivative EM 

methods were used, and the protocol followed in these methods is presented in more depth, in Section 

5.2.3 

 

Table 1. Energy minimization algorithm 

1. Calculate the force on each atom 
The force (Fi) of an atom i in a certain time step and coordinates (position ri) is calculated by taking the 

derivative of the potential energy function. 
 

 

 
For a system with N atoms we know the potential energy function (V) from Equation 1 

 
2. If the force is less than the pre-set gradient, finish 

 
3. Otherwise move atoms by the distance between two points, that is predicted to reduce the force 

 
4. If the force is greater than the pre-set gradient, repeat from point 1 

 

The process of energy minimization changes the geometry of the molecule in a step-wise fashion (Table 

1), until a minimum (gradient) is reached. The energy can be lowered, by moving each atom in response 

to the force acting on them.  

In most of the cases, several EM methods are used in combination, in order to find the local energy 

minima of a certain conformation. Geometry optimization methods are the fastest of the MM 

procedures, but with the disadvantage of only finding the local minima of the given conformation, 

therefore, these EM methods are not appropriate for global optimizations.  

 

1.2.2.2. Global search methods 

Heuristic search. These algorithms (often called random search methods) are very popular (48) and they 

work by making random changes to the ligand binding orientations and conformations. These searching 

algorithms are fast, but due to the principle of randomness there is no guarantee for the optimal solution. 

The random change will be accepted or rejected according to a probabilistic criterion. Two popular 

random approaches are Monte Carlo and Genetic Algorithms.  

Monte Carlo (MC). MC algorithms generate random conformations (49), which will be scored. The score 

of the new conformation will determine whether it will be retained or not. If the configuration is not 

retained, a Boltzman-based probability function is applied in the generation of new conformations.  

Genetic algorithm (GA). The principle of GA is based on the idea from the natural selection of biological 

systems. The end result of the GA search algorithm is a set of possible ligand conformations bound to the 

protein. These searching algorithms, similarly to MC methods, also lack a truly systematic searching that 
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can guarantee a full protein surface search for potential binding sites. A derivate of GA is Lamarckian 

Genetic Algorithm (LGA), and this is implemented in the popular docking tool AutoDock 4.2 (34,50). 

 

Molecular dynamics (MD). In a typical MD simulation, the atoms and molecules are allowed to interact 

for a fixed period of time, where the dynamic motion of a molecular system is evaluated (32). Once the 

forces acting on the analysed molecules in the system are computed (see Section 1.2.1), the position and 

the velocities of the atoms will be moved according to Newton’s laws of motion (51). The rate of change 

along coordinate ri of a particle of mass mi is proportional to the resultant force Fi acting on the body, and 

Equation 3, describes this motion.  

 

                                                                                                         Equation 3 

 

Equation 3 is used to calculate the motion of atoms or molecules within a system, under the influence of 

a force field that describes the interactions within the system with a potential energy function, V(r), 

where r corresponds to the coordinates of all atoms in the system. The relationship between the 

potential energy function and Newton’s second law is given by the equation presented at point 1, in 

Table 1 with Fi being the force acting on a particle due to a potential energy function, V(ri). Equation 4, 

relates the derivative of the potential energy to the changes of the atomic coordinates in time.  

 

                                                                                                                                Equation 4 

 

After calculation of forces (Table 2) and the atom coordinates are updated, the simulation time advances, 

usually with a 1 - 2 femtosecond (fs) time unit. These time steps need to be short enough, because many 

molecular processes occur in such a small periods of time that they cannot be studied correctly with 

larger time steps. However, the time steps also need to be large enough to avoid unproductive 

computational calculation with unnecessarily short time steps.  

Integrator algorithms implemented in MD simulation programs, assume that the system’s properties 

(velocity, acceleration and coordinates) can be approximated by a Taylor series expansion. However, the 

Taylor series expansion it is known to generate an error that accumulates over time, which makes it 

inaccurate for MD calculations. To overcome the error generated by Taylor series expansion, one of the 

most widely used algorithm for integrating the equations of motion in MD simulations is the Verlet 

algorithm. The main advantage of this algorithm is the modest storage requirements, which consists in 

storage of the two sets of positions and acceleration. However, the disadvantage of this method is that it 
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is not a self-starting algorithm. It needs an initial velocity (seed), at time step 0, in order to be able to 

calculate the following step. The calculation and assignation of the initial seed can markedly change the 

outcome of the simulation. As multiple studies nowadays suggest (51,52), reproducing MD simulations, 

with multiple starting seeds, is becoming a requirement in computational chemistry. In our studies, we 

have experimented and studied the MD outcome, using multiple and various initial seeds (45,46).  

 

Table 2. MD algorithm 

1. Initial input requirements 

Potential interaction V(ri) as a function of atom positions 

Positions ri of all atoms in the system 

Velocities vi of all atoms in the system 

 

2. Calculation of forces  

(Equation 3) 

 

3. Update configuration 

(Equation 4) 

The movement of the atoms simulated by numerically solving Newton’s equations of motion 

 

4. Write positions, velocities, energies, temperature, pressure etc. 

 

5. Advance the simulation by 1-2 fs 

 

6. Retake steps 2-5, until the pre-set time period runs out 

 

As stated in Table 2 in point 1 the changes of the system in function of time can be calculated by knowing 

the 

(i) the potential energy function 

(ii) initial coordinates  

(iii) initial distribution of velocities  

Thus, MD simulations, are deterministic, meaning that if the points three points (i-iii) are not changing 

(remain constant), we can predict and reproduce the state of the system at any point of time, which is 

why, MD methods are deterministic in nature. 

MD provides a trajectory of changes in atomic position, of all atoms in a system (e.g. both the ligand and 

protein). Over time, the structural changes, ligand binding, and protein induced-fit can be followed at an 

atomistic level, which is a great advantage of MD simulations, compared to the previously described 

docking (Systematic search, or Heuristic search) methods.  

Due to the fast evolution of more and more efficient architectures (i.e., GPU-based clusters) and 

algorithms for advanced computations, MD simulations nowadays can be used in the implementation of 
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structure based drug design (SBDD) strategies (53) that addresses structural flexibility of drug-target 

systems (8) at a fully atomistic description. MD calculations can apply explicit water model mimicking the 

“in vivo” environment at physiological temperatures (54,55). This is an advantage even in comparison 

with experimental methods such as X-ray crystallography, which usually works on frozen samples 

resulting in “cryo-artefacts” (7). Consequently, several research groups apply molecular dynamics 

calculations and present their results on conformational changes of various proteins (56–58) and binding 

events of ligands (59–64) at atomic resolution. If simulations are long enough to reproduce the complete 

drug-binding process, the thermodynamics and kinetics become products of MD approaches (65,66). 

Although a few millisecond simulations were already reported in the literature (25), several trajectories 

with different seeds are usually required to obtain reliable results (46). These unbiased brute-force MD 

simulations are computationally expensive (63) and therefore several research groups have addressed 

these limitations using MD simulation protocols, with well selected biases (67), or approaches that 

enhances and speeds up the desired events. It is also known (68), that well equilibrated and correct 

starting structures in the molecular dynamics are crucial for correct simulations. As docking methods 

usually provide good local minima conformations, the docked ligand poses are often good starting 

position in MD simulations. MD simulations can be used to refine the docked ligand conformation, to 

simulate the induced-fit protein changes, to study the un-binding process, and the changes in the target-

ligand interaction network (46). 

Independent on the searching algorithm, the binding mode phase usually returns many alternative 

results, and these results will be distinguished between one another based on the binding interaction 

with the target. This binding interaction is calculated by the scoring function or the potential energy 

function, as described at section 1.2.1. 

 

1.2.3. Limitations of MM methods 

Limitations of MM methods in general 

As mentioned in Section 1.1.1, one major advantage of MM, compared to QM is the speed of 

calculations, which is considerably increased. This speed however, comes at the expense of accuracy. 

Traditional MM, parameterized atoms of the force fields (FFs) do not allow the simulation of chemical 

reactivity. This means that, charge transfer happening upon ligand binding, or the reactions of enzymatic 

active sites are inevitably neglected, because MM cannot handle the changes happening at a sub-atomic 

level (electrons). In this regard, some MD protocols use QM to refine the results obtained with MD 

simulation (69), and some polarizable force fields are also under development (70). Beside this, in 

traditional MD, fixed protonation states and partial charges are pre-assigned before the start of the MD 

for all the residues of the simulated system.  
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Limitations of docking methods 

Molecular docking is one of the many MM based computational method that has become a broadly and 

routinely used tool for structural characterization and determination of protein–ligand complex 

structures (39) in computer-aided drug discovery (71). Molecular docking complements experimental 

structure determination; however the technique in practice is a compromise between computational cost 

and accuracy. Its high speed necessitates the use of severe approximations such as: 

(i) restriction of the search space to the surroundings of the binding site (72),  

(ii) no or inadequate explicit hydration of the ligand-target interface, (73,74)  

(iii)  partial or complete neglect of target flexibility (75–78) during ligand binding,  

(iv)  non-deterministic search algorithms (39,66) based on random number generation.  

Approximations i–iv seriously limits the applicability of docking methods for the following reasons. 

Restriction of the search to a primary binding site requires knowledge of its location and also neglects 

multiple sites such as allosteric ones (79–81). Water molecules often play a role in ligand binding (82–84) 

and ignoring interfacial water positions during docking may drive the ligands into pockets which are or 

should be filled with water molecules, resulting in incorrectly docked ligand poses (85). Potential water 

release is also important during ligand binding especially through its entropic contributions (86). 

Neglecting or limiting the flexibility of target molecules is obviously incorrect at binding situations with 

induced fit (87). Eventuality of random number generation in search engines such as Monte-Carlo or 

genetic algorithms (39,66,78) is a natural barrier of the reproducibility and reliability of the results. 

 

Limitations of MD methods 

The first three limitations (i-iii) of docking methods, mentioned above can be addressed by molecular 

dynamics (MD) simulations and MD associated protocols (75). Although MD has become a quintessential 

tool in drug development and its advantages were largely discussed previously, and in the literature 

(11,32,65), it would be unfair to disregard the limitations of MD.  

In previous studies, the most important limitation discussed and observed is the lack of exhaustiveness  

(51). The limited sampling of MD runs creates a random error, which can be decreased by extending the 

length of the simulations, or/and by replicating the runs with different seeds (different velocity 

distributions see section 1.2.2.2). In laboratory experiments it is considered to be a good practice to 

replicate the obtained results, in order to assess their reliability. Thus, it is recommended the same 

practice to be adopted in computational experiments as well, especially considering that MD simulations 

are becoming more affordable than before. Although this good practice can reduce the error generated, 

there is no guarantee that the full protein surface is exhaustively scanned with MD (51). More than that, 

generally, long MD calculation times are required for successful navigation of the ligand into the binding 

site such that the computational time necessary for accurate docking of a ligand may be prohibitive in 
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practice. Some of the enhanced sampling methods can be applied in order to be able to cross higher 

energy activations faster (88,89). The suitable method for enhancing the simulation samples is strongly 

dependent on the biological and physical characteristics of the system. In our recent study (45), such 

enhancing was applied depending on the Molecular Weight (MW) of the ligands analysed. According to a 

recent review (88) simulated annealing, can be applied at a relatively low computational cost to large 

macromolecular complexes, and are proved to be successful in studying particularly flexible systems (60). 

Increasing the temperature can overcome energy barriers which is known to be a significant limitation of 

MD simulations (51), however it still can’t resolve approximation iv. 
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1.3. Blind docking 

 

Docking methods have evolved from the initial attempts (90,91) a few decades ago, however, many 

simplified algorithms, still requires information about the binding site, in order to reduce the searching 

conformational space. This technique is also known as focused docking. Focused docking is classical 

docking methods, where the location of the binding site must be pre-assigned before calculation. Details 

about the binding site may be known either from experimental studies (72,92,93), or from previous 

computational calculation (94), where global pocket search methods were applied.  

In the following section, a more general docking technique will be discussed, that does not require 

additional data regarding the ligand binding site location. The blind docking (BD) approach was 

introduced (85,95) to extend the docking search to the entire target surface (see limitation (i) from 

section 1.2.3.), without any information about the binding site on the protein. BD requires efficient local 

optimization of each docking counterpart, as well as effective global sampling across the entire searching 

space (allowed conformations) on both the ligand and protein. The simulation of the binding process 

and/or the binding conformation is performed by the searching algorithm. BD can be performed with 

some of the most popular search algorithms, the random search (heuristic methods), and more recently 

by molecular dynamics (deterministic methods). 

 

1.3.1. Why and when to perform blind docking? 

In BD, previous knowledge and restriction of the search to a primary binding site are not necessary, and 

therefore, it can be used to search for multiple binding sites on the surface of protein. Indeed, BD has 

gained popularity (96–98) and has been used for finding allosteric (99–101), or multiple (26,102–106) 

binding sites. Thus, BD addresses the first challenge (i) and performs a global search instead of a local one 

at an increased computational cost. However, approximations ii–iv cannot be remediated as simply as the 

first one. Promising approaches using explicit water molecules in the binding pocket (38,84,107,108) 

(approximation ii) and treating target flexibility (approximation iii) have been reported for focused 

docking (34). However, such approaches have not been implemented in conjunction with solving the 

global search problem of BD on the entire target surface. Statistical evaluation of multiple docking trials 

has been shown to increase reproducibility of a BD search (109); by using multiple randomized 

(approximation iv) initial ligand positions. Thus, it has become common to perform several docking trials 

with different initial positions in a BD search to ensure that the largest possible part of the target surface 

is scanned (47). However, even such a statistical evaluation cannot guarantee systematic and 

reproducible exploration of the entire target surface during BD. 
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1.3.2. BD with fast methods 

BD was initially introduced by using the popular AutoDock 4 program package (38), however, in recent 

years BD have been used with other docking programs such as AutoDock Vina and implemented in 

several servers as well (110). In recent review (110), it was highlighted, that the AutoDock program 

packages (AutoDock 4 and AutoDock Vina) are the only ones designed to be able to truly perform Docking 

calculations, on the global protein surface. Oftentimes, Pocket Search (PS) methods are applied, to find 

binding sites on the protein surface, however local (focused) docking needs to be performed after PS, in 

order to find the ligand conformations in the binding sites (111,112). 

 

Table 3. Blind Docking (BD) and Pocket Search (PS) methods implemented in docking Webservers, or software 

Nr. Name 
Software or 
Server 

BD or PS Search algorithm Ref. 

1 MTiAutoDock  Webserver BD 
AutoDock 4 runs in the background, 
with Lamarckian Genetic Algorithm 
(LGA) 

(113) 

2 MTiOpenDock  Webserver BD 
AutoDock Vina runs in the 
background 

(113) 

3 PEP-SiteFinder Webserver PS and BD 

Coarse-grained representation of the 
protein. PEP-SiteFinder performs a 
suboptimal peptide conformation 
search, followed by a rigid blind 
docking 

(114) 

4 Rosetta  
Webserver and 
Software  

BD Monte Carlo (MC) (115) 

5 

HADDOCK (High 
Ambiguity Driven 
protein-protein 
docking) 

Webserver and 
Software  

BD 
Knowledge-based algorithm from 
experimental (NMR) and 
bioinformatics data 

(116)  

6 AutoDock 4 Software BD Lamarckian Genetic Algorithm (34) 

7 AutoDock Vina Software BD 

Iterated Local Search global 
optimizer: Genertic algorithm with 
Broyden-Fletcher-Goldfarb-Shanno 
(BFGS) local optimization  

(49) 

8 
Achilles Blind 
Docking Server 

Webserver BD 
AutoDock Vina runs in the 
background 

(117) 
 

9 Quick Vina Software BD 
AutoDock Vina runs in the 
background  

(118,119) 

10 BSP-SLIM Webserver PS and BD 

Binding sites are mapped based on 
existing holo protein structures. BD is 
then performed based on local shape 
and chemical feature 
complementarities between ligand 
and the binding pockets. 

(120) 

11 GRID Software PS 

Successive probe positions are 
sampled around the protein until an 
energy value has been assigned to 
every GRID point. 

(121) 

12 POCKET Software PS  

Protein surface is covered with probe 
spheres. Pockets are defined based 
on the density of points in contact 
with the protein surface 

(122) 

13 SURFNET Software PS 
Calculates surfaces and void regions 
based on geometric algorithms 

(123) 

14 Sitehound Webserver PS Probes with different chemical (124) 

http://bioserv.rpbs.univ-paris-diderot.fr/services/MTiOpenScreen
http://bioserv.rpbs.univ-paris-diderot.fr/services/MTiOpenScreen
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Nr. Name 
Software or 
Server 

BD or PS Search algorithm Ref. 

properies are placed on protein, and 
probe-protein interaction energy is 
calculated. Based on this calculated 
energy, binding pockets are defined 
as “interaction energy clusters” 
corresponding to putative binding 
sites. 

15 EADock DSS Software PS Genetic evolutionary method (125) 

16 Swiss Dock Webserver PS Genetic evolutionary method (125) 

17 SiteMap Software PS 

Pocket search is similar to the GRID 
algorithm, with modification, 
regarding the hydrophobicity 
definition. 

(126) 

 

1.3.3. BD with Molecular dynamics 

Due to the limitations (i-iv) presented in previous sections, docking calculations using fast methods are in 

many cases insufficient to obtain reliable result (127). The uncertainties in the obtained ligand pose, or in 

the binding energy calculated with the scoring function, arise especially due to the dynamic aspects of the 

target. Neglecting and / or insufficient parametrization of the entropic effects and solvation from the 

scoring function will result in improper ranking of the resulted ligand conformations. All these 

disadvantages of the fast methods can be addressed by MD simulations. MD has an increasing impact on 

drug development (32,68,128), and a series of pioneering studies have reported the use of MD for 

tracking the ligand binding process (64,67,93,129), at atomic resolution (60–62,64,93,130). Dynamic 

blind docking with MD offers the possibility of characterizing the ligand binding pathway at an atomistic 

level, with full target and ligand flexibility. MD calculations also allow the use of explicit water molecules, 

the analysis of their importance in ligand binding (93) while also accounting  for target flexibility (131) by 

overcoming the limitations from approximations ii and iii of the docking methods (see section 1.2.3). MD 

simulations are therefore opening a new avenue for improvement of BD (10,56,77). Accordingly, our 

recent studies also applies up-to- date, extensive molecular dynamic calculations to investigate the real 

time changes of interaction networks of hERα and its ligands at atomic level (46). The ability of MD 

simulations to study such flexible systems, is a significant advantage especially in case of studying 

“cryptic” or allosteric binding sites (132,133)(102). 

If the known bound conformation of the ligand is known, then the reverse process can also be 

investigated (58,134) with MD. This process called in the literature as dynamic undocking (11), and may 

serve in providing important transient interactions that cannot be revealed otherwise (46,135). 
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1.4. Combination of computational methods: MD and docking (Hybrid methods) 

 

During the last decade, methods based on full atomistic molecular dynamics (MD) have been, used in 

sequential combination with docking calculations. Recent review (65) has discussed and cathegorized 

several types of sequential combinations, depending on the order in which the processes take place. 

 

1.4.1. From Docking to MD 

This type of combination has the main purpose to refine the structural position of the ligand (100,105), 

and recalculate the binding interaction (re-scoring) of the docked ligands (47). Using MD simulations after 

docking, it might be proved that the results obtained from docking calculations are unstable, and in some 

cases the ligands that can dissociate from the weak binding sites (46). These dissociations can be 

accounted on the presence of the water (74), or the flexibility of the target (45,131). On the other hand, 

MD can also refine the results from docking, obtaining more stable ligand poses (47,136) with improved 

structural fit, and binding energy profiles (68,137–139). 

 

1.4.2. From MD to Docking 

This type of hybrid approach is also widely used, and has the main purpose to generate an ensemble of 

protein conformations using MD simulations with flexible protein (140). The aim of this type of approach 

is to take into account the protein flexibility and perform docking calculations on several protein 

conformations. This approach has been extensively used in the literature, however, the greatest 

limitation of this method is to objectively select the most appropriate protein conformations from the 

extensive MD trajectory (65). 

 

1.4.3. From MD Pocket search to Docking 

Beside the previously discussed two hybrid methods MD pocket search to Docking, is another hybrid 

approach that was recently addressed. The pocket search performed with MD simulations, followed by 

docking calculations performed on the obtained pocket was also used in several studies (94,141,142). 

These binding hot-spot methods were developed, in order to exploit the above-mentioned advantages of 

MD especially in allosteric proteins, with multiple binding sites (143). 

Irrespective of the blind docking method used, a very important aspect is the simplification of processes, 

in order to increase their applicability, and to be realistically used for drug discovery. Our method herein 

presented, has the potential to be such user-friendly and easy-to-use tool. The present thesis has aimed 

to overcome the above uncertainties of present fast BD and molecular dynamics techniques, by 

combination of their advantages into a new strategy.  
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CHAPTER II 

Objectives 

 

 

 

 

 

 

The main objectives of the presented thesis were the analysis of the limitations of the currently available 

and widely used docking and MD techniques. Moreover, learning from the observed limitations, my aim 

was the development of a fully systematic method which can find the binding sites and modes of ligands 

on protein surfaces, blindly, in a completely unbiased way.  

 

1. Case study 1: Docking and Molecular dynamics on human serum albumin (HSA) 

In order to achieve the final goal, challenging systems were initially studied, that are well known to 

present multiple binding sites. Accordingly, in our initial case study, human serum albumin (HSA) was 

investigated with blind docking and MD, to study binding site of zearalenone and compare our 

observation with the experimentally observed results (see Section 3.1.). 

 

2. Case study 2: Docking and Molecular dynamics on hERα 

In a second case study human estrogen receptor alpha (hERα) was analyzed, with both docking and MD 

calculations. (see Section 3.2.1.). 

 

a. The influence of the coactivator peptide (CA) in the stabilization and/or unbinding mechanism of E2 

and EN, on the hERα was studied (see Section 3.2.2.). 

b. Structural description of the two known-, the classical and alternative binding site (CBS and ABS) on 

hERα was one of our objective (see Section 3.2.3.). 

c. Beside the structural description of the hERα binding sites, MD simulations were performed to reveal 

the dynamic unbinding mechanism of estradiol (E2) and estren (EN) (see Section 3.2.4.). 

d. Unveiling and analyzing the dynamic networking interaction, that lies behind the unbinding mechanism 

of ligands, from ABS binding site, was also one of our fundamental objective, in the study (see Section 

3.2.4.). 
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3. Method development: Wrap 'n' Shake 

The third study describes the development of the fully systematic binding search method, exploiting the 

advantages of blind docking and MD simulations techniques (see section 1.4.1.). This main goal was 

divided into multiple stages as follows in point a-d. 

 

a. The initial stage was to cover (wrap) the target surface with docked ligand copies (see Section 

3.3.1.1.), with the purpose to solve the limitation of the current methods, regarding their inability to 

perform a truly systematic binding site search. 

b. In order to achieve a complete target surface coverage, with ligand monolayer, a few conditions and 

objectives were pre-set, such as: 

• To minimize the ligand–ligand interactions through implementation of a weak repulsion 

between the docked ligand copies and therefore blocking the formation of ligand 

aggregates. 

• To maximize the target-ligand interactions are maximized to ensure that the largest 

possible numbers of new ligand copies are placed on the surface in an actual BD cycle 

(see Section 3.3.1.1.). 

c. Using MD simulations (Shaker stage), filter out the unnecessary, weak binding ligands obtained from 

Wrapper, and retain only the ligand conformations; from the functional bindings sites (see Section 

3.3.1.2.). 

d. Using the MD trajectories, validate the structural conformations of the calculated binding positions, to 

experimentally known binding sites, and binding conformations of specific ligands. (see Section 3.3.3.). 
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CHAPTER III 

Results and discussion 

 

 

 

 

 

 

Several high quality articles (53,136–139) proved that combining docking and MD methods, is a very 

efficient computational approach, in order to find the answer for diverse structural questions. In each of 

my studies concerning the present thesis, blind docking was performed, followed by a subsequent 

molecular dynamics step. The presented case study 1 used MD in order to refine and re-rank the ligand 

conformation obtained with BD. In the second case study, MD trajectories were evaluated in a more 

advanced way, by calculating the residence frequency of the studied ligands, but also by exploring and 

shedding light on ligand binding pathways, and target-ligand interaction networks. In the third study, a 

new method systematic drug binding search method was developed using multiple docking and MD 

protocols.  

 

3.1. Case study 1: Docking and Molecular dynamics on human serum albumin 

(HSA) 

In our study (47) the interaction of zearalenone (ZEN) with human serum albumin (HSA) was investigated 

applying experimental methods such as fluorescence spectroscopy and ultrafiltration together with 

theoretical calculation such as blind docking (BD) and molecular dynamics (MD). In the upcoming 

sections, an emphasis is made on the results obtained with computational calculations (BD and MD). 

 

3.1.1. System presentation  

Interaction of HSA with zearalenone (ZEN) was investigated in our study. Serum albumin is the most 

abundant plasma protein, carrying out multiple roles, such as, maintaining the osmotic pressure and the 

pH in the human circulation. Furthermore, HSA plays important role in the complex formation, and 

transportation of several endogenous and exogenous compounds (144). Thus, HSA commonly plays a 

crucial role in the pharmacokinetics and toxicokinetics of drugs and toxins (145,146). Such toxin is 

zearalenone, occurring principally in cereals, nuts, spices, milk, or drinking water (147,148). ZEN has an 
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effect on estrogen receptors which leads to reproductive disorders in farm animals as well as 

hyperoestrogenic syndromes in humans (144,149). In addition, haematotoxic, hepatotoxic, or genotoxic 

effects were described in previous studies as well (144,150). 

Formation of stable non-covalent complexes of several toxins such as aflatoxin B1, citrinin, and 

ochratoxin A, with HSA were described in previous studies (72,146,151). Despite several toxicokinetic 

studies performed with ZEN (152,153), no information is known regarding ZEN-HSA interaction. 

 

3.1.2. Structural calculations 

From structural point of view, albumin is built up from three domains (I, II, and III), and each domain can 

be divided into two subdomains (A and B). There are two main binding sites on albumin for most of the 

drugs and xenobiotics, Sudlow's Site I (located on subdomain IIA) and Sudlow's Site II (on subdomain IIIA) 

(144). More than that, recent studies highlighted that a third binding site on subdomain IB (Heme binding 

site) is also commonly involved (154). 

To identify the binding site of ZEN on HSA, blind docking simulations (85,95) and post-docking MD 

calculations with explicit water model were performed. As described in section 1.4, combination of 

docking and MD simulations are commonly used in order to refine the post docking structures, but also 

for target-ligand interaction energy re-evaluations (re-ranking). 

Blind docking (BD) performed on the HSA-ZEN complex, resulted in nine representative binding modes of 

ZEN. The top three ranks (A, B and C in Table 4) with the best target-ligand interaction energies (Einter) 

calculated by AutoDock 4.2.3. scoring function (Table 4) were further studied with 100ns long MD 

simulations.  

Subscripts 1–3 of Site A in Table 4 denote results obtained with epsilon-, delta-, and double (both epsilon 

and delta) protonated His464 side-chain. Site A is located between Sudlow's site I and II, Site B is in 

subdomain IA but it is different from the most buried fatty acid site previously described in this 

subdomain, while Site C is the Heme-Fe binding site Figure 4a (144). A relatively small difference could be 

observed between the Einter values at Sites A–C after docking calculations. This indicates that they are all 

equally good candidates for ZEN binding. In order to further distinguish the most favorable and stable 

binding site the docked HSA-ZEN complexes were submitted to post-docking MD simulations with explicit 

water model. Such MD calculations allow refinement of bound ligand positions and also re-ranking of the 

sites as they account for target flexibility and free thermal motion of explicit water molecules (83,84). 

Considering that binding site residue His464 (Site A1–3) can adopt various protonation states, three 

separate MD simulations were performed for Site A with His464 protonated either on Nepsilon, Ndelta or 

both nitrogen atoms see Table 4. 
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Table 4. HSA and ZEN: Results of blind docking and post-docking MD simulations.  

Site1 HSA binding site residues2 Blind docking Molecular dynamics 

Rank Einter (kcal/mol) Rank ELJ
3 

(kcal/mol) 

A1 Lys205, His464, Glu465, Pro468, Thr474, 
Cys477, Thr478, Arg484,Phe206, Glu465 

1 −20.65 5 −17.58 

A2 Cys461, Glu465, Cys477, Thr478 – – 3 −26.28 

A3 Glu465, Thr478, Arg484 – – 2 −27.77 

B Phe49, Thr52, Glu60, Asn61, Lys64, Leu69, 
Asp72, Lys73, Asp63 

2 −20.37 4 −19.94 

C Leu115, Arg117, Tyr138, Ile142, His146, 
Phe149, Leu185, Arg186, Gly189, Lys190, 
Tyr161, Leu182 

3 −17.05 1 −36.76 

NOTES: Reprinted with permission from J Photochem Photobiol B. Declaration is attached at the end of the thesis 
1In case of site A, three protonation states of HSA residue His464, and the corresponding three target structures 

were investigated in the MD simulations of target-ligand complexes. 
2HSA binding site residues within 3.5 Å from the cluster representative ligand structure. Bold: after BD and MD, 

normal: after BD. 
3ELJ was calculated using the formula and parameters described in Section 5.3.1.1. 

 

 

Figure 4. Top binding sites of ZEN on HSA as found by BD and subsequent MD calculations  

Reprinted with permission from J Photochem Photobiol B. Declaration is attached at the end of the thesis 

(A). The HSA target is in grey cartoon, ZEN positions representing the top three Sites A3-C, and a reference position 

of warfarin (adopted from PDB 1h9z, yellow) bound to Sudlow's site I are in spheres.  

(B) A close-up of Site A3 with the representative conformation of ZEN after the MD simulation (thin teal for carbon 

sticks in the middle) and HSA binding site residues in the surrounding (thick grey for carbon sticks). 

https://www.ncbi.nlm.nih.gov/pubmed/28365492
https://www.ncbi.nlm.nih.gov/pubmed/28365492
http://www.rcsb.org/pdb/explore.do?structureId=1h9z
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After the 100 ns simulations, ZEN remained bound to all binding sites (Table 4), indicating that the docked 

positions of ZEN were realistic. However, a re-ranking of ZEN positions from docking calculations was 

observed after MD simulations. Site C (the Heme binding site) got the 1st rank as the most favorable site 

from interaction energy point of view after MD. This result is not surprising as such a large binding site as 

Site C can accept various ligands with multiple/strong binding positions if not occupied by heme. 

Whereas the above occupancy of Site C by ZEN was somewhat expected, stable binding of ZEN to Site A is 

of interest from a functional viewpoint. The binding position that was ranked the 1st after docking, was 

the most mobile in the binding site, among the investigated positions (Figure 4), but did not dissociated, 

form the site between Sudlow's site I and II (Figure 4b). From the MD results, it can be concluded, that 

ZEN most probably binds to the site A, when His464 is in positively charged protonation state (A3 in Table 

4). This result is suggested by the favorable ELJ value, compared to the Nepsilon protonation, or Ndelta. 

After MD simulations, Glu465 remained in contact with the ZEN in all of the tree cases of site A. Thr478 

remained in contact with the ligand only in cases A2 and A3 (best binder cases). At A3 the interaction with 

Arg484 and Glu465 are crucial in stabilizing the ligand by two strong H-bonds. At the same time, the 

docked ZEN was replaced by water molecules at His464 after MD refinements. This is partly due to the 

repulsive effect of the charged, highly hydrophilic His464 and the hydrophobic part of ZEN. Thus, His464 

prefers interactions with water molecules replacing the ligand which is fairly common in such situations 

(84).  

Base on the above presented results, docking calculations were insufficient to draw such conclusions 

regarding the stability of the functional binding sites. MD was necessary to investigate the interacting 

amino acids, and re-evaluate the interacting energy between HSA and ZEN. A recent review (68) also 

concludes that “Improper preparation of the initial structure or insufficient equilibration of the initial 

structure(s) can impact the quality of the MD results” (see Limitations at Section 1.2.3.). Thus, docking 

results can be-, and often are used as starting positions, for a more detailed calculation, with MD 

simulations. 

The HSA-ZEN interaction was investigated with fluorescence spectroscopy, ultrafiltration and molecular 

modeling techniques proved that ZEN forms a stable complex with HSA. Our results suggest that ZEN has 

one high affinity binding site on HSA which is located between Sudlow's Site I and II.  
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3.2. Case study 2: Docking and Molecular dynamics on hERα 

As presented in the Introduction Section 1.4 and in our previous study, at section 3.1, docking and MD 

studies are often sequentially used, in order to exploit the advantages provided by each method. In the 

case study presented in this section (46), we have used both docking and MD techniques, to investigate 

the dynamic changes in binding interaction networks of sex steroids (estradiol and estren) on human 

estrogen receptor alpha (hERα). 

 

3.2.1. System presentation  

Human estrogen receptor (hER) and its non-classical effects 

Non-classical signaling in the intracellular second messenger system plays a pivotal role in the 

cytoprotective effect of estradiol. Estrogen receptor is a common target of sex steroids and important in 

mediating estradiol-induced neuroprotection. Whereas the mechanism of genomic effects of sex steroids 

is fairly understood, their non-classical effects have not been elucidated completely. As presented in the 

Introduction section 1.3.3. molecular dynamics calculations can be successfully applied to uncover such 

dynamic interactions network of estradiol and activator estren.  

Estrogens are responsible for a wide range of biological actions from the regulation of fertility to 

cytoprotection (155,156). Gonadal 17β-estradiol (E2) has a remarkable neuroprotective potential (157). 

Besides slow, classical, genomic effects (158,159)(Figure 5) E2 also exerts rapid, non-classical effects on 

intracellular second messenger molecules (160–163), via estrogen receptors (ERs, Figure 5). 

Importantly, neuroprotection of E2 is attributed to such rapid actions (164–167) and it is binding to 

estrogen receptor alpha (ERα) (168). Previously it was shown that a single dose of E2 as well as Activators 

of Non-Classical Estrogen-Like Signaling (ANCELS) such as estren-3α,17β-diol (EN) (9) induce ERα-

dependent neuroprotection via intracellular signaling pathways in neurodegenerative animal model 

(169,170). The protective effect was also observed after traumatic brain injuries (157) in rodents. Clinical 

studies showed that hormone replacement therapy with estrogen and progestin decreases the incidence 

of neurodegenerative diseases such as Alzheimer’s disease, but it also increases risks of stroke and breast 

cancer. However, structural dynamics of biding events establishing non-classical E2 action on ERs has not 

been fully elucidated. The lack of such details of molecular mechanisms of neuroprotective actions of 

estrogens hinders the exploitation of their therapeutic potential. 
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Figure 5. Effects of sex steroids in the cell (top) and their possible binding scenarios to human estrogen receptor 

alpha (hERα) experimented in our study (bottom).  

Binding site of the co-activator (CA) is marked as AF2. Sex steroids can bind to classical (CBS) and alternative binding 

sites (ABS) as marked on the schematic representation of the ligand binding domain of hERα. In the classical 

pathway, activation of hERα by steroid binding to CBS is necessary for subsequent CA binding to AF2. In the non-

classical pathway, steroid binding to ABS initiates signal transduction via Src, Ras proteins of the mitogen-activated 

protein kinase (MAPK) pathway 

 

Estrogen binding to the classical binding site (CBS) of human estrogen receptor alpha (hERα) is well-

explained by atomic resolution structures of the Protein Databank (PDB) (158,171). The CBS is located 

between helices H3, H4, H6, H8 and H11 (130) (Supplementary Video S1 in (46)) of the ligand-binding 

domain (LBD) of hERα, and it is known to mediate the slow, genomic actions of ligands, such as the native 

agonist E2 and antagonist 4-OH-tamoxifen selectively modulate gene expression (172). 

Besides slow, genomic actions (Figure 5top) ANCELS such as EN (173), substance A and substance B (174) 

exhibit weak transcriptional activity, selectively activating the non-classical E2 signaling as validated by 

functional assays (173,174). Such non-classical actions of E2 on the signaling system have been known for 

more than forty years (175). However, the underlying mechanism has not been understood due to the 
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lack of atomic resolution structures of the complexes of effector ligands and ERs. A previous study (176) 

proposed an alternative binding site (ABS) of E2 and EN on hERα, further discussed by Norman and co-

workers (177), conveying the non-classical actions, analogously to vitamin D receptor (176). The proposed 

ABS is located at the C terminus of H1 and N terminus of H3 helices, with a conserved R residue (R274 in 

vitamin D receptor and R394 in hERα) in the site. E2 binding to ABS (177) does not directly alter gene 

expression, but rapidly activates the mitogen-activated protein kinase/extracellular-signal regulated 

kinase (MAPK/ERK) signaling pathway instead (Figure 5, top) (160,161). 

Previous studies (176,178) identified R394 and E353 as key E2-binding residues of ABS, located at the 

proximity of 3-hydroxyl group of E2, while the other, 17-hydroxyl group is oriented to R335 (176). From 

these results, a conformational ensemble model was constructed (177) to explain the different behavior 

of the nuclear and membrane associated forms of hERα. In this model, a “concurrent occupancy” was 

also proposed, when both ABS and CBS sites are simultaneously occupied by two copies of E2. However, 

the dynamics of simultaneous occupancy has not been investigated yet. 

Besides ABS and CBS, there is a binding site for different transcriptional co-activator proteins. A 

conserved, LXXLL binding motif can be found in the amino acid sequences of these proteins (179). 

Receptors are often co-crystallized with a peptide fragment of the co-activator (CA) protein containing 

the above conserved sequence bound to the activation function site 2 (AF2 site, Figure 5 top part) 

(158,180,181). In these structures, CA bridges between helices H3 and H12 (130,182) via hydrogen 

bonding at residues K362 on the H3 side and E542 on the H12 side. Furthermore, if E2 binds, and hER is 

activated (Figure 5, top), the CA bridge fixes H12 in a position covering the E2-bound CBS (130,177) and 

shielding it from the bulk solvent. Y537 plays an important role in the activation, and it was demonstrated 

that it is very prone to mutations (Y537S) which make the receptor resistant to estrogen antagonist drugs 

(181). H3 residues E353, H356, M357 and W360 are proposed to form the ABS, and therefore, any 

perturbation of the conformation of H3 at these residues by CA can influence the binding of ligands to 

ABS, as well. Despite the importance of the above effects of the CA-bridge on E2 binding, the dynamics of 

the underlying mechanism, and the route of structural communication between the proposed ABS 

(176,177) and CA has not been elucidated at atomic level. 

Although the current cutting edge super-resolution imaging techniques such as single molecule 

fluorescence resonance energy transfer or stimulated emission depletion microscopy are capable to 

produce sequence of images in given time frame they have limited temporal (5 μs) and spatial (1 nm) 

(183,184) resolution. Due to the limitations of current structure determination techniques (7,8) 

investigation of the above questions is fairly challenging and “new techniques may be required to study 

the formation of such transient, though potentially biologically meaningful complexes” of sex steroids 

with hERα (9). At present, molecular dynamics (MD) calculation is the only approach available for 

investigation of such real time binding events in a receptor-ligand system at atomic resolution. 
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Accordingly, extensive MD calculations are necessary to investigate the real time changes of interaction 

networks of hERα and its ligands at atomic level. The structural dynamics of steroid binding needs to be 

investigated at both ABS and CBS, taking into account the role of the CA, as well. For this, combining blind 

docking of E2 and EN to hERα followed by a subsequent MD of the docked complexes is necessary, in 

order to the natural dissociation route of the sexual steroids from hERα.  

 

3.2.2. Investigate the influence of the CA on structural dynamics of hERα  

The structural dynamics of hERα (Figure 6ab), after CA binding, was studied. Both the CA bound (CA+) and 

free (CA−) structures of the steroid-free LBD were investigated (Figure 6c), in order to compare the 

structural modification of hERα in each case. 

 

 

Figure 6. Target (hERα) and ligand (estradiol and estren) molecules investigated in the present study.  
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(a) The three-dimensional structure and the corresponding amino acid sequence (b) of ligand binding domain of 

human estrogen receptor alpha (hERα). Important helices H12, H3, loop L1, and β-turn T1 are highlighted in red. (c) 

Structural flexibility of hERα calculated as root mean squared fluctuations of all amino acid residues during the 1µs 

molecular dynamics simulations in co-activator bound (CA+) and unbound (CA−) forms of the steroid-free hERα. (d) 

Sex steroids 17β-estradiol, and an activator of non-classical estrogen-like signaling, estren. 

 

In our study, the p160-type CA (185,186) was analyzed, which is known to have crucial role in gene 

transcription. The C-terminus of the LBD was completed with a region called F domain extending the 

crystallographic structure using a modeling procedure described in Methods Section 5.1.2. In both (CA+ 

and CA-) cases, 1μs-long molecular dynamics (MD) calculations were performed to study the structural 

evolution of the LBD. Evaluations of the resulted trajectories showed (Figure 6c) high root mean squared 

fluctuations (RMSF) of amino acid heavy atoms over the entire 1-μs domain at loops L1, L2, and in the F 

domain. Since loops are naturally flexible regions, and the F domain is a disordered region such 

fluctuations were expected. The flexibility of L1 can be explained mostly by its high exposition to the bulk. 

This loop is of high structural importance, as it has an indirect contact with the CBS through S329, and is 

also closely connected to helix H3, which is covering both the ABS and CBS. 

 

Figure 7. Detailed conformational changes at helices H3 and H12 of the human estrogen receptor alpha (hERα). 

1 μs-long steroid-free molecular dynamics (MD) simulations were performed on co-activator bound (CA+, a) and 

unbound (CA−, b) hERα structures. The upper part shows conformation of important residues before (red) and afer 
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(grey) the MD simulations. CA is presented with cyan cartoon and sticks. A salt bridge, a H-bond (red dotted lines), 

and hydrophobic interactions (grey dotted lines) can be observed between CA and the helices (H12, H3) of hERα. In 

the bottom part, actual distances of M357, H356 and I358 from their initial positions are plotted during the MD 

simulation. Arrows on the upper parts have the same color codes as line charts on the bottom parts of (a and b). 

 

Having MD results on both CA+ and CA− LBD structures, the influence of CA binding on the LBD was 

structurally analyzed paying special attention to the CA-connected helices H12, H3 and regions around 

the binding sites. Both termini of CA are connected to the LBD by salt bridges to E542 of H12, and by an 

H-bond to K362 of H3. In addition, CA forms hydrophobic contacts with I358 and M357 of H3 and L539 of 

H12 (Figure 7a). The hydrophobic contacts with H3 are of particular interest, as I358 is in the vicinity of 

M357, which is part of the ABS. Thus, comparison of their movement in CA+/CA− simulations may help to 

elucidate the mechanism of influence of CA on the process of ligand binding or dissociation to or from 

ABS. Accordingly, the movements of amino acids H356, M357, and I358 were quantified by calculating 

the distances between actual and initial positions of their side-chains (Figure 7 bottom parts) along the 

MD simulations. 

In order to maintain the hydrophobic interactions between the hERα, and CA (Figure 7, top), I358 situated 

on H3 fluctuates between a distance of 2–3 Å measured from its initial position (Figure 7bottom). The 

fluctuation (Figure 7 bottom) is higher in the first part (0–400 ns) than in the second part of the 

simulation (400–1000 ns). The resulted 3 Å shift of I358 from its initial position causes the flipping of 

M357 into the ABS after 400 ns , which further initiate the shift of H356 (Figure 7a, bottom). In the CA− 

scenario (Figure 7b top and bottom), it can be observed, that I358 highly fluctuates during the entire 

simulation. However, the above-mentioned shift of M357 into the ABS was not observed in the CA− 

scenario. Thus, the presence of CA can be perceived as a restricting factor, especially on M357. In 

contrast to M357, the orientation of H356 was not dependent on the presence or absence of CA at the 

end of the simulations. This can be explained by the contact between H356 (H3) and L327 (L1) through 

which L327 (L1) transfers its high mobility (Figure 6c), to H356 (H3), then M357 (H3). It was also found 

that in both CA+ and CA− simulations, H356 was oriented inside the ABS binding site by the end of 1µs 

simulation, but this switch occurs faster in the CA+ simulations (400 ns), than in CA− simulations (800 ns, 

Figure 7 bottom parts) due to the movement of M357. 

In the nucleus, sex steroids (186) bind to the CBS activating hERα which results in the occupancy of AF2 

binding site (187) by CA (Figure 5 top part). Such activation does not occur if hERα resides in the 

membrane and the AF2 site is left unoccupied. The membrane bound form of the estrogen receptor is 

involved (188,189) in non-classical effects such as antiapoptotis (9), cytoprotection, and neuroprotection 

(164). Kousteni and colleagues have also reported rapid, non-classical effect of E2 (9), require the extra-

nuclear localization of the hERalpha, which was confirmed by confocal laser scanning microscopy studies 

(190). The above-mentioned antiapoptotis is resulted by targeting (191) an ABS outside the CBS of hERα. 
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Fluorescence experimental studies (192) also indicated the presence of ABS. Thus, ABS is believed be 

linked to non-classical effects attributed to the membrane-bound form of hERα. 

Our results supports the idea, that ABS is available for ligand binding if AF2 is not occupied, otherwise it is 

dynamically blocked by both M357 and H356 side-chains. Thus, receptor dynamics at these two amino 

acids is responsible for the availability of ABS in membrane surrounding for certain ligands. In agreement 

with the herein presented results, experimental studies showed (9) that E2, EN and other sex steroids are 

capable to produce non-classical effects (173), occupying the ABS (178). For this, sex steroids require 

extranuclear, membrane-bound localization of the estrogen receptor (173), where the AF2 binding site is 

not occupied by CA. 

 

3.2.3. Structural characterization of sexual steroid binding sites of hERα 

Following structural dynamics investigations on the steroid-free receptor, a complete exploration of 

binding sites of sex steroids was performed on the entire surface of the apo LBD. Blind docking 

(85,95,109) was used for the search as this method does not require previous knowledge of the location 

of the binding sites (see Introduction Section 1.3).  

 

 
Figure 8. Results of blind docking calculations of steroids E2 (left) and EN (right) to hERα. 
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At the top, cluster represented steroid conformations (spheres) and the corresponding rank numbers are shown. A 

small rank number corresponds to energetically favorable binding mode of the steroid. The receptor is shown as 

grey cartoon. At the bottom, a close-up of binding conformation of steroid E2 (magenta) and EN (green sticks) is 

shown in the ABS (Rank 2 in both cases). Neighboring hERα residues are shown as sticks with grey carbon atoms. 

 

A representative structure of LBD was produced by MD simulation with subsequent clustering (Methods 

Section 5.2.2) and used as a target in the blind docking calculations (Figure 8). 

 

 

Figure 9. Conformation of E2 obtained with blind docking compared to the reference structure.  

The reference estradiol structure (red sticks), was obtained from X-ray structure (1gwr), while the calculated 

structure (magenta sticks) from BD. 

  

The correctness of the target structure was validated by performing blind docking of E2 (Figure 8, 

magenta). The docking result was compared with the crystallographic ligand conformation in the CBS 

(Figure 9). One-hundred blind docking trials were performed with random initial positions of E2 around 

the target. The results were evaluated as described in previous works (85,95). Briefly, the docked steroid 

copies were clustered and ranked by energy, resulting in a list of explored binding sites and ligand poses 

with the strongest steroid-site interaction in the first rank. Besides E2, blind docking of EN (Figure 8, teal) 

was also performed on the LBD. From the blind docking calculations 11 ranks were identified for E2 and 6 

for EN (Figure 6 and Table 5). Ligand conformations were ordered by their Autodock 4.2.3 scoring values 

(ΔGscoring in Table 5)  

The CBS was found in the first rank of blind docking by both steroids. Reproduction of the binding mode 

of E2 in the CBS was successful as a root mean squared deviation (RMSD) of 2.1 Å (Figure 9) was 

measured between the heavy atoms of the blind docked (magenta) and crystallographic reference (red) 

steroid conformations. Such a good fit of the docked E2 to the experimental conformation shows that the 

target LBD structure is valid and blind docking predictions provide accurate results at atomic resolution.  
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Table 5. Ranks obtained from blind docking of E2 and EN to hERα. 

#Rank 
ΔGscoring(kcal/mol) 

E2 EN 

1 -8.16 -8.75 

2 -7.56 -8.1 

3 -6.69 -6.56 

4 -6.54 -6.56 

5 -6.18 -6.07 

6 -6.15 -5.66 

7 -5.96 - 

8 -5.67 - 

9 -5.64 - 

10 -5.01 - 

11 -4.88 - 

 

 

 
Figure 10.  Binding conformations of E2 (a, magenta) and EN (b, teal) in CBS are presented. 

The main interacting amino acids are in sticks with grey carbon atoms. In contrast with ABS (Figure 8), the two 

molecules (E2 and EN) bind to CBS in a similar orientation.  
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Figure 11. Docked conformations of E2, and the amino acids separating (grey sticks) the ABS (magenta) from CBS 

(teal) 

 

Analysis of docked molecules in CBS revealed that binding modes of E2 and EN are very similar to each-

other (Figure 8). Both steroids occupy the same orientation with H-bonds formed between 3-hydroxyl of 

E2 and EN and hERα residues (F404, E353, and R394). Topologically, CBS is separated from the bulk by 

loop L1, ß-turn T1, H3 and H12. At the same time, structural differences between the steroids influence 

their hydophobic interactions with the amino acids in the surroundings (Figure 8). For example, aromatic 

ring A of E2 (Figure 6d) forms a perpendicular π-stacking with F404 situated on T1. The lack of aromatic 

ring in EN results its increased flexibility and weak hydrophobic interactions with F404, if compared to the 

π-stacking, observed at E2. This could also be part of the reason, why E2 is considered primarily as a CBS-

binding ligand (177,185) and is selective for the classical pathway (9). 

 

Table 6. Interaction energies of sexual steroids with hERα (kcal/mol). 

Ligands 
Present study Mizwicki and coworkers (176) 

ABS CBS ABS CBS 

EN -37 -33 -66 -61 

E2 -32 -35 -61 -66 

NOTE: interaction energy in the present study was calculated using method described in Section 5.3.1.1. 

 

The ABS and CBS are about 10 – 15 Å distance from each other, and are separated by the R394-E353 ion 

pair. The ABS was found in the second rank after blind docking of both E2 and EN in a region proposed by 

previous studies (177,178). ABS is located between H8 and H3 in the vicinity of the CBS (Supplementary 

Video S1 in (46) ). Exposition of ABS towards the bulk is higher than that of CBS as it is covered only by the 

highly flexible L1 (Figure 6a). Similarly to the “ensemble model” of previous studies (177,178), the BD 

calculations showed that R394 and E353 separate the two sites (Figure 11). Furthermore, EN is bound to 

https://www.nature.com/articles/s41598-017-14840-9#MOESM2
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the ABS, with its 3-hydroxyl group oriented towards R394, which is also in agreement with previous 

studies (176,177). Lipophilic residues (P324, L327, M357, W360, I386, P406), dominate this site, K449 is 

the only amino acid with polar side chain. Comparing the binding modes of the two analyzed steroids (E2 

and EN) to the ABS, a head-tail swap can be observed between them (Figure 8, bottom). Accordingly, a 

hydrogen bond is formed with the backbone amide of L327 with different groups of the steroids (17-

hydroxyl of E2, and 3-hydroxyl of EN). In addition, 17-hydroxyl of EN forms another hydrogen bond with 

K449. This bond was not observed in the complex with E2. The H-bond with the backbone amide of L327 

is common for the two ligands. As L327 is on loop L1 it is exposed to the bulk, mobile and susceptible to 

the thermal motion of the surrounding water. At the same time, the second H-bond specific for EN is 

formed with H8, buried in the pocket, inaccessible from the bulk stabilizing the interaction of EN with the 

LBD at the ABS. Concerning the location of ABS and CBS the results are in good agreement with previous 

studies (176–178). A previous comparison of the binding interaction energies of E2 and EN produced by 

manual docking (176), showed that binding of EN is stronger to the ABS than that of E2 (Table 6). For the 

CBS, an opposite trend was observed (Table 6). 

Other docking (176,178) studies also confirmed E2 selectivity towards CBS. Experimental binding studies 

demonstrated (173,193) that E2 has a higher affinity towards ERα than EN. In vitro experiments (173,193) 

showed that E2 plays a role in classical effects associated with its CBS (191,192) binding. At the same 

time, despite the moderate binding affinity of EN (174) in vivo studies (173) also confirmed that it has a 

selectivity towards the non-classical pathway, lacking an effect on the reproductive organs which was 

confirmed by histological analysis of the uterus, and did not stimulate transcription of the C3 gene in the 

uterus (173). In our study, interaction energies were calculated using the docked and energy-minimized 

ligand structures. The differences in the energy values show good agreement with those obtained in 

previous docking (Table 6) and the affinity/selectivity preferences demonstrated by the above-mentioned 

in vitro and in vivo experimental studies. 

Table 6 shows that EN binds 4 kcal/mol stronger to ABS than to CBS. At the same time, the binding of EN 

to ABS is 5 kcal/mol stronger than that of E2. This is in agreement with the above structural findings, and 

also with previous results (176), showing that EN has a larger affinity to ABS than CBS. These results 

suggest different binding modes at ABS and CBS which is consistent with the structural observations 

described above (Figure 8). 

All-in-all, for the top two ranks blind docking gave consensus results identifying the binding sites of both 

steroids as the CBS and the ABS, respectively. Both steroids bind to both sites with significant interaction 

energies, with E2 a classical effector on CBS, and EN preferring ABS as a non-classical effector (177). In 

Rank 3 and beyond, steroids found different sites without a consensus result. Notably, binding of E2 to 

CBS had been precisely described (59,158) and the position of ABS was proposed in previous studies 

(176,178). However, steroid binding to ABS has not been fully characterized. Here, atomic resolution 
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structures of the complexed sites with both investigated ligands bound to ABS were provided (Figure 8), 

highlighting crucial amino acids. Moreover, binding mode of EN to CBS was also analyzed (Figure 10). 

Atomic resolution complex structures from the above blind docking calculations were piped in the further 

investigations, performed with molecular dynamics. 

 

3.2.4. Interaction networks in the steroid-bound receptor 

3.2.4.1. Interaction dynamics 

To affect the transcriptional activity in the classical, genomic pathway, a “long-lived” (9) steroid-CBS 

contact is needed in order to produce the specific conformational changes of hERα. At the same time, 

steroid ligands form “transient complexes” with the ABS, via a brief association to hERα in the non-

classical pathway. However, investigation of such rapid effects of the non-classical pathway requires new 

approaches and techniques (9). 

In studying such transient complexes, molecular dynamics calculations of the steroid-bound hERα 

surrounded by several thousand (explicit) water molecules were applied. To investigate the interaction 

dynamics, docked steroid-bound receptor structures were adopted from Section 3.2.2 as starting points. 

Besides singly occupied binding sites, additional complex structures were constructed (Figure 5 bottom 

and Methods section 5.2.4.2) with both ABS and CBS simultaneously occupied for both EN and E2. All 

versions were produced both in the presence and absence of CA which yielded altogether twelve 

different complexes for the two sexual steroids (Figure 5, bottom). For all complex structures, five parallel 

100-ns-long MD calculations were performed to follow their trajectories. Thermal dissociation of the 

steroid ligands was expected by acquiring kinetic energy from its water and protein surrounding. The 

calculations were repeated five times using different initial velocity distributions resulting in a total of 6 

µs MD calculation. Applying more than one starting initial velocity distribution for a starting structure is 

important to obtain statistically relevant, unbiased conclusions (see Introduction Section 1.2.2.2). In other 

words, five, independent trials were performed resulting in five, independent trajectories of the steroids 

in all twelve complexes. 
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Figure 12. Dissociation of the steroids from the ABS. 

(a) Snapshots of the 100-ns-long molecular dynamics (MD) simulation of EN dissociation from the ABS. The 

simulation started from a CA+/CBS+/ABS+ starting complex. Disruption of H-bonds with K449, and L327 can be 

observed at 25 and 30 ns, respectively. Migrations of steroids EN (b) and E2 (c) out of ABS are represented as actual 

distances of their center of mass (dCOM) measured from their bound, starting position inside ABS. Evaluations of 

simulations both with (CA+) and without (CA−) the co-activator are shown. In the case of EN (b), an abrupt increase 

of dCOM can be observed, at 30 ns (CA+) and at 70 ns (CA−). Thus, the presence of CA promotes the dissociation of EN 

from ABS. Dissociation of E2 shows a different picture (c), as its dCOM increases in a stepwise manner, without fast 

jumps in the starting period of the simulation. This is due to the lack of strong, directed interactions between E2 and 

ABS. 

 

From the dissociation trajectories (Figure 12a, Supplementary Video S2 in (46)), residence frequency (RF) 

values were calculated to quantify kinetic stability of the complexes in each trial of Figure 5, bottom. In 

drug discovery, assessment of kinetic stability described by the residence of a ligand in the binding site is 

crucial factor similarly to thermodynamic stability (68,194). To calculate RF, the movement of the ligand 

was described by the distance between the centre of mass (dCOM) of its actual and starting positions at 

each time frame during the simulation time resulting in a COM-plot. The RF value of a binding site was 

directly obtained (Equation 7, Methods Section 5.3.2.3) from the COM-plots (Figure 12bc) using a 

dLIM = 5 Å for dissociation limit. 

Numbers marked with bold in Table 30-Table 33 represent the simulations with RF values closest to the 

average RF. These marked simulations were selected as reference, and used to present structural 

observations the upcoming sections. Per-trial COM and RMSD-based evaluations are presented in Table 

30-Table 33. Results of the merged trajectories of a total of 500 ns simulation time per trial are listed in 
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Table 7 and Table 8. 

 

Table 7. Extracted residence frequencies of the steroids in CBS (ns−1). 

CA + - 
Mean (SD) 

ABS + - + - 

EN 9.3 9.1 10.0 8.4 9.2 (0.7) 

E2 10.0 10.0 10.0 10.0 10.0 (0) 

Mean (SD) 9.7 (0.5) 9.6 (0.6) 10.0 (0) 9.2 (1.1)  

 
Table 8. Extracted residence frequencies of the steroids in ABS (ns−1). 

CA + - 
Mean (SD) 

CBS + - + - 

EN 2.6 8.0 7.2 6.5 9.2 (0.7) 

E2 1.8 2.9 5.1 2.3 10.0 (0) 

Mean (SD) 2.2 (0.6) 5.5 (3.6) 6.2 (1.5) 4.4 (3.0)  

 
Table 9. Simulation times corresponding to dCOM≥ 5 Å and dCOM ≥ 10 Å values  

dCOM 

Time (ns) 

 
EN E2 

CA+ CA- CA+ CA- 

5 t2 27.2 70.3 4.1 6.2 

10 t3 40.0 89.9 96.7 - 

 
Table 10. Velocity (Å/ns) values of EN and E2, during CA-/ABS+/CBS+ and CA+/ABS+/CBS+ simulations 

Velocity (Å/ns) 

v Time interval 

EN E2 

CA+ CA- CA+ CA- 

v1 t2-t1 0.18 0.07 1.22 0.81 

v2 t3-t2 0.39 0.26 0.10 - 

v3 t3-t1 0.25 0.11 0.05 - 

 

In the present study, the theoretical upper limit of RF was 10.0 ns−1, which corresponds to the highest 

kinetic stability. The mean CBS RF values of E2 and EN (last column in Table 7, average of first four 

columns), are 10.0 ns−1 and 9.0 ns−1, respectively. Experimental results are in agreement with our 

calculations (Table 7) affirming that E2 has a stronger affinity to CBS than EN (173,176). Results in Table 6 

are also in line with a key review by Norman and co-workers (177) presuming that steroids such as EN and 

E2 could have different “fractional occupancies” in the ABS and CBS pockets. Whereas both ligands show 

good binding stability at the CBS, a drop in RF values can be observed at ABS (Table 8) if compared with 

those at CBS (Table 7). In the case of ABS, the mean RF of EN is markedly higher than that of E2. 

For structural interpretation of the results in Table 7 and Table 8, representative individual trajectories 

were selected with RFs closest to that of the merged trajectory (bold in Table 30 – Table 33). As it was 

described in Section 3.2.2, EN has H-bonds with both hydroxyl groups, and is stabilized in the ABS at its 

both ends (Supplementary Video S2 in (46) and (Figure 12a). The two H-bonds are formed at the entrance 

with L327 of loop L1, and K449 of H8 helix, at the bottom of the pocket. Loop L1 is highly exposed to the 

bulk having a susceptibility to the thermal motion of the hydrating water molecules and it tends to pull 
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out EN from the binding site. At the same time, forming an H-bond with K449, H8 acts as a counter 

balance and keeps EN in ABS. If the H-bond with K449 is broken, EN will be easily pulled out towards the 

bulk by the loop. After the breakage of the H-bond between EN and K449, a series of conformational 

changes are initiated by L327. Firstly, as L327 interacts with the side chain of H356 through hydrophobic 

interactions and H356 starts to move towards the ABS binding site, as fluctuation of L1 intensifies. 

Secondly, a conformational change is induced on M357 by H356. Here, the side chain of M357 flips into 

the ABS binding site, similarly to the apo simulations (see Section 3.2.1). As M357 flips inside de binding 

site, sterically perturbs EN leading to its expulsion from the site. The above conformational changes were 

not observed in case of E2, and therefore, no role can be attributed to M357 in its dissociation. As the H-

bond with K449 is missing in case of E2, the above described counter balancing effect does not take place. 

Hence, E2 is pulled out more easily than EN from ABS by the thermal motion of the loop. 

 

 

Figure 13. Correlation of movements of residues M357, H356, L327 with dissociation of EN.  

The movements of the residues are expressed as the distances of SD (M357), CE1 (H356) and CG (L327) atoms from 

their initial positions. Dissociation of EN is measured by dCOM, the distance of the center of mass of the ligand, 

measured from its initial position. The importance of M357, H356, L327 in the dissociation of EN is indicated by the 

above obtained correlations. Correlation plots contain points until dissociation (dCOM < dLIM). The structural 

representations on the right correspond to dCOM = dLIM. For simplicity, the points represent average distances 

calculated as described in Methods Section 5.3.2.4. 
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The above analyses of the simulation trajectories highlighted that the conformational changes of hERα 

(Supplementary Video S2 and S3 in (46)) have crucial role in the dissociation process of EN. In order to 

quantify the relationship between conformational changes of the receptor and dissociation of EN, dCOM 

was correlated with the movement of three residues (L327, H356, and M357) in the dCOM < 5 dLIM interval. 

Correlation results are shown for the CA+/CBS+/ABS+ (Figure 13) case with representative residue 

movements. The obtained correlations show that all three proposed residues are important in inducing 

EN dissociation. Due to their characteristic interaction networks there is a considerable difference in the 

dynamics of the three side-chains (Figure 13). While M357 enters the ABS, which results in pushing EN 

out of its binding pose, L327 exerts a pulling effect on EN from the other side. H356 continuously 

fluctuates rotating inside the ABS. 

In this Section, dissociation mechanisms of sexual steroids from ABS and CBS were uncovered by 

extensive molecular dynamics calculations. Differences in binding affinities (173,176) (Table 5) and kinetic 

stability (Table 7 and Table 8) of steroid-hERα complexes was correlated with the differences in the 

dynamics of the corresponding interaction networks. 

 

3.2.4.2. Effects of co-binders 

The steroid-free MD simulations uncovered an interference between ABS and AF2. It was found that the 

ABS is available for ligand binding only if AF2 is not occupied by CA (Section 3.2.1.). The results of Table 8 

also show that occupancy of ABS is influenced by the presence of other ligands co-bound to hERα. 

Binding of CA to site AF2 or an additional steroid molecule to CBS has considerable effect on steroid 

binding to ABS (Table 8). In order to investigate the structural background of these effects, we examine 

how CA affects the binding dynamics of E2 and EN to hERα. 

In the CA− scenario, remarkably high stability of E2 and EN binding to ABS was found especially if an 

additional E2 or EN copy was present in the CBS (CBS+, third column in Table 7). This situation is of 

particular importance as non-classical effects happen in the absence of CA (Section 3.2.1). Various 

experimental studies have suggested that fast, non-classical activity of streoids is exerted by their binding 

to the ABS (9,191). It is also known that binding to ABS is not probable in the presence of CA 

(181,185,191). Consequently, the presence of CA (CA+) would hinder steroid binding to ABS and facilitate 

dissociation. Our MD approach allowed the investigation of such a non-natural CA+ situation and the 

analysis of the reasons of the hindering effect of CA binding to AF2, as well. This finding is consistent with 

the effect of CA over the ABS binding site (Section 3.2.1) where the effect of CA bridge connecting helices 

H3 and H12 was demonstrated. As both helices are very close to the binding sites, they interfere with the 

CA bridge and ligand binding. CA binds to the LBD via ionic and hydrophobic interactions with H3 at M357 

and I359, which are part of the ABS. It was also demonstrated (Section 3.2.1) that M357 tends to occupy 

ABS in presence of CA. The same mechanism was observed also in the ABS+ simulations, but only in case 
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of EN, which indicates a dependency on the ligand type (see also Section 3.2.3.1, Figure 12). If CA is 

present, M357 tends to move towards the center of the ABS, and I359 assists this process providing a 

steric restraint and keeping a hydrophobic contact with L693 of CA. On the other hand, if CA is missing 

from the above interaction networks, its influence on I359 and M357 is not there. Thus, I359 can move 

freely, and therefore, M357 can maintain its orientation towards the bulk, and it does not influence the 

stability of EN binding. All-in-all, CA changes the dynamic interaction network of the ABS leading to kinetic 

stability differences presented as RFs in Table 8. Although H356 has no direct contact with CA it also plays 

an important role in the dissociation mechanism as it is in the vicinity of M357, and also occupies the ABS 

promoting the dissociation of EN (Figure 12a and Supplementary Video S2 in (46)). 

 

 

Figure 14. Dynamics of the flickering gate. 

(a) The three-dimensional structure of the flickering gate is composed by T1, L1, and H3 structural elements. It’s 

closed (blue) and opened (red) states show considerable differences at T1 and L1 conformations. EN is represented 

with blue (ABS-bound) and red (unbound) sticks.  

(b) The absence of EN (sticks with green cartoon) from the CBS (grey cloud) results in the breakage of N407 and 

S329 in the opened state, releasing L1. (c) Consequently, L1 will not maintain its conformation necessary for the 

interactions with EN, which will readily leave ABS. (b,c) All atom coloring is used for sticks of EN and target residues 

(grey carbon). Red dotted lines highlight H-bonds, and hydrophobic interactions. Interactions present in the closed 

state, and absent in the opened state, are marked with red cross. 

 

The above structural effects are also reflected by the velocity of EN during the dissociation process from 
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ABS as calculated from the COM-plot (Figure 12bc). The overall dissociation velocity of EN increased from 

0.11 to 0.25 Å/ns Table 9 and Table 10 in the CA+ case, due to the described destabilizing effect of CA 

binding to hERα. The dissociation process of EN can be divided into an initial (dCOM ≤ dLIM) and a terminal 

(dLIM < dCOM ≤ 10 Å) phase. Velocity of EN in the terminal phase is larger than it was in the initial phase, 

which is specific to EN. EN has higher v2 values than E2 suggesting that final dissociation of E2 from ABS 

occurs slower than in case of EN. The characteristic, abrupt movement of EN in the terminal phase can be 

explained by the sudden of breakage of the second stabilizing H-bond, the one with K449. 

The effect of the presence of an additional steroid molecule in the CBS (CBS+) is coupled to that of the 

absence of CA and this CA−/CBS+ case shows the highest stability of the ABS-bound ligands (Table 8). To 

understand the effect of occupancy of the CBS simulations on EN were analyzed for both CBS+ and CBS− 

cases Table 31. Three structural elements T1, L1 and H3 were of particular interest, in analyzing the 

stabilizing effect of CBS over the ABS. These elements can be considered as parts of “flickering gate” 

(Figure 14a and Supplementary Video S3 in (46)) as proposed by a previous study (176). T1 plays the role 

of the flickering wing, whereas L1 and H3 constitute the stable frame of the gate. Our calculations show 

that the gate is closed when CBS is occupied (Supplementary Video S3, blue conformation in (46)), and 

opened when CBS is unoccupied (Supplementary Video, red conformation, in (46)). When EN binds to the 

CBS it is able to keep the “flickering gate” in a closed state, as it interacts with T1 (flickering wing) via a 

hydrophobic interaction with F404 (Figure 14b). Thus, in the closed state, stabilization of T1, by EN in the 

CBS, will further maintain an H-bond between T1 (N407) and L1 (S329). Stabilized by this H-bonding 

between T1 and L1 (Figure 14b), L1 becomes less flexible, and its rigidity will further increase RF of EN in 

the ABS (Figure 14c). This happens as L1 binds to EN in ABS via L327 (Figure 14). See also Section 3.2.3.1., 

showing that the movement of L327 correlates with ligand dissociation (Figure 13). We found that the 

flickering gate adopts an opened state if CBS is not occupied (Figure 14b). This is a consequence of the 

lack of hydrophobic interaction between T1 (F404) and the CBS-bound EN. The H-bonding between L1 

(S329) and T1 (N407) becomes disrupted, and therefore, flexibility of L1 increases. As discussed above, a 

flexible L1 promotes dissociation of EN from ABS and lowers the corresponding RF (Figure 11). 

The above dynamic interaction network, especially between CBS, T1, L1, and ABS describe the working 

mechanism of the “flickering gate” (176). Besides providing a detailed description of the opened and 

closed state of the gate, we were also able to detect two dissociation pathways of EN during exiting ABS. 

The first dissociation pathway towards F404 and P406 of T1 is shown in Supplementary Video S3 in (46), 

and the second pathway towards P323 of L1 can be followed in Supplementary Video S2 in (46) Both 

dissociation pathways require the opened state of the “flickering gate” (176). In addition to the kinetic 

stability data of Table 7 and Table 8, MD allowed the above in-depth analyses of changes of interaction 

networks at the ABS. The present approach provides a structural background of stability differences 

pointing to key residues of hERα affecting non-classical steroid action. 
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3.3. Method development: Wrap 'n' Shake  

Previous sections (3.1 (47) and 3.2 (46)) and examples from literature (53,137–139) proved the usefulness 

in combining the two MM methods, the docking and MD. In order to address the issues of docking 

calculations (See section 1.2.3.), and the unsystematic nature of MD calculations, we have developed a 

new method, aiming to solve the aforementioned limitations (45)). 

 

Table 11. Test systems used for Wrap 'n' Shake 

System # PDB ID1 Res2 Target 
name3 PDB ID3 Res4 AA5 RMS6 Ligand Name 

Ligand B - 
factor range MW7 

1 3ptb 1.70 
bovine β-
trypsin 

1s0q 1.02 223 0.162 Benzamidine 10.6-19.9 120 

2a 3n3l 2.74 

farnesyl 
pyrophosp
hate 
synthase 

1f7m 2.3 350 0.267 

(6-methoxy-1-
benzofuran-3-yl) 
acetic acid (MS0 
site 1) 

54.2-95.0 206 

2b 3n3l 2.74 

farnesyl 
pyrophosp
hate 
synthase 

1f7m 2.3 350 0.267 

(6-methoxy-1-
benzofuran-3-yl) 
acetic acid (MS0 
site 2) 

91.6-108.3 206 

3a 3hvc 2.10 

mitogen-
activated 
protein 
kinase 

1wfc 2.3 366 0.652 

4-[3-(4-
fluorophenyl)-
1h-pyrazol-4-
yl]pyridine (GG5) 

23.5-30.7 239 

3b 4f9w 2.00 

mitogen- 
activated 
protein 
kinase 

1wfc 2.3 366 0.754 

4-[3-(4-
fluorophenyl)-
1h-pyrazol-4-
yl]pyridine (GG5) 

48.5-85.9 239 

4 3cpa 2.00 
carboxy-
peptidase 

1m4l 1.25 307 0.161 GY 10.00 256 

58 1qcf 2.00 
tyrosine-
protein 
kinase Src 

1y57 1.91 452 1.027 

1-ter-butyl-3-p-
tolyl-1h-
pyrazolo[3,4-
d]pyrimidin- 4-
ylamine (PP1) 

15.0-27.6 281 

6 1h61 1.40 

pentaeryt
hritol 
tetranitrat
e 
reductase 

1h63 1.62 364 0.107 Prednisone 9.8-21.0 358 

7 2bal 2.10 

mitogen-
activated 
protein 
kinase 

1wfc 2.3 366 0.602 

[5-amino-1-(4- 
Fluorophenyl)-
1H-Pyrazol-4- yl] 
[3-(piperidin-4-
yloxy) 
phenyl]methano
ne (PQA) 

20.7 -37.8 380 

8 1hvy 1.90 
thymidylat
e synthase 

    Ralitrexed 15.2-36.8 459 

98 3g5d 2.20 
tyrosine-
protein 
kinase Src 

1y57 1.91 452 0.277 Dasatinib 25.7-48.2 488 

10 1be9 1.82 
PDZ-
domain 

1bfe 2.3 119 0.401 KQTSV 9.8-35.6 544 

Notes 1Holo system PDB ID; 2Holo structure resolution; 3Apo target and PDB ID; 4Apo structure resolution; 5Number 

of amino acid residues in the target 6RMSD calculated between Cα atoms of the holo and apo structures with pymol 

structure alignment; 7Molecular weight; 8Only cSRC domain was used (259-533 residues).  

 

A diverse set of ten target-ligand systems were selected as test cases of WnS (Table 11). Preparation of 
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the systems, was performed as detailed in Methods Section 5.1.2. Challenging systems with multiple 

(prerequisite or allosteric) binding sites were included (Table 11). Our selection contains both small 

ligands and bulky, flexible ones. Apo protein structures were used as targets except System 8. In the case 

of System 5 another protein tyrosine-protein kinase was used as apo structure similar to a previous study 

(67). 

 

3.3.1. Algorithm 

Wrap 'n' Shake (WnS) is a new method composed of consecutive algorithms, the Wrapper and the Shaker 

(Figure 15, and Supporting Movie 1, in (45)) offering a systematic search for multiple binding sites and 

modes. WnS works in synergy with popular open source program packages AutoDock 4.2.3(34) and 

Gromacs 5.0.2 (195). 

 

 

 

Figure 15 Wrap ‘n’ Shake flowchart featuring the main steps of the method. 

 

3.3.1.1. Wrapper 

Wrapper performs several fast BD cycles by AutoDock 4.2.3, and AutoGrid 4.2 (34) and systematically 

covers the entire surface of the target with a monolayer of ligand copies (Figure 15). Each BD cycle is 

performed as described in Methods Section 5.1.3, and results in 100 docked ligand copies, which are 

ordered by their interaction energies with the target, and structurally clustered.  

In our early beginnings, two unsuccessful Wrapper methods were investigated, until we reached the most 

effective Wrapping algorithm, described below. 
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a) Wrapper Trial 1 

Multiple and consecutive BD cycles were performed using the original settings and force field parameters 

as described in (85). Each BD cycle resulted in 100 docked ligand copies which were ordered by energy. 

The structurally cluster representative (85) ligand copies were retained for the next cycle. After each 

docking cycle the obtained m Cluster Representatives (CRs) were merged with the target and the target-

ligandm complex was used as the receptor input for the next docking cycle. This cyclic process continued 

until one of the exit criterion (ECW-Exit criterion of Wrapper in Figure 15) is reached:  

- uncovered protein surface below one percent of its total (ligand-free, initial) surface area or; 

- positive target-ligand interaction energy in every cluster representative.  

After multiple docking cycles, the ligands started to self-aggregate, and a monolayer ligand copies on the 

target surface was not possible to obtain (Figure 16). We concluded that a repulsive potential would be 

necessary to avoid such unwanted ligand-ligand interactions along with an attractive interaction between 

the ligands and the target at the same time. 

 

 

Figure 16. Self-aggregated ligand docking. 

Protein tyrosine kinase (System 5) is represented with grey cartoon, PP1 with green sticks. After two docking cycles, 

aggregates can be observed between ligands, although free (unbound) surface is still available on the target. 

 

b) Wrapper Trial 2 

In the second trial, a new atom type (X) was assigned to all target amino acid atoms that were situated 

within a 3.5 Å radius distance from the docked CR atoms. AutoDock 4.2.3 force field parameters of atom 

type X (Rij, εij, vol, solpar) were set to zero with the purpose to avoid any type of interaction between the 

marked target surface and the following cycle CRs. The Coulomb term was also switched off by setting the 

partial charges of atoms X to zero. Since atom parameters were set to zero, no interaction was possible 

between ligand and atoms with type X on the target surface. 
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Figure 17. Artefact: target-ligand clashes. 

The target beta trypsin (System 1) is represented with grey cartoon; inhibitor benzamidine is in green sticks. After 

two docking cycles, clashes between the target residues and benzamidine can be observed in three spots with red 

circles. 

 

After multiple docking cycles, using the new atom type, the result was rather an artifact, because the 

ligands started to interact with the non-modified amino acids from the interior of the target, obtaining 

unrealistic clashes (see figure below). Thus, simple switch (zeroing) of all interactions did not help. 

The above trials were not able to wrap the target in a ligand monolayer, as reducing ligand-ligand 

interactions, and maximizing ligand-target interactions was not successful. For this reason, we continued 

to improve our method and reached a final solution described in point c. 

 

c) Final Wrapper algorithm 

To achieve a ligand monolayer, the ligand–ligand interactions are minimized through implementation of a 

weak repulsion between the docked ligand copies, and therefore blocking the formation of ligand 

aggregates (Figure 16). At the same time, target-ligand interactions are maximized to ensure that the 

largest possible numbers of new ligand copies are placed on the surface in an actual BD cycle. The initial 

experiments also showed that introduction of a weak repulsion is essential to avoid erroneous ligand 

geometries clashing with target atoms. Such unwanted clashes (Figure 17) were obtained if 

intermolecular electrostatic (ECoulomb) and van der Waals (ELJ, Figure 18) interaction energy terms were 

simply switched off at the ligand atoms.  
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Figure 18. Systematic calibration of εX and RX. 

a) A section of the VXO(r, εX, RX) LJ potential function at r = 2 Å. Scenarios Sc1-Sc3 are shown with the magnitude of 

the RX values corresponding to a short range repulsion of VXO ≈ 1 kcal/mol (dashed lines). b) VXO LJ potential functions 

of scenarios Sc1-Sc3. VOO of an oxygen atom pair is also shown for comparison. c) An example of excluded atoms X 

(red, Cycle 1, Rank 2, System 9). Docked ligand conformation, is presented with sticks and the binding pocket is 

shown as surface. d) Ligand of System 2 (dark blue sticks) bound to its target farnesyl pyrophosphate synthase (grey 

lines and surface) after Shaker (MDF step). Explicit water molecules surrounding the ligand within 7 Å are shown 

with sticks and light blue surface 

 

Notably, calculation of total target-ligand intermolecular interaction energy (Einter) in AutoDock 4.2 is 

based on the scaled ECoulomb and ELJ terms of the Amber96 force field (196), and an estimate for de-

solvation free energy changes (ΔGsol, Equation 5). ELJ is the sum of Lennard-Jones potential energy values 

(V, Figure 18b) calculated for all target-ligand atom pairs. 

 

Einter=ECoulomb+ELJ+ΔGsol                                                                                                                                                 Equation 5 

 

Finally, instead of the above-mentioned (Figure 16 and Figure 17), oversimplified attempt of switching off 

all intermolecular terms of Einter we elaborated a new protocol which produced the desired ligand 

monolayer by introduction of an excluded atom type (X). In this protocol, all ligand copies docked in a 

cycle and their surrounding target atoms are excluded from the next cycle (red in Figure 18c), and only 
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the unbound target surface (grey) is used for a next BD cycle. The neighboring target atoms are selected 

by an interface tolerance of 3.5 Å, the maximal distance between a target heavy atom and the closest 

docked ligand heavy atom. The above exclusion of certain atoms during docking is physically achieved by 

modification of the non-bonding terms of Einter. For this, the new atom type X is assigned for excluded 

atoms (red in Figure 18c) by a C program Wrp developed for this study. Wrp switches off ECoulomb by 

setting the partial charge of X to zero and also assigns new LJ parameters. 

 

Table 12. Lennard – Jones parameters used in calibration of εX and RX  

Atom type R Å  kcal/mol 
Y = O1 3.20 0.20 
Y = C1 4.00 0.15 
Y = H1 2.00 0.20 
X2 2.00-5.00 10-5-10-1 

Notes 
1 For C, H and O default AD4 parameters were used (34) (34). 
2 For X, the search interval is shown 0.1 precision step. 

 

The new LJ parameters were fine-tuned for atom type X in order to produce the necessary weak 

repulsions described above. Briefly, the LJ parameters of X were calibrated considering the pairwise LJ 

potential between atom types X and Y (VXY) at three common atom types (Y=O, C and H). Systematic 

searches of both equilibrium potential well-depth (εX, Figure 18a) and inter-nuclear distance (RX) was 

conducted was conducted on a physically meaningful interval of LJ parameters (Table 12). Numerous 

docking runs were performed to check the physical effect of the selected LJ parameters. A pre-defined 

value of r = 2 Å (ca. a covalent bond + 0.5 Å) was used as a minimal distance where short range repulsive 

effects should act at a desired maximal value not exceeding a VXY≈1 kcal/mol. 

Based on the known (Table 12) atomic LJ parameters of atom types Y, and the pre-defined r = 2 Å, VXO 

was calculated (Figure 18b) for three X values and stepping Rx by 0.1 Å in the above search interval. X 

values between 10-5-10-3 kcal/mol were considered as a desired maximal repulsion potential value of 

VXO1 kcal/mol could be obtained in this interval at physically relevant RX values (Table 13). The docking 

trials showed that potential energy value of 1 kcal/mol was enough to reach the repulsion at atoms of 

type X during docking, and therefore, setting of maximal VXO larger than 1 kcal/mol would not be useful to 

accomplish the above goals. 
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Table 13. Calculated VXO (kcal/mol).  

Three scenarios were investigated to reach the VXO1 kcal/mol. The scenarios differing from one another by on 

order of magnitude in X 

X 
RX 

Large RX, small X
1 Medium Rx, medium X

2 Small Rx, largeX
3 

10-5 10-4 10-3 

2 0.02 0.06 0.19 

2.1 0.03 0.08 0.26 

2.2 0.03 0.11 0.35 

2.3 0.05 0.14 0.45 

2.4 0.06 0.19 0.59 

2.5 0.08 0.24 0.75 

2.6 0.10 0.30 0.96 

2.7 0.12 0.38 1.21 

2.8 0.15 0.48 1.51 

2.9 0.19 0.60 1.88 

3 0.23 0.74 2.33 

3.1 0.29 0.91 2.86 

3.2 0.35 1.11 3.51 

3.3 0.43 1.35 4.27 

3.4 0.52 1.64 5.19 

3.5 0.63 1.98 6.27 

3.6 0.76 2.39 7.56 

3.7 0.91 2.87 9.07 

3.8 1.09 3.43 10.85 

3.9 1.29 4.09 12.95 

4 1.54 4.87 15.40 

4.1 1.83 5.77 18.26 

4.2 2.16 6.83 21.59 

4.3 2.55 8.06 25.47 

4.4 3.00 9.48 29.97 

4.5 3.52 11.12 35.18 

4.6 4.12 13.03 41.19 

4.7 4.81 15.22 48.13 

4.8 5.61 17.75 56.12 

4.9 6.53 20.65 65.29 

5 7.58 23.97 75.81 

Notes 
1 Sc1: Large RX, small X (red),  
2 sc2 Medium Rx, medium X (green),  
3 sc3 Small Rx, large X(blue) 

 

Selection of X 

Three scenarios (Sc1-Sc3) were evaluated as shown in the r = 2 Å section of VXO (r, εX, RX) function (Figure 

18ab) calculated for the XO atom type pair.  

Sc2 (green line, Figure 18ab) was identified as an optimal scenario with an εX = 10−4 kcal/mol and an RX of 

3.2 Å (approximate distance between heavy atoms in an H-bond). In this case, available target surface is 

optimally used without large ligand-free zones in the monolayer. A short-range repulsion was achieved 
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(green line in Figure 18b) with a zero value beyond the repulsion zone. If RX was too large (Sc1, red in 

Figure 18ab) then the repulsion zone around the docked ligand copies would also increase with a VXO 

curve shifted to the right if compared to the green curve of Sc2 (Figure 18b) resulting in large ligand-free 

zones, i.e. a non-optimal arrangement of the ligand copies in the monolayer. Importantly, the repulsion 

zone in the optimal VXO curve of Sc2 starts at lower distances (r) than in the VOO curve. VOO is shifted to the 

right of the red curve (Sc1), which would result in even larger ligand-free regions than Sc1. Thus, using 

only a repulsion term of VOO would have not been adequate for exclusions of atoms in wrapping. On the 

other hand, if RX was too small (Sc3, blue in Figure 18ab), then unwanted attractive effects such as 

aggregation between docked ligand copies would still happen similar to Trial 1, Figure 16. Accordingly, in 

Sc3 the corresponding blue curve is shifted to the left from the green Sc2 curve (Figure 18b).  

 

Selection of RX 

The same procedure was repeated for atom types Y = O, C, and H and an average RX value of 3.6 Å was 

concluded (from 3.2, 2.5 and, 5.0 Å see Appendix 1) and used in Wrapper along with the above εX = 10−4 

kcal/mol. Thus, the resulted LJ parameters of atom type X were implemented in the AutoDock 4.2 force 

filed, which ensured a repulsive potential that allows an optimal coverage of a target by a ligand 

monolayer.  

These calibrated LJ parameters of X allowed elimination of the above-mentioned unwanted interactions 

between the newly docked ligand copies and the already filled binding pockets (Figure 18c). As the 

introduced repulsive potential acts on a short range, the ligands can still dock to other, unbound parts of 

the target surface. The new atom type and parameters also maximize target-ligand interactions adding 

the maximal number of ligand copies to the mono-layer during a BD cycle. 

Wrapper cycles are terminated by either the drop of uncovered surface area of the target below one 

percent of its total (ligand-free, initial) surface area, or positive target-ligand interaction energy in every 

cluster representative (ECW in Figure 15). As a last step, a trimming is performed to remove all ligand 

copies situated more than 3.5 Å from the target. Wrapper results in a target wrapped in N ligand copies 

(target-ligandN complex) provided as a single Protein Databank (PDB) file. Wrapper is implemented in a 

new open source package WnS as shell scripts and a C program Wrp available for download together with 

a User’s Manual at www.wnsdock.xyz. 

 

3.3.1.2. Shaker 

Shaker selects functional binding sites by removing non-specific, loosely bound ligand copies from the 

target surface. The target-ligandN complex is placed in a box filled with water and subjected to MD 

simulations in consecutive cycles. Similarly to the Wrapper stage, a few unsuccessful trials were 

performed (Trial 1 – a) and Trial 2 – b)) until reaching the most effective Shaker algorithm, described 

http://www.wnsdock.xyz/
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below in point c). 

 

a) Shaker Trial 1 

In this strategy, a series of MD simulations are performed for the target-ligandN complex. That is, the 

target wrapped in N ligand copies is placed in a box filled with water and subjected to several short MD 

runs. 

Each MDB cycle, was followed by filtering with the FS (Methods Section 5.3.3.4.). This was necessary to 

eliminate those ligands that have dissociated from the target surface during the simulations.  

 

Table 14. Trial 1. Shaker cycle simulation conditions and exit criteria 

ER ECS # ER MDB Simulation Time (ns) Restraint on the target 

1 0.25 5 Backbone position restraint 
2 0.90 10 Backbone position restraint 

 

Shaker protocol started with 5-ns-long backbone restrained MDB, to grossly shake off the weakly bound 

ligand excess. If this initial MDB was not enough to reach ER ECS #1, MDB cycles were continued with 

multiple 10-ns MDB simulations, until ER ECS #2 was achieved (Table 14). After each MD, filtering was 

performed and after filtering, ER was calculated. MD simulation cycles were discontinued, once the final 

ECS #2 was reached. Filtering criteria were used as presented at FS (Table 5.3.3.4.), and the MD simulation 

conditions are detailed in Methods Section 5.2.4.2.  

Our protocol was launched on two test systems (3hvc and 1qcf). For these systems, we have investigated 

the number of cycles that would be necessary in order to achieve the targeted final ER value (ECS #2 = 

0.90). It was considered that by eliminating one-ninth from the initial ligand numbers, will eliminate 

ligand access while, still keeping all the ligand conformations that bound to potential functional binding 

sites. 

Table 15. Trial 1. Shaker cycle ER results 

PDB ID Cycles necessary to achieve ER ECS #2 Final ER achieved 
3hvc 5 0.77 
1qcf 6 0.87 

 

In Table 15 , it can be observed, that a high number of Shaker cycles (5 and 6 respectively) were necessary 

on the test systems, without achieving the desired final ER (ECS #2=0.90), and therefore, further MDB 

cycles were not started even if the ECS #2 was not achieved. 

Due to the high number of cycles necessary to achieve ECS #2, in the next approach we tried full flexibility 

on the target (Shaker Trial 2). 
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b) Shaker Trial 2 

The approach and goals remained the same as stated in point a), however the purpose in this Trial, was to 

increase the efficiency of our strategy, compared to Trial 1. Compared to Trial 1, changes were made in 

the ECS and MD simulation conditions, by introducing target flexibility, in the detriment of backbone 

fixation of the target. 

 

Table 16. Trial 2: Shaker cycle simulation conditions and exit criteria 

ECS # ER Simulation Time (ns) Restraint on the target 
1 0.25 5 Backbone position restraint 
2 0.75 10 Backbone position restraint 
3 0.90 10 No restraint 

 

In the proximity of the binding sites, we have observed, that ligands are competing between each other 

for the binding site, therefore leaving a full flexibility on the target, caused structural deformations. These 

structural deformations on the target were artefacts that were in the detriment of further validations, 

and comparison possibilities with the reference, crystallographic structures. It can be observed in Figure 

19 that target conformation around the ligand is altered. A 1.9 Å RMSD was obtained after a Cα 

alignment of the reference, and the modeled structures. During the flexible simulations, ligand self-

aggregation was observed on the target surface, which due to total target flexibility, made the system 

prone to target deformation (Figure 19). 

 

 

Figure 19. System 3 (3hvc) after 8 cycles of MD simulations. 

Reference ligand position is marked with red sticks, target conformation before MD simulations is represented with 

grey cartoon, and target conformation after the flexible simulations, is represented with teal cartoon.  

 

Table 17. Trial 2: Shake cycle ER results 

PDB ID Cycles Final ER achieved 

3hvc 8 0.88 

1qcf 4 0.90 

 

Although the targeted ER value (0.90) was obtained in case of 1qcf, due to the fact that ligand 
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competition and structural deformations were observed, we have further improved the MD conditions in 

our final Shaker algorithm (see point c)). 

 

c) Final Shaker algorithm 

As the previously described experiments (Trial 1 and Trial 2) described above, were not satisfactory in 

terms of Shaker efficiency, in the final Shaker protocol, several modifications were made to fine-tune the 

algorithm.  

 

Table 18. Final Shaker protocol: simulation conditions, and exit criteria 
ECS # ER Time (ns) Restraint on the target 
1 0.25 5 Backbone position restraint 
2 0.75 20 Backbone position restraint 

 

In Table 18, it can be observed the simulation conditions and the ECS, set for the final Shaker protocol. 

Similarly to the pilot studies (Trial 1 – a: Table 15 and Trial 2 – b: Table 16), the ECS #1 and the simulation 

conditions remained unchanged for the initial rough shake. The ECS #2 was set to 0.75 in our validation. 

After the ECS #2 was achieved, a clustering step was included. 

In the final Shaker algorithm, the Shaker cycles are performed until a 75% (ER = 0.75) of the ligand copies 

are eliminated (Exit Criterion of Shaker, ECS Figure 15). In each Shaker cycle, distance and energy metrics 

are calculated describing target-ligand interactions at each time step (frame) of a trajectory. The metrics 

include the closest distances between the target and the ligand as well as ELJ, calculated using Amber 

parameters. Based on these metrics, filtering (Methods Section 5.3.3.4) and subsequent removal of the 

corresponding ligand co-ordinates (Washing, Figure 15) are applied to exclude ligand positions 

dissociated from their starting binding positions. The filtering involves two distance-based steps and two 

final steps based on ELJ. 

Using these calculated ELJ interactions, the ligand structures from the last frames of the surviving 

trajectories are clustered and ranked in a descending order of interaction energy. The ligands with the 

lowest ELJ are selected as cluster representatives among the cluster members. A minimum 7 Å cut-off 

distance between the heavy atoms of the cluster representatives was set, in order to avoid clashes 

between the CRs.  

Before the first cycle a 5-ns target backbone-restrained MD (MDB) is used to grossly shake off the weakly 

bound ligands. In cases where this initial MD is not enough to reach the required ECS (Table 18), multiple 

cycles with 20-ns simulated annealing (MDBSA) simulations are performed, using position restraints on the 

target backbone atoms. Backbone restraint was kept in order to avoid structural deformations (observed 

in Shaker Trial 2), and MDBSA, was introduced to increase the ER and speed up the desorption process.  

Depending on the molecular weight (MW, Table 11) of the ligands, SA was done, using two temperature 
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protocols, up to 50°C (MW ≤ 300) or 80°C (MW ≥ 300). High temperature in SA accelerated the 

dissociation process as expected. After MDBSA cycles, a clustering and ranking step is performed, using the 

last frames of the remaining ligands. A refinement of 20-ns MD with full protein flexibility (MDF) is also 

performed on every target-ligand complex resulted after clustering (Figure 15 and Methods Section 

5.2.4.2). The Shaker protocol was formulated after multiple trials (see Trial 1 and Trial 2: Table 14 - Table 

17) and results in a final solution structure of a target-ligandn complex, where n is the total number of 

final cluster representatives. 

Evaluating this final algorithm in comparison with the previous Trial versions, in Table 15 and Table 17 we 

can observe, that markedly fewer Shaker cycles were necessary to obtain the same or even better ER, 

with this final Shaker strategy (Table 20). 

 

3.3.2. Association or dissociation? 

Encouraged by results of pioneering MD studies (67,93,128), association of ligand benzamidine to bovine 

trypsin was followed in three MD simulations. Benzamidine is an easy case for docking and it has also 

been used in tests of recent approaches (197).  

The present MD simulations were 1-µs-long and benzamidine was placed at three different starting 

positions (Figure 20), at various distances (Figure 20a, Table 19) from the crystallographic binding site. 

These three pilot simulations were performed for the bovine -trypsin – benzamidine complex (3ptb), in 

order to follow the entire binding process and produce correct binding poses of benzamidine, using 

explicit water models at atomic resolution. 

Analysis of the trajectories shows that the crystallographic binding position was found in two out of the 

three simulations after 81 and 690 ns simulation time (drop of red and green lines in Figure 20), 

respectively. RMSD values presented in Table 19, also proves that X-ray reference benzamidine binding 

position was found only in simulation nr 1 and 2, with 0.83 and 1.50 Å RMSD respecively. In the 3rd case 

with the largest starting distance, 1 µs was not enough to dock to the native site by association (blue line- 

Figure 20 and Table 19). Thus, the usefulness of association MD runs for docking strongly depends on the 

starting ligand position even in the easy case of benzamidine. MD needs a simulation time comparable to 

the real association time of the ligand (Figure 20b). This can be considerable, as migration of the ligand is 

hindered by friction in the surrounding water. Previous studies (63,64,93), have also reported simulations 

of several hundreds of nanoseconds for navigation of the ligand to the desired binding pocket. 
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Figure 20. Pilot molecular dynamics simulations.  

Benzamidine ligand (sticks) started the MD simulations from three positions at different distances (as indicated in 

the legend) from the native binding site on the trypsin target (grey cartoon). Arrows in a point from starting (t = 0 

ns) to final (t = 1000 ns) ligand positions. Only two of the three 1000 ns-long simulations with the closest starting 

position succeeded in finding the reference binding pose (*) known from the crystallographic structure (3ptb). b 

Time-dependence of root mean squared deviation (RMSD) of the ligand measured from its reference pose 

 

Table 19. Starting conditions and results of the pilot MD simulations. 
Simulation nr Starting dist. (Å) Starting RMSDCR (Å) Final RMSDCR (Å) 
1 5.40 5.47 0.83 
2 20.00 19.94 1.50 
3 33.60 34.66 9.73 

 

All-in-all, the necessary time for successful docking by association MD depends on the actual starting 

position of the ligand, the size and shape of the target, ligand etc. To overcome such uncertainties on 

simulation length and still use the benefits of MD we elaborated a new strategy, the Wrap ‘n’ Shake 

(WnS, Figure 15). Instead of simulating the association process, WnS is based on the dissociation of the 

ligand. Dissociation is fast and reproducible at binding sites of low stability. 

 

3.3.3. A systematic approach 

Naturally, a dissociation approach requires a set of ligand copies bound to the target. Systematic mapping 

of all possible ligand positions (sites) cannot be guaranteed in a single BD cycle (Introduction) even if it 

contains hundreds of fast BD trials (85). A truly systematic algorithm should completely wrap the entire 
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surface of the target in a monolayer of copies of the ligand molecule.  

 

3.3.3.1. Wrapper 

Our initial guess of such a Wrapper algorithm was based on a previous finding (85) that the coverage of 

the target can be increased with several, successive fast BD cycles where accumulated docked ligand 

copies from the previous cycle are considered as part of the target in the next cycle. However, additional 

experiments with such successive BD cycles showed that previously and newly docked ligand copies can 

easily form multi-layer aggregates with each-other instead of the target (Figure 16). The formation of 

such aggregates hinders wrapping of the target surface into the desired monolayer of ligand copies. 

 

 

Figure 21. Wrapping tyrosine-protein kinase Src target into a mono-layer of ligand copies (System 5). 

a) Unbound (ligand free) accessible surface area (ASA) of the target and the lowest Einter of the cluster 

representatives in consecutive wrapping cycles. Target-ligand interaction energy (Einter) increases with increasing 

number of cycles finding strong binding sites in the first few cycles, before the final, saturation region. ASA finally 

decreases below 1%. Structural images show the wrapping of the target (grey surface) with ligands (red). b) The 

monolayer arrangement of the ligands (red sticks) wrapping the entire target surface (grey) after the final cycles. c) 

A close-up of a section of the monolayer showing that the ligand copies are evenly arranged without overlap 

 

During the wrapping process, parts of the target surface already covered with ligand copies has to be 

excluded from interactions with ligand copies docked in a next BD cycle. This task is not trivial as potential 

functions of the docking force fields normally cannot distinguish between target sites unbound and 

covered with ligands. After extensive experimentation including an optimization of the force field 
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(Method Section 5.4.2., Figure 18 and Table 13) we arrived at a new algorithm called Wrapper (Figure 18 

and Figure 21). Wrapper performs a systematic coverage of the target surface in several, consecutive fast 

blind docking cycles (Figure 21). The algorithm continuously monitors the status of coverage of target 

surface (Figure 21a) and results in the desired monolayer of N ligand copies not interacting with each-

other. Figure 21b shows an example of such a monolayer.  

Ligands constituting the monolayer have physically realistic arrangement (Figure 21c), maximized 

interactions with the target and no contacts with each-other. Thus, the target is systematically and 

rapidly wrapped in a monolayer of N (Table 20) ligands. 

 

3.3.3.2. Shaker 

The realistic input geometry, the resulted from Wrapper (target-ligandN complex) is transferred to the 

Shaker including MD simulation(s) with explicit water (Methods Section 5.5.), filtering, and clustering 

steps. These steps eliminate ligands dissociated during MD and result in a strong binder at each pocket.  

As described in Section 3.3.1.2, multiple approaches were studied and tested, before finding the most 

effective Shaker protocol. In the final protocol, simulated annealing was included in order to increase the 

dissociation speed, but backbone restraint was maintained during the simulated annealing, to avoid any 

structural deformation of the target. As part of the Shaker algorithm, after performing the clustering step 

an additional refinement step with MDF (MD simulations, with full protein flexibility), was performed for 

each cluster representative. This additional step was carried out, in order to allow the necessary 

conformational changes and induced fit movements for the final ligand binding to take place. 

 

3.3.3.3. Shaker Evaluation: SR and ER 

Final results are shown in Table 20 using test metrics described in Methods Section 5.3.3. Parameter SR 

characterizes efficiency of removal of loose binders. SR values of Table 20 indicate that a considerably 

large part of the weak binders were efficiently removed at all test systems beyond the default ECS of 75% 

(SR = 4). Other important metrics are RMSD and #Rank. The ER results from Table 20 obtained after 

MDBSA, and after the clustering step was used to set up and evaluate the Shaker exit criterion (ECS Figure 

15). Elimination of ligand excess (dissociation of ligand copies) at an SR of 11 (Table 20)  was facilitated by 

hydrogen bonding of ligands, with explicit water molecules (198,199). Thermal motion of water 

molecules also contributed to fast “shake off” of the ligand copies especially in the cases of Systems with 

small ligands with the application of the simulated annealing protocol (MDBSA, see an SR of 23 in case of 

System 2 in Table 20). 
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Table 20. Shaker Evaluation: SR and ER 

System # PDB ID N CLS1 #Rank 
MDBSAc

 
#Rank 
MDF

 n2 SRe ER after MDBSA
3 ER after Clustering3 

1a 3PTB 68 6 1 1 6 11 0.91 (after MDB) 0.91 
1b4 3PTB 74 5 1 – 4 19 0.93 (after MDB) 0.95 
1c4 3PTB 71 6 1 – 5 14 0.92 (after MDB) 0.93 
2 3N3L 300 18 2 4 13 23 0.94 0.96 
3a 3HVC 222 46 3 4 21 11 0.79 0.91 
3b 3HVC 222 46 9 12 21 11 0.79 0.91 
45 3CPA 155 12 1 1 8 19 0.92 0.95 
5 1QCF 143 25 2 1 12 12 0.83 0.92 
66 1H61 116 26 1 2 12 10 0.78 0.90 
7 2BAL 123 26 4 4 12 10 0.79 0.90 
8 1HVY 106 25 1 1 10 11 0.76 0.91 
97 3G5D 92 23 2 1 10 9 0.75 0.89 
10 1BE9 49 11 2 1 4 12 0.77 0.92 

Notes 
1Total ligands remained after Shaker with MDBSA 
2Total ligands remained after Clustering 
3 ER was calculated in two stages. 
41b and 1c are referring to 3PTB when docking was performed with different seed for data reproduction purposes. 
5Final clustering was done using van der Waals and Coulomb interactions due to Zn2+ interactions with the ligand. 
6Docking was performed, after rescoring of the 100 conformations with, ELJ potential instead of AutoDock 4.2 
scoring function 
7Final clustering was done with 6 Å distance limit between clusters 
 

3.3.3.4. Shaker Evaluation: RMSD 

An additional metric used for results evaluation, was the RMSD calculation, which was performed as 

described in Method Sections 5.3.1.2 and 5.3.3.1. 

Figure 22 and Table 21 contains the RMSD results, after the MDBSA, and after refinement with MDF. It can 

be observed that MDF usually improved the RMSD values. In some cases, serious improvement can be 

observed from 6.84 to 1.69 Å (System 10), but slight improvement can be observed in most of the cases. 

In most of the systems analysed, ligand conformations with the lowest RMSD were placed into the first 

two ranks (Table 21, Figure 22). For stable ligand copies, good structural matches to the corresponding 

reference conformations (Figure 22 and Table 21), as well as low #Rank values (Table 21) were found.  
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Figure 22. Structural fits quantified as root mean squared deviation (RMSD) with values given in Å.  

Ligand conformations after Shaker (grey) compared to the crystallographic references (red sticks). System# is bold 

 

Fair results were obtained for challenging cases too (Systems 2 and 3). The somewhat lower rank in these 

cases may be explained by the relatively high B-factor of the ligands of these systems Table 11 suggesting 

an increased mobility and a less stable target-ligand interaction. For example, B-factors of measured 

atomic positions of ligand MSo (System 2) vary in a range between 54 and 95 Å2 Table 11. During MDF 

simulations we found that the RMSD varied between 2.5 and 5.1 Å (Table 22), and a final #Rank of 4 and 

an RMSD of 3.1 Å were obtained. Considering the above high B-factor values, it is realistic to assume that 

ligand MSo adopts various conformations when bound to farnesyl phosphate synthase (System 2) 

including the one close to the assigned position found with an RMSD of 2.5 Å. This conformational 

variability of the bound MSo is probably due to its carboxylate group with the highest B-factor of 95 Å2. 

This group is hydrated by bulk water molecules, helping the dissociation of MSo from the target (Figure 

18d). At the same time, MD simulations with explicit water molecules also account for a hydrophobic, 

anchoring interaction between the benzofuran part of MSo (no waters present, Figure 18d) and the 

target. This example shows the necessity of use of explicit water model during the shaking process in 

order to account for all, even antagonistic interactions. 
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Table 21 Shaker Evaluation: RMSD after MDBSA and MDF 

System Nr PDB ID 
After MDBSA After MDF 

RMSDCR
 1 RMSDMD

 1 RMSDCR
 2 RMSDMD

 2 
1a 3PTB 0.66 0.79 1.27 1.60 

1b 3PTB 0.86 0.36 - - 

1c 3PTB 0.92 0.50 - - 

2 3N3L 3.41 3.75 3.13 3.17 
3a 3HVC 4.44 4.14 5.54 5.00 

3b 3HVC 4.54 4.93 4.66 4.08 

4 3CPA 3.86 4.80 3.79 4.45 
43    3.29 2.70 
5 1QCF 1.00 1.05 1.43 1.32 

6 1H61 1.22 2.33 0.66 2.17 

7 2BAL 3.01 2.96 3.09 2.70 
8 1HVY 2.95 3.77 2.33 2.57 

9 3G5D 2.34 1.93 1.85 1.66 

10 1BE9 6.84 6.25 1.69 1.96 
Notes 

1 RMSD (Cα alignment, using amino acids listed in Table 28) values obtained after MDBSA, before the MDF step. 
2 RMSD (Cα alignment, using amino acids listed in Table 28) values obtained after MDF, refinement step.  
3 MDF was continued until 100 ns in this test case 

 

3.3.3.5. Shaker refinement Evaluation: RMSD fluctuation 

The target - cluster representative complexes were subjected to flexible 20-ns long MD simulations 

(exception in case of System 4), for ligand conformation refinement. RMSD was calculated for the cluster 

representatives that after the MDBSA, were the closest to the reference ligand (Table 21 – Column: #Rank). 

During the 20–ns long refinement simulations (MDF), RMSD was calculated at each time step (frame). 

Two types of RMSDs were calculated, using the two types of reference structures (RMSDCR and RMSDMD–

Methods Section 5.3.3.1.). 

In Table 22, RMSD values were collected for the final frame of MDF, the lowest (Min), highest (Max), 

average, and the standard deviation of the RMSD during the simulations. 

The difference between the minimum and maximum RMSD in some cases, (System 6: 0.59 - 2.23 or 1.53 - 

3.58) can demonstrate that considering only the RMSD calculated at the final frame, from an entire 

simulation process is not always relevant. This RMSD variation, can be also in close relation with the 

experimental B-factor value. For example, in case of System 2, the difference between the min and max 

RMSD varies markedly (2.50-5.05 or 2.41–5.27), which is in good agreement with the B-factor min and 

max value variations (54.23-94.94, Table 11). 
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Table 22. Shaker evaluation: RMSD fluctuation during MDF  
System 
# 

PDB 
ID 

RMSDCR (Å) RMSDMD (Å) 

Final frame1 Min2 Max3 Avg4 Stdv5 Final frame1 Min2 Max3 Avg4 Stdv5 

1a 3PTB 1.27 1.24 1.59 1.39 0.06 1.60 1.33 1.84 1.52 0.11 

1b 3PTB - - - - - - - - - - 

1c 3PTB - - - - - - - - - - 

2 3N3L 3.13 2.50 5.05 3.48 0.62 3.17 2.41 5.27 3.43 0.71 

3a 3HVC 5.54 5.42 7.48 6.05 0.38 5.00 4.98 6.11 5.55 0.22 

3b 3HVC 4.66 4.02 7.00 4.19 0.33 4.08 3.63 5.83 4.19 0.33 

46 3CPA 3.29 2.88 5.92 3.61 0.46 2.71 2.51 6.00 3.57 0.46 

5 1QCF 1.43 1.01 1.71 1.25 0.15 1.32 0.98 1.72 1.25 0.14 

6 1H61 0.66 0.59 2.23 1.21 0.36 2.17 1.53 3.58 2.61 0.43 

7 2BAL 3.09 2.56 5.36 3.98 0.66 2.70 2.08 5.02 3.65 0.72 

8 1HVY 2.33 2.22 3.32 2.67 0.22 2.57 2.53 4.08 3.11 0.33 

9 3G5D 1.85 0.87 2.78 2.02 0.36 1.66 0.92 2.65 1.88 0.38 

10 1BE9 1.69 1.26 8.11 2.36 1.39 1.96 1.09 8.01 2.45 1.39 

Notes 
1RMSD from the final frame of MDF 

2The lowest RMSD in the simulation 
3The highest RMSD in the simulation 
4The average RMSD during the simulation 
5The standard deviation during the simulation 
6The RMSD results are written for the 100 ns log simulation in this case. 

 

3.3.3.6. Shaker refinement Evaluation: Re-ranking 

The target - cluster representative complexes subjected to flexible 20-ns long MDF simulation, were 

evaluated from the target – ligand interaction energy perspective as well, beside the RMSD fluctuations 

presented in the previous section 3.3.3.5. The target-ligand interaction energy (ELJ) was calculated at the 

final time step (frame) of the simulation, and a re-ranking was performed. 

 

Table 23. Shaker evaluation: target – ligand interaction energy (ELJ) re-ranking after MDF 
Syste
m # 

PDB 
ID 

Rank # 
after MDBSA 

Rank # 
after MDF 

ELJ (before 
minimization) 

ELJ (after 
minimization) 

ELJ(after 
MDF) 

RMSDCR 
initial 

RMSDCR 
final 

1a 3ptb 1 1 -18.4 -14.4 -16.0   
2 3n3l 2 4 -29.0 -30.2 -20.8   
3a 3hvc 3 4 -29.6 -28.0 -26.0   
3b 3hvc 9 12 -17.7 -15.4 -17.3   
4 3cpa 1 1 -45.6 -47.1 -44.6   
5 1qcf 2 1 -34.0 -32.6 -39.0   
6 1h61 1 2 -41.5 -34.8 -34.4   
7 2bal 4 4 -32.0 -33.9 -36.9   
8 1hvy 1 1 -46.6 -45.2 -51.0   
9 3g5d 2 1 -41.5 -43.9 -48.3   
10a 1be9 2 1 -27.1 -29.7 -46.6   
10b 1be9    -33.8 -27.6 6.6 11.3 

 

In Table 23, results obtained after MD refinement, can be observed for cluster representative that started 

the MDF with the smallest RMSD. After MDF, the total number of cluster representatives is not changed. 
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The Rank# of the ligand with the best RMSD is modified by re-ranking based on the final interaction 

energy.  

In case of System 10, after MDF, the cluster representative that was initially ranked in the second position 

was promoted to the first one, due to considerable improvement in target-ligand interaction energy 

(from -27.11 kcal/mol to -46.59 kcal/mol see Table 23). For this system, a drastic RMSD improvement was 

also observed (Table 22). 

Another approach on System 10 was to submit the conformation with the best RMSD obtained from 

docking, directly into MDF simulation. The results from this experiment can be observed at system 10b. 

Comparing the results from 10a with 10b, from energy and RMSD point of view, we can observe, that 

ligand conformation in 10b had better interaction with the target, and lower RMSD at the beginning of 

the simulation. Although it was more a favorable initial conformation, the pentapeptide in 10b did not 

found the reference position by the end of the simulation (RMSD: 11.3 Å). 

This refinement step (MDF) is crucial in cases where conformational changes occur on the target upon 

ligand binding (induced-fit). During Shaker the target is constrained with backbone restraint, and 

important conformational changes cannot be observed, so this refinement stage is essential. Comparing 

the results from 10a and 10b, demonstrates, that the MD cycles were necessary to find the correct 

position. Thus, the MDB and MDBSA, may be considered as “equilibration” stages, and were needed for the 

system to reach the energy minima, and properly hydrate both the ligand and the target. In some cases, a 

re-ordering of the initial ranks, based on the final ELJ promoted the correct binding sites (binding 

conformations) in higher ranks (System 10, 9, and 5), in some cases, the ranking was not changed (System 

1, 7, 8 and 4), but there were also a few cases, where the ranking worsened (System 3a, 2, and 6). 

 

3.3.3.7. Shaker Evaluation: Computational efficiency 

In the pilot study discussed at Section 3.3.2 it was demonstrated that MD methods following the 

association pathways often need large amount of computational time and/or a fortunate starting 

conformation in order to find the primary site correctly for System 1. WnS yielded the correct solution for 

this system (Table 20 and Table 21) in a 5-ns-long MDB simulation Table 24 which is at least one order of 

magnitude shorter than the lengthy association times discussed in Section 3.3.2. 

In Table 24 the total computational times expressed in ns, can be observed. As reported in previous MD 

studies, brute force MD simulations, often-times require several µs simulations, in order to navigate the 

ligand to the correct binding site. As observed from Table 24, the herein presented WnS method is much 

more efficient from the perspective of computational time, while correctly reproducing the 

experimentally known binding positions as well. 
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Table 24. Computational requirements of Shaker 

System Nr. PDB ID 
Nr of Cycles until 
ECS #11 

Nr of Cycles until 
ECS #22 

Tot. Comp. time 
MDB+MDBSA(ns)3 

Tot. Comp. time 
MDF(ns)4 

1a 3PTB 1 - 5 120 
1b 3PTB 1 - 5 - 
1c 3PTB 1 - 5 - 
2 3N3L 1 1 25 260 
3 3HVC 1 1 25 420 
46 3CPA 1 2 45 2406 
5 1QCF 1 2 45 240 
6 1H61 1 2 45 240 
7 2BAL 1 2 45 240 
8 1HVY 1 2 45 200 
9 3G5D 1 6 125 200 
10 1BE9 1 2 45 80 

Notes 
1 Number of cycles necessary to achieve ER ECS # 1 after MDB. Each simulation in a cycle was 5 ns long. 
2 Number of cycles necessary to achieve ER ECS # 2 after MDBSA. Each simulation in a cycle was 20 ns long. 
3 Total computational time (ns) required to achieve ECS # 2. 
Tot. MDB + MDBSA time 3 = 5 Nr of cycles until ECS #11 + 20 Nr of cycles until ECS #22 (ns) 
4 Total computational time (ns) required for system refinement. 
Tot. MDF time4 = 20Total Clust Nr (ns) 

A 20-ns MDF simulation was performed for each cluster representative obtained. Please refer to Table 20 for the 

number of clusters obtained. 
A 10-ns long simulation was performed for each ligand copy (N) obtained after wrapper step. Please refer to Table 
20 for the number of N obtained. 
6 In this case, the refinement of the cluster representative with the lowest RMSD, was simulated for 100 ns instead 

of 20 ns. Please see Table 21: Results – RMSD 

 

 

3.3.4. Cases with small ligands 

WnS was tested on tyrosine protein kinase target with a pyrazolopyrimidine 1 ligand (PP1, System 5). 

Regulation of kinase activity is important in numerous human diseases (200,201). At the same time, this 

kinase is a challenging test target for WnS as it has multiple sites including an allosteric one identified in 

previous studies (202,203).  
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Figure 23. Haematopoetic cell kinase (HCK, System 5) with ligand copies remaining after Shaker.  

Ligand copies are colored by the calculated target-ligand interaction energy E, and the #Rank assigned. The 

previously reported pockets 1(ATP), 2(A-loop), 3(PIF site), 4(G-loop) and 5(MYR) are numbered by their increasing ELJ 

 

 

Figure 24. System 5: Analysis of binding pockets, and ligand conformation changes before and after MDF 

Color pallet (blue-white-red) of the ligands (sticks) indicates calculated ELJ (from strong to weak) between the ligands 

and protein (grey cartoon). Ligand conformations at 0 ns (before MDF) and 20 ns (after MDF) are represented. For 

System 5, the previously reported sub pockets are noted with ATP, PIF, G-loop and MYR site. 

 

The native, PP1 site was found (Figure 22 and Figure 23) at an excellent RMSD agreement (1.4 Å) with the 

crystallographic position. Besides obtaining very good RMSD (Figure 22), the #Rank was improved from 

second to first place (Table 20) during the final MDF simulation. Apart from the primary site, our goal was 

to find other, prerequisite binding sites, as well. As described in a previous MD study (93), such sites 

correspond to poses on the binding pathway leading to the primary site. WnS found both low- and high 

energy prerequisite sites described previously (93) (Figure 23). Besides structural matches, #Rank and the 

corresponding energy values are also comparable to the previous results. Notably, WnS can predict 

multiple binding sites beyond experimentally observable ones. These binding sites can be considered as 
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prerequisite or allosteric binding sites. Previous MD results (58,93) concluded, that finding prerequisite 

binding sites is a substantial advantage of the MD simulations. 

 

 

Figure 25. System 1: Analysis of binding pockets obtained from the Shaker protocol, before and after MDF 

refinement step. 

 

Comparing the results obtained for System 5 at 0 and 20 ns of the MDF runs, it can be observed, that no 

ligand dissociated, in contrast to System 1, where ligand dissociation occurred (Figure 25). In case of 

System 5, instead of dissociation, ligands migrated on the surface of the protein, from lower binding sites 

(MYR site, G-loop site), to stronger binding positions (ATP binding site and A loop).  

In top part of Figure 25, benzamidine binding positions at 0 ns, before the MDF are presented with sticks, 

and color coded, based on the calculated ELJ. Target residue positions at 0 ns (before the MDF) are 

presented with grey lines, and residue positions after MDF, are colored with teal. This upper part of the 

figure captures the target residues that are responsible for ligand movements during the simulations. 

In the middle part of Figure 25, the target (grey cartoon) is presented, with the main binding pocket (S4), 

and the previously reported sub pockets noted with S2, S3, of benzamidine. Ligands are colored, based on 

the calculated ELJ interaction energy with the target. Dark blue representing the strong target-ligand 

interactions (-18 kcal/mol), while red color represents weak or no interaction (0 kcal/mol). Two binding (A 
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and B) and one unbinding (C) pathways are presented.  

The bottom part of Figure 25 presents in detail the binding sites (S4, S3 and S2) described in previous 

studies (58,67), but also found with our WnS method (Figure 26). 

The impact of the target flexibility was analyzed after MDF, on the resulted ligand conformations. During 

the flexible MD runs S4 binding pocket was the most stable. Benzamidine conformation bound initially to 

the S3 site, dissociated, and bound to S2 binding site during the MDF run (path A). In path A Ligand 

dissociation from S3, was possible, because of Q156, T81 and L82 movement in the binding pocket. S2 

binding pocket was approached via path B as well, because π-π interaction between benzamidine and Y23 

from the initial binding pocket was terminated during MDF. In Path C, dissociations from the target were 

observed, due to target residue flexibility in the binding pocket (E53, D54, V135). These examples support 

the observations, that in ligand elimination, beside the water molecules target flexibility is also an 

important factor. 

 

 

Figure 26. System 1: Ligand conformations obtained after the clustering step of the Shaker protocol. 

Color pallet (blue-white-red) of the ligands (spheres) indicates ELJ interaction (from strong to weak) between the 

ligands and protein (grey cartoon). The prerequisite binding sites, marked with S2 and S3, were reported in a 

previous study (Tiwary, et al., 2015), and we were able to find these additional binding sites, with the Shaker 

protocol. 

 

3.3.5. Cases with large ligands 

Tyrosine kinase also binds dasatinib (System 9), a bulky ligand, for which an SR of 9 was obtained (Table 

20), after six simulated annealing cycles (Table 24). The same four binding pockets were found for 

dasatinib as for the previously presented PP1 (Figure 23 and Figure 24). After the final MDF step, local 

conformational refinement of dasatinib was observed, improving the RMSD from 2.3 to 1.9 Å (Table 21). 

Similar to PP1, this could be partially explained by the role of the water molecules and the enhanced 

target motion during MDBSA.  
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Figure 27. System 9: Analysis of binding pockets from Shaker, and ligand movements obtained before and after MDF. 
Color pallet (blue-white-red) of the ligands (spheres) indicates ELJ interaction (from strong to weak) between the 

ligands and protein (grey cartoon). Ligand conformations before and after the refinement MDF runs are 

represented. 

 

 

Figure 28. During Shaker, conformational changes of the pentapeptide KQTSV are observed, while remains bound to 

its pocket on the PDZ domain (System 10).  

Red sticks represent the native ligand conformation from PDB (1be9). Teal sticks represent ligand conformations at 

different Shaker stages starting with the conformation right after Wrapper (1), and continuing with conformation 

after MDBSA (2), and after MDF (3). The changes of target-ligand interaction energy (ELJ) and the RMSD during the MD 

stages in the Shaker protocol are plotted below the structural snapshots. See also Supporting Movie 2 in (45) for 

further details of conformational changes 
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WnS was further tested on the challenging System 10 with a pentapeptide ligand with twenty-three 

flexible torsions. The correct binding position of the ligand was obtained after the MDF stage of Shaker 

with an improvement of RMSD from 6.8 to 1.7 Å (Figure 28, and Supporting Movie 2 from (45)). 

A re-ranking (Table 23) from Rank 2 to Rank 1 was also observed after MDF. For comparison, the wrapped 

target-ligandN complex of System 10 was subjected directly to an MDF simulation skipping the MDB and 

MDBSA steps of Shaker. In this case, an RMSD of 11.3 Å (Line 10b in Table 23) was obtained which was 

worse than the RMSD obtained with the complete Shaker protocol (1.7 Å, Figure 22). This demonstrates 

that both MDB and MDBSA steps of Shaker are necessary to find the correct position. After Wrapper, the 

pentapeptide was in a closed, cyclic conformation (Figure 28, Snapshot 1). This unrealistic arrangement 

was opened up (Snapshots 2 and 3) by interacting water molecules. It can be also observed that limited 

protein flexibility during MDB and MDBSA allowed only moderate reduction of the ligand RMSD by 

improvement of the target-ligand interactions. Most of the RMSD and interaction energy improvement 

was achieved after MDF, and rearrangement of K380 inside the pocket was necessary, to improve the 

conformation of the simulated ligand (Figure 28). All-in-all, MD steps including target flexibility have a 

significant influence on the results of WnS for large ligands. Introduction of MDF considerably improved 

structural precision, in the above case studies of large ligands (Systems 9 and 10). 
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Conclusion 

Computational methods such as docking and molecular dynamics (MD) are becoming more affordable, 

allowing a fast-paced solvation of drug discovery problems. With the computational improvements, the 

combination of GPUs and software codes that can exploit the newest innovations in hardware 

architectures, MD has become a fundamental tool for calculation of the structure of proteins and protein-

ligand complexes.  

The presented thesis is based on three scientific publications, as stated in section 6.1. Two case studies 

are presented on challenging systems that have exploited both aforementioned computational methods. 

The third study, presents a new systematic binding site search method (Wrap’n’Shake), that works in 

synergy with popular open source program packages AutoDock 4.2.3 and GROMACS 5.0.2. Wrapper is 

freely available in a new open source package WnS as shell scripts and a C program Wrp available for 

download together with a User’s Manual at www.wnsdock.xyz. 

 

In our initial study, a challenging protein was investigated (HSA), with multiple binding sites known on its 

surface. Beside fluorescence spectroscopy and ultrafiltration experiments, docking calculations, followed 

by MD were performed on the HSA. The binding sites resulted after docking calculations, were 

characterized and further improved with MD simulations. MD calculations allowed HSA-ZEN interaction 

energy re-evaluation, which was necessary to characterize the stability of the analysed binding sites. 

Docking calculations were insufficient to draw such conclusions regarding the stability of the functional 

binding sites.  

MD was required to investigate which protonation state of H464 is the most probable during ZEN binding, 

and the contact of which amino acids are mandatory for ZEN interaction in the A binding pocket. 

Combining the experimental methods such as fluorescence spectroscopy and ultrafiltration with 

theoretical calculation such as docking and molecular dynamics, we demonstrated that ZEN forms stable 

complex with albumin, occupying a non-conventional binding site on HSA (between Sudlow’s site I and II). 

 

In the second case study, human estrogen receptor alpha (hERα) was analysed, with both docking and 

MD calculations. As our initial objective, influence of the coactivator peptide (CA) in the stabilization 

and/or unbinding mechanism of E2 and EN were analysed. Our results supports the idea, that ABS is 

available for ligand binding, if AF2 is not occupied by CA, otherwise it is dynamically blocked by side-

chains of amino acids composing the ABS. Our study also provided structural evidence, that non-classical 

effects of sex steroids require extranuclear, membrane-bound localization of the estrogen receptor, 

where the AF2 binding site is not occupied by CA. 

 

http://www.wnsdock.xyz/
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Both classical (CBS) and alternative binding sites (ABS) were exhaustively mapped on the ligand-binding 

domain of human estrogen receptor alpha. Blind docking and molecular dynamics simulations allow an 

unbiased exploration of the whole surface of hERα which is essential for finding multiple binding sites. 

Using the ligand conformations obtained after docking calculations target – ligand complexes were 

submitted to MD. MD trajectories were analysed, and structural dynamics of non-classical effects of sex 

steroids was presented. Kinetic stability of the steroid –receptor complexes was investigated by 

molecular dynamics calculations. These investigations were possible by allowing fully flexible MD 

simulations on both the ligands, and hERα. Protein flexibility is particularly important in following the 

complete ligand binding pathway due to induced fit conformational changes. Real-time investigations of 

the complete interaction network at atomic resolution pointed to key residues (M357, H356 and L326) of 

steroid binding mechanism. Apart from a fully flexible hERα, the presence of explicit water molecules 

proved to be highly important especially in the estren binding/unbinding process.  

We showed how steroid binding to the alternative binding site of non-classical action is facilitated by the 

presence of a ligand in the classical binding site and the absence of the co-activator peptide. We present 

an elucidation of the binding mechanism of estradiol and estren to hERα that can be further exploited in 

the structure-based design of new drugs with rapid, non-classical responses. 

 

In the third study, a systematic strategy, the Wrap ‘n’ Shake was introduced for exploration of multiple 

binding sites and modes of drugs on their macromolecular targets. Ten test applications are presented 

with successful identification of multiple binding sites on biologically important systems such as MAP and 

tyrosine-protein kinases, key players of cellular signalling as well as farnesyl pyrophosphate synthase, a 

target of antitumor agents. 

 

Wrap ‘n’ Shake initially performs a systematic wrapping of the target into a monolayer of ligand copies 

using a modified blind docking approach and finally selects the stable positions by shaking off loose 

binders. The method offers a computationally feasible solution for the present problems of the field 

(Introduction Section 1.2.3.). 

 

In the first stage, Wrapper requires only fast blind docking cycles with AutoDock 4.2.3 program package. 

A new atom type (X) was introduced in the force field used in the Autodock program package, in order to 

minimize the ligand–ligand interactions. The purpose of the new atom type was to implement a weak 

repulsion between the docked ligand copies, and therefore block the formation of ligand aggregates. By 

inhibiting the formation of ligand aggregates, the target-ligand interactions are maximized to ensure that 

the largest possible numbers of new ligand copies are placed on the surface in an actual BD cycle. 
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The second stage (Shaker) is also fairly short and can be performed by available MD packages. Its purpose 

is to find the functional binding sites on the protein surface. This purpose is achieved with several Shaker 

cycles, which eliminates (“washes off”) the weak binding ligands. The elimination of ligands is further 

accelerated by the presence of explicit water molecules and target flexibility. Shaker cycles were carried 

out until 75% of ligands were eliminated. After each shaker stage, target-ligand distance and energy 

calculation was carried out, in order to be able to follow the path of a ligand during the MD trajectory. 

The ligand elimination process was based on these calculated parameters. In the first cycles of the Shaker 

protocol, backbone restraint was implemented, to grossly filter out the ligand excess. In the following 

stages, simulated annealing was introduced in the MD protocols, in order to accelerate the dissociation 

process of the ligands. In the final Shaker stage, total protein flexibility was allowed, to refine the 

conformation of the cluster representatives. No position restraint was set on the target, in the final step 

to allow any induced-fit movements to take effect. Since this step is considered a refinement step, the 

duration of the simulations at this stage can be entirely customizable, depending on the user’s need, and 

computational availability. Shaker stages, has successfully filtered out the unnecessary, weak binding 

ligands obtained from Wrapper, and retain only the ligand conformations, from the functional binding 

sites in all ten test cases. The final calculated ligand conformations were validated to known, 

experimentally determined binding conformations, using RMSD as a metric number. 

 

In its current stage Wrap ‘n’ Shake is suitable to study interactions of protein targets even with large 

peptide ligands, however further developments are on their way. We have started the extension of the 

method towards protein ligands using a fragment-based approach with post hoc reconstruction of the 

ligand. In future applications, Wrap ‘n’ Shake could be also used for general pocket search, besides 

docking of individual ligands. We envision that Wrap ‘n’ Shake can become the tool of choice for 

systematic exploration of multiple binding sites and modes of ligands in drug design and structural 

biology. 
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CHAPTER V. 

Methods 

 

 

 

 

 

 

5.1. Blind Docking  

5.1.1. Ligand preparation 

General preparation of ligands for docking. The pKa values of the ligand molecules were calculated using 

the pKa plug-in in Marvin Sketch, v 6.3.0 (204). Hydrogens were added according to the correct 

protonation state at pH 7. Energy minimization was done on hydrogenated structures using the semi-

empirical quantum chemistry program package, MOPAC (13,205)  performing a geometry optimization 

with a 0.001 gradient (kcalmol-1Å-1) and force calculations with PM3 (PM7 in (46)) parameterization. In all 

cases, the force constant matrices were positive definite. The minimized ligand molecules were prepared 

for docking, similarly to the target. A united atom representation for non-polar moieties was applied. 

 

Specific preparation of ligands for docking 

In our study (46) prior to semi empirical minimization, of ligands (205), a steepest descent optimization, 

was performed with 104 steps. The next step was a conjugate gradient minimization, with a maximum of 

104 steps, and the convergence threshold was set to 10−7kcalmol−1Å−1. MMFF94 force field (206) was used 

in both steps. 

 

5.1.2. Target preparation 

General preparation of target molecules for docking.  

Missing amino acids from the target structure, were inserted with Swiss-Pdb Viewer (207). The only 

exception was in (46) where the missing residues of 2b23 (except the C-terminal region) were not 

modelled. In cases of missing terminal and non-terminal amino acids, acetyl and amide capping groups 

were added with the Maestro program package (208) to the N- and C-terminus, respectively. The only 

exception was in (46) study, were the co-activator peptide (CA) in(46) was modelled with charged 

termini. In cases of homodimer structures, chain A was used for calculations. Target molecules were 

minimized, as described in Section 5.2.3. After the minimization steps, target molecules were prepared 
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for docking, applying a united atom representation for non-polar moieties, together with Gasteiger 

partial charges. 

 

Specific preparation of target molecules for docking. 

In our study (46), target selection and preparation started with analyzing the literature, and finding all the 

X-ray structures of the estrogen receptor LBD. 137 hERα LBD entries were found available in the Protein 

Databank (PDB, Table 34 in Appendix 3) and among them 3q95 structure was chosen to represent hERα, 

in docking (Section 3.2.2) and MD (Section 3.2.3) calculations  because it’s the completest structure, with 

a good resolution of 2.05 Å.  

The 3q95 structure is co-crystallized with the native ligand (estriol) and CA. As 3q95 is the most complete 

structure, it was chosen to represent hERα LBD. The ligand-free hERα (2b23) is also available (Table 34 in 

Appendix 3) and superimposing 2b23 and 3q95 on their backbone atoms with PyMol (209) provided an 

excellent overall structural fit quantified by a root mean squared deviation (RMSD) of 0.5 Å. The RMSD 

was calculated between the two conformations according to Equation 6 in Section 5.3.1.2. 

Modeling the C terminal (46). Secondary structure prediction was performed on the amino acid 

sequence of the missing F-domain, the sequence was accessed from UniProt with accession ID of P03372, 

multiple sequence alignment was performed with Clustal Omega (210). Prediction was performed on the 

PsiPred server (27), with the last two amino acids from X-ray structure added, to facilitate the fitting onto 

the protein after MD. Based on this prediction, the tertiary structure of the polypeptide chain was 

modelled with Tinker and equilibrated by a 10-ns-long molecular dynamics simulation. After 

equilibration, further 100 ns, unrestrained MD trajectory was generated for production. After MD, 

clustering was performed with Gromacs program cluster using the gromos method, and a 2 Å cut-off 

RMSD was set between clusters. The representative structure of the C-terminal region was merged with 

both X-ray structures of HERα (3q95 and 2b23) and these extended proteins were used throughout this 

study. 

The most populous cluster from the 3q95 simulation after 100 ns with the modelled C-terminal was used 

as the target structure. Clustering was performed with Gromacs program cluster using the gromos 

method, and a 2 Å cut-off RMSD was set between clusters. Only polar hydrogens were treated explicitly, 

non-polar hydrogens were merged. Gasteiger-Marsili charges (43) were added to the protein. 

 

5.1.3. Docking parameters 

Grid box parameters. The grid box around the protein was generated with AutoGrid 4.2 (34). Grid box 

was automatically centered on the target, and grid maps of 200 (250 in case of our (47) study) grid points 

along all axes, with 0.375 Å spacing were generated. The size of the box was set to 200 (250 in case of 

(47)) in order to ensure that the whole target surface is included in the docking algorithm searching 
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space. 

 

Blind docking parameters The AutoDock 4.2.3 (Morris, et al., 2009) program package was used with 

Lamarckian Genetic Algorithm (LGA). Gasteiger-Marsili partial charges were added for both, the 

minimized ligand and target atoms as well. Lamarckian genetic algorithm with Solis-Wets local search was 

used in geometrical search. Dockings started with a population size of 250, the number evaluations were 

107, and the number of generations was set to 107. 100 runs were performed in one docking.  
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5.2. Molecular dynamics 

5.2.1. Preparation of non-standard amino acids 

Parameters of non-standard residues. Parameterization of non-standard amino acids in System 8 (45), 

ligands, cofactors presented in Table 25, was necessary because AMBER99SB-ILDN force field does not 

include molecular mechanics parameters for these molecules used in our study. The minimized structure 

(see section 5.1.1.), was submitted to partial charge calculation. Partial charge calculation was performed 

on the R.E.D Server (44) for the minimized structure, with RESP-A1 charge fitting compatible with 

AMBER99SB-ILDN force fields. The calculations were performed with the Gaussian09 software (40), using 

HF/6-31G* split valence basis set c. The non-standard amino acids termini were capped, but the caps on 

the termini were excluded from charge derivation, charge restraints were applied on these atoms. 

Normal mode analysis was performed using GAMESS (211) to ensure that the final geometry is in energy 

minimum. Bond stretching, angle bending and torsional parameters were assigned with the parmchk 

utility of AmberTools 1.5 program package (212) and used together with the partial charges to build 

Gromacs residue topology entries for the non-standard residues. 

 

Table 25. Lewis structure of ligands, cofactors, and non-standard amino acids for which parameterization was 

performed in our studies 

Crt. Nr. Residue name 
(residue code) 

Lewis structure 

1 zearalenone 

 

2 estrene 

 

3 estradiol 
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Crt. Nr. Residue name 
(residue code) 

Lewis structure 

4 Benzamidine 

 

5 

(6-methoxy-1-
benzofuran-3-yl) 
acetic acid (MS0 
site 1)  

6 

4-[3-(4-
fluorophenyl)-1h-
pyrazol-4-
yl]pyridine (GG5) 

 

7 

1-ter-butyl-3-p-
tolyl-1h-
pyrazolo[3,4-
d]pyrimidin- 4-
ylamine (PP1) 

 

8 Prednisone 

 

9 

[5-amino-1-(4- 
Fluorophenyl)-1H-
Pyrazol-4- yl] [3-
(piperidin-4-yloxy) 
phenyl]methanone 
(PQA)   

10 Ralitrexed 

 



82 
 

Crt. Nr. Residue name 
(residue code) 

Lewis structure 

11 Dasatinib 

 

12 FMN 

 

13 UMP 

 

14 CME 

 

 

5.2.2. Selection of target structures 

In (46) the ligand free (2b23) and ligand bound (3q95) PDB entries of estrogen receptor were considered 

to be appropriate representations of the LBD structure, because E2, and estriol do not induce significant 

changes in the protein structure. The detailed process for selecting these structures is presented at 

section 5.1.2. The overall dynamics of these protein structures was analyzed by calculation of the RMSF 

through 1 µ simulation, without ligand (Figure 29 and Figure 6c). 
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Figure 29. RMSF of hERα (3q95) during 1µs ligand-free CA- and CA + simulations. 

 

RMSF was calculated and presented in the same way as Figure 6. Similarly to Figure 6, it can be observed, 

that high RMSF values vere observed in L1, L2 and in the F domain. The above-presented similarities in 

the RMSF between 3q95 and 2b23, comes as an additional support to demonstrate that the two 

cristallographic structures beside the excelent structural alignement (0.5 Å – Section 5.1.2) also have a 

similar dynamic behaviour. Thus, in Section 3.2.1, the extended 2b23 was used, whereas in the holo 

simulations of Section 3.2.2 and 3.2.3, the steroid-bound receptor was performed with the extended 

(with modeled C terminal) 3q95.  

 

In (46) ten systems were used for testing the newly developed WnS strategy. Apo, ligand free structures 

were used as docking targets for BD calculations, except for System 8, where the holo structure was used. 

In the case of System 5 another protein tyrosine-protein kinase was used as apo structure similarly to a 

previous study (93). Ligands from the holo structures were used as references for RMSD calculation. 

In (47) 1ao6 apo structure of HSA was prepared and used for docking and MD studies. 

 

5.2.3. Energy minimization (EM) of the targets 

General MD minimization of targets.  

After selecting and preparing the target molecules as presented at section 5.1.2 and 5.2.3, target were 

minimized using a sequential two-step protocol with Gromacs 5.0.2 (Abraham, et al., 2015) software 

package. Steepest descent and conjugated gradient minimizations were performed. Every minimization 

and MD simulations were performed with AMBER99SB-ILDN force field (Lindorff‐Larsen, et al., 2010), in 

TIP3P explicit water model (Jorgensen, et al., 1983). Structures were solvated with the gmx solvate 

module of Gromacs 5.0.2 (195), after they were placed in the centre of a cubic box (except in (46), where 

dodecahedron simulation box was used). Distance between the box and the solute atoms was set to 10 Å. 

The simulation box was filled with water molecules and counter-ions in order to neutralize the total 

charge of the system. The box was filled with explicit TIP3P waters63. Parameters from the Amber99SB-

https://www.nature.com/articles/s41598-017-14840-9#ref-CR63
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ILDN64 force field were used. Sodium or chloride counter ions were added to neutralize the system. 

Particle mesh Ewald method was used for long-range electrostatics. The van der Waals and Coulomb cut-

offs were set to 11 Å. Convergence threshold of the first EM step (steepest descent) was set to 103 kJ 

mol−1 nm−2, in the second step (conjugate gradient) minimization it was set to 10 kJ mol−1 nm−2. Final 

structures obtained from the energy minimization were launched into further MD calculations, or into 

docking calculations. 

 

5.2.4. Molecular dynamics: Production trajectory 

5.2.4.1. General parameters for production trajectories (MD) 

MD simulations of the ligand-target complexes were performed using Gromacs 5.0.2 program package 

with force field settings as described at Section 5.2.3. PME (Particle Mesh-Ewald) summation was used for 

long-range electrostatics. Van der Waals and Coulomb interactions had a cut-off at 11 Å. For temperature 

coupling the velocity rescale algorithm was used. Solute and solvent were coupled separately with a 

reference temperature of 300 K (except in case of MDBSA protocol in (45)) and a coupling time constant of 

0.1 ps. Pressure was coupled the Parrinello-Rahman algorithm with a coupling time constant of 0.5 ps, 

compressibility of 4.5×10-5 bar-1 and reference pressure of 1 bar. Structures were exported at every 0.1 ns 

time step. If position restraint was used in our simulations, a 103 kJmol-1nm-2 force constant of was 

applied on the restricted heavy atoms during the whole MD calculations. Periodic boundary conditions 

were treated after the finish of the calculations. 

 

5.2.4.2. Specific parameters for production trajectories (MD) 

a) MD simulations of 100 ns length were performed for the top three ranked HSA-bound ZEN 

conformations form the blind docking calculations. For the first rank, additional two MD simulations were 

performed for investigation of the impact of the above-mentioned His464 protonation states on the 

stability of the binding mode of the ligand. The five ligand-target complexes (see Section 3.1) were 

performed with the Gromacs program package using force field settings described at Section 5.1.2. No 

position restraint was applied on the target or ligand atoms, during simulations.  

b) In our (45), study, all frames generated in MD trajectory were extracted. Position restraints were 

applied on the backbone heavy atoms (except MDF) with a force constant of 103 kJmol-1nm-2 during the 

whole MD simulation. In case of System 4, distance restraints between the ion (coordinated structural 

Zn2+) and the coordinating residues was needed to maintain proper geometry. In addition, specific 

parameters regarding the duration, position restraint, and temperature scheme were used for each MD 

type in the Shaker protocol. 

 

https://www.nature.com/articles/s41598-017-14840-9#ref-CR64
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Shaker 

MDB A 5-ns-long MD simulation was performed, using backbone heavy atom position restraints, with a 

103 kJmol-1nm-2 force constant. Export of coordinates at every 0.1 ns time step, resulted in a total of 51 

frames (NF). All other simulation parameters, were unchanged and used as presented in Section 5.2.4.1. 

for production trajectories (MD). 

MDBSA. A 20-ns-long simulated annealing MD was performed, using backbone heavy atom position 

restraints, with a 103 kJmol-1nm-2 force constant. Export of coordinates at every 0.1 ns time step, resulted 

in a total of 201 frames (NF). Simulated annealing temperature was rescaled and controlled in the same 

way for each temperature group in Gromacs (both solvent and solute). Based on the differences at the 

molecular weight (MW) level of the ligands, SA was performed using two temperature increase schemes 

up to 50C (Scheme 1, ligand MW ≤ 300) or 80C (Scheme 2, ligand MW ≥300). 

 

Table 26. Simulated annealing temperature scheme 1 

Time (ps) 0 2500 5000 10000 15000 17500 20000 

T (K) 300 310.15 323.15 323.15 323.15 310.15 300 

 

Table 27. Simulated annealing temperature scheme 2: 

Time (ps) 0 1250 2500 3750 5000 10000 15000 16250 17500 18250 20000 

T (K) 300 315.15 330.15 343.15 353.15 353.15 353.15 343.15 330.15 315.15 300 

 

All other simulation parameters, were unchanged and used as presented in Section 5.2.4.1. 

MDF. A 20-ns-long MD simulation was performed, without any position restraints on the target. Export of 

coordinates at every 0.1 ns time step, resulted in 201 total frames (NF). All other simulation parameters 

were unchanged and used as presented in Section 5.2.4.1. 

 

c) In our (46) study, after minimization, prior to the productive Gromacs MD calculations, a uniform 

equilibration procedure was performed. The optimized structure was equilibrated under NPT conditions 

for 10 ns (with 2 fs time step). The solvent and the solute was coupled separately to 300 K with the 

velocity-rescaling algorithm (213), with time constant of 0.1 ps. Pressure was kept at 1 bar with the 

Berendsen barostat (54) with time constant of 0.5 ps, and compressibility of 4.5 × 10–5 bar−1. Long range 

interactions were cut off at 1.1 nm. Position restraints of 1000 kJmol−1nm−1 were applied on all protein 

heavy atoms. After equilibration, productive MD calculations were performed as described in Section 

5.2.4.2. Coordinates were saved at regular time-intervals, at every 10 ps. Simulation on the ligand free 

structures were 1 μs-long, resulting in 105 frames The terminal loop (see Section 5.1.2 ), and the post-

docking MD simulations, for the scenarios detailed in Figure 5 (bottom) , were simulated for 100 ns. For 
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each of the post-docking refinement scenarios, five MD simulations were launched; with 5 different 

starting seeds (see Table 30 - Table 33 in Appendix 2). 



87 
 

5.3. MD trajectory Evaluation and metrics 

 

5.3.1. General protocols 

5.3.1.1. Calculation of interaction energy (ELJ) 

Calculation of ELJ between target and ligands, was required in all of the three studies presented in this 

thesis. In our studies, ELJ was calculated in order to perform a post EM and / or post MD simulation re-

evaluation of the strength of target-ligand binding. The intermolecular interaction energies were 

calculated using the Lennard-Jones potential (ELJ), presented in Equation 1, using Amber2012 parameter 

sets (214). 

In (47), ELJ was calculated in order to re-evaluate the binding positions of ZEN on the HSA. In our study, 

(46)ELJ calculation was performed between docked steroids and hERα (Section 3.2.2) after energy 

minimization with Gromacs (Section 5.2.3). In our study, (45) ELJ calculation between the ligands and 

target was necessary in the Shaker stage, filtering process. 

 

5.3.1.2. Root mean squared deviation (RMSD)  

RMSD measures were used in our studies to calculate structural precision of the ligand conformations by 

comparing the atomic positions of the calculated (docked, simulated) ligand conformations and those of 

the crystallographic reference.  

The root mean squared deviation (RMSD) of the calculated (C) ligand conformation from the 

experimental reference (R) conformation was calculated according to Equation 6. 
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RMSD                                                                                                                       Equation 6 

where, NHL is the number of ligand heavy atoms, R is the space vector of the ith heavy atom of the 

reference ligand molecules, C is the space vector of the ith heavy atom of the calculated ligand 

conformation.  

 

5.3.2. Specific protocols, used in case study 2 

5.3.2.1. RMSF and RMSD calculation 

RMSF calculation was performed with Gromacs gmx rmsf program. RMSF values of 462–471 and 297–300 

residues (Figure 6c) were obtained from the 1µs ligand free simulations with 3q95 (Figure 29).  

RMSD calculation was performed with Gromacs gmx rms program For RMSD calculation, between the X-

ray and the docked estradiol, 1gwr hHERα was used, where estradiol is the co-crystallized ligand (Figure 

9). The estradiol structure from 1gwr was taken after superimposing the Cα atoms of 1gwr on to the Cα 

atoms of hERα structure used for docking. 
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5.3.2.2. Distance calculation 

Distance calculations from the initial position of M357 (SD), H356 (CE1) and L327 (CG) sidechain atoms 

was followed throughout the 1µs steroid-free simulation. The distance was calculated using Gromacs gmx 

rms program, having an alignment of heavy atoms on the initial structure, over H3 (341–361) and H12 

(539–545) residues. For efficient presentation Figure 12 bottom part average distances were plotted for 

every 200 frames. 

 

5.3.2.3. Kinetic stability 

Residence frequency (RF, Equation 7) was calculated as a measure of kinetic stability. The movement of 

the ligand was described by the distance between the centre of mass (dCOM) of its actual and starting 

positions at each time frame during the total simulation time. 

 

                                                                                  Equation 7 

 

The value of dissociation limit dLIM was set to 5 Å. The RF values were calculated for the five individual 

trajectories and also for a merged trajectory of 500 ns including all five trajectories. The theoretical upper 

limit of RF was 10.0 ns−1 (=1001/100 ns) in the present study which corresponds to the highest kinetic 

stability. 

 

5.3.2.4. Correlated movements 

The distance of the side chain atoms from the initial positions were calculated using Gromacs rms 

program, having an alignment of heavy atoms, on the initial structure, over H3 (341–361) and H12 (539–

545) residues. Using the same technique as in the steroid-free evaluations (Section 5.3.2.2), for efficient 

presentation, average distance values were calculated for every 10 frames, resulting in 100 distances for 

100 ns of simulation. Correlation of movements of M357, H356, L327 residues, with dissociation of EN 

was followed when dCOM ≤ dLIM. The dLIM was achieved at 27.2 ns, and correlation points (Figure 13), were 

taken from 0 to 28 ns. Average distances of the investigated time interval (0–28 ns) resulted in 1.2 Å 

initial, and 4.9 Å final dCOM values, shown as abscissa in Figure 13. Up until this frame, the ligand 

dissociation could be correlated with all three residues, and this is also the point when EN starts to 

abruptly dissociate from ABS (Figure 12). The structural representations in Figure 13, were taken from 

18 ns. This was the frame when the movement of all three residues was the most representative. 

 

https://www.nature.com/articles/s41598-017-14840-9#Equ7
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5.3.2.5. Velocity calculations 

In order to characterize the dissociation patterns of both E2 and EN, three types of velocities were 

calculated, and presented in Table 9 and Table 10. The v1 measures the ligand velocity in the initial 

dissociation phase, until dLIM is reached. The second type of velocity (v2) takes into account the necessary 

time for the ligand to reach total dissociation after reaching the dLIM. The limit for final dissociation was 

set to 10 Å, and the time when this limit is reached, was collected in Table 9. The v2 characterizes the 

best, the differences between EN and E2 dissociation mode. In CA− simulations, dLIM was not reached for 

E2, and therefore, v2 was not calculated. The third type of velocity (v3) describes the ligand velocity for the 

total dissociation, from the start of the simulation. 

 

5.3.3. Specific protocols, used in Wrap’n’Shake method development 

5.3.3.1. RMSD calculation 

Using the general method presented at Section 5.3.1.2., post docking RMSD calculations were performed 

with wrp program (45), and post MD RMSD calculations were carried out using Gromacs package (195). 

Prior to calculation of RMSD, a structural alignment of the target molecules needs to be performed. In 

case of post MD RMSD calculation, structural alignment was performed on the holo and apo target 

residues surrounding the ligand within 5 Å (Table 28) similarly to a previous work (93).  

 

Local alignment of target residues before RMSD calculation. Similarly, to other studies (Dror, et al., 

2011; Shan, et al., 2011) RMSD calculations were carried out using a local alignment on Cα atoms of the 

target residues forming the binding pocket, i.e. surrounding the reference ligand within a maximum 5 Å 

cut-off distance. During flexible MD simulations, structural changes of the target can occur, rendering the 

comparison with the reference ligand structure difficult. With the above-mentioned local alignment of 

the holo and apo target structures using only the residues of the binding pocket, global structural changes 

of the target are disregarded and their influence on RMSD calculations is minimized. The list of the amino 

acids used for Cα alignment in RMSD calculation is presented below. 

Two types of reference target−ligand complex structures (RMSDCR and RMSDMD) were used in our (45), as 

defined below: 

RMSDCR. Holo and apo target structures were structurally aligned on their backbone  carbon atoms (Cα 

alignment). Using the aligned structures, the crystalized ligand from the holo structure, was merged with 

the apo target structure, because the apo target was used in the wrapping process. The obtained ligand – 

apo target complex was used for RMSDCR calculations. In this reference structure the crystallographic 

ligand structure was used without any modifications, because this reference structure is most commonly 

used for RMSD calculations. Discussed RMSD values in this study are calculated with RMSDCR reference, in  

Table 21 and Table 22, where RMSDMD is also presented. 
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RMSDMD. As it can be observed in Table 11, some of the investigated ligands have an increased B-factor 

(System 2), which suggests an increased mobility in the binding pocket. Additionally, in Table 22, we can 

observe serious RMSD variations which also suggest that ligands are not settled in a fix position in the 

binding site. Considering that the crystalized ligand can also move in the binding pocket, and is not fixed 

in the position that was crystallized we have performed short 10-ns MD on the ligand – apo target 

complex (see RMSDCR), using the same MD parameters as in our MDB simulation (Section 5.2.4.2.). The 

conformation of the ligand – apo target complex from the last frame of this MD, was used as reference 

structure, in our RMSDMD calculations. 

 

Table 28 Residues used for Cα alignment in RMSD calculation 

System 
Nr 

PDB ID Residues used for Cα alignment in RMSD calculation 

1a 3PTB 
D 172, S 173, C 174, Q 175, S 178, V 192, S 193, W 194, G 195, G 197, C 198, A 199, P 204, 
G 205, V 206, Y 207 

2 3N3L Y 10, K 57, N 59, R 60, T 63, S 205, F 206, P 209, F 239, L 344, K 347, I 348 
3a 3HVC A 51, V 52, L 75, I 84, G 85, L 86, L 104, V 105, T 106, H 107, L 108, M 109, L 167, D 168 

3b 3HVC M 194, L 195, W 197, H 228, I 229, L 232, S 252, S 254, A 255, R 256, Y 258 

4 3CPA 
H 69, E 72, R 127, D 142, N 144, R 145, H 196, S 197, Y 198, L 203, G 207, I 243, I 247, A 
250, G 252, G 253, S 254, I 255, D 256, T 268, E 270, F 279 

5 1QCF 
L 273, V 281, A 293, K 295, E 310, M 314, T 338, E 339, Y 340, M 341, G 344, S 345, A 390, L 
393, A 403, D 404 

6 1H61 
T 26, Y 68, W 102, T 129, R 130, T 131, S 132, R 142, H 181, H 184, Y 186, Q 241, D 274, L 
275, Y 351 

7 2BAL 
V 30, A 51, K 53, E 71, L 75, I 84, L 104, V 105, T 106, H 107, L 108, M 109, G 110, A 111, D 
112, A 157, L 167 

8 1HVY 
R 50, T 51, K 77, F 80, E 87, I 108, W 109, N 112, L 192, D 218, L 221, G 222, F 225, N 226, Y 
258, I 307, M 309, M 311, A 312 

9 3G5D 
L 273, V 281, A 293, I 294, K 295, E 310, M 314, V 323, I 336, V 337, T 338, E 339, Y 340, M 
341, S 342, K 343, G 344, L 393, A 403, D 404 

10 1BE9 R 14, G 18, L 19, G 20, F 21, N 22, I 23, I 24, G 25, S 35, H 68, A 72, L 75 
 

5.3.3.2. Shaker Rate and Rank serial number 

Shaker rate (SR = N/n) is a ratio of counts of the N ligand copies residing on the target surface (N) after 

Wrapper and the n final cluster representatives (n) produced by Shaker. The larger the SR, the more 

efficiently Shaker eliminated ligand copies from the target surface.  

Rank serial number (#Rank) is calculated using relative ligand-target interaction energies corresponding 

to the docked ligand positions. WnS ranks docked ligand copies by their interaction energies with the 

target. The smaller the #Rank, the stronger the target-ligand interaction is at a ligand position. The #Rank 

of the docked ligand copy of the lowest RMSD is listed for all systems in Table 20. In the final rank lists, 

docked ligand copies with small RMSD, i.e. close to the crystallographic conformations should be 

preferably placed at the top of the rank lists, with small #Rank values. 
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5.3.3.3. Elimination Rate  

ER=1-n/N=1-SR-1                                                                                                                                            Equation 8 

The Elimination Rate (ER) is defined as the ratio of the number of ligands eliminated in Shaker (N-n) and 

the total number of ligands after wrapper (N), in order to have a measure of shaker efficiency and it is 

used as system-independent threshold in the Shaker. The calculated ER was used to set up the Shaker exit 

criterion (ECS Figure 15). ER is connected to SR as observed in Equation 8. 

 

5.3.3.4. Filters of the Shaker algorithm 

Shaker algorithm uses the distance-based (dC) and interaction energy-based (ELJ) basic filters calculated 

directly from the frames of simulation trajectories. A trajectory contains NF frames, where the actual 

value of NF can be tuned. The value of NF used in the present study is specified for each MD simulation 

type in Section 5.2.4.2. A frame includes all structural (coordinate, atom type, etc.) information of the 

target-ligand complex. Further, derived filters were calculated from the basic filters. Finally, the filters 

were combined into Filter set and used in pilot studies and in the final Shaker algorithm. Note that serial 

number of a filter (Filter #) indicate the priority of a filter in the filtering sequence of the filter set as 

described below. 

 

Table 29. Description of filter set (FS) 

Filter 
set 

Filter # Filter & Threshold Description Used in 

FS 

1 dC,AVG ˂ 3.50 Å dC and ELJ filters were calculated for all NF 
trajectories and time steps, and used in four 
consecutive filtering steps. The distance 
metrics (dC) were used in two consecutive 
filtering steps. With distance Filter #1, it 
could be ensured that those ligands that 
during the trajectory are mainly away from 
the target surface, or binding weakly (dC,AVG 
values) are filter out initially. Ligands that 
are not on the target surface at the final 
frame of the simulation (NF

th values) will be 
filtered out in the Filter #2 (dC,NF). The 
purpose of filter #3 and #4 was, to eliminate 
the weak binders, and those positions, 
where the binding energy increased more 
than 25% (from the initial frame) during the 
simulations. Such increase suggests an 
unstable binding pose and site. 

Shaker pilot study 

and final protocol: 

Table 19 and Section 

5.5. 

2 dC,NF ˂ 3.50 Å 

3 
ELJ, AVG ˂ 25 % from 
first frame 

4 
ELJ, NF ˂ 25 % from 
first frame 

dC,f  The smallest interatomic distance measured between the heavy atoms of the target and ligand molecules.  
f=1,2,3,…,NF   where NF is the number of frames in the MD trajectory 

 
 
 
Derived filters for average values (Filter 1 and 3) 
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                                                                                                                                             Equation 9 

f=1,2,3,…,NF   where NF is the number of frames in the MD trajectory 

 

                                                                                                                             Equation 10 

 

First two filters. The main purpose of these filters is to calculate the smallest interatomic distance 

between the heavy atoms of the target and ligand molecules for each frame. This distance was calculated 

using an internal distance script, for all frames. Using the distance values calculated with the distance 

script, two filtering steps were applied. Initially, ligands with large average distance from the target 

surface were filtered out. Finally, ligands not residing on the target surface at the final frame (NF) of the 

simulation were removed. In both filtering steps, the maximal permitted heavy atoms distance between 

target-ligand was set to 3.5 Å. 

 

Last two filters. The purpose of these filters was the elimination of weak binders, where the target-ligand 

binding energy increased more than 25% (from the initial frame) during the simulations. Such increase 

suggests an unstable binding pose and binding site. Using an energy script, LJ interaction was calculated 

between target and every ligand copy, during every frame of the simulation. LJ interaction calculation 

was performed as described in Section 5.3.1.1. The energy filters were set up in two steps, using an 

energy filtering script, similarly to the distance filters. Initially we filter out ligands that have a weak 

binding interaction in average, during the MD simulations (ELJ, AVG˃25 % from first frame), and finally 

ligands that are binding weakly only at the final frame of the simulation (ELJ, NF ˃25 % from first frame). 

Elimination rate is checked after every FS. The ECS #1 (ER ≥ 0.25) is checked after MDB. If the ECS #1 is 

met, the MDBSA simulation preparations are started. If the ER ECS #1 is not met, a second MDB cycle is 

performed. 
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5.4. Detailed description of final Wrapper protocol 

The Wrap 'n' Shake (WnS) method, as described in Section 3.3, was designed for systematic exploration of 

multiple drug binding sites. WnS starts with Wrapper which systematically covers the entire surface of 

the target with a monolayer of ligand copies. Wrapper performs several fast blind docking (BD) cycles 

using AutoDock 4.2.3 (34). Wrapper is automatized with the help of two shell scripts (Pre-wrapper.sh and 

Wrapper.sh) and a C program (Wrp), as in Figure 30. 

 

 

Figure 30. Components of Wrapper (grey boxes) and their connection with external scripts and programs 

 

5.4.1. Pre-wrapper.sh 

Pre-wrapper.sh is a bash shell script used for preparation of AutoDock 4.2.3 and AutoGrid 4.2 (Morris, et 

al., 2009). Energy-minimized structures of the target and ligand molecules are the main inputs. The 

commonly used Protein Databank (PDB) file format is accepted. Hydrogen atoms are not added to the 

input PDB files. It is assumed that input structures are complete to have an integer total charge on both 

molecules (target and ligand).  

The script generates pdbqt files and the corresponding parameter files ( dpf and gpf) for each target and 

ligand pair. External python scripts used by Pre-wrapper.sh are listed in Figure 30. The scripts are 

distributed as part of the open source software AutoDockTools. 

Pre-wrapper.sh adds the user defined path to the modified AD4_parameters.dat (Figure 31) file as an 

additional first line to .dpf and .gpf. This ensures the usage of modified AD4_parameters.dat by AutoDock 

4.2.3, instead of the default one normally stored in source code directory of AutoDock 4.2.3.program 

package. 

Pre-wrapper.sh also adds new entries of excluded atom types LL and YY (commonly marked as X in our 

original publication (45) to the .dpf and .gpf files. This step is performed only once, as the same 
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parameter files can be used in all wrapping cycles later. This step is necessary for generation of the 

corresponding new map files (*LL.map and *YY.map). 

 

atom_par H      2.00  0.020   0.0000   0.00051  0.0  0.0  0  -1  -1  3 #Non H-bonding Hydrogen 

atom_par HS      2.00  0.020   0.0000   0.00051  0.0  0.0  0  -1  -1  3 #Non H-bonding Hydrogen 

atom_par HD      2.00  0.020   0.0000   0.00051  0.0  0.0  0  -1  -1  3 #Non H-bonding Hydrogen 

atom_par S      4.00  0.200  33.5103  -0.00214  0.0  0.0  0  -1  -1  6 #Non H-bonding Sulphur 

atom_par SA      4.00  0.200  33.5103  -0.00214  0.0  0.0  0  -1  -1  6 #Non H-bonding Sulphur 

atom_par Cl     4.09  0.276  35.8235  -0.00110  0.0  0.0  0  -1  -1  4 #Non H-bonding Chlorine 

atom_par CL     4.09  0.276  35.8235  -0.00110  0.0  0.0  0  -1  -1  4 #Non H-bonding Chlorine 

atom_par Ca     1.98  0.550   2.7700  -0.00110  0.0  0.0  0  -1  -1  4 #Non H-bonding Calcium 

atom_par CA     1.98  0.550   2.7700  -0.00110  0.0  0.0  0  -1  -1  4 #Non H-bonding Calcium 

atom_par Mn     1.30  0.875   2.1400  -0.00110  0.0  0.0  0  -1  -1  4 #Non H-bonding Manganese 

atom_par MN     1.30  0.875   2.1400  -0.00110  0.0  0.0  0  -1  -1  4 #Non H-bonding Manganese 

atom_par Fe     1.30  0.010   1.8400  -0.00110  0.0  0.0  0  -1  -1  4 #Non H-bonding Iron 

atom_par FE     1.30  0.010   1.8400  -0.00110  0.0  0.0  0  -1  -1  4 #Non H-bonding Iron 

atom_par Zn     1.48  0.550   1.7000  -0.00110  0.0  0.0  0  -1  -1  4 #Non H-bonding Zinc 

atom_par ZN     1.48  0.550   1.7000  -0.00110  0.0  0.0  0  -1  -1  4 #Non H-bonding Zinc 

atom_par Br     4.33  0.389  42.5661  -0.00110  0.0  0.0  0  -1  -1  4 #Non H-bonding Bromine 

atom_par I      4.72  0.550  55.0585  -0.00110  0.0  0.0  0  -1  -1  4 #Non H-bonding Iodine 

atom_par YY     3.60  1E-04  00.0000   0.00000  0.0  0.0  0   0   0  0 #Excluded target atom 

atom_par LL     3.60  1E-04  00.0000   0.00000  0.0  0.0  0   0   0  0 #Excluded ligand atom 
Figure 31. Part of the modified AD4_parameters.dat file 

The modifications included in the file are highlighted in yellow. Note that atom types LL and YY have the same 

parameters and mentioned as X in the original publication of WnS (45). 

 

The use of Pre-wrapper.sh is not mandatory for Wrapper. Generation of the input *.pdbqt and parameter 

files can be performed with the AutoDockTools and the above modifications can be inserted manually. 

However, to avoid human mistakes, the use of Pre-wrapper.sh is recommended especially if multiple 

target files, or a library of ligand structures are handled.  

In order to be able to produce all the necessary map files in case of multiple target files, or a library, 

AutoDock 4.2.3 source code was modified. Original source code limits the number grid map generation to 

14 atom types. So, to produce grid map for all atom types, in autocomm.h file, line number 93 was 

modified as it follows. 

 

From: 

#define MAX_ATOM_TYPES (14 - NUM_NON_VDW_MAPS)    /* Maximum number of atom 

types set to keep MAX_MAPS a power of 2 */ 

 

To: 

#define MAX_ATOM_TYPES (34 - NUM_NON_VDW_MAPS)    /* Maximum number of atom 

types set to keep MAX_MAPS a power of 2 */ 

 

5.4.2. Wrapper.sh 

Wrapper.sh (Figure 32) is bash shell script, and is the central engine of Wrapper. It performs multiple 

cycles of blind docking, and automatically creates a monolayer of ligand copies systematically covering 

the entire surface of the target molecule. 
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Figure 32. Wrapper.sh  

Input and output files names correspond to the example files, presented on web site of WnS (www.wnsdock.xyz). In 

the presented files, 1qcf stands for the System name, and 16 for the total number of wrapper cycles performed. 

 

Wrapper.sh (Figure 32) requires the files generated by Pre-wrapper.sh. An additional input, the ligand 

template file (*ligand_templ.pdbqt) is necessary in the final stage of Wrapping to re-name all atoms 

according to their names in the molecular dynamics topology. The order of the atoms in the template file 

must be the same as in the docked ligand.pdbqt file. 

A ligand template file can be prepared by following the same steps as for docked ligand pdbqt (208) 

except minimization. The template file must have the same number of heavy and hydrogen atoms added. 

After protonation with Maestro package (208), the template file can be converted to pdbqt file, in the 

same way as the docked ligand. This will ensure the same ordering of the atoms.  

A maximal cycle number is set by default to 10000, however the user is advised to introduce a smaller, 

and more realistic maximal cycle number (e.g. 30). The wrapper stage will discontinue if the maximal 

cycle number, or if one of the exit criterion is reached. 

Wrapper.sh calls external programs (Figure 32) AutoDock 4.2.3, AutoGrid 4.2 (34), Gromacs 5.0.2 (195), 

and Wrp, an open source C program developed specially for WnS (See Section 5.4.3. for a detailed 

description of Wrp).  

 

 

http://www.wnsdock.xyz/
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The main steps of the algorithm are described: 

1) A function named cycle is created, in order to perform the following steps in multiple docking cycles. A 

docking cycle starts with creating the map files for each atom type specified in the grid parameter file 

(*.gpf), using AutoGrid 4.2. In the next step, docking is performed by AutoDock 4.2, using the docking 

parameters specified in the docking parameter file (*.dpf). Besides the docking and grid parameter files, 

reading the AD4_parameters.dat file form the *.dpf and *.gpf is also necessary in this step as the 

parameters of the new atom types LL and YY are defined in AD4_parameters.dat as described in Point 2.  

 
2) The docked conformations from the *.dlg file produced by AutoDock 4.2 are clustered and ranked, 

based on their interaction energy (Einter) values with the target. This process is performed by wrp 

program. The *wrp.pdbqt file produced by wrp is renamed from O_1qcf_1_wrp.pdbqt into 

1QCF_1_wrp.pdbqt, and this will be used as input target file for the next wrapper cycle, if the two exit 

criterions discussed at Section 3.3.1.1 are not met. Wrp also generates an O_1qcf_1_wrp_input_t.pdb file 

for the next step. 

 
3) Gromacs programs editconf and sasa are called for calculation of accessible surface area (ASA) using 

the O_1qcf_1_wrp_input_t.pdb file. The output of the Gromacs programs is shortened to a log file 

(O_1qcf_1_wrp_ASA_free.log), containing the free target ASA not covered by ligands. Detailed 

instructions for installation of editconf and sasa programs can be found on the Gromacs web site, and 

Reference Manual (215). 

 
4) The output file resulted from wrp (O_1qcf_1_wrp.pdbqt) contains the new atom types assigned to the 

ligand (LL) and target (YY). This file is used as input for the next docking cycle if the two exit criterions are 

not met. The exit criterions (ASA ≤ 1 % or Einter ≥ 0 kcal/mol) are checked in each wrapper cycle. The latter 

is checked in O_1qcf_1.sta file, where the Einter of each cluster representative is recorded. The ASA is read 

from the O_1qcf_1_wrp_ASA_free.log file. If one of the exit criterion is met, then function cycle function 

will terminate, and a trimming step is started. In the Trimming mode of wrp, ligands that have the 

distance from the target greater than 3.5 Å, are eliminated. 

 
5) In the folder where the last cycle was performed, and one of the exit criterion was met, track keeping 

file *surface_exit.log or *energy_exit.log file is generated. 

 
6) The Wrapping process can be restarted, if previous discontinuation occurred prematurely, without 

reaching one of the exit criterions. In case a restart is necessary, the usage of the wrapper.sh will not 

change. Wrapper.sh will restart the process from the last complete wrapper cycle.  

e.g. If in cycle number 3 O_1qcf_3_wrp.pdbqt is present, then Wrapper.sh will continue from cycle 
number 4. 
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7) Outcomes. The target structure wrapped in a monolayer of ligand copies is the final outcome of 

Wrapper.sh. The structure is stored in a *.pdbqt file as generated by program Wrp and after the trimming 

step it can be readily used in the Shaker method.  

The standard output is also an outcome of the Wrapper.sh, saved in the wrapper.log. This will register the 

current status of Wrapper. 

 

5.4.3. Wrp 

Wrp is an open source C program performing clustering, ranking, and assignation of excluded atoms in 

Wrapper. Wrp also performs a trimming step. Repeated use of Wrp in Wrapper provides the target 

structure systematically wrapped in a monolayer of ligand copies. 

 
Wrp is called by Wrapper.sh. Depending on the running mode, different input files are required. In 

wrapping mode, the docking log (*.dlg) is the main input as resulted from AutoDock 4.2 in a wrapping 

cycle. In the trimming mode, the wrapped target (*wrp.pdbqt), serves as an input. 

 

Wrp has various functions in wrapping mode as listed below: 

 

Wrapping mode.  

1) Wrp performs clustering and ranking of the 100 docked ligand conformations listed in the *.dlg file by 

AutoDock 4.2. The clustering step is integrated in the wrapping mode of wrp program. After clustering, 

the non-overlapping cluster representatives are retained for the next blind docking round. The cluster 

representative is selected as the conformation with lowest binding energy from the cluster. Cluster 

representatives are separated from each other using the ranking tolerance –drnk.  

 
2) Wrp is also used to assign atom type LL for all atoms in the generated cluster representatives, and YY 

for the protein atoms situated at maximum distance from the cluster representative as specified by 

assignation tolerance –dsgn. 

 
3) Wrp calculates the target–residue heavy atom interface that is situated at distance tolerance set with –

difc (Interface tolerance) switch. In all cycles, atom type LL is assigned to all atoms of the docked ligand 

poses and YY to target atoms situated within a 3.5 Å distance from the docked ligand atoms.  

 

In wrapping mode the outcome is the target structure (partially) covered by ligand copies in a *wrp.pdbqt 

file. Additionally to the *wrp.pdbqt file, a statistics file (*.sta) is also generated, that contains the Einter of 

the cluster representatives. 
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Trimming mode. Ligands with a maximal atomic distance from the target larger than the trimming 

tolerance –dmax are eliminated.  

The main output of the trimming mode is *trm.pdb file which contains the target structure wrapped in a 

monolayer of N ligand copies and can be readily used in Shaker method. 
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5.5. Detailed description of final Shaker protocol 

Input and output files names correspond to the example files, presented on web site associated to the 

WnS method (www.wnsdock.xyz). In the presented files 1qcf stands for the system name, and 16 for 

the total number of wrapper cycles performed. 

 

 

Figure 33. Detailed description of the final Shaker protocol 

 

 

 

http://www.wnsdock.xyz/
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1 Inputs 

The target-ligandN pdb complex (O_1qcf_16_wrp_trm.pdb) resulted from the Wrapper step is subjected 

directly to the MD simulations.  

 

2 Preparation of the simulation box 

Conversion of the pdb files, into Gromacs input, and preparation of the simulation box were performed 

with pdb2gmx, editconf and solvate Gromacs commands. These steps were performed one time for the 

target-ligandN (N = the number of ligand copies resulted after Wrapper) complex. Solvatation, and 

simulation box preparation, was performed as described in section 5.2.3, using the following command 

lines: 

 

gmx pdb2gmx -water tip3p -ff amber99sb-ildn -ignh –f O_1qcf_16_wrp_trm.pdb 

gmx editconf -o -d 1 -bt cubic -f conf.gro  

gmx solvate -cp out -cs -o b4em -p topol 

gmx genrestr –f b4em –o posre.itp <<EOF 

4 

EOF 

 

In cases where the target has non-zero net charge, neutrality of the system has to be ensured by adding 

the necessary number (X) of positive (Na+) or negative (Cl-) ions to the box, as Particle Mesh-Ewald (PME) 

summation was used for long range electrostatics. Gromacs command genion was used to add the 

necessary counter ions, by replacing the corresponding number of SOL molecules. 

 

gmx grompp -v -f em_st -c b4em -o em_st -p topol 

gmx genion -s em_st -o ion_b4em -p topol -pname NA -np X 

gmx genion -s em_st -o ion_b4em -p topol -nname CL -nn X 

 

3 Energy minimization 

Before launching the production of the MD calculations, energy minimizations were performed as 

detailed at section 5.2.3, on the box prepared at Step 2. A two-step minimization protocol was applied, 

including a steepest descent (st) and a conjugated gradient (cg) runs. Two scenarios were followed. 

 

I) System with non-zero total charge (input: ion_b4em.gro file) 

gmx grompp -v -f em_st -c ion_b4em -o st -p topol.top  

gmx_d mdrun -v -s st -o st -c st -g st  

gmx grompp -v -f em_cg -c st -o cg -p topol.top  

gmx_d mdrun -v -s cg -o cg -c cg -g cg 
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II) System with zero total charge (input: b4em.gro file) 

gmx grompp -v -f em_st -c b4em -o st -p topol.top  

gmx_d mdrun -v -s st -o st -c st -g st  

gmx grompp -v -f em_cg -c st -o cg -p topol.top  

gmx_d mdrun -v -s cg -o cg -c cg -g cg 

 

4 MDB 

MD simulations were launched using the energy minimized structure cg.gro as input file. MDB simulation 

parameters are specified in 5.2.4.2. Position restraints were defined in mdp file ("define = -DPOSRES"). 

The position restraints topology file (posre.itp) must be stored in the working directory, and used in the 

protein topology files, to ensure that backbone restraints are used instead of all heavy atoms restraint 

(eg.: in topol_Protein_chain_A.itp) Distance restraints were applied between the ion and the coordinating 

residues in order to maintain proper geometry, if the system contained coordinated structural ions (such 

as Zn2+, Ni 2+, etc.). 

 

gmx grompp -f md_b -o md_b -c cg -r cg -p topol.top -maxwarn 1 

gmx mdrun -v -s O_1qcf_16_wrp_trm_md1.tpr –o md_b -c md_b -g md_b.log 

 

The obtained trajectory file (md_b.trr), was converted to xtc file. The below succession of command lines 

performs this conversion of trr to xtc, handles the periodic boundary effects, centers the system in the 

box and fits the target molecules in subsequent frames on the top of the first frame. 

 

gmx trjconv -f md_b.trr -s O_1qcf_16_wrp_trm_md1.tpr -o pbc_1.xtc -pbc whole << EOF 

0 

EOF 

gmx trjconv -f pbc_1.xtc -s O_1qcf_16_wrp_trm_md1.tpr -o pbc_2.xtc -pbc cluster << EOF 

1 

0 

EOF 

gmx trjconv -f pbc_2.xtc -s O_1qcf_16_wrp_trm_md1.tpr -o pbc_3.xtc -center -pbc mol -ur compact << 

EOF 

1 

0 

EOF 

gmx trjconv -f pbc_3.xtc -s O_1qcf_16_wrp_trm_md1.tpr -o O_1qcf_16_wrp_trm_md1.xtc -fit 

progressive << EOF 

3 

0 

EOF 

 

5 Filtering 

The resulted xtc file was further processed by writing out the pdb files, for each simulation frame, using 
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the command line below. 

 

gmx trjconv –f O_1qcf_16_wrp_trm_1.xtc –s md_b.tpr –o O_1qcf_16_wrp_trm_md1_–sep << EOF 

0 

EOF 

 

On the resulted 51 pdb structure (51 frames) of the trajectory, FS filtering method was applied (Section 

5.3.3.4). 

NOTE 1: In all of our test systems, only one MDB was sufficient to reach the ECS #1, therefore in our test systems the 

above described steps (1-5), were always performed only once. 

NOTE 2: In system 1, after the first MDB round, the ECS #2 was also met (ER for system 1: 0.91), and therefore in this 

case, no MDBSA cycle was performed. Thus, in case of System 1, after MDB, Steps 5-8 were skipped, and after Step 4 

(Filtering), step 9 (Clustering and ranking) was performed. 

 

6 Preparation of the simulation box 

O_1qcf_16_wrp_trm_md1_flt1.pdb file, resulted from Step 5 (filtering) is prepared for the next MD 

cycles, similarly to Step 1, except that in this Step, generation of target posre.itp is not necessary, because 

the one generated at Step 1, can be used here as well. 

 

gmx pdb2gmx -water tip3p -ff amber99sb-ildn -ignh –f O_system_#cycle_wrp__md#_flt#.pdb 

gmx editconf -o -d 1 -bt cubic -f conf.gro  

gmx solvate -cp out -cs -o b4em -p topol 

gmx grompp -v -f em_st -c b4em -o em_st -p topol 

gmx genion -s em_st -o ion_b4em -p topol -pname NA -np X 

gmx genion -s em_st -o ion_b4em -p topol -nname CL -nn X 

 

7 Energy minimization 

Before launching the production of the MD calculations, energy simulations were performed on the box 

prepared at Step 1. A two-step minimization protocol was applied, including a steepest descent (st) and a 

conjugated gradient (cg) runs. Two scenarios were followed. 

 

I) System with non-zero total charge (input: ion_b4em.gro file) 

gmx grompp -v -f em_st -c ion_b4em -o st -p topol.top  

gmx_d mdrun -v -s st -o st -c st -g st  

gmx grompp -v -f em_cg -c st -o cg -p topol.top  

gmx_d mdrun -v -s cg -o cg -c cg -g cg 

 

II) System with zero total charge (input: b4em.gro file) 

gmx grompp -v -f em_st -c b4em -o st -p topol.top  

gmx_d mdrun -v -s st -o st -c st -g st  
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gmx grompp -v -f em_cg -c st -o cg -p topol.top  

gmx_d mdrun -v -s cg -o cg -c cg -g cg 

 

8 MDBSA 

Using the energy minimized structure obtained from Step 7 (cg.gro) as input, MD calculation can be 

launched. MDBSA simulation parameters are specified in Section 5.2.4.2. Position restraints were defined 

in mdp file ("define = -DPOSRES"). The target position restraints topology file (posre.itp) must be stored in 

the working directory, and used in the protein topology files, to ensure that backbone restraints are used 

instead of all heavy atoms restraint (eg.: in topol_Protein_chain_A.itp) Distance restraints were applied 

between the ion and the coordinating residues in order to maintain proper geometry, if the System 

contains coordinated structural ions (such as Zn2+, Ni 2+, etc.). 

 

gmx grompp -f md_bsa -o O_1qcf_16_wrp_trm_md2_flt2 -c cg -r cg -p topol.top -maxwarn 1 

gmx mdrun -v -s O_1qcf_16_wrp_trm_md2_flt2 -o md_bsa -c md_bsa -g md_bsa.log 

 

The obtained trajectory file (md_bsa.trr), is converted to xtc file. The below succession of command lines 

performs this conversion of trr to xtc, handles the periodic boundary effects, centers the system in the 

box and fits the target molecules in subsequent frames on the top of the first frame.  

gmx trjconv -f md_bsa.trr -s O_1qcf_16_wrp_trm_md2_flt2.tpr -o pbc_1.xtc -pbc whole << EOF 

0 

EOF 

gmx trjconv -f pbc_1.xtc -s O_1qcf_16_wrp_trm_md2_flt2.tpr -o pbc_2.xtc -pbc cluster << EOF 

1 

0 

EOF 

gmx trjconv -f pbc_2.xtc -s O_1qcf_16_wrp_trm_md2_flt2.tpr -o pbc_3.xtc -center -pbc mol -ur 

compact << EOF 

1 

0 

EOF 

gmx trjconv -f pbc_3.xtc -s O_1qcf_16_wrp_trm_md2_flt2.tpr -o O_1qcf_16_wrp_trm_md2_flt2.xtc -fit 

progressive << EOF 

3 

0 

EOF 

 

9 Filtering 

The filtering step is applied, as described in Step 5, starting from the xtc as input file 

(O_1qcf_16_wrp_trm_md2_flt2.xtc). The only difference between this filtering and the one described at 

Step 5, is in the number of frames it is applied on. In Step 5, 51 frames were generated from the 5 ns MDB 

simulation; in this stage 201 frames were generated, as described in Section 5.2.4.2. 

After the filtering step, ER check was performed, and if ECS #2 was met, the Step 10 was performed. If ECS 
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#2 wasn’t met, another MDBSA cycle starts, from Step 5. For the presented example (System 5 – 1qcf) two 

cycles of MDBSA were performed to reach the ECS #2. 

 

10 Clustering and ranking 

Clustering was performed on the pdb file resulted after the filtering step. The cluster representatives, are 

ranked based on the target-ligand LJ interaction calculated. The distance between the cluster 

representatives is set to a minimal 7 Å distance cut-off. RMSD calculations, were performed on the 

obtained conformations by comparing them to the reference X-ray structures (Section 5.3.3.1).  

The resulted cluster representatives are split, and the target conformation is merged with each cluster 

representative, therefore resulting cluster count (CC) number of pdb structures. Each of these structures 

will be submitted to the following Steps (11-13), for a final structural refinement. 

 

11 Preparation of the simulation box 

The following steps are performed on each complex generated at Step 10. Preparation of the simulation 

box is similar to Step 2 and 6. 

 

gmx pdb2gmx -water tip3p -ff amber99sb-ildn -ignh –f O_1qcf_16_wrp__md3_flt3_1.pdb 

gmx editconf -o -d 1 -bt cubic -f conf.gro  

gmx solvate -cp out -cs -o b4em -p topol 

gmx grompp -v -f em_st -c b4em -o em_st -p topol 

gmx genion -s em_st -o ion_b4em -p topol -pname NA -np X 

gmx genion -s em_st -o ion_b4em -p topol -nname CL -nn X 

 

12 Energy minimization 

Energy minimization was performed similarly to Steps 3 and 7, for each complex obtained at Step 10. 

 

13 MDF 

Using the energy minimized structure obtained at Step 12 (cg.gro), MD calculation can be launched. MDF 

simulation parameters are specified in Section 5.2.4.2. To ensure full flexibility on the system, ("define = -

DFLEXIBLE") should be defined in the mdp file. 

 

gmx grompp -f md_f -o O_1qcf_16_wrp_trm_md3_flt3_1.tpr -c cg -r cg -p topol.top -maxwarn 1 

gmx mdrun -v -s O_1qcf_16_wrp_trm_md3_flt3_1.tpr -o md_f -c md_f -g md_f.log 

 

The obtained trajectory file (md_f.trr), was converted to xtc file. The below succession of command lines 

performs this conversion of trr to xtc, handles the periodic boundary effects, centers the system in the 
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box and fits the target molecules in subsequent frames on the top of the first frame.  

 

gmx trjconv -f md_f.trr -s O_1qcf_16_wrp_trm_md3_flt3_1.tpr -o pbc_1.xtc -pbc whole << EOF 

0 

EOF 

gmx trjconv -f pbc_1.xtc -s O_1qcf_16_wrp_trm_md3_flt3_1.tpr -o pbc_2.xtc -pbc cluster << EOF 

1 

0 

EOF 

gmx trjconv -f pbc_2.xtc -s O_1qcf_16_wrp_trm_md3_flt3_1.tpr -o pbc_3.xtc -center -pbc mol -ur 

compact << EOF 

1 

0 

EOF 

gmx trjconv -f pbc_3.xtc -s O_1qcf_16_wrp_trm_md3_flt3_1.tpr -o O_1qcf_16_wrp_trm_md3_flt3_1.xtc -

fit progressive << EOF 

3 

0 

EOF 

 

The resulted xtc files were further processed for RMSD calculation, using the following Gromacs 

command. Following the instructions presented at Section 5.3.3.1 for each Test System, the alignment 

prior to RMSD calculation was done on the C atoms, of the binding site residues (binding_site.ndx). 

 

gmx rms –f O_1qcf_16_wrp_trm_1.xtc –s reference.pdb –o rmsd.xvg –what RMSD –n binding_site.ndx –tu 

ns <<EOF  

group number corresponding to the index group used (for alignment) 

group number of the small ligand (for rmsd calculation) 

EOF 

 

14 Outputs 

 

The pdb files, were extracted for each simulation frame (201 frames), for LJ interaction energy 

calculations using the command line below. The target-ligand LJ interaction energy was calculated using 

an internal energy script, for each frame of the simulation. This calculated energy was used in the re-

ranking results, presented at Section 3.3.3.6. 

 

gmx trjconv –f O_1qcf_16_wrp_trm_md3_flt3_1.xtc –s O_1qcf_16_wrp_trm_md3_flt3_1.tpr –o 

O_1qcf_16_wrp_trm_md3_flt3_1_ –sep << EOF 

0 

EOF 
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8. Summary 

 

Computer-based drug design is a decade-old, now flourishing research area. Drug design starting from 

the molecular structure, requires precise calculations of target-ligand (drug) interactions, which can be 

achieved with the help of computational technologies. Although there are a number of methods available 

to us, these need improvement on several areas. Additionally, new strategies such as polypharmacology, 

allosteric or drug design for targets with multiple sites are a major challenge (81). The conformational 

change of the target, and allosterically-induced conformational changes are particularly common in 

protein signaling pathways, and these observations are also gaining attention in the drug design process. 

The blind docking (BD) approach was developed within our research group (85,95), and maps the 

potential binding sites on the surface of the entire protein, blindly, without knowing their position. The 

initial blind docking procedure, have been used in several studies for the search of allosteric binding sites 

or multiple drug binding sites (79,99,216). In addition to the benefits of the blind docking and its 

numerous applications, the limitations of our approach have also been established over the last decade 

(109). These limitations are caused, among other things, by simple water models, inadequate handling of 

the target flexibility, and random search algorithms, which altogether hinders the possibility of a 

systematic binding site search. 

Several studies have shown that the limitations of docking methods can be partially solved by molecular 

dynamics (63,64,67,129,197). MD methods are able to handle the flexibility of the target and account on 

the presence of water molecules as well. MD simulations are also able to track the entire drug binding 

pathway and the process of induced-fit as well. Although the use of molecular dynamics has been a major 

step forward, its application is still quite cumbersome due to its long calculation time (67) and cannot be 

considered a systematic approach. 

In order to solve the above mentioned limitations, of docking and MD methods, we have developed a 

new, systematic binding site and binding mode search: Wrap’n’Shake. A modified BD was developed and 

the features of the new approach were tested and validated on systems with multiple binding sites. 

Wrap’n’Shake is based on the simple idea to first wrap the target molecule into a monolayer of ligand 

copies, and then, in the second step, to shake off the poorly-bound copies. Thus, the method provides a 

strongly bound target-ligand complex at atomic resolution. While fast wrapping cycles are being carried 

out with docking, shaker stage is performed by molecular dynamic calculations using an explicit water 

model. Our method uniquely performs the systematic mapping of binding sites on the entire surface of 

the target, by combining the speed of docking and the accuracy of molecular dynamics. Thus, Wrap 'n' 

Shake not only find the main binding site, but also allosteric or pre-requisite binding sites, so that the 

entire binding mechanism can be explored. Our method was tested on biologically important systems 
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such as mitogen-activated protein, tyrosine protein kinases, which is responsible in causing abnormal 

functioning of intracellular signaling processes, and farnesyl-pyrophosphate synthase, a target of anti-

tumor agents.  

Wrap’n’Shake was implemented in the software package WnS, released under the GNU General Public 

License, freely accessible with full documentation at www.wnsdock.xyz.  

This thesis is based on three publications in the subject (Section 6.1), permission from publisher to 

reproduce text and figures in case of (47) publication, is attached to the thesis before the DOI page. In 

case of Section 3.2 and 3.3, the text, tables, and figures are reprinted and reproduced from our (45) and 

(46) publications. The (45) and (46) are open acess publications, and are protected under the Creative 

Commons Licenses, which provides copyright to the authors. 
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9. Összefoglaló 

 

A gyógyszerfejlesztés meghatározó lépése a molekulaszerkezetből kiinduló hatóanyagtervezés. E lépés 

igen sok kölcsönhatás precíz számítását igényli, amely kizárólag informatikai úton valósítható meg. A 

számítógépes gyógyszertervezés néhány évtizedre visszanyúló, jelenleg virágkorát élő kutatási terület. Bár 

számos módszer áll már a rendelkezésünkre, ezek még jócskán fejlesztésre szorulnak. Emellett az új 

stratégiák, mint a polifarmakológia, az allosztérikus, vagy több kötőhellyel rendelkező célpontokra 

történő gyógyszertervezés nagy kihívásnak számítanak. A célpont konformáció-változása és ennek 

szerepe egyre több figyelmet kap a tervezés során (81). Az allosztérikusan indukált konformáció-

változások pedig különösen a jelátviteli útvonalak fehérje résztvevőiben igen gyakoriak.  

A kutatócsoportunk által korábban kidolgozott blind docking megközelítés (85,95), a teljes fehérje 

felszínén térképezi fel a lehetséges kötőhelyeket, vakon, még azok körülbelüli pozícióját sem ismerve. A 

blind docking eljárásunkat eredeti formájában több kutatócsoport alkalmazta már alloszterikus 

kötőhelyek vagy többszörös gyógyszer körőzsebek keresésére (79,99,216). A blind docking gyorsaságából 

fakadó előnyök és számos alkalmazása mellett az elmúlt évtizedben kikristályosodtak megközelítésünk 

korlátai is (109). E korlátokat többek között a túl egyszerű vízmodellek, a célmolekula flexibilitásának 

elégtelen kezelése, valamint a véletlenszerű kereső algoritmusok okozták, utóbbiak természetesen 

gátolva a szisztematikus kötőhelykeresés lehetőségét. 

Több tanulmány is megmutatta, hogy a dokkoló módszerek korlátai részben átléphetők a molekuláris 

dinamikai módszerek segítségével (63,64,67,129,197). E módszerek kellően pontos vízmodellek mellett 

képesek kezelni a célmolekulák flexibilitását, így például végig tudják kísérni egy gyógyszermolekula teljes 

útját a kötőzsebbe és egyúttal nem csak a folyamat közben távozó vízmolekulákat, hanem az indukált 

illeszkedést is nyomon követhetjük. Bár a molekuláris dinamika alkalmazása nagy előrelépést jelentett, 

alkalmazása még mindig meglehetősen körülményes a hosszú számításidő miatt (67), valamint nem 

tekinthető szisztematikus megközelítésnek, mivel a keresés itt is véletlenszerű pozíciókból indul a 

célmolekula körüli térben.  

A fenti problémák megoldására korábbi eredményeinket és az új megközelítések előremutató vonásait 

felhasználva új módszert fejlesztünk ki, amelyet több kötőhellyel rendelkező fehérjéken tesztelünk és 

validálunk. A módszert Wrap 'n' Shake-nek neveztük el, ami utal működésére. Alapötlete, hogy a 

célmolekulát előbb szisztematikusan becsomagolja (wrap) a gyógyszermolekulák számos másolatába, 

majd a becsomagolt célmolekuláról a második lépésben lerázza (shake) a gyengén kötődő másolati 

példányokat. Ezáltal a célmolekula több, erősen kötött gyógyszermolekulával alkotott komplexének atomi 

felbontású szerkezetét állítja elő. Míg a csomagolás során gyors dokkolási ciklusokat hajtunk végre, a 

lerázást molekuláris dinamikai számításokkal érjük el, explicit vízmodellt alkalmazva, azaz több ezer 
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vízmolekula aktív részvételével. Ilyen módon a dokkolás gyorsaságát és a molekuláris dinamika 

pontosságát ötvözve egy hibrid módszer jött létre. Módszerünk egyedülálló módon a kötőhelyek 

szisztematikus feltérképezését hajtja végre a célpont teljes felszínén. 

A Wrap 'n' Shake tehát nem csak a fő kötőhelyet, de emellett allosztérikus, vagy prerekvizit kötőhelyeket 

is megtalál, ezáltal a teljes kötődési mechanizmust fel lehet vele tárni. Módszerünket biológiailag fontos 

rendszereken teszteltük, mint például a mitogén aktivált fehérje, a tirozin-protein-kinázok, melyek 

helytelen működése, a sejten belüli jelátviteli folyamatok abnormális működését okozza, és a farnezil-

pirofoszfát-szintáz, az tumor ellenes szerek célpontja.  

Módszerünket a WnS programcsomagban tettük hozzáférhetővé. A szoftver ingyenes, nyílt forráskódú, 

szabadon hozzáférhető a GNU Általános Nyilvános Licenc alatt. Teljes dokumentációval és alkalmazási 

példákkal együtt a www.wnsdock.xyz weboldalon érhető el.  

A tézis három, a témában megjelent publikáció átdolgozása (6.1. fejezet). A (47) publikáció esetén, a 

kiadó hozzájáruló nyilatkozata a szöveg és az ábrák újraközlésére a dolgozat végén, a DOI lap előtt 

található. A 3.2 és 3.3 fejezet esetén, az ábrák ,táblázatok és szöveg a (45) és (46) publikációból lettek 

újraközölve, illetve átdolgozva. A (45) és a (46) nyílt hozzáférésű kiadványok, és a Creative Commons 

Licencek alatt védelmet biztosít, a szerzők számára. 

 

http://www.wnsdock.xyz/
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10. Abbreviations 

ASA Accessible Surface Area 

ANCELS Activators of Non-Classical Estrogen-Like Signaling 

BD Blind Docking 

CA Coactivator peptide 

cg Conjugate gradient 

CR Cluster Representative 

E2 17β-estradiol 

ECS Exit Criterion of Shaker 

ECW Exit Criterion of Wrapper 

Einter Intermolecular interaction energy 

ELJ Lennard-Jones potential 

ij AD4 atom parameter: well depth of the Lennard-Jones potential (kcal/mol)  

ER Elimination Rate 

EM Energy minimization 

EN estren-3α,17β-diol 

FF Force field 

FS Filtering Set 

GA Genetic algorithm 

HSA Human serum albumin 

hERα Human estrogen receptor alpha 

LGA Lamarckian genetic algorithm 

MC Monte carlo 

MD Molecular dynamics 

MDB Molecular Dynamics with backbone position restraints 

MDBSA Molecular Dynamics with backbone position restraints and simulated 

annealing 

MDF Molecular Dynamics without restraints (flexible simulation) 

MM Molecular Mechanics 
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N Number of ligand copies after Wrapper 

NF Number of MD simulation frames 

NHL Number of ligand heavy atoms 

PDB Protein Data Bank 

PME Particle-Mesh-Ewald 

pKa Negative logarithm of dissociation constant (Ka) 

QM Quantum Mechanics 

Rij AD4 atom parameter: sum of vdW radii of two atoms (Å) 

RMSD Root Mean Squared Deviation 

SA Simulated Annealing 

solpar  AD4 atom parameter:  atomic solvation parameter 

SR Shaker Rate 

st Steepest descent 

vol AD4 atom parameter:  atomic solvation volume  

WnS Wrap’n’Shake 

ZEN zearalenone 
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14. Appendix 

Appendix 1 

 

Calculation of LJ potential, was described in Section 1.2.1, and 3.3.1 

Analyzing the obtained values for the X-H, X-C and X-O pairwise interactions, selection of RX was 

performed. 

A Pairwise interaction: X – H. Selection of RX when the reference atom is hydrogen. Considering the 

equilibrium distance between the X and H constant (2 Å), and X= 10-4 kcal/mol, the smallest RX value, for 

which a VXY was ≥ 1 kcal/mol, was 5 Å  

           X 
RX   

10-5 2*10-5 3*10-5 4*10-5 5*10-5 6*10-5 7*10-5 8*10-5 9*10-5 10-4 10-3 

2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
2.1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
2.2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
2.3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
2.4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
2.5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
2.6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
2.7 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
2.8 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
2.9 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.02 
3 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.03 
3.1 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.04 
3.2 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0.06 
3.3 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.03 0.08 
3.4 0.01 0.02 0.02 0.02 0.02 0.03 0.03 0.03 0.03 0.03 0.11 
3.5 0.01 0.02 0.02 0.03 0.03 0.04 0.04 0.04 0.04 0.05 0.14 
3.6 0.02 0.03 0.03 0.04 0.04 0.05 0.05 0.05 0.06 0.06 0.19 
3.7 0.02 0.03 0.04 0.05 0.05 0.06 0.06 0.07 0.07 0.08 0.24 
3.8 0.03 0.04 0.05 0.06 0.07 0.07 0.08 0.09 0.09 0.10 0.30 
3.9 0.04 0.05 0.07 0.08 0.09 0.09 0.10 0.11 0.11 0.12 0.38 
4 0.05 0.07 0.08 0.10 0.11 0.12 0.13 0.14 0.14 0.15 0.48 
4.1 0.06 0.08 0.10 0.12 0.13 0.15 0.16 0.17 0.18 0.19 0.60 
4.2 0.07 0.10 0.13 0.15 0.16 0.18 0.19 0.21 0.22 0.23 0.74 
4.3 0.09 0.13 0.16 0.18 0.20 0.22 0.24 0.26 0.27 0.29 0.91 
4.4 0.11 0.16 0.19 0.22 0.25 0.27 0.29 0.31 0.33 0.35 1.11 
4.5 0.14 0.19 0.23 0.27 0.30 0.33 0.36 0.38 0.41 0.43 1.35 
4.6 0.16 0.23 0.28 0.33 0.37 0.40 0.43 0.46 0.49 0.52 1.64 
4.7 0.20 0.28 0.34 0.40 0.44 0.49 0.52 0.56 0.60 0.63 1.98 
4.8 0.24 0.34 0.41 0.48 0.53 0.59 0.63 0.68 0.72 0.76 2.39 
4.9 0.29 0.41 0.50 0.57 0.64 0.70 0.76 0.81 0.86 0.91 2.87 
5 0.34 0.49 0.59 0.69 0.77 0.84 0.91 0.97 1.03 1.09 3.43 



130 
 

B Pairwise interaction: X – C. Selection of Rx when the reference atom is carbon. Considering the 

equilibrium distance between the X and C constant (2 Å), and epsilon = 10-4 kcal/mol, the smallest Rx 

value, for which a VXY ≥ 1 kcal/mol, was 2.5 Å 

           X 
RX    

10-5 2*10-5 3*10-5 4*10-5 5*10-5 6*10-5 7*10-5 8*10-5 9*10-5 10-4 10-3 

2 0.13 0.19 0.23 0.26 0.29 0.32 0.35 0.37 0.39 0.41 1.31 
2.1 0.16 0.23 0.28 0.33 0.36 0.40 0.43 0.46 0.49 0.52 1.63 
2.2 0.20 0.29 0.35 0.40 0.45 0.49 0.53 0.57 0.60 0.64 2.02 
2.3 0.25 0.35 0.43 0.50 0.55 0.61 0.66 0.70 0.74 0.78 2.48 
2.4 0.30 0.43 0.53 0.61 0.68 0.74 0.80 0.86 0.91 0.96 3.04 
2.5 0.37 0.52 0.64 0.74 0.83 0.91 0.98 1.05 1.11 1.17 3.70 
2.6 0.45 0.64 0.78 0.90 1.00 1.10 1.19 1.27 1.35 1.42 4.49 
2.7 0.54 0.77 0.94 1.09 1.21 1.33 1.44 1.54 1.63 1.72 5.43 
2.8 0.65 0.93 1.13 1.31 1.46 1.60 1.73 1.85 1.96 2.07 6.54 
2.9 0.79 1.11 1.36 1.57 1.76 1.92 2.08 2.22 2.36 2.48 7.86 
3 0.94 1.33 1.63 1.88 2.10 2.30 2.49 2.66 2.82 2.97 9.40 
3.1 1.12 1.59 1.94 2.24 2.51 2.75 2.97 3.17 3.36 3.55 11.21 
3.2 1.33 1.89 2.31 2.67 2.98 3.27 3.53 3.77 4.00 4.22 13.34 
3.3 1.58 2.24 2.74 3.16 3.54 3.87 4.18 4.47 4.74 5.00 15.81 
3.4 1.87 2.64 3.24 3.74 4.18 4.58 4.95 5.29 5.61 5.91 18.70 
3.5 2.21 3.12 3.82 4.41 4.93 5.40 5.84 6.24 6.62 6.98 22.06 
3.6 2.60 3.67 4.50 5.19 5.80 6.36 6.87 7.34 7.79 8.21 25.96 
3.7 3.05 4.31 5.28 6.09 6.81 7.46 8.06 8.62 9.14 9.63 30.46 
3.8 3.57 5.05 6.18 7.14 7.98 8.74 9.44 10.09 10.70 11.28 35.68 
3.9 4.17 5.89 7.22 8.34 9.32 10.21 11.03 11.79 12.51 13.18 41.68 
4 4.86 6.87 8.42 9.72 10.87 11.90 12.86 13.75 14.58 15.37 48.60 
4.1 5.65 8.00 9.79 11.31 12.64 13.85 14.96 15.99 16.96 17.88 56.54 
4.2 6.56 9.28 11.37 13.13 14.68 16.08 17.37 18.57 19.69 20.76 65.65 
4.3 7.61 10.76 13.18 15.22 17.01 18.63 20.13 21.52 22.82 24.06 76.08 
4.4 8.80 12.44 15.24 17.60 19.68 21.55 23.28 24.89 26.40 27.82 87.99 
4.5 10.16 14.37 17.59 20.32 22.71 24.88 26.88 28.73 30.47 32.12 101.58 
4.6 11.71 16.56 20.28 23.41 26.18 28.67 30.97 33.11 35.12 37.02 117.06 
4.7 13.47 19.05 23.33 26.93 30.11 32.99 35.63 38.09 40.40 42.59 134.67 
4.8 15.47 21.87 26.79 30.93 34.58 37.88 40.92 43.75 46.40 48.91 154.66 
4.9 17.73 25.08 30.71 35.47 39.65 43.44 46.92 50.16 53.20 56.08 177.33 
5 20.30 28.71 35.16 40.60 45.39 49.72 53.71 57.42 60.90 64.19 203.00 
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C Pairwise interaction: X – O. Selection of Rx when the reference atom is oxygen. Considering the 

equilibrium distance between the X and O constant (2 Å), and epsilon = 10-4 kcal/mol, the smallest Rx 

value, for which a VXy ≥ 1 kcal/mol, was 3.2 Å 

           X 

RX     
10-5 2*10-5 3*10-5 4*10-5 5*10-5 6*10-5 7*10-5 8*10-5 9*10-5 10-4 10-3 

2 0.02 0.03 0.03 0.04 0.04 0.05 0.05 0.05 0.06 0.06 0.19 
2.1 0.03 0.04 0.05 0.05 0.06 0.06 0.07 0.07 0.08 0.08 0.26 
2.2 0.03 0.05 0.06 0.07 0.08 0.08 0.09 0.10 0.10 0.11 0.35 
2.3 0.05 0.06 0.08 0.09 0.10 0.11 0.12 0.13 0.14 0.14 0.45 
2.4 0.06 0.08 0.10 0.12 0.13 0.14 0.16 0.17 0.18 0.19 0.59 
2.5 0.08 0.11 0.13 0.15 0.17 0.18 0.20 0.21 0.23 0.24 0.75 
2.6 0.10 0.14 0.17 0.19 0.21 0.23 0.25 0.27 0.29 0.30 0.96 
2.7 0.12 0.17 0.21 0.24 0.27 0.30 0.32 0.34 0.36 0.38 1.21 
2.8 0.15 0.21 0.26 0.30 0.34 0.37 0.40 0.43 0.45 0.48 1.51 
2.9 0.19 0.27 0.33 0.38 0.42 0.46 0.50 0.53 0.56 0.60 1.88 
3 0.23 0.33 0.40 0.47 0.52 0.57 0.62 0.66 0.70 0.74 2.33 
3.1 0.29 0.40 0.50 0.57 0.64 0.70 0.76 0.81 0.86 0.91 2.86 
3.2 0.35 0.50 0.61 0.70 0.78 0.86 0.93 0.99 1.05 1.11 3.51 
3.3 0.43 0.60 0.74 0.85 0.96 1.05 1.13 1.21 1.28 1.35 4.27 
3.4 0.52 0.73 0.90 1.04 1.16 1.27 1.37 1.47 1.56 1.64 5.19 
3.5 0.63 0.89 1.09 1.25 1.40 1.54 1.66 1.77 1.88 1.98 6.27 
3.6 0.76 1.07 1.31 1.51 1.69 1.85 2.00 2.14 2.27 2.39 7.56 
3.7 0.91 1.28 1.57 1.81 2.03 2.22 2.40 2.57 2.72 2.87 9.07 
3.8 1.09 1.54 1.88 2.17 2.43 2.66 2.87 3.07 3.26 3.43 10.85 
3.9 1.29 1.83 2.24 2.59 2.90 3.17 3.43 3.66 3.88 4.09 12.95 
4 1.54 2.18 2.67 3.08 3.44 3.77 4.07 4.36 4.62 4.87 15.40 
4.1 1.83 2.58 3.16 3.65 4.08 4.47 4.83 5.16 5.48 5.77 18.26 
4.2 2.16 3.05 3.74 4.32 4.83 5.29 5.71 6.11 6.48 6.83 21.59 
4.3 2.55 3.60 4.41 5.09 5.70 6.24 6.74 7.20 7.64 8.06 25.47 
4.4 3.00 4.24 5.19 5.99 6.70 7.34 7.93 8.48 8.99 9.48 29.97 
4.5 3.52 4.97 6.09 7.04 7.87 8.62 9.31 9.95 10.55 11.12 35.18 
4.6 4.12 5.83 7.14 8.24 9.21 10.09 10.90 11.65 12.36 13.03 41.19 
4.7 4.81 6.81 8.34 9.63 10.76 11.79 12.73 13.61 14.44 15.22 48.13 
4.8 5.61 7.94 9.72 11.22 12.55 13.75 14.85 15.87 16.83 17.75 56.12 
4.9 6.53 9.23 11.31 13.06 14.60 15.99 17.27 18.47 19.59 20.65 65.29 
5 7.58 10.72 13.13 15.16 16.95 18.57 20.06 21.44 22.74 23.97 75.81 
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Appendix 2 

 

Table 30. Detailed residence frequency values for EN calculated using RMSD 

CA + - + - - - 

ABS + + + - 

CBS + + - + 

seed1 2.7 10.0 10.0 10.0 5.6 1.9 10.0 10.0 

seed2 0.8 6.6 2.6 10.0 1.7 6.2 10.0 1.8 

seed3 3.6 10.0 7.6 10.0 6.7 3.2 10.0 10.0 

seed4 1.4 10.0 7.0 10.0 6.4 6.0 5.5 10.0 

seed5 2.0 10.0 6.5 10.0 10.0 2.3 10.0 10.0 

         

all seeds 2.1 9.3 6.7 10.0 6.1 3.9 9.1 8.4 

 
Table 31. Detailed residence frequency values for EN calculated using dCOM 

CAP + - + - + - 

ABS + + + - 

CBS + + - + 

seed1 2.7 10.0 10.0 10.0 6.6 2.3 10.0 10.0 

seed2 0.8 6.6 3.8 10.0 6.3 6.3 10.0 1.8 

seed3 5.9 10.0 7.6 10.0 10.0 9.6 10.0 10.0 

seed4 1.5 10.0 7.0 10.0 7.0 9.1 5.4 10.0 

seed5 2.0 10.0 8.3 10.0 10.0 5.1 10.0 10.0 

         

all seeds 2.6 9.3 7.2 10.0 8.0 6.5 9.1 8.4 

 

Table 32. Detailed residence frequency values for E2 calculated using RMSD 

CAP: + - + - + - 

ABS + + + - 

CBS + + - + 

seed1 0.7 10.0 10.0 10.0 0.9 0.1 10.0 10.0 

seed2 0.7 10.0 10.0 10.0 2.2 4.1 10.0 10.0 

seed3 0.2 10.0 0.3 10.0 0.2 0.2 10.0 10.0 

seed4 1.1 10.0 2.3 10.0 0.1 1.4 10.0 10.0 

seed5 1.3 10.0 0.7 10.0 0.1 0.1 10.0 10.0 

         

all seeds 0.8 10.0 4.6 10.0 0.7 1.2 10.0 10.0 

 
Table 33. Detailed residence frequency values for E2 calculated using dCOM 

CAP: + - + - + - 

ABS + + + - 

CBS + + - - 

seed1 1.03 10.0 10.0 10.0 8.7 0.1 10.0 10.0 

seed2 0.74 10.0 10.0 10.0 5.3 9.5 10.0 10.0 

seed3 3.56 10.0 2.2 10.0 0.3 0.2 10.0 10.0 

seed4 1.74 10.0 2.7 10.0 0.1 1.7 10.0 10.0 

seed5 1.72 10.0 0.8 10.0 0.1 0.1 10.0 10.0 

         

all seeds 1.76 10.0 5.1 10.0 2.9 2.3 10.0 10.0 
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Appendix 3 

 

Table 34. List of hERα structures in the PDB 

PDB code Method Resolution(Å) Residues 

1A52 X-ray 2.8 297-554 

1AKF model - 309-547 

1ERE X-ray 3.1 301-553 

1ERR X-ray 2.6 301-553 

1G50 X-ray 2.9 304-550 

1GWQ X-ray 2.45 301-548 

1GWR X-ray 2.4 305-549 

1HCP NMR - 180-254 

1HCQ X-ray 2.4 180-262 

1L2I X-ray 1.95 297-554 

1PCG X-ray 2.7 304-547 

1QKT X-ray 2.2 304-551 

1QKU X-ray 3.2 301-550 

1R5K X-ray 2.7 297-554 

1SJ0 X-ray 1.9 307-554 

1UOM X-ray 2.28 301-553 

1X7E X-ray 2.8 305-549 

1X7R X-ray 2 305-549 

1XP1 X-ray 1.8 307-554 

1XP6 X-ray 1.7 307-554 

1XP9 X-ray 1.8 307-554 

1XPC X-ray 1.6 307-554 

1XQC X-ray 2.05 301-553 

1YIM X-ray 1.9 307-554 

1YIN X-ray 2.2 307-554 

1ZKY X-ray 2.25 298-554 

2AYR X-ray 1.9 304-551 

2B1V X-ray 1.8 298-554 

2B1Z X-ray 1.78 298-554 

2B23 X-ray 2.1 298-554 

2BJ4 X-ray 2 305-533 

2FAI X-ray 2.1 298-554 

2G44 X-ray 2.65 298-554 

2G5O X-ray 2.3 298-554 

2I0J X-ray 2.9 304-547 

2IOG X-ray 1.6 309-554 

2IOK X-ray 2.4 301-554 

2JF9 X-ray 2.1 304-533 

2JFA X-ray 2.55 304-533 

2LLO NMR - 287-305 

2OCF X-ray 2.95 298-595 

2OUZ X-ray 2 301-553 
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PDB code Method Resolution(Å) Residues 

2P15 X-ray 1.94 298-554 

2POG X-ray 1.84 304-551 

2Q6J X-ray 2.7 298-554 

2Q70 X-ray 1.95 304-551 

2QA6 X-ray 2.6 298-554 

2QA8 X-ray 1.85 298-554 

2QAB X-ray 1.89 298-554 

2QE4 X-ray 2.4 304-551 

2QGT X-ray 2.15 298-554 

2QGW X-ray 2.39 298-554 

2QH6 X-ray 2.7 298-554 

2QR9 X-ray 2 298-554 

2QSE X-ray 1.85 298-554 

2QXM X-ray 2.3 298-554 

2QXS X-ray 1.7 298-554 

2QZO X-ray 1.72 298-554 

2R6W X-ray 2 304-551 

2R6Y X-ray 2 304-551 

2YAT X-ray 2.6 301-551 

2YJA X-ray 1.82 299-551 

3CBM X-ray 1.69 298-307 

3CBO X-ray 1.65 298-307 

3CBP X-ray 1.42 298-307 

3DT3 X-ray 2.4 299-551 

3ERD X-ray 2.03 297-554 

3ERT X-ray 1.9 297-554 

3HLV X-ray 3 298-550 

3HM1 X-ray 2.33 298-550 

3L03 X-ray 1.9 298-550 

3OS8 X-ray 2.03 299-553 

3OS9 X-ray 2.3 299-553 

3OSA X-ray 2.3 299-553 

3Q95 X-ray 2.05 298-554 

3Q97 X-ray 2.1 298-554 

3UU7 X-ray 2.2 302-552 

3UUA X-ray 2.05 302-552 

3UUC X-ray 2.1 302-552 

3UUD X-ray 1.6 302-552 

4AA6 X-ray 2.6 182-252 

4DMA X-ray 2.3 303-549 

4IU7 X-ray 2.29 303-549 

4IUI X-ray 2.3 303-549 

4IV2 X-ray 2.14 303-549 

4IV4 X-ray 2.3 303-549 

4IVW X-ray 2.06 303-549 
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PDB code Method Resolution(Å) Residues 

4IVY X-ray 1.95 303-549 
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nyilvánosságra kerüljenek az ELTE Digitális Intézményi Tudástárban. Felhatalmazom a 

Természettudományi kar Dékáni Hivatal Doktori, Habilitációs és Nemzetközi Ügyek Csoportjának 

ügyintézőjét, hogy az értekezést és a téziseket feltöltse az ELTE Digitális Intézményi Tudástárba, és 

ennek során kitöltse a feltöltéshez szükséges nyilatkozatokat.  

b) kérem, hogy a mellékelt kérelemben részletezett szabadalmi, illetőleg oltalmi bejelentés 

közzétételéig a doktori értekezést ne bocsássák nyilvánosságra az Egyetemi Könyvtárban és az ELTE 

Digitális Intézményi Tudástárban;  

c) kérem, hogy a nemzetbiztonsági okból minősített adatot tartalmazó doktori értekezést a minősítés 

(dátum)-ig tartó időtartama alatt ne bocsássák nyilvánosságra az Egyetemi Könyvtárban és az ELTE 

Digitális Intézményi Tudástárban; 

d) kérem, hogy a mű kiadására vonatkozó mellékelt kiadó szerződésre tekintettel a doktori értekezést a 

könyv megjelenéséig ne bocsássák nyilvánosságra az Egyetemi Könyvtárban, és az ELTE Digitális 

Intézményi Tudástárban csak a könyv bibliográfiai adatait tegyék közzé. Ha a könyv a fokozatszerzést 

követőn egy évig nem jelenik meg, hozzájárulok, hogy a doktori értekezésem és a tézisek 

nyilvánosságra kerüljenek az Egyetemi Könyvtárban és az ELTE Digitális Intézményi Tudástárban. 

2. A doktori értekezés szerzőjeként kijelentem, hogy  

a) az ELTE Digitális Intézményi Tudástárba feltöltendő doktori értekezés és a tézisek saját eredeti, 

önálló szellemi munkám és legjobb tudomásom szerint nem sértem vele senki szerzői jogait;  

b) a doktori értekezés és a tézisek nyomtatott változatai és az elektronikus adathordozón benyújtott 

tartalmak (szöveg és ábrák) mindenben megegyeznek.  

3. A doktori értekezés szerzőjeként hozzájárulok a doktori értekezés és a tézisek szövegének 

plágiumkereső adatbázisba helyezéséhez és plágiumellenőrző vizsgálatok lefuttatásához.  

 

Kelt: Budapest, 2018.05.28. 

 

           …………………………………… 

a doktori értekezés szerzőjének aláírása 

 

*ELTE SZMSZ SZMR 12. sz. melléklet 

 


