
Calculation of hydration structures of proteins and 

their complexes 

Fehérjék és komplexeik vízszerkezetének számítása 

Theses by Norbert Jeszenői PharmD 
submitted for the Degree of Doctor of Philosophy 

Classical and Molecular Genetics Program 

Doctoral School in Biology 

Supervisor: Dr. Csaba Hetényi, PhD 

Program Leader: Prof. Dr. Tibor Vellai, DSc 

Head of the School: Prof. Dr. Anna Erdei, DSc, MHAS 

 

Eötvös Loránd University, Faculty of Science 

Institute of Biology, Department of Genetics 

Budapest, 2016 



2 
 

Introduction 
Water molecules fulfil a crucial role in the formation of the 

structure of biological macromolecules such as proteins. It was 

proven that most fundamental biochemical processes are 

unthinkable without water. As very simple and versatile molecule, 

waters on protein surfaces and interfaces can form complex 

networks, playing a central role in establishing and mediation of 

molecular interactions. There is a large body of literature of solvent 

mediations in protein-protein complexes, several examples 

demonstrate the diverse roles water can fulfil. Water mediates the 

protein-DNA binding, as they occupy polar cavities in the interfacial 

region forming hydrogen bonds strengthening the interactions 

between macromolecules. Aside conveying interactions in 

macromolecular structures, waters have role in complexes of 

proteins with smaller molecules, like drugs. The presence of water 

in the target-drug interface is more a rule than an exception. Bound 

waters can govern ligand specificity and affinity, and can affect the 

scaffold diversity of de novo designed ligands. Inclusion of explicit 

water molecules in drug design have been thoroughly studied and 

was found to be of central importance in ligand-protein docking. A 

Although the importance of hydration structure is well established, 

its experimental determination on atomic level has proven to be a 

difficult task. X-ray crystallography is considered as the primary 

method for detection of water positions Despite being the de facto 

golden standard, there are still several limitations of 

crystallographic determination of the hydration structure. 

Several computational methods were developed to model the of 

hydration structure of protein surfaces and interfaces. Generally, 

two distinct groups of methods can be discriminated: static and 

dynamic approaches. Static methods are for rapid predictions on 

surfaces or interfaces. They assume static representation of the 
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hydration structure, disregarding the exchange (mobility) between 

the bulk and the bound region. While these methods can identify 

bound waters in interfaces, like protein-ligand complexes and 

spaces between secondary structural elements or domains of 

proteins, waters commuting with the bulk cannot be identified.  

Molecular dynamics (MD) simulations, that serve the basis of most 

dynamic approaches, has long been applied for investigation of 

hydration of peptides and proteins. Dynamic exchange between the 

bulk and bound waters can be followed, the displacement of certain 

solvent molecules in a binding site by a ligand and water-water 

interactions are observable. The above-mentioned phenomena can 

be only observed properly by MD simulations and MD-based 

prediction approaches making them very useful, static methods 

cannot predict these properties accurately. Though, dynamic 

methods are expected to perform better, inadequate validation or 

the omission of ligand limit their application. Therefore we aimed to 

develop a novel dynamic method, validated on experimental water 

positions, taking bulk-bound exchange and ligand effect into 

account. 

Aims 

1. Elaborate a new theoretical algorithm for the prediction of 

the hydration structure.  

2. Calibrate the prediction parameters, and validate the 

algorithm on protein surfaces. Analyze the performance and 

the robustness of prediction 

3. Compare the results against method published before  

4. Apply the method was applied for profound analysis of 

hydration of binding sites of important complexes. 

5. Expand the algorithm to study hydration of complex 

interfaces  
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6. Validation on complex interfaces with the reproduction 

experimental water positions, analyze the robustness and 

performance 

7. Comparison to interface prediction methods published 

before.  

8. Uncover the underlying networking fundaments of complex 

stability. 

9. Apply interface hydration network prediction on 

pharmacologically and epigenetically important complex 

structures. 

10. Investigate the influence of different parameters of 

molecular dynamics calculations like temperature, pressure, 

ensemble type, water model and force field combination on 

hydration networks and on the efficiency of prediction was 

investigated. 

Results 

1. First aim of this work was to elaborate a new theoretical 

algorithm for the prediction of the hydration structure.  

A novel, MD-based approach implemented in the software 

MobyWat was developed utilizing mobility of water molecules 

around the solute(s) as the main source of information to predict 

positions of water oxygen atoms. 

2. Our second aim was to calibrate the prediction parameters, 

and validate the algorithm on the experimental hydration 

structures of protein surfaces. Also, the performance and the 

robustness of prediction were analyzed. 

Parameters, as prediction and clustering tolerance, maximum 

distance tolerance was successfully calibrated. The algorithm was 

validated on the experimental hydration structures of proteins, 

more than 80% of experimental waters were found with MobyWat. 
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Matching water positions were located at the least mobile section 

of the prediction list. Repeated predictions were done from MD 

simulations with different initial velocity distribution. Low SD off the 

averaged success rates demonstrated the robustness of the 

method, 

3. Compare the results against method published before 

MobyWat was compared to HyPred, a method published before 

predicting the hydration structure using solvent density deducted 

from MD calculations. Our method reproduced the experimental 

hydration structure of protein surfaces better. 

4. Apply the method was applied for profound analysis of 

binding sites of important complexes. 

Hydration sites of complexes CDK2-ATP, thymidine kinase-9-

hydroxypropyladenine, and glutathione S-transferase-glutathione 

were analyzed. Important waters bridging between ligand and 

target were identified, these waters are situated in the top, least 

mobile portions of the prediction list made on the apo protein. 

5. Study hydration of complex interfaces 

Three approaches (M1, M2, M3) were developed for the 

reproduction of the hydration structure of complex interfaces. 

Among them, the M3 method was proven the best for the void-free 

hydration of interfacial complexes. 

6. Validation on complex interfaces with the reproduction 

experimental water positions, analyze the robustness and 

performance 

Reproduction of the experimental structure was successful 

especially with M3 method, even full match with experimental 

structure was achieved in several cases. Interfacial matching waters 

are more likely to be found in the top, least mobile portion of the 
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prediction lists, indicating that bridging confined waters can be 

successfully predicted with MobyWat. Repeated predictions from 

MDs from different initial velocity distribution demonstrated that 

M3 prediction is robust. 

7. Comparison to interface prediction methods published 

before 

Our results were compared to AcquaAlta and to a recent CAPRI 

survey. AcquaAlta, a static approach, does not take water-water 

interactions into account, while MobyWat does, reflected by the 

reproduction of experimental hydration structure. In the CAPRI 

study, several workgroups submitted predictions of the colicin-E2 

immunity protein/colicin-E2 complex. The most successful ones 

were dynamic methods like MobyWat. We could identify all 

interfacial waters. 

8. Uncover the underlying networking fundaments of complex 

stability. 

The NetDraw mode of MobyWat was developed to create 2D 

networks depicting the interaction graphs of predicted waters. It 

was revealed that a heavily static core subnetwork between ligand 

and target is present in the complexes. The network is 

predominantly static in complexes, where the ligand is buried in the 

protein. In systems, where ligand binds superficially, dynamic, 

rapidly exchanging waters shield this static region from the bulk. 

9. Apply interface hydration network prediction on 

pharmacologically and epigenetically important complex structures.  

The heterotrimeric protein-protein complex of Death Associated 

Domain 6 with Histone H3 and H4 was investigated in depth. Upon 

a G-M mutation 50% decrease in affinity of the mutant structure 

was detected by experimental means. X-ray crystallography 
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revealed that hydration structure is greatly perturbed, responsible 

for the weaker binding. Network analysis revealed a single mutation 

disrupts the static subnetwork crucial in the interaction. The 

hydration structure of HIV-1 protease/atazanavir complex was 

analyzed with NetDraw mode too. Static water coordinated by the 

ligand and the protein homodimer was identified by MobyWat. This 

water can be incorporated into the ligand with bioisosteric 

substitution, like in cylic urea inhibitors. Waters for potential 

bioisosteric substitution can be identified with NetDraw submode. 

10. The influence of different parameters of molecular 

dynamics calculations like temperature, pressure, ensemble type, 

water model and force field combination on hydration networks and 

on the efficiency of prediction was investigated. 

Simulation temperature, water model and force field combination, 

ensemble type were the investigated parameters in question. Our 

analysis revealed that on low temperatures, both interfacial and 

surface networks lose their dynamic constituents, and the success 

of prediction decreases because of the inadequate mobility of 

waters. Like temperature, pressure affects mobility as well, our 

results are in agreement with experimental findings. Changing 

ensemble had little effect on the quality of prediction, 

demonstrating the method's robustness. More important, all the 

different force-field water combinations tested gave good results. 

Conlusions 

We have developed novel method for the atomistic level prediction 

of the hydration structure around proteins and complex interfaces. 

Our results confirmed that applying MD simulations, that take 

water-water interactions explicitly into account, and follow the 

bulk-bound exchange, can form a solid basis for prediction 
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With thorough calibration of prediction parameters, a robust 

prediction method was developed. This is reflected by the good 

agreement with experimental structures achieved with MobyWat. 

Our approach was successful in predicting waters around globular 

proteins, in buried interface region, and in macromolecular 

complexes, like protein-protein systems as well. Aside prediction 

parameters, the influence of parameters MD calculation on the 

quality of predictions was assessed as well, further reinforcing the 

robustness of MobyWat. 

While static approaches gave rapid results, the quality of their 

predictions were not always sufficient. Tthe constant development 

in both hardware and software technology made it possible to 

conduct MD adeqaute simulations in a reasonable time, serving as a 

basis of dynamic methods, yielding better results. When compared 

to static and densitiy-based approaches, MobyWat performed 

better, reproducing the experimental hydration structure with 

higher success. 

MobyWat is able to identify important waters located on surfaces 

and interfaces as well, finding these waters, and the description of 

the overall hydration structure is made easier with the NetDraw 

mode of MobyWat. The transformation of the 3D hydration 

structure to 2D interaction graphs, and the partition of static and 

dynamic waters and regions in the network, was proven to be 

crucial for the understanding the impact of interactions mediated 

by waters. The disruption of static, immobile network region leads 

to decreased ligand binding, important waters bridging between 

target and ligand can be identified. From a drug design point of 

view, potential candidates of bioisosteric substitions can be 

identified as well. 

Water molecules have key role in several biochemically and 

pharmaceutically processes. Omitting waters from such calculations 
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can lead to erroneous results. MobyWat can be a useful tool in the 

hands of computational chemists working in drug design, or 

investigating protein-protein interactions. 
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