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Abstract: 

Solute-solvent interactions are critical for biomolecular stability and recognition. Explicit 

solvent molecular dynamics (MD) simulations are routinely used to probe such interactions. 

However, detailed analyses and interpretation of the hydration patterns seen in MD simulations 

can be both complex and time consuming. A variety of approaches/tools to compute and 

interrogate hydration properties in structural ensembles of proteins, nucleic acids or in general 

any molecule, are available and are complemented here with a new and free software package 

(‘JAL’). Central to ‘JAL’ is an intuitive atom centric approach of computing hydration 

properties. In addition to the standard metrics commonly used to understand hydration, ‘JAL’ 

introduces 2 non-standard utilities: a program to rapidly compute buried waters in an MD 

trajectory and a new method to compute multi-water bridges around a solute. We demonstrate 

the utility of the package by probing the hydration characteristics of the tumor suppressor protein 

p53 and the translation initiation factor eif4E. ‘JAL’ is hosted online and can be accessed for free 

at ‘http://mspc.bii.a-star.edu.sg/minhn/jal.html’. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Introduction: 

Optimal levels of hydration are critical for maintaining the native states of proteins and in 

mediating their interactions with other molecules. Aberrant solvation during protein folding may 

lead to a misfolded or partially folded protein, resulting in aggregation 1. Additionally, water 

interactions with backbone hydrogen bonds in proteins have been shown to result in charge-

hydrophobe interactions at protein-protein/ligand interfaces2-7. Water can also act as a catalyst in 

sampling protein conformations. Their small size enables them to rearrange quickly, thus 

facilitating conformational rearrangements in proteins i.e. smoothening the potential energy 

surface of proteins 8. Hence, detailed pictures of protein hydration are necessary to obtain 

insights into the thermodynamics and kinetics of intramolecular and intermolecular interactions 
9-13.  

 

Unsurprisingly, protein hydration is extremely sensitive to surface chemistry and 

topology 14-16 which have very diverse characteristics, making the study of hydration very 

challenging. Several experimental approaches 17 have been used to study biomolecular hydration. 

For example, the mining of multiple, independently determined, high resolution crystal structures 

of proteins in the Protein Data Bank (PDB) 18 have led to the identification of consensus 

hydration sites 19. However, crystal structures represent an average conformation and, while B-

values have provided some guidance on flexibility, a more dynamic picture is necessary for 

comprehensively understanding biological function 20 21. This need has been complemented by 

developments in experimental techniques such as Nuclear Magnetic Resonance (NMR) 22, 

femtosecond spectroscopy 23, vibrational spectroscopy 24, ultrafast optical Kerr-Effect 

spectroscopy 25, 4D Ultrafast Electron Crystallography 26 and more recently by advances in 

computational techniques such as molecular dynamics (MD) simulations 27-31. MD provides a 

detailed spatio-temporal picture of conformational variability and associated dynamic 

interactions, including those with solvent molecules.  

 

A range of computational tools have been developed in the past to predict water locations 

around a protein structure and have provided excellent insights into structure-function 

relationships and mechanisms (Table S3). Very early on, GRID 32 was the method of choice; this 

involved placing a probe such as water, methyl group, amine nitrogen, carboxy oxygen, and 

hydroxyl molecule around the protein and evaluating its interaction potential to identify 

hydration sites. Energy levels for each probe were then contoured and filtered to identify 

important interaction sites. Next appeared a method by Rashin & Honig 33 who developed a rapid 

method to find cavities based on SASA and predict buried waters by evaluating the ability of 

waters to form hydrogen bonds; their method successfully reproduced 80% of the buried waters 

in a test set of 12 crystallographically resolved proteins. This was followed by AQUARIUS 34 

which utilized information mined regarding amino acid specific hydration patterns from 

structures in the PDB to compute solvent structures around proteins by computing likelihood 

weights for grid points; they were able to achieve ~60% accuracy. Zhang & Hermans developed 



Dowser 35 where the energetics of solvation was calculated for cavities in proteins; given the 

nature of the calculations and the computer hardware available during that period, this was 

somewhat slow, however they achieved around 90% success for locating buried waters in the 

protein subtilisin. The program SuperStar 36 appeared next from Verdonk and colleagues, 

creating probability density maps for various functional groups based on mining non-bonded 

interactions in structures from the PDB 37 and CSD (Cambridge Structural Database) 38 and find 

that they are generally good predictors.  In 2005, the FOLD-X force field 39 was used to evaluate 

the energetics of protein-water interactions using a force field and identifies 76% of the waters 

that make at least two hydrogen bonds with the protein. A rigorous method developed by Hirata 

and coworkers 40 used 3D-RISM theory and were able to correctly predict all 6 buried waters that 

were observed in crystal structures to be located in protein cavities in hen egg-white lysozyme. 

In 2009, a sophisticated statistical mechanics based approach called JAWS 41 was reported which 

computed the thermodynamics of water binding at sites in proteins and could successfully locate 

hydration sites in high resolution crystal structures of five different proteins. HyPred 42 was 

developed in 2010 to predict solvent density using radial distribution functions for a set of atom 

types around a constrained protein in an all atom explicit solvent MD simulation and was 

successful in predicting 50% of the crystallographically observed waters in 3 different proteins. 

The same year also witnessed the publication of a method that involved the iterative placement 

of water sites on a lattice and solving the solvent distribution using a semi-heuristic cellular 

automata approach for computation of water propensities at protein sites by computing 

interactions using a mean field approach 43. Mobywat 44 used MD simulations to compute 

hydration patterns based on water dynamics by factoring all inter-atomic interactions and 

demonstrated 80% agreement across 1500 crystallographic waters in 20 proteins. More recently, 

a new robust and rapid method based on semi-explicit, discrete solvation model was proposed by 

Setny 45 which produced results that are in very good agreement with the rigorous and highly 

computationally demanding double decoupling free energy calculations (the energetics computed 

by these two methods are within 2 kcal/mol of each other). In 2016,  Dowser++ 46 was reported 

which was a semi-empirical modification of the earlier program Dowser 35 ; it combined two 

methods, AutoDock Vina 47 and WaterDock (which uses the docking program AutoDock Vina to 

dock water molecules in proteins, and achieves 97% accuracy; 48), and correctly predicted most 

buried waters in 12 crystal structures together with providing a quantitative estimate for the 

quality of water placement.  

 

In parallel, plugins to commonly used modelling/graphics programs were developed. 

Watclust is a new VMD plugin that can determine and analyze hydration sites and can directly 

utilize this information in subsequent docking studies in Autodock 49. WATsite 50 and 

PyWATER 51 are plugins to the Pymol visualizer 52 and predict invariant waters as well as 

hydration sites in binding interfaces based on analyses of superimposed structures using 

clustering. WATsite 50 further elucidates the thermodynamic profile of a water molecule and its 

potential contribution to ligand binding.  



 

Other efforts include setting up of publicly available web resources for different aspects 

of the analysis of water interactions. 3DSS 53 is a web server for superimposition of multiple 

structures of a protein and computation of invariant water molecules. Similarly, Water Analysis 

Package (WAP) 54 and Protein Structure Analysis Package (PSAP) 55 are web servers that 

compute and analyze water interactions with proteins in a single input structure. A variety of 

programs for computing solvent properties in an ensemble of conformations are embedded in the 

standard trajectory analysis modules of the MD simulation packages CHARMM 56, Amber 57 and 

Gromacs 58.   

 

 With increasing access to high performance computing, MD simulations in aqueous 

solvents are becoming common. While there are several resources available that can enable the 

computation of various characteristics of motions of proteins and of protein-ligand (including 

water) interactions (see above), analysis of hydration characteristics has been more challenging. 

Sophisticated and computationally demanding techniques of course have been developed 

including Grand Canonical Monte Carlo 59 and free energy methods 60, but these preclude their 

use for rapid analysis. Of course, continuum models of water as a dielectric have been used 

successfully in several cases 61, yet these methods average out any specific hydrogen bond 

effects and localized dielectric effects. These issues are important because waters not only 

occupy cavities in proteins and affect protein stabilities 62, 63 but also mediate bridging 

interactions between ligands and proteins 64; these issues will impact upon protein and ligand 

design 65, 66; for example knowledge of the geometry of a hydrogen bond made by a buried water 

will be critical in deciding whether a polar side chain would replace it appropriately in the design 

of a mutation in a protein or in the sculpting of a new functionality in a ligand towards greater 

stability/affinity. The robust and rapid detection of buried waters and water bridges from MD 

simulations was given a boost by the development of two sophisticated and yet rapid methods by 

the groups of Setny 45 and of Gilson and colleagues 67. The former method is based on a semi-

explicit, discrete solvation model that is used to compute the energetics of interactions of water 

molecules from an MD simulation. The latter method combines standard MD with translational 

Metropolis Monte Carlo (MC) moves in which water molecules transit between the bulk solvent 

and the protein interior, allowing for stabilization of water in cavities that have the potential to be 

hydrated. Complementing these methods, we present here a new software package (‘JAL’) that 

enables the computational detection of buried waters and water bridges in MD simulations; JAL 

also computes the standard metrics (solvent density, residence times, closest-water distance 

measures) from MD simulations. Using as examples the tumor suppressor p53 DNA Binding 

Domain (DBD) and the translation initiation factor eIF4E, we demonstrate how such analyses 

can reveal interesting insights into protein structure and function. In summary, JAL facilitates 

detailed characterization of hydration properties of solutes from MD simulations. The programs 

in the ‘JAL’ package, together with detailed documentation are available at ‘http://mspc.bii.a-

star.edu.sg/minhn/jal.html’. 



Methods: 

Hydration properties 

The programs developed here enable a rigorous characterization and an intuitive analysis 

of hydration properties in MD simulation trajectories using the metrics described in Figure 1. 

The program takes as input a single trajectory file in PDB format consisting of frames extracted 

from an MD trajectory. This single file can be created using the mdtraj module 68 of python by 

extracting structures from MD trajectories in diverse formats (xtc, trr, dcd, binpos, netcdf, 

mdcrd, etc.). The input PDB file is first preprocessed (‘preprocess.py’) by removing the 

hydrogen atoms and saving the coordinates of the solute (which is either the whole molecule or a 

set of atoms that is defined by the user) and the water (or solvent) molecules (which are either 

those in the 1st hydration shell, defined as 3.5 Å of any solute heavy atom, or a cut off specified 

by the user). The default 3.5 Å cut off is optimal because it is taken as the maximum hydrogen 

bond donor to hydrogen bond acceptor distance for a hydrogen bond 69. Hydration metrics 

(closest water distance, residence time and solvent density are computed by tracking the water 

molecules that lie within a sphere of 3.5 Å radius from the reference (non-hydrogen protein) 

atoms in each snapshot of the input structural ensemble. This (protein) atom centric approach of 

computing the solvent properties is different from a grid based approach (for instance the ‘grid’ 

command in ptraj module of Amber). A grid based approach creates a 3D grid over the water 

box and then counts the number of the solvent molecules within each grid box (usually of 0.5 Å 

dimension). In the protein (atom) centric approach, we monitor the protein (non-hydrogen) atoms 

that interact with the solvent (water oxygen). Although, the current approach is computationally 

more expensive than the grid based approach, it does have several advantages (elaborated in 

Results and Discussion). The hydration programs produce two kinds of output for analysis - 

graphical and textual. The detailed nature of the output and the associated analyses will be 

discussed in the Results section and the documentation is provided on the ‘JAL’ website.  

Along with the standard hydration metrics (solvent density, residence time and closest 

distance measure), ‘JAL’ introduces 2 new methods:  (1) a method to compute buried waters 

which is benchmarked using BPTI (Figure S2) and subsequently used to explore the 

structural/functional aspects of hydration in the DNA binding domain (DBD) of the human 

tumor suppressor protein p53, and (2) a method to compute multi-water bridges around a solute 

based on residence time calculations, which we use to probe the hydration of the human 

translation initiation factor eIF4E. We carry out rigorous double decoupling free energy 

calculations to substantiate our findings. 

The hydration programs embedded in the ‘JAL’ package compute the following 

hydration properties: 



1. Solvent density: The number of times a water oxygen atom is observed within a distance of 

3.5 Å from the reference atom. The reference atom can be input by the user or can be all the 

non-hydrogen solute atoms. It is measured as percent hydration across the ensemble.  

2. Residence time: It is an estimate of how stable/buried a water molecule is at a particular site. 

The input for the program is an evenly spaced (snapshots at fixed time interval ) MD 

trajectory. Value of  used for the computation of residence time in this study is 100 ps. The 

residence time is defined as the length of time a distinct water molecule stays continuously 

within 3.5 Å of the solute site. This produces a list of residence time values for that site 

across the MD trajectory. The summation of all such values at a site gives the total residence 

time, the average of this gives the average residence time and the maximum value from this 

list is reported as the maximum residence time (the total residence time will depend on the 

length of the trajectory). Effectively, the program computes the residence time 

autocorrelation function 𝑃() (as also done in 70) but does not fit an exponential or multi 

exponential model.  

3. Distance of closest water: It computes the distance between a solute atom and the closest 

solvent molecule. The metric estimates the accessibility of a site on the solute to the water 

and hence provides a likely estimate of the strength of the interaction.  

4. Buried waters: The core of a protein is usually well packed but can occasionally contain 

cavities. Hydration of the cavity depends on the volume and residues lining it. These (buried) 

waters, which are usually found in the protein cavities and core, have little solvent 

accessibility and are referred to as buried waters. Buried waters are computed using a novel 

methodology based on iterative calculations of Solvent Accessible Surface Area (SASA) of 

water molecules and deleting those waters which have SASA more than zero after every 

iteration (analogous to ‘evaporating’ waters from the protein surface) (Figure 2). Ultimately 

waters left with a SASA value of zero are the ones deemed to be buried. We benchmarked 

our calculations of buried waters using bovine trypsin inhibitor (PDB id 4PTI, resolution 1.5 

Å, 71). We correctly identify the 4 buried waters (Figure S2) which are characterized by low 

B-values and engage in a strong interaction network with the protein.  

 

 The program to compute buried waters takes as input an MD trajectory of the solute 

(protein) with the water box. For every frame, the program computes the SASA of all the 

heavy atoms in the system using the rolling ball algorithm 72. This entails rolling a probe of 

the size of a water molecule (radius of 1.4 Å) on the system (protein + water box). In the next 

step, all the waters with a non-zero SASA value are deleted. Computation of SASA of all 

heavy atoms followed by deletion of the waters with a non-zero SASA value is iterated till 

only waters with a SASA value of zero (buried waters) are left; this value can be changed to 

non-zero values to reflect almost completely buried waters. 

 

 

 



Molecular dynamics simulations 

We probed these properties in all-atom explicit solvent MD simulations of the Wild type 

(WT) and the V143A mutant of the p53 DNA Binding Domain (DBD) (PDB id 2AHI, chain A, 

resolution 1.85 Å 73) and separately of the translational initiation factor eIF4E (PDB id 2W97, 

chain B, resolution 2.29 Å 74) in their apo states. V143A is one of the most common destabilizing 

mutations in the DBD of p53 and is known to result in the unfolding and aggregation of p53 

under physiological conditions. There exists a crystal structure of this mutant (PDB id 2J1W) but 

this was generated against a background of stabilizing mutations; we wished to examine the 

effects of this mutation in the WT protein and so introduced the mutation in the WT crystal 

structure, allowing its effects to evolve during the subsequent MD simulations. Simulations were 

carried out using the Amber ff99SB force field 75. The N and C termini of the proteins were 

capped with ACE and NME moieties respectively. All the crystallographic waters were retained. 

Zinc is coordinated to 4 residues in the L2 and L3 loop of the DBD. These include Cys176 (atom 

SG), Cys238 (atom SG), Cys242 (atom SG) and His179 (atom ND1). We used the bonded model 

of Zinc 76 and covalently bonded it to these 4 residues as it preserves the tetrahedral coordination 

which has been reported to be crucial for the stability of loops L2 and L3 and also for the 

interactions of the DBD with DNA 77. The Cysteines 176, 238 and 242 were deprotonated at 

their Sulphur atoms thus enabling them to be covalently linked to the Zinc. The Zinc was also 

covalently linked to the ND1 atom of His179 and the proton was placed on the NE2 atom and 

corresponds to its protonation state at neutral pH. The proteins were solvated in a cubic water 

box with a minimum separation of 10 Å between the protein atoms and the edge of the water 

box. TIP3P 78 water model was used to model the water molecules. This was followed by 

neutralization of the systems with the addition of an appropriate number of counter ions. The 

solute-solvent systems were subjected to an energy minimization involving 1000 steps each of 

steepest descent followed by an equal number of conjugate gradient steps.  We gradually heated 

the systems to 310 K in an NVT ensemble followed by 2ns of equilibration in the NPT ensemble. 

Finally, a 100 ns production run in NPT was carried out for each system using the GPU 

implementation of PMEMD 79. A cut off of 8 Å was used to evaluate the Lennard-Jones (LJ) and 

short-range electrostatic interactions, while the long-range electrostatic interactions were 

evaluated using the particle-mesh Ewald (PME) method. Langevin thermostat 80 was used to 

regulate the temperature. A constant pressure (1.0 bar) was maintained during the simulations 

using a weak coupling with a relaxation time of 1 ps. The SHAKE algorithm 81 was used to 

constrain the lengths of the covalent bonds associated with every hydrogen atom, thus enabling 

an integration time step of 2 fs to be used in the simulations; coordinates were saved at intervals 

of 5 ps. Hydration analysis is carried out on the last 50 ns sampled. The appropriate values for 

these parameters are dependent on the protein system being studied and the purpose of the 

calculations. Simulations were performed in triplicates. 

JAL is also compared with a recently published method to predict buried waters 45. The 

author of that study tested their method on 8 proteins (PDB ids: 1AHO chain A, 1BAS chain A, 



1SNB chain A, 1UOY chain A, 1W8V chain A, 2YGS chain A, 3HVV chain A, 3Q7Y chain A). 

We have additionally carried out MD simulations on these 8 proteins using the protocol 

described in the previous paragraph.   

Buried water clusters in p53 DBD 

To demonstrate the utility of JAL in the computation of buried waters, we analyzed the 

crystallographic waters in crystal structures of the DBD with resolution <= 2.5 Å from the PDB 
37. Multiple chains of the DBD within a PDB entry were considered as separate structures. This 

resulted in a total of 119 unique structures (Table S1). For each structure, the iterative procedure 

to “evaporate” the non-buried waters was carried out. Structures of the DBD with buried waters 

(if any) were next superimposed using the ‘align’ function in PyMOL 52 on to the structure of the 

DBD with an extended N-terminus  (PDB id 2XWR; 1.68 Å; chain A). We find that several 

structures of DBD have buried waters but with varying locations within the protein. For the 

purposes of this study we decided to focus on those crystallographic buried water molecules 

whose positions were invariant in at least 50% of the superimposed structures (Figure 3A). 

Protein structures being dynamic in MD simulations, we identify the buried water clusters in the 

MD simulations as the ones which are present in at least 5% of the simulation (Figure 3C). 

Waters in the superimposed structures which are within 1.7 Å of each other were considered as 

belonging to the same cluster.  

Double Decoupling method 

A systematic analysis of the buried waters in the MD simulations of the WT p53 DBD 

revealed one highly persistent buried water molecule in loop L3. However, this water molecule is 

lost in the simulations of the V143A mutant where loop L3 assumes a non-native conformation. 

To quantify the free energy of binding of this water molecule to WT p53 DBD, we use the 

double decoupling method 60.  

 

 The double decoupling method is a two-step process for computing the free energy of 

the ligand (water) by gradually switching off the van der Waals and electrostatic interactions 

(referred to as decoupling) with the rest of the system in a two-step process (as shown below):  

                          𝑊𝑠𝑜𝑙  →  𝑊𝑔𝑎𝑠                         𝛥𝐺𝑑𝑒𝑐
𝑤

 

        𝑃𝑊𝑠𝑜𝑙  →  𝑃𝑠𝑜𝑙  +  𝑊𝑔𝑎𝑠                           𝛥𝐺𝑑𝑒𝑐
𝑝𝑤

 

                  𝑊𝑠𝑜𝑙   +  𝑃𝑠𝑜𝑙  →  𝑃𝑊𝑠𝑜𝑙                         𝛥𝛥𝐺𝑎𝑏𝑠 =    𝛥𝐺𝑑𝑒𝑐
𝑤 −   𝛥𝐺𝑑𝑒𝑐

𝑝𝑤
 

In the first step, the free energy of decoupling a water molecule (𝛥𝐺𝑑𝑒𝑐
𝑤 ) from the bulk 

solvent was computed and found to be -6.1 kcal/mol, which agrees very well with values 



computed earlier by others (-6.0 kcal/mol) 60, 65 and with experiment (-6.3 kcal/mol) 82, 

suggesting that our protocol is robust. In the second step, the bound water molecule is decoupled 

from the protein-water system (𝛥𝐺𝑑𝑒𝑐
𝑝𝑤

). The absolute binding free energy of the water (𝛥𝛥𝐺𝑎𝑏𝑠 ) 

is computed using equations listed here. Decoupling is carried out over a span of 101 windows 

( values = 0.00, 0.01, …, 1.00) at the simulation temperature of 310 K. During gradual 

decoupling of the electrostatic and van der Waals interactions of the water molecule from the 

protein-water system, an appropriate restraint weight needs to be imposed on the water molecule 

(to prevent it from flying off from its binding site). This restraint is proportional to the dynamics 

of the water molecule at that site in a canonical MD simulation of WT DBD and is computed 

from its mean square displacement (MSD) as follows- 

𝑘 =  
3𝑅𝑇

< 𝛿𝑟2 >
 

MSD for the buried water molecule in loop L3 of WT DBD was 3.74 Å2 and the 

corresponding restraint weight (which was calculated as 0.49 kcal/mol) ensures that the water 

molecule remains bound to the protein during the decoupling process and the restraint is 

sufficient for the water molecule to explore the conformational space accessible in the binding 

pocket. The same restraint (0.49 kcal/mol) is also imposed on the protein Cα atoms to avoid 

protein rotations and translations during the simulation. We use the MBAR (Multistate Bennett 

Acceptance Ratio) method for calculating the free energy differences. 

 

 

 

 

 

 

 

 

 

 

 



Results: 

Case study 1: the role of buried waters in the stability of the p53 DNA Binding Domain 

To evaluate the method for identifying buried waters in an MD trajectory using ’JAL’, 

we investigate the hydration of p53 DBD. DBD is involved in numerous interactions with DNA 

and proteins and is often mutated in tumor cells 83-86. A subset of these mutations is known to 

lower the melting temperature of the protein, resulting in unfolding and aggregation 87-90. The 

mechanisms that underpin the stability of p53 have been extensively studied, however a coherent 

picture, especially one that integrates the role of hydration, still remains incomplete. Experiments 

report that ligand (DNA) binding & dehydration in p53 should stabilize the native folded state, 

although the underlying molecular mechanisms remain unknown 91.  The hydration shell around 

the DBD, defined as being composed of “tight” and “dynamical” water molecules, has been 

hypothesized to make the DBD structure more labile 87. However, there have been no reports of 

the role of buried water on the stability of the DBD  and we explore this in WT and the V143A 

mutants of p53; the latter is found with high frequency in tumors and is known to induce 

destabilization and unfolding of p53 under physiological conditions 89. 

Most of the buried water clusters in the crystal structures of the DBD are present near 

loops L2, L3 and strand S7 and have low B-values, thereby suggesting that they are tightly 

bound (Figure 3A). The MD simulations of DBD carried out here suggest that the positions of 

buried water clusters in the simulations of WT and V143A DBD are quite different (Figure 3B). 

The positions of buried waters in the MD simulations of the WT DBD, but not the V143A 

mutant form of DBD, correspond well to the positions of the crystallographic buried waters in 

the WT. It appears that in the V143A mutant of DBD there are fewer buried water clusters 

around the loops L2 and L3 as compared to WT DBD (shown with dashed line in Figure 3B). 

Therefore, we investigate if the dehydration of the loops L2 and L3 imply loss of stability in 

DBD. The importance of buried waters for the stability of protein structures has been abundantly 

suggested in the literature. For instance, it has been suggested that buried waters fulfill the 

unsatisfied interaction valencies of the protein atoms through water mediated interaction 

networks 92. Alternatively, hydration of a hydrophobic cavity in the protein core may prevent its 

collapse and help a protein retain its native structure 93. Protein hydration has also been shown to 

be associated with increasing protein flexibility, and hence entropic stabilization 11, 62.  

A closer inspection of the positions of buried waters in the DBD reveals the possibility of 

differential conformational sampling of the loop L3 between the WT and V143A (Figure 4A and 

4B). The loop L3 in V143A samples a non-native conformation in one of the three replicates. It 

appears that the crystal-like native conformation of loop L3 in the WT DBD is stabilized by a 

buried water molecule which is lost when the mutant DBD assumes a non-native conformation. 

This buried water makes interactions with the backbone of loop L2 (oxygen of Arg174) and loop 

L3 (nitrogen of Met246) as well as with the side chain of Cys238 (given that this is a Sulphur, 

this interaction is likely to be weak), which is also coordinated to Zinc (Figure 4C). The total 



residence time of a water molecule at this position (computed by taking the backbone nitrogen of 

Met246 as the reference atom) is 73.33 (±9.6) ns for the WT while it is only 34 (±20.5) ns for 

V143A across the triplicate MD simulations, each with a total sampling time of 100ns. Water at 

this position is also conserved in the crystal structures. Out of the 119 chains (Table S1) of DBD 

that were superimposed, buried water at this position in loop L3 is present in 100 structures 

(Figure 4C). The average B-value of the waters contributing to this cluster is 20±8 Å2, implying 

that this water is indeed tightly bound to the protein 94. Furthermore, we extended the simulations 

of the two replicates of V143A that did not show loop L3 in a non-native conformation, to 500 

ns. We now see that the loop L3 indeed assumes a non-native conformation, making this 

observation consistent in all the three replicates (Figure 5). 

Next, in a control study of WT DBD, we remove all the crystal waters from the protein 

immersed in the box of waters and ran an MD simulation. A water molecule from the bulk 

solvent is observed to occupy this position near loop L3 almost instantaneously, clearly 

suggesting that this site prefers to be hydrated.   

Figure S3 suggests that the 3 atoms, which interact with the buried water, are only 

engaged in interactions with waters and/or Zinc and not with any protein atoms: Cys238(SG) is 

coordinated to the zinc ion and covalently bonded to it in the simulations; Arg174(O) can 

interact with another water molecule (apart from the buried water in loop L3); Met246(N) 

interacts exclusively with the buried water in loop L3. These suggest that it is unlikely that the 

non-native conformation of loop L3 in V143A is caused by the loss of protein-water and not of 

protein-protein interactions; although the role of long range intra-protein interactions may play 

some role.  

We further looked at the amino acid conservation of the three residues (whose atoms are 

engaged in making interactions with the buried water) across the homologs of p53 in the IARC 

database (http://p53.iarc.fr/SequenceAlignment.aspx) 95 (Figure S4A and S4B). We observe that 

these are conserved. Additionally, the spatial orientations of the backbone atoms of Arg174(N) 

and Met246(O), that are hydrogen bonded to the buried water in loop L3, are strictly conserved 

in the 119 crystal structures of human DBD studied (Figure S5). Together these make a 

compelling case for the importance of these interactions in maintaining the conformation of loop 

L3 which appears to be destabilized in V143A with the loss of the water. While a causal 

relationship between the loss of buried water and the native conformation of loop L3 is not easy 

to establish unambiguously in such complex systems, nevertheless the strong correlation 

observed between the presence of buried water in loop L3 and the conformation of loop L3 is 

compelling and underscores the importance of this buried water for the stability of the DBD. 

Given the fact that most of the commonly occurring cancer mutations (referred to as “hot 

spot” mutations) are located in loops L2 and L3 84, 96, 97, the change in the dynamics of these 

regions resulting from the loss of the buried water molecule could have implications in 

tumorigenesis. The increased flexibility also correlates well with the available experimental data 

http://p53.iarc.fr/SequenceAlignment.aspx


on the NMR of the destabilizing mutants including, V143A, which suggests that residues in the 

loop L3 are affected between the WT and the destabilizing mutants 90. A limitation of the current 

model where Zinc is coordinated irreversibly to loops L2 and L3 through C176, H179, C238 and 

C242, is whether the water is related to Zinc binding  (Figure 4C). .  Zinc binding is known to 

stabilize the DBD and the loss of Zinc is reported to be a major factor in the destabilization of 

DBD 98-100.   

To further probe the importance of this buried water, we carried out double decoupling 

free energy calculations. Table 1 shows the 𝛥𝐺𝑎𝑏𝑠  values for the water molecule bound to loop 

L3 when each λ window is simulated for 10 ps, 100 ps and 1 ns. The 𝛥𝐺𝑎𝑏𝑠  is highly consistent 

across the different lengths each λ window is simulated for; however, the standard deviation 

decreases with increase in the sampling, implying good convergence. Regardless, our findings 

suggest that for such studies, a 10 ps window length should technically suffice. A 𝛥𝐺𝑎𝑏𝑠  value of 

-7.8 kcal/mol (compared to the free energy of hydration of the water of -6.1 kcal/mol  indicates 

that the water molecule prefers to be bound to the loop in the WT.  

To further investigate the MD trajectory at = 0 (buried water molecule is present with 

full electrostatics and van der Waals potential) and buried water molecule has no 

electrostatic or van der Waals potentialwe ran an additional simulation (production run=15ns 

to compare with the 10ns TI calculations) at these two points of by selectively restraining 

regions of DBD (as shown in Figure 6A). We removed the restraints in the loop regions around 

the buried water in loop L3 (while restraining other regions) so as to investigate the influence of 

this water molecule on the dynamics of these loop regions. We examine the RMS fluctuations of 

the backbone atoms between the simulations of WT DBD at = 0 and = 1. Simulation of the 

DBD with the interaction potential of the buried water molecule in L3 switched off exhibits 

higher fluctuations, especially in loop L3, as compared to the simulation where the interaction 

potential of the buried water molecule in L3 is switched on (Figure 6B). This clearly suggests 

that the buried water in loop L3 has a significant impact on the structure, interactions and 

dynamics of the neighboring regions and that this buried water stabilizes loop L3 of DBD 

through van der Waals and electrostatic interactions. 

Interstingly the G245S mutation is also known to destabilize the DBD, a longer Serine 

side chain is thought to displace this structural water molecule 89. To test this hypothesis, we 

simulated the G245S mutant of p53 DBD (~1.5 µs), without removing the water. In our 

simulations (Figure 7), the buried water in loop L3 is only partially  displaced and loop L3 

adopts a non-native conformation. This further strengthens our hypothesis that this water 

molecule is indeed important for maintaining the WT conformation of loop L3 and may well be 

implicated in several DBD mutations. 

 

 



Case study 2: residence time of waters at the eIF4E-mRNA cap binding interface 

Identifying multi-water bridges (water bridges involving multiple persistent/high 

residence time waters) in MD simulations remains a yet unsolved problem. Presently, it has been 

possible to track only single water molecules that are bridging different regions of the protein or 

bridging 2 different molecules. This is achieved by tracking the hydrogen bonds formed between 

the water molecule and the solute atoms. However the tracking of multiple waters does not 

appear to be straightforward. . Multi-water bridges are often seen in clusters of conserved water 

molecules, linking the solutes at the protein-protein/ligand interfaces and are thought to have 

critical roles in molecular recognition and interaction 64, 101. Here, we demonstrate that probing 

the residence times of water molecules80,81 using the atom centric approach (see methods section) 

can help identify multi-water bridges in proteins. 

  We examine the residence times of waters in eIF4E, a translation initiation factor which 

binds to the 5’ mRNA cap (m7GTP) and triggers a molecular signaling cascade that culminates 

in translation. The mRNA cap binding interface of eIF4E in the cap-unbound state is very well 

hydrated 74, 102. Recently, a network of 14 invariant interfacial water molecules was identified as 

mediating interactions between eIF4E and mRNA cap 64. A water bridge involving two solvent 

molecules lies at the core of this network. This water bridge engages in hydrogen bonding 

interactions with Trp166 and Asn155 and has been hypothesized to be vital for mRNA cap 

binding in eIF4E 64. 

We compute the solvent density and the residence times of waters around eIF4E by 

tracking water interactions with all the respective non-hydrogen protein atoms within a sphere of 

radius 3.5 Å. Figures 8A and 8B show solvent density and residence time values mapped onto 

the protein. The solvent density clearly shows that the mRNA cap binding site of eIF4E is indeed 

well hydrated. However, it is apparent that not many sites in the binding pocket have high 

residence times. Thus, although the mRNA binding site of eIF4E is well solvated, it appears that 

most of the solvent molecules are rapidly exchanging with bulk solvent. However, we see two 

sites in the binding pocket with extremely high residence times (seen as blue patches on the 

surface). The two sites with high residence times correspond to the waters involved in forming 

the water bridge (labeled as W1 and W2 in figure 8B). This water bridge motif has been reported 

to be central to the mRNA cap recognition of eIF4E (Figure 8C) and so, may play a crucial role 

in the kinetics and thermodynamics of the process 64. This example demonstrates how mapping 

the residence times of waters on the protein surface can help identify water bridges involving 

multiple waters in proteins. This nicely complements modules such as the ‘hbond’ function in 

the cpptraj module of AmberTools15 57 which identifies water bridges mediated by a single 

water molecule.  

 

 



Discussion: 

JAL complements existing approaches to compute hydration properties 

JAL analyzes all atom explicit solvent MD simulations to detect waters that are deemed 

to be buried based on the criteria of their accessibility to an external probe. Subsequently it 

analyzes several properties associated with these buried waters. Together with two unique 

utilities, namely the detection of buried waters and water bridges, it complements existing 

approaches to compute hydration properties.  

 

Grid based Vs Protein (solute) atom centric approach 

 Hydration around a protein is a function of the chemistry and topology of the protein 

surface 14-16, thus making analysis challenging, most notably because of the small size of a water 

molecule enabling it to engage in multiple interactions that can rapidly interconvert even on the 

timescales of protein motions 14. To approach this issue, we use an atom centric approach (that is 

central to all JAL programs) which maps hydration metrics (solvent density or residence times) 

onto protein atoms, thereby linking hydration to specific sites (atoms) of the proteins. In contrast, 

representing solvent density as grid boxes in 3D (as represented by the ‘grid’ function in 

Amber’s ptraj module for instance) obscures the identity of the solute atoms whose properties 

determine the particular solvent densities. Additionally, the grid based approach is extremely 

sensitive to solute dynamics and therefore affects the accuracies of the solvent properties 

computed in the 3D grids in cases where the solute exhibits large amplitude backbone 

fluctuations and/or large scale conformational changes as is often the case for intrinsically 

disordered proteins (IDPs). The grid-based method (for instance the hydration program grid in 

the ptraj module of Amber) provides a hydration measure (e.g. solvent density) that is properly 

normalized by voxel volume, and has a clear interpretation, enabling it to be transferable 

between different locations and different systems. In a similar manner, the hydration measure 

computed using the atom centric approach, is also transferrable, with the constraint that the same 

(color) spectrum scale, frame interval and number of frames in a trajectory are used when 

comparing hydration properties across two states of the molecule (Figure S1) or two different 

molecules. 

 

Buried waters and multi-water bridges 

 

While JAL provides utilities that are also provided by other programs, it additionally offers 

the following two novel features: 

 

(1) Computing buried waters: JAL complements existing programs (outlined in the Introduction) 

as a rapid and computationally relatively inexpensive method to detect buried waters in MD 



simulation trajectories. It computes the exposure (solvent accessible surface area or SASA) of 

waters to a probe followed by an iterative “evaporation” of exposed waters until convergence is 

reached (i.e., only those waters remain whose SASA is 0 Å2). We compare the ability of JAL to 

find buried waters with the recent method of Setny 45 (Table S4). This data is further detailed in 

Table S5 which shows the fraction of buried crystallographic waters predicted by JAL compared 

to the other recent method 45. The results demonstrate that both JAL and the other method are 

able to identify most of the crystallographic buried waters (Figure S6) 45. 

 

It is clear from Table S4 that water molecules that make 3 or 4 hydrogen bonds are 

largely well defined in the crystal structures, have low B-values, and are likely to be buried based 

on the SASA metric, thus making their prediction by either method straightforward. Only two 

water molecules that satisfied these criteria were not detected by either method. These were Wat 

2094 in the structure with PDB id 1W8V and Wat 170 in the structure with PDB id 3Q7Y (Table 

S4). These water molecules have low B-values (14.62 Å2 and 21.73 Å2) and engage in 3 and 4 

hydrogen bonds respectively. Examination of the structural and chemical environments of these 

water molecules (Figure S8) suggest that both water molecules are very close to the protein 

surface and are soon lost to bulk solvent. Given their low B-values, it is possible that other water 

molecules will rehydrate the site, but at timescales longer than those simulated; this is an 

example of the limitation of such methods. However, Wat 165 with a B-value of 20.73 Å2 in 

3Q7Y is predicted by JAL. A look at the structure shows that Wat 165 and Wat 170 are both 

buried in the crystal structure and are spatially adjacent to each other, making a hydrogen bond 

with each other and 3 hydrogen bonds with the protein. During the simulation, Wat 170, which is 

closer to the surface escapes, resulting in a conformational change whereby the two loop regions 

which were hydrogen bonded to Wat 170 now “collapse” over Wat 165 to compensate for the 

lost Wat 165 – Wat 170 hydrogen bond, thus caging Wat 165 and preventing its escape into 

solvent.   

 

We next look at water molecules which exhibit large B-values (more than 30 Å2). Three 

water molecules belong to this category: Wat 224 (B-value=30.21 Å2) and Wat 238 (B-

value=45.85 Å2) in PDB id 1BAS, and Wat140 (B-value=69.41 Å2) in PDB id 2YGS. While the 

former two water molecules engage in 4 hydrogen bonds and are predicted using JAL (Wat 238 

was only predicted by JAL), Wat 140 is clearly weakly held at the surface with just one 

hydrogen bond, is lost to bulk solvent in the simulation, and hence, unsurprisingly, is not 

predicted by either program. Wat 224 and Wat 238 have high B-values and yet remain hydrogen 

bonded to the protein atoms (whose B-values are in the range of 12-23 Å2) and both waters are 

caged. Both programs are able to predict waters that make 2 hydrogen bonds with the protein 

(Wat 2046 and Wat 2122 in PDB id 1W8V, Wat 304 and Wat 307 in PDB id 3HVV) with B-

values ranging between 6.96 and 15.44 Å2. However, waters such as Wat 150 in PDB id 1SNB 

(with a B-value of 23.15 Å2) make one hydrogen bond with the protein and one with loosely 

bound water are not predicted because it escapes into bulk solvent during the simulation. The 



examples studied in Table S4 refer to waters that engage in hydrogen bonds with the protein or 

with the protein and other water molecules. The buried waters that are difficult to predict by 

either method (Figure S7) are the ones near the protein surface and prone to escape into bulk 

solvent; they may exchange but on timescales much larger than those simulated. Another 

limitation of these SASA based methods is in the detection of “buried” water in cavities that are 

large since these cavities may contain waters and yet may accommodate a rolling probe which 

would flag those waters as solvent accessible; the likelihood of hydration of large cavities in 

proteins has been a matter of some debate 103-106; a solution to this problem may lie in using 

probes with larger radii.  

 

(2) Computing multi-water bridges: JAL computes intra or inter-molecular multi-water bridges 

around a protein by calculating the residence times of water molecules at sites in proteins (non-

hydrogen atoms) followed by linking the sites within hydrogen bonding distance which have 

persistent waters (high residence times). One of the existing programs, AmberTools, enables the 

calculation of water-bridges (based on hydrogen bonds); however it can only identify single-

water mediated water bridges while JAL can detect multiple water mediated bridges and has 

been used to identify and speculate on some functional water networks in eIF4E 64. 

 

Other functionalities of JAL 

 

Most MD packages enable the computation of solvent density. For instance, AmberTools uses a 

grid based approach to compute solvent density. Similarly, trjorder, h2order, g(x), sasa are some 

of the programs in gromacs that can potentially be used for hydration analysis but require 

scripting to extract information such as the residence times of water molecules, indirectly from 

hydrogen bond analysis; in contrast, JAL produces these properties without the need for any 

scripting; to the best of our knowledge JAL is unique in this ability, along with the ability to 

compute buried waters and multi-water bridges around proteins.  

 

Performance assessment  

 Table S2 shows the computational cost associated with the hydration analysis and how it 

varies with the system size. Several measures were taken to optimize the speed of the 

calculations. For instance, a preprocessing step is introduced to reduce the size of the system. It 

trims the hydrogens and all water molecules beyond the first hydration shell. Tracking water 

molecules for solvent density/residence time involves measuring distances between solute atoms 

and all solvent atoms which can be extremely time consuming. We partly overcome this problem 

by sorting the solvent molecules to be searched for according to the X, Y and Z coordinates and 

then searching only for waters that are close to the solute atoms. We are implementing further 

optimization of the programs and the updates will be made available at ‘mspc.bii.a-



star.edu.sg/minhn/jal’. The program to identify buried waters in an MD trajectory was quite 

efficient and largely independent of the protein size, requiring a computing time of ~1 second per 

snapshot. Hardware and memory requirements for all the JAL programs are quite minimal (the 1 

second benchmark was for a 1.5GHz CPU requiring less than 100 Mb memory). 

 

Potential limitations 

 

 A parameter central to the atom centric approach is the distance cut off used for scanning 

a water oxygen atom from a reference solute heavy atom. We explored several different cut offs 

including 3 Å, 3.5 Å and 4 Å and found 3.5 Å to be optimal; it is also the maximum hydrogen 

bond donor to hydrogen bond acceptor distance for a hydrogen bond (of average strength). A 

limitation of JAL is that it cannot report easily on the origin of the solvent densities (expressed as 

percent solvation). The solvent densities around solute atoms could arise from: (1) the ability of 

solute atom to interact strongly/weakly with water oxygen atoms (2) the high or low solvent 

accessibility of solute atoms. This is a problem also faced by the grid based methods and is a 

general problem because of the complex relationship between the relatively small size of the 

water molecule and the complex shape and chemistry of the protein.  

 We would also like to highlight that the precise location of the densities of individual 

water molecules is not directly accessible in the atom centric approach presented here. While this 

is a limitation of the atom centric approach, there are grid based methods already available that 

allow one to visualize the precise location of waters (as has already been suggested in the 

methods section). The caveat is that the precise location of waters around a solute is a function of 

the topology and chemistry of the solute surface 14-16 which is obscured in the grid based 

methods. Thus, JAL complements the grid based methods, in that, the grid based methods allows 

one to visualize the precise location of waters while JAL enables a detailed understanding of the 

physico-chemical nature of the associated solute atoms. The precise location of waters around a 

solute can also be found using JAL, however it does require some additional work that has not 

been automated here as it requires graphical visualization: for example, in Figure 8, the solute is 

shown in surface representation and colored by the solvation measure using the output of JAL 

and the blue patches show the exact location of water molecules.  

 It can also be argued that Radial Distribution Function (RDF) provides the same 

information as solvent density and distance of closest measures combined in the ‘JAL’ package. 

The RDF can provide detailed information but only for a single site on the protein surface. 

Visualization of the nature and extent of hydration of the entire ligand binding region, for 

instance, can conveniently be carried out using JAL (as in Figure 8) but several RDFs ( ‘n’ 

numbers of plots with ‘n’ being the number of sites/atoms on proteins) will need to be combined 

and processed to produce an equivalent image. 

Current MD simulations are unable to sample the long time-scale water exchange 

processes and hence these waters will not be flagged as buried using the methods described, 



although a recent method 67 has overcome some of these limitations. Finally, methods that rely 

on SASA as a metric are of little utility in cases where the size of the cavity that contains a water 

molecule is large, as the SASA calculation will result in the incorrect identification of the buried 

water as exposed to solvent. 

 A summary of comparison of JAL against existing approaches to probe biomolecular 

hydration is presented in the Supporting information (Table S3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Conclusion: 

With the surge in computational power, MD simulations are increasingly being used to 

simulate biomolecular processes 27. Subsequently, powerful analytical programs are required to 

process the trajectory data. Motivated by the scarcity of programs that allow efficient 

computation of hydration properties, particularly residence times and buried waters in an MD 

trajectory, we have developed a software suite of programs (‘JAL’) that enable the computation 

of hydration properties of a solute from its conformational ensemble. The command line 

programs are interactive and take, as input from user, an MD trajectory, in addition to the 

optional parameters required for the calculation. More emphasis is given on making the program 

user friendly and the computations fast and accurate. We have benchmarked the calculation of 

several hydration properties against available experimental data. For instance, we have 

benchmarked the buried water program within JAL against the known buried waters in the 

protein BPTI. Additionally, we have compared the buried water computation in JAL with a 

recent buried water prediction method  which is based on semi-explicit solvent simulations 45 and 

demonstrate that the results of JAL are quite comparable. A major limitation of all such methods 

is the general lack of sampling of water exchange processes in MD simulations, although a 

recent method 67 has made a breakthrough, and also in the use of SASA of waters in large 

cavities which will erroneously yield large SASA values and flag the waters as exposed. 

We demonstrate the utility of ‘JAL’ using as examples p53 and eIF4E, which also 

resulted in suggestion of useful biological insights. For instance, using the example of eIF4E – 

mRNA cap binding interface, we demonstrate a simple technique where mapping the residence 

times of waters on the protein atoms can be used to map water bridges involving multiple water 

molecules with high residence times that bridge sites across proteins. A systematic study of 

buried water clusters, performed using JAL, in MD simulations of WT and V143A mutant form 

of DBD provide interesting insights on the role of water in structural stabilization. We identify 

one highly persistent (high residence time) buried water molecule that coordinates with the loops 

L2 and L3 in the WT DBD but is lost in the V143A oncogenic mutant form as loop L3 assumes a 

non-native conformation. Loss of this buried water in the mutant could destabilize p53. We 

establish the significance of this buried water to the structural viability in p53 DBD using double 

decoupling free energy calculations which predict a very favorable binding energy for this water 

in loop L3.  

Central to JAL is the atom centric approach used to compute hydration properties. 

Though computationally more expensive than the grid-based approaches, the atom centric 

approach provides an understanding of which regions (or atoms) on the protein govern the nature 

and extent of solvation observed around it. 

 Together with the closest distance measure, the hydration properties computed using JAL 

allow detailed characterization of the nature of hydration sites. The calculated information can 

also be used to investigate most persistent hydrogen bonds between solvent and protein. Textual 



output is available in a format that can be easily analyzed visually (through plots or in 3D 

through PyMOL) as well as detailed summary; allowing easy and detailed analysis of the 

hydration properties. ‘JAL’ will complement existing hydration analysis tools in providing 

insights into the role of water in biology. Our future effort will be focussed on making the 

programs faster, modularizing the JAL programs and adding more functionalities to the JAL 

package. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figures: 

Figure 1: The hydration metrics embedded in JAL. Keyword ‘COM’ refers to the Center of 

Mass. 



 
 

Figure 2: Schematic diagram to demonstrate the approach used in JAL to compute buried 

waters in an MD trajectory. The algorithm to compute buried waters entails ‘evaporation’ of 

the exposed waters (based on accessible surface area) until only buried waters remain in 

protein cavities. The computations shown in the figure are performed for every frame in the 

MD trajectory. 

 

 

 

 

 

 

 

 

 



 

Figure 3: (A) Clusters of buried waters (colored according to the B-value; a color gradient of 

blue-white-red denotes low to high B-values) present in at least 50% of the 119 superimposed 

crystal structures of human p53 DBD. (B) Clusters of buried waters, shown as cyan and pink 

spheres, as present in at least 5% of the MD simulations of WT (PDB id 2AHI chain A) and the 

V143A (constructed in this study) in blue and red cartoon respectively. The site of mutation 

(V143A) is shown with yellow sticks. Strand colored in green represents the Aggregation Prone 

Region (APR). A buried water cluster marked with dashed line is the prominent difference 

between the two forms of the protein since it is present almost exclusively in WT. 

 

 

 

 

 

 

 

 

 



 

Figure 4: Buried waters (green spheres) in a snapshot from simulations of the DBD of (A) WT 

(PDB id 2AHI chain A) and (B) the V143A mutant (constructed in this study). It appears that the 

native conformation of loop L3 is stabilized by the buried water in WT while this water is lost 

when the loop L3 assumes a non-native conformation in one of the three replicates of the V143A 

mutant. (C) Analysis of the crystal structures of all the human p53 DBD entries from Protein 

Data Bank 37 confirm the presence of this water molecule (Table S1). A cluster of water 

molecules (red spheres) at this position is present in 100 out of a total of 119 chains of DBD that 

were superimposed (on to the crystal structure of WT human p53, PDB id 2XWR_A which is 

shown). The average B-values of water molecules contributing to these clusters are shown in 

brackets. Lines in cyan represent hydrogen bonds. Loops L2 and L3 are shown in pink and green 

respectively. 

 

 



 

Figure 5: Conformation of loop L3 in the crystal structure (PDB id 2AHI chain A) and seen in 

the MD simulations of the DBD of WT type and the V143A mutant (constructed in this study). 

Last frames from the simulations are superimposed onto the crystal structure to highlight the 

differences.  

 

 

 

 

 

 

 

 

 

 

 



 

Figure 6: WT p53 DBD (PDB id 2AHI chain A) is simulated with regions colored in red (in (A)) 

having their Cα atoms. restrained. (B) RMSF of residues from simulations of DBD at different  

points.  = 0 and  = 1 indicates that electrostatic and van der Waals interactions of the buried 

water molecule are switched on and off respectively. Highlighted region in the plot shows 

differences in fluctuations in residues at loop L3. 

 

 

 

 

 

 

 



 

Figure 7: Structures of p53 DBD from crystal structure (PDB id 2AHI chain A) and from G245S 

mutant (constructed in this study) MD simulations are superimposed and shown in green and 

purple cartoon representations respectively. Buried water in loop L3 from the crystal structure is 

shown as green sphere. Solvent density from the MD simulations, contoured at 3 times the bulk 

solvent density, is shown as purple mesh. Highlighted region represents the solvent density of 

buried water in loop L3 from the MD simulations. 

 

 

 

 

 

 

 

 

 



Table 1: Free energy of binding of the water molecule in loop L3 of DBD computed 

using the double decoupling method 60. 

 

  ΔGabs (kcal/mol) 

Each λ 
window 

10 ps 100 ps 1 ns 

MBAR -7.8±0.17 -7.8±0.05 -7.8±0.02 
 

 

 



 

Figure 8: mRNA cap binding site of eIF4e taken from PDB id 2W97 is colored according to (A) 

hydration and (B, C) residence times of water molecules with a color gradient from blue to white 

to red regions representing high to low values. W1 and W2 (green spheres) positions show 

markedly high residence times (distinct blue patches on the surface). Residues shown in sticks 

are Trp166 and Asn155 that form 2 ends of the water bridge. (C) mRNA cap m7GTP is shown 

for perspective.  
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