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Introduction 

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. The conformational change of the target and its role is gaining 

more attention during the design, therefore allosterically-induced conformational 

changes are particularly common in protein signalling pathways. 

The blind docking (BD) approach was developed within our research group, and 

maps the potential binding sites on the surface of the entire protein, blindly, 

without knowing their position. Approximately 500 references were received for the 

initial blind docking procedure, which have been used in several studies for the 

search of allosteric binding sites or multiple drug binding sites. 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. 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. 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 
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cumbersome due to its long calculation time and cannot be considered a systematic 

approach. 

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. 

2. Case study 2: Docking and Molecular dynamics on human estrogen receptor 

alpha (hERα) 

In a second case study human estrogen receptor alpha (hERα) was 

analysed, with both docking and MD calculations. 

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

mechanism of E2 and EN, on the hERα was studied. 

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

c. Beside the structural description of the hERα binding sites, following the docking 

calculations, MD simulations were performed to reveal the dynamic unbinding 

mechanism, and the kinetic stability of estradiol (E2) and estren (EN).  

d. Unveiling and analysing 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. 

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. 

This main goal was divided into multiple conditions and objectives as follows in 

point a-d. 

a. The initial stage was to cover (Wrapper stage) the target surface with docked 

ligand copies, with the purpose to solve the limitation of the current methods, 

regarding their inability to perform a truly systematic binding site search. 

b. To develop a truly systematic method, my aim was to obtain a complete target 

surface coverage, with ligand monolayer. In order to obtain this thorough protein 

surface coverage with ligands, 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 in order to ensure that the 
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largest possible numbers of new ligand copies are placed on the surface in an actual 

BD cycle. 

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. 

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. 

Results 

Computational methods such as docking and molecular dynamics (MD) are 

becoming more affordable, than ever before, 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 papers. Two case studies are presented on 

challenging systems that have exploited both aforementioned computational 

methods (docking and MD). 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 

http://www.wnsdock.xyz/
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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 also 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. 

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 
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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 using 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 mitogen activated- 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 
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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. 

In the first stage, Wrapper requires only fast blind docking cycles, to systematically 

and fully cover the whole protein surface. Wrapper is a fully automatized process, 

which combines the AutoDock 4.2.3 program package, with the Wrp program, in 

several consecutive cycles. 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. 

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 
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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. 

Conclusion 

Several high quality articles proved that combining docking and MD methods, is a 

very efficient computational approach, in order to find the answer for diverse 

scientific 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 zearalenone 

conformation obtained with BD. In the second case study, MD trajectories were 

evaluated in a more advanced way, by calculating the residence frequency of estren 

and estradiol, but also by exploring and shedding light on ligand binding pathways, 

and target-ligand interaction networks.  

In the third study, a new method was developed (Wrap ’n’ Shake) using multiple 

docking and MD protocols, and exploring the advantages for each of them. 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 
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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. 

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.  
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