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ABSTRACT 

Thermodynamics of Water at Biomolecular Interfaces 

by 

Zheng Li 

 

Advisor: Professor Themis Lazaridis  

        

Water molecules are often found at the binding interface of biomolecular complexes 

mediating the interaction between polar groups or simply filling space. Recent 

experimental or theoretical studies have demonstrated the importance of taking such 

water molecules into account in considering the thermodynamic parameter changes in 

complex formation. In my doctoral research studies, we calculated the different 

thermodynamic contributions of such water molecules in several complexes and 

discussed whether the displacement of water molecule would be favorable in ligand 

design. We calculated the contribution of the strongly bound water molecules at the 

interface of three complexes (HIV-1 protease-KNI 272, Concanavalin A-trimannoside 1 

and Cyclophilin A-Cyclosporin A and analog) to the thermodynamic properties using 

statistical mechanical formulas for the energy and entropy. The requisite correlation 

functions were obtained by molecular dynamics simulations. We find that the entropic 

penalty of ordering is usually large but is outweighed by the favorable water-protein 

interactions. We also find large negative contributions from some of these water 

molecules to the heat capacity. We also considered the thermodynamic consequences of 
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displacement of the bound water molecule by ligand modification, including ligand 

desolvation, ligand conformational entropy loss and protein-ligand interactions. Our 

approach could be useful in rational drug design by estimating which bound water 

molecules would be most favorable to displace, which might be also helpful in the 

improvement of scoring function in predicting the protein-ligand binding affinity by 

incorporating the contributions from bound water. 
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Part I. Introduction 

Crystal structures of biomolecules typically reveal many water molecules on the 

biomolecular surface, in crevices, and sometimes buried within the biomolecular interior 

or at binding interfaces. The water molecules at binding interfaces can modify the shape 

and flexibility of the protein binding site, improving the steric complementarity between 

protein and ligand, or mediate the binding between the biomolecules with a hydrogen 

bond network.1; 2; 3; 4; 5; 6; 7; 8; 9; 10; 11; 12; 13. Analysis of 109 protein-DNA complexes showed 

that 6% of the crystallographic water mediates the binding.14 For instance, in the trp-

repressor/operator complex, in addition to the direct interactions between the phosphates 

of DNA and the protein, six water-mediated polar contacts to the bases were observed,1 

which are the determinants of specificity in this system.6 An analysis of 75 protein-

protein complexes showed on average one water molecule per 100Å2 of interface area.15 

A more recent analysis found that water-mediated polar interactions are as abundant as 

direct protein-protein hydrogen bonds.16 

Several reviews are relevant to this topic. Levitt and Park surveyed the available 

information on the location and dynamics of water molecules in and around protein 

structures.17 Ladbury focused on the role of water in protein-ligand binding and its 

potential applications in drug design.18 Janin also covered water-mediated interactions in 

protein-protein and protein-DNA complexes and their effect on affinity and specificity.19 

Cozzini et al. described different computational methods used to predict protein-ligand 

binding free energy with some emphasis on the contributions of water molecules.20 

Jayaram and Jain reviewed the role of water in protein-DNA recognition.21 

 1



Despite much work, many issues regarding interfacial water molecules remain 

unclear: Are water-mediated interactions equally strong as direct interactions? Do they 

provide more or less specificity? How does the presence of interfacial water molecules 

affect the enthalpy, entropy, and heat capacity of binding? What is the best way to 

incorporate water-mediated interactions in docking and drug design? In this section, we 

will review recent work that addresses some of these questions. 

 

1.1 Experimental studies of the thermodynamics of interfacial water 

The standard approach for studying the effect of interfacial water experimentally is to 

introduce modifications to the ligand or the protein that will introduce or displace it and 

measure the effect on binding thermodynamics. In some cases, ligands designed to 

displace the water molecules exhibit higher binding affinity. The best known example 

can be found among HIV-1 protease-inhibitors. Several water molecules were observed 

crystallographically at the binding interface between HIV 1-protease and KNI-272 or its 

analogs22; 23; 24; 25; 26. Cyclic urea inhibitors designed to displace and mimic the 

interactions of one of the bound water molecules were found to bind more strongly to the 

protein.27; 28; 29 However, the cyclic urea inhibitors are entirely different from KNI-272, 

and therefore it is not certain that the gain in binding affinity really comes from water 

displacement. More clear-cut is the example of scytalone dehydratase. The crystal 

structure of this protein complexed with a salicylamide inhibitor revealed two water 

molecules at the binding interface. Analogs of this inhibitor with an additional nitrile 

group were found to displace one of the crystallographic water molecules and to have 

higher inhibitory potency.30 
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Crystal structures of OppA-dipeptide complexes revealed several ordered water 

molecules mediating the interactions between ligand and protein.7; 10 These water 

molecules are displaced when the ligand changes from dipeptide to tri- and tetrapeptides. 

Isothermal titration calorimetry measurements of the binding of the peptides with 

different lengths to OppA indicate that the dipeptide is bound with about 60-fold lower 

affinity than related tri- and tetrapeptides.10 The higher affinity for tri or tetrapeptides 

versus dipeptides is due to a more favorable binding entropy, which is only partly offset 

by a more unfavorable enthalpy. The favorable entropy was suggested to result from the 

displacement of the ordered water.10  

The streptavidin-HABA (2-[(4’-dydroxyphenyl)-azo]-benzoate) crystal structure 

shows an immobilized water molecule bridging two hydroxyl groups. Analogs of HABA 

with additional aliphatic groups displaced this water molecule and exhibited higher 

binding affinity, due to a more favorable binding entropy. The enhanced affinity was 

attributed to water displacement and ligand flexibility.31  

Higher binding affinity by displacement of interfacial water molecules can also be 

achieved by protein mutations. Crystallographic studies revealed that two water 

molecules bound to the tyrosine-82 hydroxyl group in unliganded wild type FKBP-12 are 

displaced upon formation of a complex with FK506.32 In the Y82F mutant of the protein 

no ordered water molecules are observed. Thermodynamic measurements showed that 

the enthalpy of binding is 4.2 kcal/mol more negative for the mutant, but partial 

compensation by entropy led to a slightly more negative binding free energy (0.6 

kcal/mol) for the mutant.33 A simulation study of the E60A mutant found a reorientation 
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of the water and led to an intuitive prediction that the mutant will exhibit reduced binding 

affinity.34  

In the examples given above, water displacement was found to be beneficial for 

binding. In other cases, however, the displacement of interfacial water weakens protein-

ligand binding. The structure of the complex of concanavalin A with a trimannoside 

shows a conserved water molecule bridging the protein and the ligand with several 

hydrogen bonds.35 To study the role of this water molecule in binding, an analog of the 

trimannoside was designed to replace the hydroxyl at C-2 of the central mannose with a 

hydroxyethyl group, which was expected to displace and mimic the interactions of this 

water molecule with the protein.36 Calorimetric measurements showed that this 

displacement leads to a more favorable binding entropy, but also a more unfavorable and 

larger enthalpy term and thus weaker binding.36 A crystallographic study of cyclosporin 

A bound to cyclophilin A revealed a cluster of water molecules mediating the protein-

ligand binding.3 One of the bound water molecules was found displaced and others 

reorganized in going from cyclosporin A to (5-hydroxynorvaline)-2-cyclosporin.37 The 

binding affinity decreased by 1.3 kcal/mol. 

Sharrow et al. studied the thermodynamic contribution of the hydrogen bond 

network formed between the interfacial waters and the mouse urinary protein and its 

ligands employing calorimetry and mutational studies.38 Mutation of a protein Y to F 

disrupts a hydrogen bond between one bound water molecule and the protein and leads to 

a loss of enthalpy, which is only partially compensated by a favorable entropy change.  

Several experimental thermodynamic studies investigated the role of interfacial 

water in antibody-antigen binding using site-directed mutagenesis. In mutational studies 
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of the antilysozyme-antibody D1.3, the interfacial waters in two of the mutant complexes 

(Y50S and W92D) appear to reorganize to partially alleviate the loss of antibody-antigen 

interactions.39 Still, the binding is weakened.  Yokota et al. constructed mutants of an 

antilysozyme antibody changing Y to F and S to A.40 Crystallographic studies showed 

that the interfacial water molecules mediating the binding were not affected by the 

mutations. Instead, the mutations create an unfavorable gap between the waters and the 

antibody, which induces the loss of binding affinity due to loss of binding enthalpy. An 

Arg to Lys mutant of a different antilysozyme antibody introduces an additional water 

molecule at the binding interface and leads to a 1000-fold loss of binding affinity.41  

In other studies, the introduction of water molecules at the interface by mutation was 

found to be energetically neutral. Watson et al. found similar binding affinities for 

different inhibitors of glycogen phosphorylase regardless of the presence of water-

mediated interactions.42 Dall' Acqua et al. found that an Asp18->Ala mutation introduced 

3 water molecules at the interface but had negligible impact on the binding affinity.43 

Mutagenesis has also been used to explore the contribution of bound water 

molecules to protein stability. One finding was that incorporation of water into an internal 

protein cavity is energy neutral.44 Another study found that a water-mediated interaction 

is equivalent in the folded and unfolded states.45 Another group concluded that protein-

water hydrogen bonds contribute less to stability than protein-protein hydrogen bonds.46; 

47 

Denisov et al. performed an entropy analysis on experimental bound waters in BPTI. 

The amplitude and anisotropy of three water molecules in the protein cavities were 

assessed based on the nuclear magnetic relaxation dispersion (NMRD) data. The results 
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indicated that the binding of some of these water molecules are entropically driven even 

when they formed three or four hydrogen bonds with the protein.48 

Several experimental thermodynamic studies focused on water mediating protein-

DNA interactions. Osmotic stress has shown the importance of water molecules for 

specific DNA recognition by EcoRI.49 The same approach applied to the complexes of 

the tryptophan and lac-repressor with their operators, showed a number of water 

molecules at the protein-DNA interface in good agreement with the number determined 

crystallographically.50; 51   

Isothermal titration calorimetry has been used to measure the thermodynamics of a 

TATA-box binding protein with TATA-box and found that the bridging water molecules 

at highly polar biomolecular surfaces, as well as those in the binding interface, contribute 

substantially to the negative heat capacity change upon protein-DNA association.52 This 

complements earlier results on the contribution of interfacial water molecules to the heat 

capacity of binding.53; 54  

 

1.2 Prediction of interfacial water in biological systems 

The identification and localization of water molecules in the crystal structures of 

biomolecules can be problematic due to crystallographic uncertainties. Some of the 

interfacial water in biological systems can be artifacts, particularly when they do not 

hydrogen-bond to the biomolecules.55 Thus, in many instances, one needs to determine 

the location of bound water molecules theoretically. Several methods have been 

developed for this purpose. AQUARIUS56 is a knowledge-based approach specially 

aimed at identifying water sites in protein from the electron density maps generated by 
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protein crystallography. GRID was developed to identify binding sites for water and 

other functional groups.57 It involves calculating the interaction energy between the probe 

and the protein using an empirical energy function based on Lennard-Jones, electrostatic 

and hydrogen-bond terms. GRID has been reported to perform well in predicting protein-

ligand interfacial water.58; 59; 60 MCSS determines the location of functional groups via 

molecular dynamics simulations of multiple copies of such groups;61 SuperStar is an 

empirical method based on the thermodynamics of small molecules and their crystal 

structures which treats protein binding site residues as small molecules or small structure 

fragments.62 CS-Map predicts the most favorable binding positions of probes on a protein 

surface by calculating an interaction potential that accounts for van der Waals, 

electrostatic, and solvation contributions. The last two were calculated by a an implicit 

solvation model.63 A new version of the Fold-X force field allows the prediction of the 

position of bound water molecules and can pick up 76% of water molecules interacting 

with at least two polar atoms of biomolecules in crystal structures with an average 

uncertainty of 0.8 Å.64  

Garcia-Sosa et al. performed a multivariate regression analysis to establish a 

statistical correlation between the structural properties of water molecules in the binding 

site of a free protein crystal structure and the probability of observing the water 

molecules in the same location in the crystal structure of the complex.65 The B-factor, the 

solvent contact surface area, and total hydrogen bond energy and the number of protein 

water contacts were found to correlate with the conservation of an ordered water 

molecule upon complex formation.  
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1.3 Interfacial water in scoring, docking, and ligand design 

Interfacial water molecules have begun to be taken into consideration in de novo 

drug design, protein-ligand docking programs and the development of scoring functions 

for prediction of binding affinity.60; 65; 66; 67; 68; 69; 70; 71; 72; 73; 74; 75  

A computational approach based on the HINT empirical energy function was 

developed to study the binding and energetic roles of water molecules located in the 

binding interface of 23 HIV 1-protease ligand complexes.60 The correlation coefficients 

between the calculated HINT scores and the experimental binding protein-ligand affinity 

of these complexes were significantly improved by taking the contributions of water into 

account. HINT was also used to estimate the energetics of water molecules in a wider 

variety of binding sites.73 The water molecules bridging protein and ligand were found to 

have the largest binding energies (–1.3 kcal/mol). The HINT score together with the 

number and quality of hydrogen bonds of water molecules at protein active sites were 

suggested as criteria for predicting whether they are favorable or not to be displaced by 

ligand.  

Inclusion of the interfacial water molecules in deriving both binding site structure- 

and ligand- based pharmacophores shows a profound effect on ligand design.70 Wang et 

al. used the number of bridging water molecules in a QSAR-type predictor of the binding 

affinity of tyrosine phosphatase inhibitors.68 Mancera found that inclusion of explicit 

water greatly facilitated de novo ligand design for bacterial neuraminidase.75  

A few docking programs have developed ways to include discrete water molecules. 

Rarey et al. developed an approach for taking water into account in the docking program 
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FlexX. The water molecule is represented by a particle, which can form at most four 

hydrogen bonds. Possible positions for a water molecule in the protein binding site are 

precomputed is normalized for reasonable scoring and geometry parameters.66 The 

geometry of the hydrogen bonds and the steric constraints resulting from the water is 

used to optimize the orientation of the ligand during the docking process. Osterberg 

treated water as a variable in an ensemble of protein structures which are combined to 

produce a single target representation for use with Autodock.67 Schnecke and Kuhn 

predicted possible water molecules from the crystal structure of the ligand-free protein 

and considered their effects on molecular docking allowing them to interact with the 

ligands or incorporating a desolvation penalty into the scoring function when they are 

displaced by ligand atoms.76 Verdonk et al. extended the program GOLD to include the 

bound water molecules in protein-ligand docking. In this approach, the water molecules 

in all-atom model are allowed to rotate and switch between the bound and displaced 

status during the docking protocol. The loss of rigid-body entropy of water is added to the 

scoring function as a penalty when water is present, thus, rewarding water 

displacement.72 The program GLIDE docks explicit water molecules into the binding site 

and employs empirical scoring terms to account for their impact.77  

Significant improvements in docking performance by considering the contributions 

from interfacial water have been reported.66; 67; 71; 72; 76; 78; 79 In general, when 

crystallographic or even predicted water molecules are retained in protein structures, 

docking performance is improved.71; 72; 76; 78; 79 These water molecules can usually accept 

two and donate two hydrogen bonds at most in the complex. However, other studies 

found that including water molecules had little effect on the quality of docking.80  
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A “solvated rotamer” approach was introduced by Jiang et al. to account for water-

mediated hydrogen bonds in designing protein-protein interfaces.81 They expanded a 

rotamer library by building fixed water molecules onto polar-side chain atoms, as well as 

backbone atoms. These rotamers were used to calculate protein-water interactions that 

include a Lennard-Jones repulsive potential and hydrogen bonding potential. It appears 

that the simple water-mediated hydrogen-bonding model can significantly improve 

prediction of amino acid. This model can also be applied to calculate protein-protein 

interaction energies. However, the predicted water molecules are not as helpful as 

crystallographic water molecules in predicting interaction energies. One problem with the 

approach is the increased combinatorial complexity of the new rotamer library.  

Wolynes and coworkers derived direct and water mediated contact potentials for 

protein and found that the combination of the two performs best in discriminating native 

protein-protein interfaces.82 In more recent work, water-mediated contacts along with a 

new one-dimensional burial term improved the quality of protein structure prediction, 

especially for larger proteins.83 Water-mediated potentials also improved the quality of β-

sheets in α/β protein structure prediction.84  

 

1.4 Theoretical studies of the thermodynamics of interfacial water 

The simplest estimate of the entropy cost of tying up a water molecule into a protein 

cavity was given by Dunitz, based on the entropies of inorganic salts.85 He gave an upper 

bound of the entropy cost as 7 cal/mol K (about 2 kcal/mol at 298 K). Similarly, an 

estimated upper bound of the enthalpy gain of water ordering was given as -3.8 

kcal/mol.18 Combining these two estimates one arrives at -1.8 kcal/mol for the free 
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energy of inclusion of a single water molecule in a protein cavity or binding interface. 

Nevertheless, these are simple, generic estimates which are of limited utility in practical 

drug design situations. 

Covell and Wallqvist used a knowledge-based energy function, including crystal 

waters, to compute the effect of mutations at protein-protein interfaces on binding 

affinity. 25% of the total binding affinity was calculated to arise from the crystallographic 

water molecules at the interface.86 

Petrone and Garcia calculated the contributions of bound water molecules in major 

histocompatibility complex (MHC) -peptide binding.  This is a very interesting system 

because it is characterized by low specificity (promiscuity).  They used an approximate 

method for calculating the chemical potential of water based on a Gaussian model for the 

water interaction energy distribution. They found that water that simply fills space can 

bind at the interface with a net gain in entropy relative to the bulk.87  

An entirely different methodology, normal mode analysis, was used by Fischer et al. 

to measure the effect of an isolated and well-ordered water molecule on the vibrational 

entropy of bovine pancreatic trypsin inhibitor (BPTI).88 The increase in entropy upon 

addition of the water molecule was decomposed into the librational contributions of the 

water (9.4 cal/mol K) and an increase in protein flexibility (4 cal/mol K). This work 

shows that the low frequency vibrational modes of the water are important for the 

protein-ligand binding processes. Later work found that the water-protein electrostatic 

interactions are key to this phenomenon.89  

On a totally different theory level, a quantum-chemical ab initio method was used to 

study the geometry and energetics of six water-mediated base pairs in RNA including 
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their geometries and interaction energies.90 In most cases, the geometry of the water 

mediated base pairs was similar to that observed in crystal structures. The energies of the 

water-mediated and direct base pairs were compared. It was found that the absolute 

energy per hydrogen bond was higher for water-mediated interactions in all cases except 

for the UA pair. Of course, these studies only give interaction energies and do not include 

entropic effects, unlike the other methods mentioned above. Another quantum 

mechanical study aimed to quantify the differential binding energies of water versus 

carbohydrates to concanavalin A, where the carbohydrates were modeled by methanol 

and the protein by a limited number of amino acid side chains.91 The binding energy of 

water and methanol to a cluster including three key amino acid side chains of 

concanavalin A and the key water, was found similar to each other.  

 

1.5 Free energy perturbation and thermodynamic integration studies of interfacial water 

Free energy perturbation (FEP) and thermodynamic integration (TI) are rigorous methods 

for computing the relative free energy between two thermodynamic states. Over the past 

two decades they have been applied to a wide variety of biological problems, including 

molecular recognition and protein stability. Studies on the contributions of ordered water 

molecules to free energy employing FEP or TI usually involve a hypothetical process by 

which a bound water molecule is transferred from the binding site or cavity of the protein 

to the bulk.92; 93; 94; 95; 96 Applying these techniques, Wade et al. found that the free energy 

of transferring water molecules from bulk solvent into protein cavities is positive for 

empty cavities and negative for cavities containing water molecules.92 Roux et al. used 

free energy perturbation to study the stability of water molecules in bacteriorhodopsin.93 
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Tashiro and Stuchebrukhov calculated the thermodynamic properties of water molecules 

in a hydrophobic cavity around the catalytic center of cytochrome c oxidase employing 

thermodynamic integration.97 Zhang and Hermans studied the energetics of buried water 

molecules in the subtilisin Carlsberg-eglin C complex by calculating the free energies of 

transferring water molecules into the protein cavities employing molecular dynamics 

simulations and a harmonic restraint potential for each water.94 Their results show that 

such free energies for the hydrated cavities (with a negative value up to –8.3 kcal/mol) 

are dramatically different from those for the empty cavities (with a positive value up to 

+14.6 kcal/mol). Using FEP, Olano and Rick calculated the free energies of transferring 

water molecules from pure liquid into two different protein cavities, i.e., BPTI 

(hydrophilic) and the I76A mutant of barnase (hydrophobic), which were obtained as –

4.7 and + 4.7 kcal/mol at 298 K.96 They also calculated the entropy of transfer and found 

it to be unfavorable for the polar cavity and favorable for the nonpolar one. 

Hamelberg and McCammon studied interfacial water molecules in two biological 

systems using the double-decoupling approach.95 In this approach, the binding 

thermodynamics of two molecules (A and B) is calculated from the free energy of 

transferring B from solution to the gas phase and transferring B from the complex AB in 

solution to the gas phase.98 The free energy change of the first process is calculated by 

simply removing B from the solution applying free energy perturbation, while the other 

one is evaluated by thermodynamic integration applying constraints on the coordinates of 

B. They applied this method to the crucial water molecule bridging HIV 1-protease and 

the ligand KNI-272 and a similar water molecule in the complex of trypsin with 
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benzyldiamine. The free energy of transfer of water into the protein-ligand complex was 

calculated to be -3.1 kcal/mol in the first system and -1.9 in the second.95  

Archontis et al. used free energy simulations to study the binding affinity between 

glycogen phosphorylase (GP) and its inhibitors: glucopyranose spirohydantoin (hydan) 

and its analogues (m-hydan and n-hydan).99 Both this study and crystallography show 

that in the binding interface of GP-hydan complex, one water molecule prefers to stay at 

a well defined position, while in the GP-m-hydan (or n-hydan) complexes this water 

prefers another position. The free energy profile for the translocation of the water 

between the two positions showed that the calculated binding free energies are sensitive 

to the preference of this interfacial water to occupy the two positions. A free energy 

decomposition analysis employing the thermodynamic integration method along with a 

restraining potential on the water showed the free energy of moving a water molecule 

from one position to another in the GP-hydan complex to be 3.0 kcal/mol.99  

A method based on free energy simulations has been proposed to compute the 

number of water molecules in the interfaces of protein-protein complexes.100 This 

approach determines the optimal number of water molecules from the condition that the 

chemical potential of water in the cavity be equal to that in the bulk. It has been applied 

to determine the water content in 211 interfacial cavities in 26 antigen-antibody 

complexes. 

 

1.6 Overview of the present work 
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In our work, we calculated the contributions of interfacial water molecules in HIV-1 

protease-KNI-272, Concanavalin A-carbohydrate and Cyclophilin A-ligand complexes to 

the thermodynamic properties using statistical mechanical formulas for the energy and 

entropy and tried to connect the thermodynamic contributions of interfacial water to the 

protein-ligand binding thermodynamics. We found that the entropic penalty of ordering is 

usually large but outweighed by the favorable water-protein interactions.  

In the HIV 1 protease-KNI 272 complex, a large negative contribution from the 

bound water molecule to the heat capacity was obtained. This work showed that the 

theory can yield the thermodynamic contributions of ordered water molecules and 

qualitatively estimate which bound water molecules would be most favorable to displace. 

However, no connection to binding thermodynamics could be made in that work because 

the inhibitor that displaced the ordered water molecule (DMP450) was entirely different 

from KNI-272. This complicates the attribution of the binding free energy difference to 

one or a few factors.  

In our next work, we studied the Con A-trimannoside complexes to make this 

connection. As introduced above, the structures of the ligands (trimannoside 1 and 2) and 

their binding to the protein are very similar (Figs. 4 and 5). Therefore, only a few 

contributions to binding affinity will be different for the two ligands, namely, the 

contribution of the ordered water molecule in the Con A-trimannoside 1 complex, the 

direct interactions ∆EL-P of 1 and 2 with the protein, the desolvation entropy and enthalpy 

of the ligands and the conformational entropy of the additional hydroxyethyl side chain in 

trimannoside 2. All these contributions are calculated to obtain an estimate of the 

difference in binding enthalpy and entropy. We found that the above inventory of 
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contributions is consistent with experimental data and provides insights into the sensitive 

balance of factors that determine whether water displacement is favorable or not. 

 In another work, we extended the analysis to water molecules that are not fully 

buried or form a cluster. Such a water cluster is observed in complexes of cyclophilin A 

(CypA) with cyclosporin A (CsA, 1) and analogues. CsA is an immunosuppressive drug, 

which can prevent graft rejection after transplant surgery by forming a complex with its 

soluble intracellular receptor protein CypA, which then interacts with calcineurin and 

inhibits its phosphatase activity. As introduced above, in the complex of CypA-CsA (1), 

several bound water molecules were found at the binding interface mediating the 

interactions between CypA and the Abu residue (L-a-aminobutyric acid) of CsA (1). 

Three of them (WTR5, 6 and 7) are well ordered and one is less tightly bound 

(WTR133). (5-hydroxynorvaline)-2-cyclosporin (2) (figure 8, compound 2) is a 

derivative of 1, which was designed to form additional direct interactions with CypA. 

Displacement of two of the bound water molecules in the Abu pocket was observed going 

from 1 to 2. X-ray crystal structures of these two complexes show that the two ligands 

have identical backbone conformation and the protein binding sites have similar 

geometry (figure 9). We calculated the contributions of each bound water molecule to the 

thermodynamic properties separately and compared them to those of other water 

molecules, revealing the different roles they play at the binding interface. The change in 

binding affinity by the ligand modification is accounted for by considering the 

contributions from the water clusters, ligand-protein interactions, ligand desolvation and 

ligand conformational entropy loss. 
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Part II. Methods 

2.1 Inhomogeneous fluid solvation theory (IFST)101; 102 

 IFST is a statistical mechanical theory that provides expressions for the energy and 

entropy as functionals of the molecular correlation functions based on an inhomogeneous 

view of infinitely dilute solutions. This view considers the solute as fixed at the origin 

and uses spatially-dependent correlation functions, rather than the standard homogeneous 

correlation functions that are averages over the entire body of the fluid. This allows one 

to focus on the vicinity of the solute where most of the contributions to the solvation 

thermodynamics originate. The expression for the entropy is an infinite series which 

cannot be calculated exactly. Usually, only two-particle contributions to the entropy are 

considered and the contribution of three and higher-particle correlations is neglected. 

This is equivalent to the Kirkwood superposition approximation (KSA), i.e., g(3)
1,2,3 = 

g(2)
1,2 g(2)

1,3 g(2)
2,3. This approximation has given good results for the entropy in simple 

fluids.102 However, for cases where triplet correlations are important, the results of this 

approach should be viewed with caution. Obviously, for isolated water molecules, only 

one-body distribution functions are involved.  

This theory has been applied to several systems: the excess entropy in pure liquid 

water;103 solvation thermodynamics in simple Lennard-Jones and hard sphere fluids;102 

and the solvent reorganization energy and entropy of hydration of methane.104 

In this approach, ordered water molecules in the binding interface of biomolecular 

complexes are considered as part of the solvent. Their contributions to the solvation free 

energy are decomposed into four components: the solute-solvent energy (Esw), the solute-

solvent entropy (Ssw), the solvent reorganization energy (∆Eww) and solvent 
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reorganization entropy (∆Sww). The latter are due to the difference in solvent-solvent 

interactions and correlations in the bulk and in the complex. 

 
∆Gsolv = Esw + ∆Eww – T (Ssw + ∆Sww)                                                                               (1) 

 
All of these components can be expressed as integrals over the solute-solvent correlation 

function gsw (r, ω) and solvent-solvent correlation function (r, r’,ω, ω’).gww
inh 104 

 

Ssw  = -k ρ /Ω * ∫ gsw (r, ω) ln gsw(r,ω) dr dω.                                                                  (2) 

Esw  = ρ /Ω ∫ gsw (r, ω) usw (r, ω)drdω                                                                               (3) 

∆Sww = −
1
2

k ρ2

Ω2 ∫ gsw (r,ω)[gsw (r',ω'){gww
inh (r,r',ω,ω ') lngww

inh (r,r',ω,ω ') − gww
inh (r,r',ω,ω') +1}

−{gww
o (R,ω rel )lngww

o (R,ω rel ) − gww
o (R,ω rel ) +1}]drdr'dωdω '

    (4) 

∆Eww = −
1
2
ρ2

Ω2 ∫ gsw (r,ω)[gsw (r',ω')gww
inh (r,r',ω,ω') − gww

o (R,ω rel )]uww (R,ω rel )drdr'dωdω '        (5) 

 

where k is Boltzmann’s constant, ρ is the density of bulk solvent, r and r’ denote the 

position of two water molecules; ω, and ω’ denote the orientation of these two water 

molecules with respect to the solute, each of which is expressed as three Euler angles; Ω 

is the integral over ω (Ω =8π2), R is the distance between two water molecules, ωrel are 

the five angles which describe the relative orientation of two water molecules, and Ωrel = 

∫dωrel=32π3; (R, ωgww
o rel) and (r,r’,ω,ω’) are the solvent-solvent correlation function 

in the pure solvent and in the complex, respectively; u

gww
inh

sw (r, ω) and uww(R,ωrel)  are water-

solute and water-water potentials, respectively.  
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     The integrals in eqs. 2 and 4 are over all space V. gsw(r, ω) is zero over the regions 

occupied by the solute; the only contributions come from regions occupied by the 

solvent.  Because any integral over V can be split into a sum of integrals over distinct 

subregions (V = , V’ =∑ ), the contributions of specific water molecules can be 

determined. As a result, eqs. 2 and 4 can be written as: 

ν i
i
∑ ν j

j

 

Ssw   = -k ρ /Ω * ∫ν gsw (r, ω) ln gsw(r,ω) dr dω                                                                     

        =-k ρ/Ω ∫
∑

 g
ν i

i

sw (r, ω) ln gsw(r,ω) dr dω 

        =-k ρ/Ω ∫ gν i
i
∑ sw (r, ω) ln gsw (r,ω) dr dω 

        ≡                                                                                                             (6) Ssw(i)
i
∑

 

∆Sww = −
1
2

kρ2 /Ω2 ∫V dr ∫V ' dr'gsw (r,ω)[gsw (r',ω '){gww
inh (r,r',ω,ω') ln gww

inh (r,r',ω,ω')

−gww
inh (r,r',ω,ω') +1}−{gww

o (R,ω rel )ln gww
o (R,ω rel ) − gww

o (R,ω rel ) +1}]dωdω'
 

= −
1
2

kρ2 /Ω2 ∫ ν i
i
∑ dr ∫

ν j
j
∑ dr'gsw (r,ω)[gsw (r',ω '){gww

inh (r,r',ω,ω ') lngww
inh (r,r',ω,ω ')

−gww
inh (r,r',ω,ω ') +1}−{gww

o (R,ω rel )ln gww
o (R,ω rel ) − gww

o (R,ω rel ) +1}]dωdω '

               (7) 

= −
1
2

kρ2 /Ω2 ∫ ν i
j
∑

i
∑ dr ∫ ν j

dr'gsw (r,ω)[gsw (r',ω '){gww
inh (r,r',ω,ω ') lngww

inh (r,r',ω,ω ')

−gww
inh (r,r',ω,ω ') +1}−{gww

o (R,ω rel )ln gww
o (R,ω rel ) − gww

o (R,ω rel ) +1}]dωdω '

 

≡ ∆
j
∑ Sw( i)w( j

i
∑ )  

 

With the identities, 
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gsw (r,ω) = gsw
tr  (r) gsw

or  (ω|r)                                                                                              (8) 

gww(r,r',ω,ω) = gww
r (r,r')gww

or (ω,ω ' | r,r')                                                                       (9) 

 

the integrals in each subregion (νi,νj) can be decomposed into a translational and an 

orientational contribution:  

 

Ssw(i)=-kρ ∫ν i
gsw

tr (r)ln gsw
tr (r)dr - kρ/Ω ∫ν i

gsw
tr  (r)dr ∫ ν i

gsw
or (ω|r)ln gsw

or (ω|r)dω               (10) 

 

and, 

 

∆Sw(i)w( j ) =−
1
2

kρ2 ∫ν i
drgsw

r (r) ∫ν j
dr'[gsw

r (r'){gww
r,inh(r,r')lngww

r,inh(r,r')−gww
r,inh(r,r')+1}−{gww

r,o(R)

lngww
r,o(R)−gww

r,o(R)+1}]− 1
2

kρ2 ∫ν i
drgsw

r (r) ∫ν j
dr'[gsw

r (r')gww
r,inh(r,r')Sww

m (r,r')−gww
r,o(R)So(R)]

                (11) 

 

 with  and SSww
m (r,r') o defined as, 

 

Sww
m (r,r') = 1

Ω2 ∫ gsw
or (ω | r)gsw

or (ω ' | r')gww
or,inh (ω,ω ' | r,r')lngww

or,inh (ω,ω' | r,r')dωdω'                     (12) 

So(R) = 1
Ωrel ∫ gww

r,o (ω rel | R)lngww
r,o (ω rel | R)dω rel                                                                    (13) 

 

If we further assume that gsw
or (ω | r) , gsw

or (ω ' | r')  are independent of r or r’ within the small 

regions νi,νj, i.e., gsw
or (ω | r) g ≈ sw

or (ω) g, sw
or (ω ' | r')  ≈ gsw

or (ω ') , eqs. 10 and 12 become, 
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Ssw(i)=-kρ ∫ν i
gsw

tr (r)ln gsw
tr  (r)dr - k )Nwat( i

ν i /Ω ∫ ν i
gsw

or  (ω)ln gsw
or  (ω)dω                             (14) 

 

Sww
m (r,r') = 1

Ω2 ∫ gsw
or (ω)gsw

or (ω ')gww
or,inh (ω,ω' | r,r')ln gww

or,inh (ω,ω ' | r,r')dωdω '                             (15) 

 

where, )Nwat( i
ν i  is the number of water molecules in the region of space νi, 

( Nwat( i)
ν i =ρ (r) dr).  ∫ ν i

gsw
tr

      The translational correlation function and orientational correlation function were 

calculated as products of one-dimensional functions, e.g., gsw
tr (r)  = gsw

tr (r) gsw
tr (θ ') gsw

tr (φ ')  

and gsw
or (θ,φ,ψ)  = gsw

or (θ) gsw
or (φ) gsw

or (ψ) , where r, θ’ and φ’ are spherical coordinates of the 

water oxygen with respect to its average position; θ, φ and ψ are Euler angles. In this 

work, the bin sizes for the numerical evaluation of integrals are set to dr = 0.1 Å, dθ’ = 

π/10, dφ’ = π/10 and dθ = π/10, dφ = 2π/10, dψ = 2π/10. In eqs. 11 and 15, the 

translational solvent pair correlation function (r, r’) and the orientational solvent 

pair correlation function (ω, ω’|r, r’) are six-dimensional functions, which are very 

difficult to obtain directly from simulation. The Kirkwood Superposition Approximation 

(KSA) assumes that the inhomogeneous pair correlation function is equal to the bulk 

solvent pair correlation function and depends only on the distance and the relative 

orientation between two solvent molecules. 

gww
r,inh

gww
or,inh

 

gww
inh (ω,ω',r,r') = gww

o (ω rel ,R)                                                                                             (16) 
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It has been successfully employed to calculate the solvent reorganization enthalpy and 

entropy for methane in water.104  

     The KSA can be applied separately to the translational and orientational parts 

 

gww
r,inh (r,r') = gww

r,o (R)                                                                                                            (17) 

 

gww
or,inh (ω,ω'| r,r') = gww

or,o(ω rel | R)                                                                                          (18) 

 

Thus, eq.15 becomes, 

 

S ww
m (r,r') = 1

Ω2 ∫ gsw
or (ω)gsw

or (ω')gww
or,o(ω rel | R)ln gww

or,o(ω rel | R)dωdω '                                        (19) 

 

     In our calculations, R is set to the distance of the average positions of the two water 

molecules. For each ω, ω’ and R we calculate the five relative angles of the two water 

molecules. As a result  has a unique value for each water pair. To simplify the 

calculation of the five-dimensional orientational function in bulk water 

Sww
m (r,r')

gww
or,o(ω rel | R), a 

factorization is employed. 

 

gww
or,o(ωrel |R)=g(θ1,θ2 |R)g(θ1,χ2 |R)g(θ2,χ1 |R)g(χ1,χ2 |R)g(φ |R)/[g(θ1 |R)g(θ2 |R)g(χ1 |R)g(χ2 |R)]  (20) 

 

This factorization was found to underestimate the magnitude of the entropy in pure water 

(about 5%).103 The error this brings to the final result for the solvent-solvent entropy in 
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the complex  for any bound water molecule is no more than 0.3 cal/mol K in this 

study.  

Sww

Eq. 7 is essentially the difference in entropy between a bound water and a water in the 

bulk. In our work, it has been proven to be more convenient to calculate the bound water 

terms and then subtract the entropy of bulk water. The entropy of bulk water calculated 

theoretically with similar formulas is –15.2 cal/mol K. The solvent reorganization 

entropy of one bound water molecule is,  

 

∆Sw(i)w = + + 15.2 cal/mol K                                                         (21) Sw( i)w( j )
trans

j
∑ Sw( i)w( j )

or

j
∑

 

where, the solvent-solvent translational part S ) and the solvent-solvent orientational 

part ) of the entropy of w(i) can be calculated by excluding the terms of bulk water 

in equation 11, i.e., 

w( i)w( j
trans

Sw( i)w( j
or

 

Sw( i)w( j )
trans = −

1
2

kρ2 ∫ ν iν j
gsw(i)

r (r)gsw( j )
r (r'){gw( i)w( j )

r,inh (r,r')ln gw( i)w( j )
r,inh (r,r')

−gw( i)w( j )
r,inh (r,r') +1}drdr'

                                    (22) 

Sw( i)w( j )
or = −

1
2

kρ2 ∫ ν iν j
gsw(i)

r (r)gsw( j )
r (r')gw(i)w( j )

r,inh (r,r')Sw(i)w( j )
m (r,r')drdr'                                 (23) 

 

     The solvation entropy ∆Ssolv is the sum of the solute-solvent entropy and solvent 

reorganization entropy of all bound water molecules. 
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∆Ssolv = ∑                                                                                               (24) (∆Sw( i)w + Ssw(i))
i

 

Thus, the contribution of specific water molecules (or regions of space) to the solvation 

entropy can be determined.  

For isolated and fully buried water molecules, e.g., the key water molecules in HIV 1 

protease- KNI 272 complex and concanavalin A-trimannoside 1 complex (see below), the 

interaction and correlation between them and the other solvent molecules are negligible. 

Therefore, the ∆Sww is simply the entropy of removing a water molecule from bulk water 

∆Sw(i)w = + 15.2 cal/mol K. Otherwise, for those water molecules that are not fully buried 

or form a water cluster, we need to first split the region occupied by these water 

molecules into distinct spherical regions (i) based on the average positions of each bound 

water molecule obtained from the MD simulation (within a radius 1.2 Å in our work). 

This cutoff value was selected because in bulk water, the nearest neighbor’s distance is 

about 2.8 Å for oxygen-oxygen pair, and half of this value is 1.4 Å. Also, as shown in 

figure 9, the density of each bound water molecule decreases to 0 before r reaches 1.2 Å. 

Next, we calculate the occupancy O(i) of each region. We identify any water molecule 

located in a region (i) with the corresponding bound water molecule [w(i)], i.e., we allow 

for  exchange between water molecules. The solvent-solvent energy and entropy terms 

(∆Ew(i)w(j) and ∆Sw(i)w(j)) were calculated separately for each water pair. w(i)w(j) denotes 

the water-water pair composed of the bound water molecule in region i and any other 

water molecule close to it and lying in different subregions (j).  The subregions (j) were 

defined by scanning a spherical space of a bound water molecule [w(i)] within a radius of 
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5 Å (the magnitude of the interaction energy Eww is no more than 0.2 kcal/mol beyond 

this distance) and looking for locations of high water density.  

The solute-solvent energy (Esw), and the solvent reorganization energy (∆Eww) 

solvation energy are evaluated directly from the simulations. This section is based on the 

publication (Li, Z. and Lazaridis, T.  J. Phys. Chem. B 2006, 110, 1464-1475) 

 

2.2 Construction of Initial Structures and force field 

The initial structures of the systems we studied are all based on the X-ray structures 

of the complexes: HIV-1 protease-KNI-272 (1HPX22), HIV-1 protease-DMP450 

(1DMP29), cyclophilin A-cyclosporin A (1CWA3) cyclophilin A-ligand 2 (1MIK37) and  

concanavalin A - trimannoside 1 (1ONA35). The interfacial water molecules were 

included according to the crystal structure. The crystal structure concanavalin A (Con A)- 

trimannoside 1 shows that three of the Con A subunits (I, II, and III) are almost identical, 

while subunit IV is a little different. Here, we select subunit I and the trimannoside bound 

to it from the X-ray crystal structure. The bound water molecule bridging trimannoside 1 

and Con A, trimannoside 1, and the ions (Ca2+ and Mn2+) were included according to the 

crystal structure. No bonds of any kind were established between the ions and protein 

atoms. The Con A-trimannoside 2 complex was constructed based on the first one by 

removing the bound water and replacing the hydroxyl group in trimannoside 1 with a 

hydroxyethyl group. 

 

2.3 MD simulations.  
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The statistical analyses introduced above are based on a large amount of samples 

providing dynamic and atomic insights into the internal motions of the interfacial water 

molecules in the biological systems. Molecular dynamics (MD) and Monte Carlo (MC) 

simulations are usually performed for this purpose.3 In our work, the CHARMM22 force 

field105 was used for the proteins and ligands. Partial charges for the ligands were 

obtained with QUANTA using CHARMM template charges. MD simulations were 

carried out with the program CHARMM. A 15 Å sphere of TIP3P water molecules was 

added around the active site and subjected to spherical stochastic boundary conditions.106 

Solvent molecules overlapping with the protein, ligands or bound water molecules were 

deleted. This procedure did not result in the insertion of any additional water molecules at 

the binding interface. The SHAKE procedure was used to constrain the bonds involving 

hydrogen. The integration time step of the MD simulations was 2 fs. A cutoff distance of 

30 Å was applied for the computation of non-bonded interactions. First, potential energy 

minimizations were performed using the ABNR method. Then, MD simulations at 300 K 

were performed, starting from the energy-minimized system, lasting for 8 ns with the 

protein and the ligands (except trimannoside 1 and 2, because their conformations were 

found to affect the motion and interaction of the bound water with the protein and ligand) 

kept fixed. 

 

2.4 Calculation of Euler angles   

According to Euler's orientation theorem, any orientation may be described using three 

Euler angles. Any rotation A can be written as 
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        (25) 

       cos sin 0 1 0 0 cos sin 0
sin cos 0 0 cos sin sin cos 0
0 0 1 0 sin cos 0 0

A BCD
φ φ ψ ψ
φ φ θ θ ψ ψ

θ θ

  
  = = − −  
  −   1







 
 
where θ, φ, ψ are the Euler angles.  

If X and X’ are the coordinates of any point in the original and final coordinate 

system before and after the rotation A, respectively, they are related by 

 

X  = A-1 X’                                                                                                                       (26) 

 

To simplify the calculations, the oxygen atoms of the ordered water molecule in each 

frame were first translated to their original position. Next, a body-fixed transformation 

was performed with the y-axis on the bisector of HOH, the x-axis perpendicular to y-axis 

on the plane of water molecule, and the z-axis perpendicular to this plane.  6 equations 

were obtained for the coordinates of the two hydrogen atoms (XH1, YH1, ZH1, XH2, YH2, 

ZH2) in each frame: 

 

01 1

01 1

101

cos cos cos sin sin sin cos cos sin cos sin sin
cos sin cos cos sin sin sin cos cos cos sin cos

sin sin sin cos cos

cos cos cos sin sin sin cos cos sin cos sin sin
cos

H H

H H

HH

X X

Y Y

ZZ

ψ φ θ φ ψ ψ φ θ φ ψ θ φ
ψ φ θ φ ψ ψ φ θ φ ψ θ φ

θ ψ θ ψ θ

ψ φ θ φ ψ ψ φ θ φ ψ θ φ
ψ

− − −
+ − + −

− − −

=

02 2

02 2

202

sin cos cos sin sin sin cos cos cos sin cos
sin sin sin cos cos

H H

H H

HH

X X

Y Y

ZZ

φ θ φ ψ ψ φ θ φ ψ θ φ
θ ψ θ ψ θ

+ − + − =

 

 

 27



where XH01, YH01, ZH01 and XH02, YH02, ZH02 are the coordinates of the two hydrogen 

atoms at the reference frame. Solving these equations, we obtained the Euler angles (θ, φ, 

ψ). 
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Part III. Results 

3.1 Thermodynamic contributions of the key water in the binding interface of HIV 1 

protease-KNI 272 complex 

This section is based on the publication (Li, Z. and Lazaridis, T.  J. Am. Chem. Soc. 2003, 

125, 6636-6637). 

The crystal structures of the HIV-1 protease with a number of inhibitors show an 

ordered water molecule donating two hydrogen bonds to the inhibitor and accepting two 

hydrogen bonds from the protein “flaps”(figure 1).22; 24; 25; 26 NMR studies showed that 

this water molecule has a long residence time.23 In the work reported by Lam et al., cyclic 

urea inhibitors were designed to displace and mimic the interactions of this water 

molecule and were found to bind more strongly to HIV-1 protease.27 The crystal structure 

of the HIV-1 protease-DMP450 complex shows the oxygen atom of the cyclic urea 

carbonyl group accepting two hydrogen bonds from the protein flaps. 

We calculated the contributions of this water molecule to the energy, entropy and heat 

capacity of solvation using the inhomogeneous fluid theory. MD simulations were first 

performed at 300 K, followed by calculation of the translational correlation function gsw
tr  

(r, θ’, φ’), where r, θ’ and φ’ are spherical coordinates of the water oxygen with respect to 

its average position. The radial distribution function (gsw
tr (r) averaged over θ’ and φ’) is 

shown in figure. 2. This function gives the local density relative to bulk water, which can 

be seen to be very high. From the Euler angles of this water molecule in each frame we 

also calculated an average orientational correlation function gsw
or (θ, φ, ψ) over the region 

occupied by this water molecule (figure. 3 shows the distribution of each angle).  The 

calculation of the integrals in equation 10 was done using either the full three-
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dimensional functions gsw
tr  (r, θ’, φ’) and gsw

or (θ, φ, ψ) or the factorization approximations 

gsw
tr  (r, θ’, φ’)=gsw

r  (r)g  (θ’)g  (φ’) and gsw sw sw
or (θ, φ, ψ)=  (θ)g  (φ)g  (ψ), with similar 

results. The values below are those obtained by the factorization approximations (table 

1). The translational and the orientational contribution to the solute-solvent entropy were 

found to be –12.5 cal/mol K each, giving S

gsw sw sw

sw = –25.0 cal/mol K. The solute-solvent 

energy Esw was calculated directly from the simulation to be –28.2 kcal/mol. 

The calculation of the solvent reorganization terms in this case is facilitated by the 

fact that this water molecule does not interact significantly with other water molecules 

when bound to the protease (the calculated interaction energy Eww is –0.3 kcal/mol). 

Therefore, the ∆Eww and ∆Sww are simply the energy and entropy of removing a water 

molecule from bulk water, i.e. ∆Eww = +10.1 kcal /mol and ∆Sww = +15.2 cal/mol K.103 

Therefore ∆E = –18.1 kcal/mol and ∆S = -9.8 cal/mol K. This value is larger than the 

upper bound estimated by Dunitz, showing the extremely high degree of ordering of this 

water molecule. The contribution of the water molecule to the solvation free energy at 

300 K is –15.2 kcal/mol (using equation 1 with P∆V term negligible). 

To examine the dependence of the calculated solvation properties on the 

protein/inhibitor configuration, we repeated the calculation on the structure obtained after 

1 ns of MD simulation, with the inhibitor and the residues of the protein within a radius 

13 Å free to move. We obtained Ssw = -23.3 cal/mol, Esw = -28.4 kcal/mol, and ∆Gsolv = -

15.9 kcal/mol, quite similar to the values above.  

To calculate the contribution of this water molecule to the heat capacity, we repeated 

the MD simulation at 330 K. We obtained Ssw = -24.5 cal/mol K and Esw = -28.0 

kcal/mol. From the properties of bulk water, we obtained ∆Eww = +9.6 kcal /mol and 
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∆Sww = +13.5 cal/mol K. Therefore, ∆E= -18.4 kcal/mol and ∆S = -11.0 cal/mol K and 

the contribution of the water molecule to the heat capacity of solvation is, 

 

sw w w
p

p

d H E EC 7 17 10  ca l/m olK              
dT T T

δ δ
δ δ

∆ ∆ ∆ = ≅ + = − = − 
 

        (27) 

 

An alternative calculation gives, 

 

p
p

d SC 12 cal/molK                                                      
dT

T ∆ ∆ = = − 
 

                    (28) 

 

The negative value of ∆Cp means that the decrease of solvent reorganization energy 

and entropy with temperature is faster than the decrease of the protein-water interaction 

energy and entropy. In other words, the interactions of the water molecule in the binding 

site are less susceptible to temperature than bulk water. This finding is in agreement with 

the proposal that ordered water molecules contribute to the negative heat capacity 

observed in protein-DNA complexes.54 

For the protease/DMP450 complex, we calculated the interaction energy of the 

carbonyl group with the protein to be –16.9 kcal/mol. This value is more negative than 

∆Gsolv for the water molecule. However, the cost of desolvating a carbonyl group is about 

+5 kcal/mol. Therefore, the displacement of the key crystal water molecule by insertion 

of a carbonyl group per se should be unfavorable. On the other hand, two carbonyl 

groups interacting with the key water molecule are eliminated in going from KNI 272 to 

DMP450, reducing the desolvation cost. Consideration of the above contributions leads 
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to the conclusion that the specific way water displacement was achieved in this case was 

favorable for binding. Of course, because these two inhibitors are entirely different, one 

would need a comprehensive account of all other differences for a reliable attribution of 

the gain in binding affinity. 

In conclusion, the highly ordered water molecule in the HIV-1 protease-KNI 272 

complex has a large entropic penalty of ordering which, however, is outweighed by the 

favorable water-protein interactions, leading to a large negative value of the contribution 

to the solvation free energy. This water molecule also has a large negative contribution to 

the heat capacity. This work also shows that the displacement of the ordered water with a 

carbonyl group might improve the binding affinity although this is not clear in the present 

case due to the totally different structures between KNI 272 and DMP450.  

 

3.2 Thermodynamic contributions of the key water in the binding interface of Con A-

trimannoside 1 complex 

This section is based on the publication (Li, Z. and Lazaridis, T.  J. Phys. Chem. B 2005, 

109, 662-670). 

The MD simulations performed on Con A-trimannoside 1 and 2 complexes gave very 

similar conformations for the two ligands, consistent with the results of Clarke et al. (see 

figure 5, the RMS differences between the 8ns time-averaged MD simulation structures 

and the experimental structures for ligand 1 and 2 were 0.6 Å and 0.5 Å, respectively).36 

We first calculated the contribution of the ordered water molecule to the energy, 

entropy and heat capacity of solvation using IFST (see figure 14). Similar to the 

calculations and analysis performed on the water molecule in HIV 1-protease-KNI 272 
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complex, the translational correlation functions of this water were first obtained as a 

product of the radial distribution function gsw
tr (r) (gsw

tr (r) averaged over θ’ and φ’), gsw
tr (θ’) 

(gsw
tr (r) averaged over r and φ’) and gsw

tr (φ’) (gsw
tr (r) averaged over r and θ’) during different 

portions of the trajectory at 300 K (figure 6). The similarity of the distributions over the 

first and second half of the simulation suggests good convergence of these functions in 8 

ns. We next calculated the orientation of the water molecule in each frame, described by 

three Euler angles, and from these the average orientational correlation function gsw
or (θ, φ, 

ψ) over the region occupied by this water molecule. Fig. 7 shows the distribution of each 

angle.  

The calculation of the integrals in Eq. 10 was done using either the full three-

dimensional functions gsw
tr  (r, θ’, φ’) and gsw

or (θ, φ, ψ) or the factorization approximations 

 (r, θ’, φ’)=ggsw
tr

sw
r  (r)g  (θ’)g  (φ’) and gsw sw sw

or (θ, φ, ψ)=  (θ)  (φ)g (ψ). The results 

are similar. For example, with bin sizes dr = 0.06 Å, dθ’ = π/6, dφ’ = π/3 for integration 

of  (r, θ’, φ’), we obtained = -11.2 cal/mol K using the factorization 

approximation and –10.4 cal/mol K without it, and with bin sizes dθ = π/36, dφ = π/36, 

dψ = π/36 for integration of g

gsw gsw sw

gsw
tr rSsw

sw
or (θ, φ, ψ), we obtained = -10.9 cal/mol K using the 

factorization approximations and –11.6 cal/mol K without it. The values of the 

thermodynamic parameters discussed below were obtained using the factorization 

approximations and the bin sizes dr = 0.06 Å, dθ’ = π/6, dφ’ = π/3 and dθ = π/36, dφ = 

π/36, dψ = π/36. 

or
swS
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The contributions to solvation free energy from the ordered water molecule are listed 

in table 2. At 300 K, the translational contribution to the solute-solvent entropy is –10.4 

cal/mol K and the orientational contribution –11.6 cal/mol K, giving Ssw = -22.0 cal/mol 

K. The solute-solvent energy Esw was calculated directly from the simulation as -30.2 

kcal/mol, of which -23.6 kcal/mol is due to h-bonds and -6.6 kcal/mol is due to longer 

range interactions (beyond first neighbors). The latter includes the interaction of water 

with the two ions, which is -9.2 kcal/mol, showing that the ions enthalpically stabilize the 

bound water, but other long range interactions destabilize it. The ions also lower the 

entropy of the bound water, but this reduction is much smaller than the favorable 

interaction energy (data not shown). The solvent reorganization energy is the water-water 

interaction energy in the complex plus the enthalpy of removing a water molecule from 

bulk water at 300 K, i.e. ∆ = +10.1 kcal /mol. For the calculation of the solvent 

reorganization entropy, we neglect the contribution of water-water correlations in the 

complex (indeed, the calculated interaction energy E

0
wwE

ww is only +0.9 kcal/mol at 300 K). 

Therefore, ∆Sww is simply the entropy cost of removing a water molecule from bulk 

water, = +15.2 cal/mol K.0
wwS∆ 103 Thus, ∆Esolv = -19.2 ± 0.1 kcal/mol and ∆Ssolv = - 6.8 ± 

0.1 cal/mol K. This value is very close to the upper bound (7cal/mole K) estimated by 

Dunitz85. Noting that the P∆V term is negligible, the contribution of the ordered water 

molecule to the solvation free energy at 300 K is -17.2 ± 0.1 kcal/mol (from equation. 1). 

Clearly, the negative value of ∆Gsolv originates mainly from the interaction of the bound 

water molecule with the protein and ligand. 

To calculate the contribution of this water molecule to the heat capacity, we repeated 

the MD simulation at 330 K. We obtained Ssw = -21.3 cal/mol K, Esw = -30.0 kcal/mol, 
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and Eww = + 0.9 kcal/mol. From the properties of bulk water, = +9.6 kcal /mol and 

= +13.5 cal/mol K

o
wwE∆

o
wwS∆ 103. Therefore, ∆E= -19.5 ± 0.1 kcal/mol, ∆S = -7.8 ± 0.1 cal/mol 

K. The contribution of the water molecule to the heat capacity of solvation from 

simulation was calculated as –10±3 cal/mol K (using equation 27) or –10±1 cal/mol K 

(using equation 28) The negative value of ∆Cp is again consistent with the proposal that 

ordered water molecules contribute to the negative heat capacity of binding in some 

complexes54. Apparently, the decrease of the energy and entropy with temperature of the 

protein-water interaction in the Con A-trimannoside 1 complex is slower than that of the 

solvent reorganization energy and entropy. In other words, the interactions of the water in 

the binding site are less susceptible to temperature than bulk water. 

In conclusion, the interfacial water molecule in Con A-trimannoside 1 complex, 

which is isolated and fully buried, as the water in the HIV-1 protease-KNI 272 complex, 

also has a large entropic penalty of ordering, which is outweighed by the favorable water-

protein interactions, leading to a large negative value of the contribution to the solvation 

free energy. This water molecule also has a large negative contribution to the heat 

capacity.  

 

3.3  Thermodynamic consequences induced by the displacement of interfacial water in 

Con A-trimannoside 1 

This section is also based on the publication (Li, Z. and Lazaridis, T.  J. Phys. Chem. B 

2005, 109, 662-670). 

The contribution of the ordered water molecule is only one of the factors affecting 

binding. Other factors include the desolvation of ligand (L) and protein (P), the 
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translational, rotational and vibrational entropy of L and P, the direct interactions 

between L and P, etc. In the case of Con A binding trimannoside 1 and 2, the protein was 

found to undergo no conformational change.107 NMR and MD simulations show that 

these two ligands have very similar conformational properties and the same binding 

modes of both complexes except for the substituent on the central mannose.36 Because 

the two ligands are very similar, the difference in free energy of binding can be 

decomposed into four terms 

     

∆∆G = ∆∆Gdesolv+ ∆∆Gint + ∆EL-P + ∆∆Gsolv (ordered water)                                         (29) 

 

where ∆∆Gdesolv is the difference of the desolvation free energy of the two ligands, ∆∆Gint 

is the “internal” entropic contributions (changes in the translational, rotational, and 

vibrational degrees of freedom of the protein and ligands), ∆EL-P is the difference of the 

direct interactions between the two ligands and the protein, and  ∆∆Gsolv (ordered water) 

is the contribution of the ordered water molecule to the solvation free energy. 

It is reasonable to assume that, in this case, the ∆∆Gdesolv originates only from the 

difference in desolvation free energy of the hydroxyethyl group in 2 and the hydroxyl 

group it replaced in 1. We also assume that ∆∆Gint originates only from the entropy cost 

(-T∆Sconfig) of constraining the hydroxyethyl moiety of trimannoside 2 in the complex. As 

a result, with equation 11, the ∆∆G can be expressed as: 

 

∆∆G = ∆∆H - T∆∆S                                                                                                        (30) 
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where 

 

∆∆H = ∆Hsolv (ordered water) + ∆EL-P + ∆∆Hdesolv                                                          (31) 

∆∆S = ∆Ssolv (ordered water) +  ∆Sconfig + ∆∆Sdesolv                                                        (32) 

 

We further assume that only the central mannose contributes to the interaction energy 

difference between trimannoside 1 and 2. The difference in interaction energy of the C-2 

substituents of the two ligands with the protein (∆EL2OH-P) is -18.4 kcal/mol. The 

interaction energies of the ions (Ca2+ and Mn2+) with the C-2 substituents of the two 

ligands ∆EL2OH-Ions were also calculated. This interaction is more favorable for 

trimannoside 2 by 2.3 kcal/mol (table 3). This value is much smaller than the interaction 

of the ions with the ordered water in the first complex (-9.2 kcal/mol). 

Another contribution to the difference in binding free energy is the different 

desolvation enthalpy and entropy of trimannoside 2 relative to trimannoside 1. We 

assume that the solvation effects of polar and apolar groups of trimannoside 1 and 2 are 

additive and proportional to their solvent accessible surfaces108: 

 

.
dehy dehy
apl apl i apl i

i
S S AS∆ = ∆ ∆∑ .A

.A

                                                                                            (33) 

.
dehy dehy
pol pol k pol k

k
S S AS∆ = ∆ ∆∑                                                                                            (34) 

 

where dehy
aplS∆ and dehy

polS∆  are the dehydration entropies of the apolar and polar groups per 

unit of surface area. Similar equations apply to the dehydration enthalpies and free 
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energies. The analytic surface area method in CHARMM was used to calculate the polar 

(oxygen) and apolar (carbon) accessible surface area (ASA) of mannose 2 of the two 

ligands in the complexed and free states. Table 4 shows that trimannoside 2 buries not 

only more apolar but also more polar surface area than trimannoside 1. This is because 

the hydroxyl group in trimannoside 2 is more solvent exposed than that in trimannoside 

1. For the normalized dehydration enthalpies and entropies we used the values given by 

Makhatadze and Privalov for aliphatic surface and the polar parts of the serine side chain, 

i.e., 0.03 and 0.25 kcal/mol Å2, respectively, for the enthalpy, 0.14 and 0.24 cal/mol K 

Å2, respectively, for the entropy, and -0.01 and 0.18 kcal/mol Å2, respectively, for the 

free energy.108; 109 The differences in desolvation entropy, enthalpy and free energy of 

mannose 2 for the two ligands were calculated as +5.1 cal/mol K, +2.9 kcal/mol and +1.4 

kcal/mol, respectively. The positive value of these quantities is due to the larger amount 

of polar surface area buried for trimannoside 2. Employing equations 27 and 28, the heat 

capacity of dehydration of –OH and –CH2-CH2-OH as –9 cal/mol K103 and –33.4 cal/mol 

K110; 111, respectively, we calculated  the desolvation entropy and enthalpy of the two 

ligands at 330 K as ∆∆Hdesolv(330 K) = +3.6 kcal/mol and ∆∆Sdesolv (330 K) = +7.5 

cal/mol K (table 5). 

We also calculated the entropy of conformational restriction of the hydroxyethyl side-

chain of trimannoside 2. Empirical scales give an average value of conformational 

entropy of about 1.5 cal/mol K per rotatable bond112; 113; 114; 115; 116; 117. In this work, the 

conformational entropy change for the hydroxyethyl side-chain of ligand 2 upon protein-

ligand binding was estimated by comparing the distributions of the dihedral angles in the 

complex and in the free ligand. We performed rigid rotations of the three dihedral angles 
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in the hydroxyethyl side-chain of ligand 2 and one dihedral angle of ligand 1 and 

obtained the probability (p) from the Boltzmann expression. Then we used the integrals 

of pln(p) to estimate the entropy change, which was ∆Sconfig = -2.9 cal/mol K, consistent 

with the empirical scales. 

Table 5 lists all contributions involved in the binding enthalpy and entropy that are 

different between the two ligands. The calculated difference in thermodynamic 

parameters of binding and the corresponding experimental values are summarized in 

table 5. The entropy contribution of the displacement is +9.0 cal/mol K, qualitatively 

comparable with the experimental data (+3.7 cal/mol K). The enthalpy contribution (+3.7 

kcal/mol) also compares favorably with the experimental data (+2.3 kcal/mol). The 

overestimates of the enthalpy and entropy compensate to give a difference in binding 

affinity very close to experiment (+1.0 kcal/mol, vs. +1.2 kcal/mol from experiment, 

table 6). The positive value for ∆∆Cp, which is also in agreement with experiment36, is 

largely due to the negative contribution of the ordered water molecule in trimannoside 1.  

In conclusion, except for the contribution of the water molecule to the solvation free 

energy, other contributions to the binding affinity difference of the two ligands, including 

desolvation, entropy of conformational restriction, and interaction between the ligand and 

protein, are also significant. The final outcome of the water displacement is sensitive to 

each these contributions and the details of the binding site.  

 

3.4  Thermodynamic contributions of water molecules in the binding interface of Cyp A-

ligand complexes 
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This section is based on the publication (Li, Z. and Lazaridis, T.  J. Phys. Chem. B 2006, 

110, 1464-1475). 

The crystal structure of CypA-1 complex shows four water molecules found in the 

cavity called “Abu pocket” interacting with each other with hydrogen bonds, i.e., WTR5 

hydrogen bonds with Ala101, Gln111, Gly109 and WTR6; WTR6 hydrogen bonds with 

Thr107 WTR 5, 7 and 133; WTR7 hydrogen bonds with WTR6, WTR129, Gln111 (or 

SER110) and Gly74; WTR133 hydrogen bonds with WTR6 and other solvent water 

molecules around it. The crystal structure of CypA-2 complex shows that WTR6 moves 

slightly out of the Abu pocket and presumably induces the displacement of WTR133; the 

location of the other two bound water molecules (WTR5 and 7) did not change much; no 

direct hydrogen bond was observed among these water molecules. 37 

In the MD simulations performed on complex 1 and 2, WTR6 appears less frequently 

around its location in complex 1 than in complex 2, where it is observed hydrogen-

bonding with Thr107, the hydroxyl group of ligand 2 and some other solvent molecules, 

while WTR5 and 7 are more stable in both complexes. All these bound water molecules 

are found to hydrogen-bond to the protein and ligand as in the crystal structures (see 

figure 9).37; 118 The number of hydrogen bonds formed between each bound water 

molecule and the protein and ligand observed from the last snapshot of the MD 

simulation is listed in tables 7 and 8. In the MD simulation, no hydrogen bond is formed 

between any of the four bound water molecules and ligand 1 in complex 1, due to the 

hydrophobic nature of the Abu side chain in ligand 1, while in complex 2, either WTR 6 

or 7 is found to make one hydrogen bond with ligand 2. 
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The region occupied by each bound water molecule is defined as a spherical region of 

radius 1.2 Å centered at its average position obtained from MD simulation. In this way, 

we split the region occupied by a water cluster into separate spherical regions and studied 

the thermodynamic properties of water molecules in each region separately. From the 

MD simulations performed on CypA-1, the calculated occupancy (O) of the four bound 

water molecules in the Abu pocket decreases as: OWTR5> OWTR7> OWTR6> OWTR133 (Table 

7). This order correlates with the number of hydrogen bonds formed between these water 

molecules and the protein mentioned above. 

We first calculated the solute-solvent entropy of each water molecule in their 

corresponding regions. The translational correlation function with respect to the average 

position ( gsw
tr (r) ) and orientational correlation function ( gsw

or (ω)) were calculated as 

products of one-dimensional functions (figure 11). The results calculated with and 

without this approximation are similar. The radial distribution function for each water 

(figure 10) shows that WTR133 (with the lowest peak) is the least ordered with respect to 

the solute among 4 bound water molecules in complex 1. We also find that WTR7 is 

much less ordered in complex 1 than in complex 2, presumably due to the additional 

hydrogen bond formed between WTR7 and the hydroxyl group of ligand 2 (figure 9b). 

Integrations over these correlation functions employing equation 10 give the solute-

solvent contributions of each bound water molecule to the entropy Ssw(i)= )+ ) 

(tables 7 and 8). In complex 1, WTR5 exhibits the most negative solute-solvent entropy 

S

Ssw(i
trans Ssw(i

or

sw and solute-solvent energy Esw. Esw and Ssw correlate with the occupancy and the 

number of hydrogen bonds but the correlation for Ssw is not perfect. In complex 2, all 

bound water molecules considered have a more negative value of Ssw than WTR5 in 
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complex 1, indicating that the involvement of the additional hydroxyl group in ligand 2 

stabilizes the remaining bound water molecules in the Abu pocket.  

To identify water pairs for the solvent-solvent entropy calculations, we determined 

the distribution of solvent molecules within a 5 Å sphere around each bound water 

molecule. The sphere was split into several subregions (j), each region corresponding to a 

specific water molecule (table 9). For instance, the water molecules around WTR7 within 

5.0 Å in complex 1 approximately concentrate into 5 subregions whose corresponding 

water molecules are WTR5, WTR129, WTR6, solv54 and WTR133, respectively (fig. 

12). The solvent occupancies in these subregions are 0.984, 0.909, 0.771, 0.711 and 0.302 

respectively. Some of the subregions are not fully occupied, especially when the 

subregion is farther away from the corresponding bound water. Subregions with lower 

occupancy make a smaller contribution to the solvent-solvent entropy. Every bound water 

molecule [w(i)] together with a corresponding water molecule [w(j)] in a specific 

subregion were treated as a solvent pair and their solvent-solvent correlation functions 

were calculated. 

Applying Eqs. 17-23, we calculated the solvent-solvent contributions of each bound 

water molecule to the entropy in complex 1 and 2. The pure water pair correlation 

function ( gww
or,o(ω rel | R)) was calculated by a 8ns MD simulation, employing eq. 20. This 

function was used to approximate gww
inh,o(ω,ω ' | r,r')  at the corresponding bin of Euler 

angles ω, ω’ and R (R = |r-r'|). Eq. 19 was used to calculate the solvent orientational 

entropy in the complex Sww
m (r,r') . The solvent pair translational correlation function 

(r,r’) in the complex was approximated by the radial distribution function  

in the bulk (eq. 17). The solvent-solvent entropy was then calculated for each solvent pair 

gww
r,inh gww

or,o(R)
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by eqs. 22 and 23. The results are listed in table 10. The solvent-solvent entropy of each 

pair of water molecules varies from –3.78 to +0.15 cal/mol K and reveals how correlated 

these two water molecules are. The slightly positive values are probably an artifact of the 

KSA approximation and the numerical integration. Small values of the pair entropy mean 

that the two water molecules are constrained by the protein or ligand in a conformation 

that disrupts interactions and correlations between them. Sww in bulk water was calculated 

as –15.2 cal/mol K, and originates mainly from the water-water correlations in the first 

neighbor shell. For a given water molecule in bulk, there are about 4 solvent molecules in 

its first neighbor shell, therefore, the value of Sww for each water-water pair in the bulk is 

approximately –3.8 kcal/mol K, which is very close to the most negative value of the 

solvent-solvent entropy of a water-water pair in the complex. 

Summing up the pair entropies Sw( i)w( j

S
w ( i ) w

or

w ( j )

), we obtained the solvent-solvent entropy for 

each bound water molecule  and , as listed in table 7 and 8. For instance, for 

WTR7 in complex 1, = =-3.5 cal/mol K, =

S
w ( i ) w

trans

S
w ( 7

or

j
∑S

w ( 7) w

or
)

S
w ( 7) w

trans S
w ( 7) w ( j )

trans

j
∑ =-0.3 cal/mol K 

and Sw(7)w= +  = -3.8 cal/mol K. The calculated results reveal that in complex 

1, WTR5 is relatively more correlated to other solvent molecules than WTR6, 7 and 133 

and all of them have a more negative value of solvent-solvent entropy than those of the 

bound water molecules in complex 2, where the values of solvent-solvent entropy for 

WTR5 and 7 are close to 0. These results show that WTR 5 and 7 in complex 2 are more 

isolated than the corresponding water molecules in complex 1. 

S
w ( 7) w

or S
w ( 7) w

trans

The contribution of each bound water molecule to the solvation entropy (∆Ssolv, see 

table 7 and 8) indicates that transferring WTR6 and 7 from the bulk to complex 1 is 
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accompanied by a very small entropy penalty compared to WTR5. The transfer of 

WTR133 is even entropically favorable, showing that it is even less ordered in complex 1 

than in the bulk, which is related to the fact that it interacts weakly with the protein. In 

contrast, all three bound water molecules in complex 2 have a large negative contribution 

to the solvation entropy (∆Ssolv), showing that each of them is highly ordered in the 

complex. Notably, the total entropy of the three water molecules in 2 is more negative 

than that of the four water molecules in 1. This is because the excess hydrogen bonds 

formed between the methyl hydroxyl group of ligand 2 with WTR6 and 7 constrain these 

water molecules, inducing a more negative entropy for each of them. 

The solute-solvent energy Esw(i) and solvent-solvent energy Ew(i)w of each bound water 

calculated directly from the simulations are listed in table 7 and 8. Part of the solute-

solvent energy Esw(i) is due to long range interactions (about -4 kcal/mol), and the rest is 

due to hydrogen bonds formed with the protein and ligand. For example, the h-bond 

energy of WTR5, 6, 7, 133 is about –20, -5, -10, and 0 kcal/mol, respectively in complex 

1. These values reflect the number of hydrogen bonds formed between each bound water 

molecule and the protein-ligand complexes. The solute-solvent energy Esw(i) for WTR 5, 

6, 7, 133 in complex 1 and WTR5 in complex 2 mainly originates from their interaction 

with the protein; their interaction with the ligand 1 or 2 is relatively weak (-0.1, -0.6, -0.1, 

-2.4 and –0.7 kcal/mol, respectively), showing that these water molecules essentially 

stabilize the conformation of the protein residues at the binding site, rather than bridging 

protein and ligand. WTR6 and 7 in complex 2 were found to interact more strongly with 

the ligand (-5.4 and -5.5 kcal/mol, respectively) than in complex 1, due to their additional 

hydrogen bond with the hydroxyl group of ligand 2.  
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The solvent-solvent energy of each bound water molecule shows strong interactions 

of WTR6 and WTR133 in complex 1 (-15.4 and -15.6 kcal/mol respectively) and WTR6 

(-11.0 kcal/mol) in complex 2, which are even comparable to the solvent-solvent 

interactions in bulk water (-20.2 kcal/mol). The solvent-solvent interactions of other 

bound water molecules are much weaker. The solvent-solvent energy between WTR5 and 

WTR7 is even positive in complex 2, showing that these two bound water molecules are 

tightly fixed by the protein and ligand, leading to unfavorable water-water interaction. 

The contribution of a bound water molecule [w(i)] to the solvation enthalpy was 

calculated as 

 

∆Esolv = Esw(i) +  1/2Ew(i)w + 10.1 kcal/mol.                                                                     (35) 

 

where 10.1 kcal/mol is half of the solvent-solvent interaction energy in bulk water, which 

is equal to the energy cost of transferring one water molecule from bulk to the gas phase. 

The contribution of each bound water molecule to the solvation free energy was 

calculated as the sum of the entropy and energy terms employing equation 1(the P∆V 

term is negligible): The contribution of WTR5 to the solvation free energy in complex 1 

was obtained as –14.8 kcal/mol, and originates mainly from its interactions with the 

protein. The contributions of WTR6, 7 and 133 to the solvation free energy is much 

smaller, –5.4, -6.4, -1.9 kcal/mol, respectively. The small magnitude of ∆Gsolv of 

WTR133 shows that it does not contribute to the binding between Cyp A and CsA 1 as 

favorably as the other three bound water molecules in complex 1. The contributions of 

WTR5, 6 and 7 to the solvation free energy in complex 2 are -11.1, -11.1 and –10.6 
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kcal/mol, respectively, and also originates mainly from their interactions with the protein. 

The difference of the contributions of the water clusters in complex 1 and 2 is: 

  

∆∆Gsolv
2-1= [∆Gsolv(WTR5) + ∆Gsolv(WTR6) + ∆Gsolv(WTR7)]2 – 

                   [∆Gsolv(WTR5) + ∆Gsolv(WTR6)+ ∆Gsolv(WTR7) + ∆Gsolv(WTR133)]1  

                        = -4.3 kcal/mol                                                                                                (36) 

 

i.e., there is an improvement in the free energy of solvation going from 1 to 2 despite the 

reduction in the number of bound water molecules from 4 to 3. 

In conclusion, this work reveals that the contributions of interfacial water molecules 

to the thermodynamic properties vary in a wide range and their different contributions to 

the solvation free energy mainly originate from the water-protein, water-ligand and 

water-water interaction energies. Furthermore, this work also shows that the 

rearrangement of the water molecules in the Cyp A-ligand complexes contributes 

favorably to the binding affinity, even though one of them is displaced going from 1 to 2.  

 

3.5 Theoretical studies of the thermodynamic consequences induced by the displacement 

and reorganization of interfacial water in Cyp A-ligands complexes 

This section is also based on the publication (Li, Z. and Lazaridis, T.  J. Phys. Chem. B 

2006, 110, 1464-1475) 

In addition to solvation free energy, the different affinity of 2 and 1 is also due to the 

change in protein-ligand interactions, the different desolvation energy and entropy, and 

the different conformational restriction entropy of the two ligands. 
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Based on the energy-minimized crystal structures, the direct interactions of the ethyl 

group of 1 and the hydroxypropyl group of 2 with the protein were –4.1 and –9.1 

kcal/mol, respectively, giving ∆EAbu_side_chain-protein
2-1 = -5.0 kcal/mol. However, the total 

difference of the direct interactions of ligand 2 and 1 with the protein, is ∆Eligand-protein
2-1 = 

-1.4 kcal/mol. The extra CH2OH of ligand 2 probably pushes it about 0.2 Å farther away 

from the protein than ligand 1, and this reduces the interaction of the rest of the ligand 

with the protein. 

Another contribution to the difference in binding affinity is the different desolvation 

enthalpy and entropy of the two ligands. The polar (oxygen and nitrogen) and apolar 

(carbon) solvent accessible surface areas in the bound and free states are shown in table 

11. With the dehydration enthalpy and entropy parameters given by Makhatadze and 

Privalov, the desolvation entropy and enthalpy of the two ligands at 300 K were obtained 

as ∆∆Hdesolv
2-1= +8.6 kcal/mol and ∆∆Sdesolv

2-1
 = +10.1cal/mol K, giving ∆∆Gdesolv

2-1= 

+5.7 kcal/mol. 

The entropy of conformational restriction of the hydroxypropyl side chain of ligand 2 

and the ethyl side chain of ligand 1 also needs to be considered. Empirical scales give an 

average value of conformational entropy of about 1.5 cal/mol K per rotatable bond. 

Similar to the method employed in the study of Con A-ligand complexes, the 

conformational entropy change of the ligands between the free and the complex state was 

estimated by comparing the probability distributions (p) of the dihedral angles in these 

two states. There are four dihedral angles in the hydroxypropyl group of ligand 2 and two 

in the ethyl group in ligand 1. The probabilities (p) (from the Boltzmann expression) of 

the dihedral angles were obtained with rigid rotations and the integrals of pln(p) were 
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used to estimate the entropy change, which is ∆Sconfig
2-1 = -2.7 cal/mol K, or -T∆Sconfig

2-1  

= +0.8 kcal/mol at 300 K. 

The contributions to the difference in binding affinity between the two ligands are 

summarized in table 12. The difference in binding affinity of the two ligands with the 

protein CypA is +0.8 ±0.5 kcal/mol (equation 29) (see table 12). This value is consistent 

with experiment (+1.3 kcal/mol). No experimental data for the other thermodynamic 

properties have been reported so far. 

Crystallography revealed two different conformations of the ligand in complex 2. The 

above results pertain to the major conformer (occupancy 0.62). We repeated the 

calculations on the structure of complex 2 with ligand 2 in the minor conformation and 

obtained ∆∆Gtotal
2’-1 = +0.7±0.5 kcal/mol, quite similar to the result for the major 

conformer. However, there are significant differences in the contributions, such as those 

of certain water molecules. WTR5 and 7 in the minor conformer have larger 

contributions to the solvation free energy than those in the major conformer, while WTR6 

shows the opposite result, giving ∆∆Gsolv
2’-1  = -6.4 kcal/mol. 
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Part IV. Discussion 

The thermodynamics of either isolated water molecules at the binding interface of HIV-1 

protease-inhibitor complex and concanavalin A-trimannoside complex or water clusters 

at the binding interface of CypA-1 and CypA-2 complexes were explored in our work. 

Comparison of all results obtained (see table 13) leads to the following observations.  

 

4.1 Enthalpic contributions of bound water molecules.  

The isolated water molecules in the complexes of HIV-1 protease-inhibitor and 

concanavalin A-trimannoside have the largest magnitudes of Esw and ∆Esolv,. The 

interaction energy of a bound water molecule with a protein-ligand complex in CypA-1 

and CypA-2 complexes varies in a wide range. The solute-water interaction energies of 

WTR5 in CypA-1 and WTR5 and WTR6 in CypA-2 are very negative and even 

comparable to the isolated water molecules in the complexes of HIV-1 protease-inhibitor 

and concanavalin A-trimannoside, while significant difference was observed for 

WTR133 in CypA-1. Similarly. The water-water interaction energy also varies in a wide 

range. The isolated water molecules in the complexes of HIV-1 protease-inhibitor and 

concanavalin A-trimannoside have the smallest magnitude of water-water interaction 

energy. WTR6 and WTR133 in CypA-1 and WTR6 in CypA-2 have very negative Eww 

and even comparable to the water-water interaction energies in bulk water. Eww is less 

negative for WTR5 and WTR7 in CypA-1, and even positive for WTR5 and WTR7 in 

CypA-2., which approximately corresponds to the number of hydrogen bonds formed 

between the bound water molecules and the protein-ligand complex. We noticed that the 

bound water molecules with more negative value of solute-solvent energy usually interact 
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weakly with other water molecules. This is because when a bound water molecule is 

strongly constrained by the protein and ligand by several hydrogen bonds, it will be 

difficult for other solvent molecules to simultaneously approach and interact strongly 

with it. Nevertheless, Esw and Eww do not fully compensate each other.  

 

4.2 Entropic contributions of bound water molecules.  

Similar to the enthalpic contribution, the isolated water molecules in the complexes of 

HIV-1 protease-inhibitor and concanavalin A-trimannoside, their solvent-solvent entropic 

contributions are also negligible. And the solvent-solvent contributions to the solvation 

entropy in CypA-1 and CypA-2 complexes vary in a wide range (from about 0 to-5.5 

cal/mol K). Among all of the bound water molecules in these complexes, WTR5 in 

CypA-1 has the most negative solvent-solvent entropies, as it is highly correlated with 

other water molecules (i.e., WTR6 and WTR7, see table 10) at the binding interface. 

WTR6, 7 and 133 in CypA-1 are close, while WTR5 or 7 in CypA-2 have a similar 

solvent-solvent entropy as the isolated water molecules in HIV-1 protease-inhibitor and 

Con A-trimannoside complexes, showing that they are fully buried at the binding 

interfaces and kept far from other solvent molecules. As with the energy, the largest value 

for the solute-solvent entropy (Ssw) are observed for the isolated water molecules in HIV-

1 protease-inhibitor and Con A-trimannoside complexes. From table 13, we notice that a 

stronger interaction between the protein and the bound water usually corresponds to a 

more negative value of the solute-solvent entropy. However, this is not always the case. 

For instance, in complex 1, WTR7 interacts more strongly with the protein than WTR6, 

but the solute-solvent entropies show the opposite result. The broader distributions of the 

 50



Euler angles, especially the broader distribution of g(θ) of WTR7 than that of WTR6 in 

complex 1 (see figure 5) implies that WTR7 in complex 1 adopts multiple favorable 

orientations and appears less ordered than WTR6 at the binding interface although it 

forms one more h-bond with the protein than WTR6.  

 

4.3 Contributions of bound water molecules to solvation free energy  

The values of solvation free energy of the water molecules in CypA-1 and CypA-2 reveal 

that almost all of the water molecules in the water clusters contribute less to protein-

ligand binding than those isolated bound water molecules in HIV-1 protease-inhibitor and 

concanavalin A-trimannoside complexes and that WTR133 has the smallest favorable 

contribution, which mainly originates from the different water-protein and ligand 

interactions (see figure 13).  

The additional hydroxyl group in complex CypA-2 forms two more hydrogen bonds 

with the remaining water molecules in the water cluster (WTR6 and 7) and stabilizes 

them, which leads to a more favorable contribution to the solvation free energy (about 7 

kcal/mol) even though the longer side chain replaces one less tightly bound water 

molecule in the water cluster. The additional interactions of 2 with the protein are also 

favorable for binding. These favorable energy contributions, however, are 

counterbalanced by the more positive desolvation enthalpy of ligand 2 relative to ligand 

1, leading to a less negative binding energy for ligand 2. The overall entropy change is 

also unfavorable, leading to an unfavorable free energy change (see table 12).  
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4.4 Connecting the thermodynamic contributions of interfacial water or water cluster to 

the protein-ligand binding thermodynamics  

No connection to the binding thermodynamics could be made in the displacement of the 

bound water going from HIV 1 protease-KNI 272 to HIV 1 protease DMP450, because 

the inhibitor DMP450 that displaced the ordered water molecule was entirely different 

from KNI-272. This complicates the attribution of the gain of binding affinity. 

The similar ligand structure and binding modes in Con A- trimannoside complexes 

make it possible to connect the thermodynamic contributions of interfacial water to the 

protein-ligand binding thermodynamics. From table 6, we noticed that the elimination of 

the contribution of the ordered water molecules going from trimannoside 1 to 2 is the 

main origin of the loss of enthalpy by the displacement. This large contribution is almost 

compensated by the stronger direct interaction of trimannoside 2, leading to a small 

change in binding enthalpy. Another small contribution to the more positive enthalpy in 

binding of trimannoside 2 to Con A is the more positive desolvation enthalpy of 

trimannoside 2 relative to trimannoside 1.119 This value is much smaller than the other 

two large contributions: ∆EL-P and ∆Esolv (ordered water), but its contribution to the total 

change of enthalpy is not negligible. 

The entropy of releasing the ordered water molecule in Con A-trimannoside 1 to bulk 

solvation is favorable and it is only partly offset by the constraint of the hydroxyethyl 

moiety of trimannoside 2 in the complex. The positive difference of the desolvation 

entropy of the two ligands add to the overall favorable entropy change. But this favorable 

entropy change is outweighed by the unfavorable enthalpy change, leading to the 

unfavorable free energy change ∆∆G = +1.0 kcal/mol. The final outcome on binding 
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affinity is a sensitive result of compensation of large contributions. Therefore, it is 

difficult to predict a priori whether water displacement will be favorable or not; it 

depends on structural details.  

The above analysis differs in some ways from that proposed by Clarke et al..36 In that 

work, the loss of enthalpy from trimannoside 1 to trimannoside 2 was proposed to result 

from differences in hydrogen bonding between the interactions of the two ligands with 

Con A and was based on several assumptions, some of which do not agree with our 

findings. First, the desolvation enthalpy of protein and the two ligands in their work was 

assumed to be the same for the two complexes, which is not what we find (although our 

estimate of this quantity is also very approximate). Second, counting hydrogen bonds 

neglects long range contributions to the difference in ligand-protein interactions, which 

we find to be substantial, especially the interaction with the ions. Third, the interaction 

energy of the water molecule in complex 1 with the protein was assumed to be identical 

to the interaction energy of the hydroxyl group in the hydroxyethyl moiety of 

trimannoside 2, but our calculation gave an energy difference of 2.4 kcal/mol, showing a 

stronger interaction of the ordered water molecule with the protein. Finally, their 

assumption that the fractional occupancy of the hydrogen bond of an additional, dynamic 

water molecule with the C2 hydroxyl was the same as that of hydrogen bonds in bulk 

water is also in conflict with our simulations. The dynamic water appeared very scarcely 

in our simulations (the fractional occupancy of the additional hydrogen bond was about 

0.01, very different from 0.7 in bulk water). In addition, the interaction energy of the C2 

hydroxyl in trimannoside 1 and 2 with the bulk water was unfavorable (+1.0 and +2.1 

kcal/mol, respectively).  
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As with the Con A-trimannoside complexes, the similar ligand structure and binding 

modes in Cyp A-ligand complexes also make it possible to connect the thermodynamic 

contributions of interfacial water cluster to the protein-ligand binding thermodynamics. 

The additional hydroxyl group in complex CypA-2 forms two more hydrogen bonds 

with the remaining water molecules in the water cluster (WTR6 and 7) and stabilizes 

them, which leads to a more favorable contribution to the binding energy (about 7 

kcal/mol) even though the longer side chain replaces one less tightly bound water 

molecule in the water cluster. The additional interactions of 2 with the protein are also 

favorable for binding. These favorable energy contributions, however, are 

counterbalanced by the more positive desolvation enthalpy of ligand 2 relative to ligand 

1, leading to a less negative binding energy for ligand 2. The overall entropy change is 

also unfavorable, leading to an unfavorable free energy change (see table 12). 

The above analysis differs in some ways from that proposed by Mikol et al..37 In that 

work, the contributions of the bound water molecules WTR5 and 7 to the binding affinity 

were assumed the same in the two complexes, the contribution of WTR133 was neglected 

and the free energy cost by the displacement of WTR6 together with the desolvation cost 

of 2 were assumed less than 2 kcal/mol. The favorable interaction of CypA-2 relative to 

Cyp-1 was considered as ∆Eligand-protein
2-1 = -0.5 kcal/mol, which was presumably 

counterbalanced by contributions due to changes in the translational, rotational and 

vibrational degrees of the protein and ligand. Our findings give a different picture. First, 

the free energy contributions of WTR5 in the two complexes are different (ca. 3.6 

kcal/mol), which presumably originates from the disruption of the hydrogen bond 

between WTR5 and WTR6 going from 1 to 2. A similar difference is also found for 
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WTR7 but in the opposite direction, due to the formation of a new hydrogen bond 

between WTR7 and ligand 2. These two terms compensate each other and add up to 

∆∆Gsolv(w5+w7)
2-1 = -0.6 kcal/mol. Second, WTR133 does make a small contribution to the 

free energy in Cyp-1 (∆Gsolv(w133)= -1.9 kcal/mol). Third, the free energy cost by the 

displacement of WTR6 was obtained as ∆∆Gsolv(w6)
2-1 =  -5.8 kcal/mol, combined with the 

different desolvation free energy ∆∆Gdesolv
2-1 = +9.6 kcal/mol, giving +3.8 kcal/mol, 

which is even larger than the corresponding upper bound proposed by Mikol et al..37 The 

calculated difference in conformational entropy loss of the Abu side chain of 1 and 2 (-

T∆Sconfig
2-1 = +0.8 kcal/mol) is similar to the value they assumed. However, the 

calculated additional interaction energy of ligand 2 with the protein( ∆Eligand-protein
2-1 = -

1.4 kcal/mol) is much larger than they assumed.  

In our work on Con A-trimannoside and Cyp A-ligand complexes, the good 

agreement between the calculated and experimental change in affinity is at least 

somewhat fortuitous, given the numerous approximations made in the calculations. We 

neglected the conformational entropy difference arising from the same parts of the two 

ligands. The desolvation enthalpy and entropy of protein in the two complexes were 

assumed to be the same, and the desolvation terms of the ligands were estimated 

according to their solvent accessible surface area, which is an empirical model. To 

calculate the solvent-solvent entropy of interfacial waters in Cyp A-ligand complexes, we 

assumed that the inhomogeneous pair correlation function is equal to that in bulk solvent. 

In addition, this work focused exclusively on the 3 or 4 bound water molecules at the 

binding interface and assumed that the contribution of all other water molecules is the 

same in the two complexes. Applying this theoretical analysis to all water molecules in 
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the system is currently not feasible. All these approximations, together with the standard 

uncertainties related to force field parameters and lack of polarizability etc., make the 

true uncertainties much larger than the error bars listed in Tables 2, 3, 5, 6, 7, 10 and 12. 

However, the qualitative picture that arises from the calculations should be reliable.  

Our work shows that IFST can yield the thermodynamic contributions of ordered 

water molecules with rigorous decomposition of the solvation free energy into 

contributions from different solvent regions120 One advantage of this method over 

standard free energy simulations is that it allows us to focus on the vicinity of the solute, 

especially on the biomolecular interface region, where the largest contributions to 

solvation thermodynamics originate. Another advantage is that it is not only applicable to 

highly ordered, isolated water molecules but also to clusters of water molecules, or 

surface water molecules. In contrast, the removal of water molecules from surface sites 

upon FE simulations is not meaningful, because another water molecule will immediately 

take their place. Other advantages include the facility by which it yields all 

thermodynamic functions, easier assessment of sampling adequacy, and a lower 

computational cost. The disadvantages of ISFT are that it involves numerous 

approximations, and requires the evaluation of complicated integrals, which makes it less 

"user friendly".121  

This approach could be useful in rational drug design by estimating which bound 

water molecules would be most favorable to displace. In addition, the insights obtained 

from this analysis could help improve empirical scoring functions for prediction of 

protein-ligand binding affinity by taking the thermodynamic contributions of bound water 

molecules into account. From the results obtained so far, gain of binding free energy from 
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the displacement of water might be achieved under the following conditions: (i) the new 

ligand must interact strongly with the protein and the remaining water molecules; (ii) the 

additional group ideally should not disrupt interactions between bound water molecules; 

(iii) the conformational entropy loss should be minimized if possible, for example by use 

of a carbonyl group instead of a hydroxyl group. This is consistent with the rules 

introduced by Garcia-Sosa et al..122 

From the published experimental and theoretical studies on interfacial water the 

following conclusions can be reached: a) interfacial water involved in hydrogen bonds 

with the protein and ligand makes a negative contribution to the entropy, enthalpy, and 

heat capacity of binding. However, water that does not form hydrogen bonds can have 

higher entropy than in the bulk b) Water-mediated interactions can be as strong as direct 

interactions. Displacement of bound water by ligand modification can increase or 

decrease binding affinity depending on the detailed balance of the various contributions 

involved.  

A number of methods have been applied to obtain the thermodynamics of interfacial 

water: FEP simulations,95 the Gaussian model,87 and IFST.123; 124; 125 These methods all 

have advantages and disadvantages. Furthermore, they are very different from each other. 

It would be useful in the future to explore the relationship between them by applying 

them all to a wider range of problems and comparing closely the results.  

The biggest challenge is to find practical ways to include water-mediated interactions 

in protein-ligand docking, scoring, and drug design. One direction is to use discrete, 

explicit water molecules at key positions in the binding interface. This will require 

improvements in the methodology of predicting water locations and has the disadvantage 
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of neglecting entropic effects. The second direction is towards implicit modeling of 

water. A start has been made with the knowledge-based water-mediated potentials of 

Wolynes and coworkers,82; 83 but it would be useful to develop physics-based potentials 

as well.  What is essentially needed is the extension of implicit solvent models, such as 

ACE,126 Generalized Born,127 or EEF1,128 to make them applicable to water in restricted 

environments. It is a difficult task, because the thermodynamics of bound water is 

sensitive to its surroundings. To capture this complexity correctly one would most likely 

need many-body potentials and an extensive set of data on the dependence of the free 

energy of the bound water on the configuration of surrounding polar atoms.  
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Table 1. Thermodynamic contributions of the ordered water molecule in HIV-1 protease 

Temperature 300 K 330 K 

Ssw (cal/mol K) -25.0 -24.5 

Esw (kcal/mol) -28.2 -28.0 

∆Eo
ww (kcal/mol) +10.1 +9.6 

∆So
ww (cal/mol K) +15.2 +13.5 

∆Esolv (kcal/mol) -18.1 -18.4 

∆Ssolv (cal/mol K) -9.8 -11.0 

∆Gsolv (kcal/mol) -15.2 -14.8 
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Table 2. Contributions to solvation from the ordered water molecule in Con A-

trimannoside 1 calculated from the MD simulations at different temperature. 

 

Temp. 300K  330K 

Esw -30.2 ±0.1 -30.0±0.2 

Ew-ions -9.2 ±0.02 -9.2 ±0.02 

Eww +0.9 ±0.1 +0.9 ±0.2 

or
swS  -11.6 ±0.01 -11.4 ±0.01 

tr
swS  -10.4 ±0.1 -9.9 ±0.1 

Ssw = 
or
swS + 

tr
swS  -22.1 ±0.1 -21.3 ±0.1 

∆Esolv = Esw + Eww +  0
wwE∆ -19.2 ±0.1 -19.5 ±0.2 

∆Ssolv = Ssw +  0
wwS∆ -6.8 ±0.1 -7.8 ±0.1 

∆Gsolv = -T  0
wwE∆ 0

wwS∆ -17.2 ±0.1 -16.9 ±0.1 

∆Cp -10± 3 

      

* Note:  Units for enthalpy and free energy are kcal/mol 

              Units for entropy and heat capacity are cal/mol K 

              All of the error bars listed in table 1 and other tables were calculated by averaging the values of each thermodynamic 

parameter over 2 ns portions of the MD trajectories, and then taking the standard deviation of the 4 samples. 
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Table 3. Interaction energies (kcal/mol) of the C2-substituents of trimannoside 1 and 

trimannoside 2 with Con A and Ca2+ and Mn2+ obtained directly from the MD 

simulations at 300 K. 

 

 Con A – trimannoside 1 Con A – trimannoside 2 Difference between 1 and 2 

EL2OH-P -9.4±0.1 -27.8 ±0.02 -18.4 ± 0.1 

EL2OH-Ions -10.0 ±0.08 -12.3±0.03 -2.3 ± 0.1 
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Table 4. The apolar and polar accessible surface areas (Å2) of mannose 2 in trimannoside 

1 and 2 at complex (final structure after 8 ns MDs) and uncomplexed states 

 

Complexed Uncomplexed Difference (∆ASA)  
 

Polar Apolar Polar  Apolar Polar  Apolar 

Trimannoside 1 7.5 136.8 65.6 168.2 58.1 31.4 

Trimannoside 2 10.5 125.2 77.3 179.8 66.8 53.6 
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Table 5. Contributions to the binding enthalpy, entropy and heat capacity in Con A- 

ligands complexes. 

 

 Con A – Trimannoside 1 Con A – Trimannoside 2 Difference between 1 and 2 

Temp. 300K 330K 300K 330K 300K 330K 

EL2OH-P -9.4 ±0.1 -9.3 ±0.03 -27.8 ±0.02 -27.6±0.05 -18.4 ±0.1 -18.3±0.05 

∆Esolv (ordered water) -19.2 ±0.1 -19.5 ±0.1 0 0 +19.2 ±0.1 +19.5 ±0.1 

∆Ssolv (ordered water) -6.8 ±0.1 -7.8 ±0.1 0 0 +6.8 ±0.1 +7.8 ±0.1 

∆Hdesolv 
a +15.4 +15.7 +18.3 +19.3 +2.9 +3.6 

∆Sdesolv 
a  +18.0 +18.9 +23.1 +26.4 +5.1 +7.5 

∆Sconfig  0 0 -2.9 -2.9 -2.9 -2.9 

∆E (total) b -13.2±0.1 -13.1±0.1 -9.5± 0.02 -8.3±0.05 +3.7± 0.1 +4.8±0.1 

∆S (total) +11.2±0.1 +11.1±0.1 +20.2 +23.5 +9.0±0.1 +12.3±0.1 

∆G (total)  -16.6±0.1 -16.8±0.1 -15.6±0.02 -16.1±0.05 +1.0±0.1 +0.7±0.1 

∆Cp
c  3 ± 3 40± 1 +37±3 

 

* Note: Units for enthalpy and free energy are kcal/mol 

             Units for entropy and heat capacity are cal/mol K 

a. ∆Hdesolv  stands for the contribution of enthalpies of dehydration from the hydroxyl group in trimannoside 1 and 

from the hydroxyethyl group in trimannoside 2; Similarly to ∆Sdesolv   

b. ∆E (total)  = EL2OH-P+ ∆Esolv (ordered water) +∆Hdesolv, and ∆G (total) = ∆E (total) -T∆S (total) 

c. ∆Cp was calculated with ∆∆E (total)/∆T 
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Table 6. Experimental and calculated differences (trimannoside 2 - trimannoside 1) in 

binding between the two ligands. 

 

 

 

Difference between trimannoside 1 and 

trimannoside 2 from calculation 

Difference between trimannoside 1 

and 2 from experimental data36 

Temperature 300 K 298.15 K 

∆∆E (kcal/mol) +3.7± 0.1 +2.3±0.9 

∆∆S (cal/mol K) +9.0±0.1 +3.7±3.0 

∆∆G (kcal/mol) +1.0±0.1 +1.2±0.1 

∆∆Cp (a) (cal/mol K) +37  ± 4 +17.0±14 

 

   Note: Units for enthalpy and free energy are kcal/mol; Units for entropy and heat capacity are cal/mol K 
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Table 7. Contributions to solvation from the ordered water molecules in Cyclophilin A 

(CypA)-Cyclosporin A (CsA, 1) calculated from MD simulations at 300 K 

Bound water WTR5 WTR6 WTR7 WTR133 

Number of H-bonds with 

the protein1  
3 1 2 0 

Occupancy2 7999/8000 7747/8000 7983/8000 7481/8000 

Esw -25.6±0.1 -8.3±0.3 -14.1±0.1 -3.7±0.1 

Ssw
or  -8.4±0.2 -6.9±0.4 -5.1±0.01 -5.2±0.2 

Ssw
tr  -9.9±0.2 -6.5±0.3 -7.1±0.1 -4.9±0.4 

Ssw -18.3±0.3 -13.4±0.5 -12.2±0.1 -10.1±0.5 

Eww -3.8±0.1 -15.4±0.6 -5.1±0.1 -15.6±0.6 

Sww
or  -5.1±0.1 -2.9±0.3 -3.5±0.2 -3.2±0.4 

Sww
trans -0.4±0.01 -0.5±0.03 -0.3±0.01 -0.3±0.1 

Sww -5.5±0.1 -3.4±0.3 -3.8±0.2 -5.6±0.4 

∆Esolv -17.4±0.1 -5.9±0.4 -6.6±0.05 -1.4±0.3 

∆Ssolv -8.7±0.3 -1.6±0.5 -0.7±0.2 +1.5±0.5 

∆Gsolv -14.8±0.1 -5.4±0.4 -6.4±0.1 -1.9±0.3 

 

* Note:  1. No H-bond is found between the water molecules and the ligand. 

              2. Probability of finding a water molecule in the specific region, within r =1.2 Å from its average position 

              3. Units for enthalpy and free energy are kcal/mol; Units for entropy are cal/mol K. 
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Table 8. Contributions to solvation from the bound water molecules in Cyclophilin A -(5-

hydroxynorvalin)-2-cyclosporin (2) calculated from the MD simulations at 300 K 

 

Bound water Wat5 Wat6 Wat7 

Number of H-bonds with 

the protein and ligand1  
3 2 3 

Occupancy 8000/8000 8000/8000 8000/8000 

Esw -23.0±0.04 -17.7±0.01 -24.3±0.06 

Eww +0.4±0.01 -11.0±0.08 +3.4±0.1 

Ssw
or  -9.6±0.05 -9.9±0.01 -9.1±0.02 

Ssw
tr  -11.3±0.2 -10.6±0.1 -12.2±0.05 

Ssw -20.9±0.2 -20.5±0.1 -21.3±0.1 

Sww
or  +0.2±0.001 -0.6±0.5 -0.2±0.02 

Sww
trans -0.01±0.01 -0.6±0.02 -0.04±0.01 

Sww +0.2±0.01 -1.2±0.5 -0.2±0.02 

∆Esolv -12.7±0.04 -13.1±0.08 -12.5±0.1 

∆Ssolv -5.5±0.2 -6.5±0.5 -6.3±0.1 

∆Gsolv -11.1±0.1 -11.1±0.2 -10.6±0.1 

 

Note: 1.    For either WTR6 or 7, one of the H-bonds is formed between the water and the ligand. 

2. Units for enthalpy and free energy are kcal/mol; Units for entropy are cal/mol K. 
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Table 9. The regions of neighboring water molecules around each bound water molecule 

in Cyclophilin A (CypA)-Cyclosporin A (1), and Cyclophilin A -(5-hydroxynorvalin)-2-

cyclosporin (2) complexes 

Complex Bound water Neighbor R( Å) θ (radian) φ (radian) Corresponding water1 

1 2.0~4.0 1.1~1.85 0.0~1.6 WTR7 

2 2.0~5.0 1.85~2.35 0.0~1.3 WTR129* WTR5 

3 2.0~3.0 2.5~3.14 0.0~1.2 WTR6* 

1 2.0~3.0 2.2~2.8 0.9~2.1 WTR133* 

2 2.0~3.0 0.0~0.6 3.1~4.75 WTR5 

3 2.0~5.0 1.2~1.75 0.0~0.9 WTR129* 

4 3.0~4.0 0.4~1.0 0.0~1.1 WTR7 

WTR6 

5 3.0~5.0 1.3~2.2 0.9~1.6 Solv54* 

1 2.0~4.0 1.3~1.8 3.3~4.3 WTR5 

2 2.0~5.0 2.05~2.70 0~1.1 WTR129* 

3 3.0~4.0 2.2~2.70 3.3~4.3 WTR6* 

4 3.0~5.0 2.2~2.70 1.3~2.3 Solv54* 

WTR7 

5 4.0~5.0 2.65~3.0 2.4~3.3 WTR133* 

1 2.0~3.0 0.3~0.95 4.0~5.3 WTR6* 

2 2.0~3.0 0.8~1.5 0.8~1.5 Solv54* 

3 2.0~5.0 2.05~2.6 1.6~2.5 WTR110* 

4 3.0~5.0 1.55~2.0 0.7~1.9 Solv9* 

5 3.0~5.0 1.0~1.6 0.0~0.7 Solv59* 

Complex 1 

WTR133 

6 3.0~5.0 1.7~2.5 0.0~0.7 WTR91* 

WTR5 1 3.0~4.0 0.8~1.2 0.5~1.2 WTR7 

1 2.0~3.0 1.3~1.6 5.7~6.28 WTR102* 

2 2.0~5.0 0.85~1.5 1.2~1.9 WTR67* 

3 3.0~4.0 0.3~0.9 0~1.4 WTR114* 

4 3.0~5.0 0.3~0.75 4.4~5.1 WTR7 

5 4.0~5.0 1.5~1.8 1.1~1.9 Solv83* 

WTR6 

6 3.0~5.0 1.15~1.45 0.6~0.9 Solv98* 

1 3.0~4.0 2~2.3 3.6~4.3 WTR5 

2 4.0~5.0 2.15~2.5 0~0.8 WTR102 

3 3.0~5.0 1.6~1.9 0.7~1.5 WTR114* 

Complex 2 

WTR7 

4 3.0~5.0 2.4~2.7 1.2~1.9 WTR6 

* Note:  “Corresponding water” means to the water molecule located in that region. “WTR” denotes those water molecules from the 

crystal structure, “Solv”  denotes those water molecule in the solvent sphere we added around the binding sites. The “*” means the 

water molecule in that region exchanged at least once during the MDs.  
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Table 10. The solvent-solvent entropy (cal/mol K) of each bound water molecule in 

Cyclophilin A (CypA)-Cyclosporin A (1), and Cyclophilin A -(5-hydroxynorvalin)-2-

cyclosporin (2) complexes 

Complex Bound water [w(i)] Neighbor Corresponding water  Solvent-solvent entropy Sw(i)w(j)
a 

1 WTR7 -3.50 

2 WTR129* -0.01 WTR5 

3 WTR6* -2.05 

1 WTR133* -1.70 

2 WTR5 -1.60 

3 WTR129* -0.05 

4 WTR7 -0.10 

WTR6 

5 Solv54* +0.02 

1 WTR5 -3.63 

2 WTR129* -0.03 

3 WTR6* -0.04 

4 Solv54* -0.02 

WTR7 

5 WTR133* -0.03 

1 WTR6* -1.51 

2 Solv54* -2.03 

3 WTR110* -0.02 

4 Solv9* -0.01 

5 Solv98* -0.03 

Complex 1 

WTR133 

6 WTR91* -0.03 

WTR5 1 WTR7 +0.15 

1 WTR102* -0.37 

2 WTR67* -0.17 

3 WTR114* -0.41 

4 WTR7 -0.26 

5 Solv59* +0.01 

WTR6 

6 Solv83* +0.01 

1 WTR5 +0.14 

2 WTR102 -0.12 

3 WTR114* +0.02 

Complex 2 

WTR7 

4 WTR6 -0.26 

*Note: a. Good convergence of the results of 
)
 was obtained over two portions of MD trajectory and the values listed 

here were obtained over the whole MD trajectory. 

Sw( i)w( j

Sw( i)w( j )
 and Sw( j )w( i) give similar values. 

           b. Units for entropy and heat capacity are cal/mol K  
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Table 11. The apolar and polar accessible surface areas (Å2) of CsA (1) and (5-

hydroxynorvaline)-2-cyclosporin (2) at free and bound states 

 

Bound Free Difference (∆ASA) 
 

Polar Apolar Polar Apolar Polar Apolar 

CsA (1) 95.1 597.0 178.9 1046.2 83.8 449.2 

(5-hydroxynorvaline)-2-

cyclosporin (2) 
98.9 597.6 215.1 1063.5 116.2 465.9 
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Table 12.  Enthalpic and entropic contributions to the difference in the binding affinity 

between the two ligands in Cyclophilin A (CypA)-Cyclosporin A (1), and Cyclophilin A 

-(5-hydroxynorvalin)-2-cyclosporin (2) complexes 

 CypA-1 CypA- 2 Difference between 1 and 2 

Eligand-protein -113.6 -115.0 -1.4 

∆Esolv (water cluster) -31.3±0.5 -38.3±0.1 -7.0±0.5 

-T∆Ssolv (water cluster) +2.8±0.2 +5.5±0.1 +2.7±0.2 

∆Hdesolv 
a +34.4 +43.0 +8.6 

-T∆Sdesolv 
a  -25.0 -27.9 -2.9 

-T∆Sconfig  +0.9 +1.7 +0.8 

∆H (total) b -110.5±0.5 -110.3±0.1 +0.2±0.5 

-T∆S (total) -21.3±0.2 -20.7±0.1 +0.6±0.2 

∆G (total)  -131.8±0.5 -131.0±0.1 +0.8±0.5 

 

* Note: Units for enthalpy, T∆S and free energy are kcal/mol 

             ∆Hdesolv and ∆Sdesolv are the differences in dehydration enthalpy and entropy  

∆H (total)  = Eligand-protein+ ∆Esolv (water cluster) +∆Hdesolv, ∆S (total)  = ∆Sligand-protein+ ∆Ssolv (water cluster) +∆Sconfig, and 

∆G (total) = ∆E (total) -T∆S (total) 

 

 70



 

Table 13. Thermodynamic parameters of the bound water molecules in the HIV-1 

protease-inhibitor complex, Con A-trimannoside complex, cyclophilin A-CsA 1,  

complex and cyclophilin A-CsA 2 complex. 

 

Complex 
Bound 

Water 
Eww Esw ∆Esolv Sww Ssw -T∆Ssolv ∆Gsolv 

HIV-1 protease WTR1 0 -28.2 -18.1 0 -25.0 +2.9 -15.2 

Con A-1 WTR1 0 -30.2 -19.2 0 -22.1 +2.0 -17.2 

WTR5 -3.8 -25.6 -17.4 -5.5 -18.3 +2.6 -14.8 

WTR6 -15.4 -8.3 -5.9 -3.4 -13.4 +0.5 -5.4 

WTR7 -5.1 -14.1 -6.6 -3.8 -12.2 +0.2 -6.4 

WTR133 -15.6 -3.7 -1.4 -3.5 -10.1 -0.5 -1.9 

Cyclophilin A-

1 

Cluster1 -39.9 -51.7 -31.3 -18.2 -54.0 +2.8 -28.5 

WTR5 +0.4 -23.0 -12.7 +0.2 -20.9 +1.6 -11.1 

WTR6 -11.0 -17.7 -13.1 -1.2 -20.5 +2.0 -11.1 

WTR7 +3.4 -24.3 -12.5 -0.2 -21.3 +1.9 -10.6 

Cyclophilin A-

2 

Cluster2 -7.2 -65.0 -38.3 -1.2 -62.7 +5.5 -32.8 

 

Note:   Units for the energy are kcal/mol; 

            Units for the entropy are cal/mol K. 
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Figure 1. Binding between HIV 1-protease-KNI 272 including a water molecule bridging 

the protein and the ligand. 
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Figure 2. Radial distribution function at 300 and 330 K. r is the distance of the key water 

molecule in HIV-1 protease-KNI 272 complex from its average position. 
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Figure 3. Probability distribution of the Euler angles around their average values for the 

water in HIV-1 protease-KNI 272 complex.  
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Figure 4.  Structure of trimannoside 1 (left) and 2 (right); 
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Figure 5. Binding of trimannoside 1 and 2 to Con A (structures obtained after 8ns MD 

simulation).  a. The ordered water molecule bridging trimannoside 1 (in thicker sticks) 

and the 3 residues (Asp14, Asn16, and Arg228 in thinner sticks) at the binding site of 

Con A with 4 hydrogen bonds (dashed black line); Oxygen atoms are in red, nitrogen 

atoms in blue, carbon atoms in green and hydrogen atoms in gray; Calcium is shown as a 

sphere.
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b. The similar hydrogen bonds (three hydrogen bonds in dashed black line) of the C2 

hydroxyl in trimannoside 2 with the protein. Oxygen atoms are in red, nitrogen atoms in 

blue, carbon atoms in green and hydrogen atoms in gray; Calcium is shown as a sphere. 
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Figure 6. Translational distribution function of the bound water in Con A-trimannoside 1 

complex , )(rg r
sw gsw

tr (θ’) and gsw
tr (φ’) during different portions (1st & 2nd half) of the 

simulations. r is the distance of the bound water molecule from its average position. 
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Figure 7. Probability distribution of the Euler angles of the bound water in Con A-

trimannoside 1 complex around their average values at 300 K, during different portions 

(1st & 2nd half) of the simulations. 
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Figure 8. Structure of cyclic undecapeptides cyclosporin A (CsA) and (5-

hydroxynorvaline)-2-cyclosporin. The only difference between these two molecules is 

highlighted by the purple rectangle. CsA includes: MeBmt1 (N-methyl-(4R)-4-[ (E)-2-

butenyl ]-4-methyl-l-threonine), Abu2 ( l-α-amino-butyric acid), Sar3 (sarcosine), 

MeLeu4 (N-methyl-leucine), Val5, MeLeu6, Ala7, d-Ala8, MeLeu9, MeLeu10, and 

MeVal11 (N-methylvaline). 
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Figure 9.  a. Bound water molecules in the Abu pocket in the CypA-1 complex. CsA 1 is 

drawn in ball and sticks (only the residue Abu2 is depicted). CypA is drawn in thinner 

sticks. All potential h-bonds are shown in dashed black lines. Oxygen atoms are in red, 

nitrogen atoms in blue, carbon atoms in green and hydrogen atoms in gray. 
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b. Bound water molecules in the Abu pocket in the CypA-2 complex. CsA 2 is drawn in 

ball and sticks (only the residue Abu2 is depicted). CypA is drawn in thinner sticks. All 

potential h-bonds are shown in dashed black lines. Oxygen atoms are in red, nitrogen 

atoms in blue, carbon atoms in green and hydrogen atoms in gray. 
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Figure 10. Radial distribution function of different water molecules with respect to their 

average position in Cyclophilin A (CypA)-Cyclosporin A (1), and Cyclophilin A -(5-

hydroxynorvalin)-2-cyclosporin (2) complexes at 300 K.  
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Figure 11.  Probability distribution of the Euler angles of different bound water molecules 

in Cyclophilin A (CypA)-Cyclosporin A (1), and Cyclophilin A -(5-hydroxynorvalin)-2-

cyclosporin (2) complexes.  

 

 85



Distribution of Euler angles of WTR5 in 
complex 1 at 300k 

0

0.1

0.2

0.3

0 0.5 1 1.5 2

Euler angles (radian)

Pr
ob

ab
ili

ty psi

theta

phi

Distribution of Euler angles of WTR7 in 
complex 1 at 300k

0

0.1

0.2

0.3

0.4

0 1 2 3

psi

theta

phi

Distribution of Euler angles of WTR6 in 
complex 1 at 300k

0
0.1
0.2
0.3
0.4

-2 -1 0 1 2 3

Euler angles (radian)

Pr
ob

ab
ili

ty psi

theta

phi

Distribution of Euler angles of WTR133 in 
complex 1 at 300k

0
0.1
0.2
0.3
0.4

-1 0 1 2 3 4

Euler angles (radian)

Pr
ob

ab
ili

ty psi

theta

phi

Distribution of Euler angles of WTR5 in 
complex 2 at 300 k

0

0.1

0.2

0.3

0 1 2 3

Euler angles (radian)

Pr
ob

ab
ili

ty psi

theta

phi

Distribution of Euler angles of WTR7 in 
complex 2 at 300 k

0

0.1

0.2

0.3

0 1 2 3

Euler angles (radian)

Pr
ob

ab
ili

ty psi

theta

phi

Distribution of Euler angles of WTR6 in 
complex 2 at 300 k

0

0.1

0.2

0.3

0 0.5 1 1.5 2

Euler angles(radian)

Pr
ob

ab
ili

ty psi

theta

phi

 

 86



Figure 12. Distribution of probabilities of finding solvent water molecules around the 

bound water molecule WTR7 in Cyclophilin A (CypA)-Cyclosporin A (1) complex 

during the MDs with different cutoff values of r  
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Figure 13. Contribution of water molecules to the solvation free energy in the complexes 

we studied. 
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Figure 14.   Flow chart of calculating the contributions of ordered water molecules to 

solvation thermodynamics (COWMST)  
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