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Abstract

Developing a ligand with high affinity for a specific protein target is essential for drug design, 

and water molecules are well known to play a key role in protein–drug recognition. However, 

predicting the role of particularly ordered water molecules in drug binding remains challenging. 

Furthermore, hydration free energy contributed from the water network, including the second shell 

of water molecules, is far from being well studied. In this research we focused on these aspects to 

accurately and efficiently evaluate water effects in protein–ligand binding affinity. We developed 

a new strategy using a free-energy calculation method, VM2. We successfully predicted the stable 

ordered water molecules in a number of protein systems: PDE 10a, HSP90, tryptophan synthase 

(TRPS), CDK2 and Factor Xa. In some of these, the second shell of water molecules appeared 

to be critical in protein–ligand binding. We also applied the strategy to largely improve binding 

free energy calculation using the MM/PBSA method. When applying MM/PBSA alone for two 

systems, CDK2 and Factor Xa, the computed binding free energy resulted in poor to moderate R2 

values with experimental data. However, including water free energy correction greatly improved 

the free energy calculation. Furthermore, our work helped to explain how xk263 is a 1000-times 

faster binder to HIVp than ritonavir, a potentially useful tool for investigating binding kinetics. 

Our studies reveal the importance of fully considering water effects in therapeutic developments 

in pharmaceutical and biotechnology industries and for fundamental research in protein–ligand 

recognition.
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INTRODUCTION

Accurately predicting protein–ligand binding affinity and binding kinetics in computer-aided 

drug discovery requires careful examination of bridging water molecules[1–6]. A survey of 

structures in the protein data bank (PDB) showed that more than 85% of complexes had 

one or more water molecules bridging a protein and ligand, with a mean of 3.5 molecules 

per complex [7,8]. Ligands have to compete with water for binding to the protein cavity. 

Depending on the context, water molecules will be replaced, retained, or displaced to 

favor or oppose ligand binding[9]. This occurs through displacement of poorly ordered 

water molecules or the formation of newly ordered water networks during binding. Implicit 

solvent theories successfully model the effect of bulk water[10–28]; however, these continuum 

solvent models have difficulty computing important explicit water–ligand and water–protein 

interactions. Because the water–ligand interactions are highly system-specific and various 

water molecules may be displaced by ligand binding, identifying and predicting bridging 

water molecules and their roles in ligand binding remains challenging[29]. Furthermore, the 
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range of effects mediated by water is huge but far from being fully understood. Water 

stabilizes ligand interactions and also frequently plays a biological role. The possible 

contribution of water free energy to ligand binding barriers has been recognized for some 

specific protein–ligand systems[30–33].

Water sites can be predicted by running molecular dynamics (MD) or Monte Carlo (MC) 

simulations with an explicit water model and averaging over water-molecule locations from 

the MD or MC trajectories. One method is inhomogeneous fluid solvation theory (IFST), 

popularized by Lazaridis[34–37]. IFST forms the basis of the WaterMap program. The grid-

based MC method JAWS[38] is another well-known method. These MD or MC techniques 

can also include entropic effects in the prediction. However, a major problem with the 

methods is that moving water molecules in and out of cavities at the protein interface, 

especially with buried cavities, can be excessively slow.

Comparatively rigorous free energy perturbation (FEP) and thermodynamic integration 

methods[39–41] can be used to compute the absolute binding free energy of a water molecule 

at a putative location. These approaches are based on sound theories, but the main obstacle 

is the excessive simulation time. Therefore, the challenge is handling a system that considers 

multiple water molecules in the protein-binding site.

Fast solvation methods have been pursued for a number of years[42–45]. Also, an open-source 

software MobyWat[46] showed good performance for 344 interfacial water molecules in 

various complexes of peptide and protein ligands[47]. A geometry-based method, WarPP[48], 

applies an iterative shifting-clustering algorithm, with a success rate similar to the above 

dynamic methods. Other research groups developed new static approaches, such as 

HydraMap[49] and Splash’Em[50]. The common weakness of these methods is that they lack 

the entropy contribution when evaluating the water–protein and/or water–ligand interactions, 

which play a critical role in drug binding.

Overall, these methods often lack the balanced accuracy and efficiency required in practice, 

especially in early-stage drug design. More importantly, the methods do not cover the 

kinetics of protein–ligand interactions that govern the drug residence time. This work aims 

to account for these deficiencies.

We integrated the free energy calculation method, the VM2 program[51–53], into our new 

water analysis strategy to achieve more accurate and efficient calculations for predicting 

locations of stable water molecules and the free energy of removing them for ligand binding. 

Molecular docking and scoring are popular fast methods used by the pharmaceutical 

and biotechnology industries and academia for lead identification. Because a binding 

pocket of an apo-protein is always filled by water molecules, approximating a penalty 

when tightly bound water molecule(s) are displaced can improve ligand-binding affinity 

calculations[54–63]. The net effect of displacing a water molecule depends on the balance 

between the free energy of transferring water molecules to the bulk solvent and new 

interactions formed by a ligand. In addition, removing water molecules from a hydrophobic 

region, or “dewetting”, is directly associated with water molecules, a ligand and a 

protein[64–68]. Water molecules compete with or facilitate ligand binding/unbinding from a 
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binding site, which may contribute significantly to the ligand binding free energy landscape, 

such as creating a kinetic barrier during ligand binding and unbinding[69–72]. Therefore, 

by more accurately capturing the water–ligand/protein interactions, we can improve the 

accuracy of molecular docking and scoring methods, thermodynamic end-states analysis and 

drug binding kinetics analysis. In this paper, we discuss the results of carefully investigating 

water effects using our new strategy on multiple protein systems and their implications for 

the field of drug discovery.

METHODS

We created three novel approaches with the VM2 program to accurately and efficiently 

probe interfacial water molecules: 1) a hydration sites-locating algorithm to determine the 

location of water molecules in protein–ligand interfaces; 2) a water-removal algorithm to 

evaluate the free energy of moving water molecules from their binding sites to bulk; and 3) 

extending the water-removal algorithm to handle multiple water molecules.

1. VM2 free energy calculation

VM2 is a rigorous statistical thermodynamics method. It belongs to a class of methods 

that focus on the most stable conformations of the molecules, so they are sometimes called 

predominant states methods. They compute the standard chemical potential of the protein–

ligand complex and the free ligand and protein and use the difference to obtain the standard 

free energy of binding,

ΔG = μcomplex − μprotein − μligand (1)

The standard chemical potential of each molecular species (i.e., complex, protein and ligand) 

is obtained by finding its N most stable conformations ( j = 1, N), integrating the Boltzmann 

factor within each energy well j to obtain a local configurational integral zj and combining 

these local configuration integrals according to the following formula, where X = complex, 

protein, or ligand:

μX
0 = − RTln8π2

C0 ∑j = 1
N Zj = − Tln∑j = 1

N e−
μX, j

0

RT (2)

Here C0 is the standard concentration, which, combined with the factor of 8π2, accounts 

for the positional and orientational mobility of the free molecule at standard concentration, 

and the second form of the summation is given in terms of the chemical potentials of 

the individual conformations. The probability of the energy well j can be approximated 

on the basis of zj, and then the mean potential energy <U> or solvation energy 

<W> can be obtained. The configurational entropy at the standard concentration can 

be computed as −TSconfig
o = Go − 〈U + W 〉. The configurational entropy includes both a 

conformational part, which reflects the number of energy wells (conformations), and a 

vibrational part, which reflects the average width of the energy wells. 〈U + W 〉 implicitly 

includes the change in solvent entropy via the implicit solvent model. As a consequence, 
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the configurational entropy values reported here should not be directly compared with 

experimental entropy changes of binding for these systems.

The VM2 calculations are moderately fast, in part because they use implicit solvent models, 

which are widely accepted as computationally efficient alternatives to more detailed solvent 

models, and in part because for large systems such as protein–ligand complexes, only a 

subset of atoms (~500–5000, depending on the nature of the active site) are treated as 

flexible.

2. Hydration sites-locating algorithm

We developed an algorithm to accurately predict hydration sites for a ligand-binding pocket 

of a protein. Although water molecules may be observed in crystal structures, they cannot 

reveal whether a water molecule is stable there or not. In addition, the data may not 

be reliable because of an artificial environment during protein crystallization and low 

resolution, or in many cases such as homology modeling, water molecules are missing in the 

structures.

In this algorithm, a crystal structure for the protein–ligand complex is used as the reference 

structure, and all water molecules, cofactors, metal ions, etc. are removed from it. If more 

than one crystal structure is available, the complex of the target protein and a ligand with 

the highest experimental binding affinities (measured by the lowest Ki or IC50) in a series 

is selected as the reference structure. The protein is then parameterized with AMBER force 

fields[73]. A grid box with 0.2-Å spacing is centered on the ligand in the complex. The 

residues within the cut-off distance of 12 Å from the ligand are identified. The minimum 

and maximum of the Cartesian coordinates of the α-carbons of these residues are used to 

define the 8 corners of the grid box. Then the vacant grid points in the grid box that define 

the binding site are identified and counted (Ngrid). All Ngrid binding-site points are then 

probed with a water probe as described in the GRID[42] and ConCept[74,75] methods. The 

interaction between the water probe and the protein at binding-site point i is estimated as 

follows:

Ei = Ei
NP + Ei

ES + Ei
HB (3)

Ei
NP = ∑j = 1

Nprot A
rij12 − B

rij
6 (4)

Ei
ES = ∑j = 1

Nprot 332.054qiqj
crij2

(5)

Ei
HB = ∑

j = 1

up to 4 C
rij

6 − D
rij4

cos4θ (6)
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where Ei
NP is the energy of non-polar interactions, Ei

ES is the energy of Coulombic 

interactions and Ei
HB is the energy of hydrogen bonding interactions for binding-site point i. 

Nprot is the total number of protein atoms and rij is the distance between binding-site point 

i and protein atom j in equations (4) and (5). In equation (6), rij is the distance from the 

binding-site point i to a hydrogen-bond donor or acceptor j, and θ is the angle among a 

protein donor atom, a hydrogen, and the probe. The whole Ei
HB term is set to zero when θ ≤ 

90°. If the probe group donates a bond, the probe is assumed to orient itself to form the most 

effective hydrogen-bond interaction with the acceptor atom of the protein, and the cosθ term 

is set to unity.

The average grid energy is then computed as 〈E〉 ≡ 1
Ngrid

∑i = 1
NgridEi, and each binding-site 

point with energy below 〈E〉 is marked as a candidate interaction point, where Ngrid is the 

total number of vacant interaction grid points in the grid box of a system. By this way, 

we discard the grid points with energies above average (in other words, weak interactions 

with the protein). Then each candidate interaction point is checked for the number of its 

neighbors, where a neighbor is another candidate interaction point within a distance of 3 Å. 

Points with below-average neighbor counts are discarded; those that remain are classified 

as interaction points. In addition, interaction points with neighbor counts in the top 15th 

percentile are clustered by a distance cutoff of 3 Å, and a hydration site with a radius of 1 Å 

is placed at the mean coordinates of each of the resulting clusters.

The hydration sites identified in the above procedure are the first layer that has direct 

interactions with the protein (and the ligand, if any). The water probes are placed at these 

hydration sites and the search procedure is repeated, except that now the water probe also 

interacts with the hydration sites. The hydration sites found in the second search are called 

the second layer, and those in the third search, the third layer etc. This iterative search runs 

until no new hydration sites can be found in the binding site.

3. Water-removal algorithm

Consider the free energy for moving a bound water molecule from a protein into bulk 

solution, leaving just an empty cavity with the same shape as that of the water, and no other 

changes, as illustrated in Scheme 1. Thus, the water removal free energy is computed as 

follows:

ΔGwr − gas
o = μPL

0 + μW − gas
o − μPLW

o (7)

where μPLW
o  is the standard (Co = 1M) chemical potential of a protein–ligand–water 

complex, μPL
o  is the standard chemical potential of the protein–ligand complex without 

the water (but with the water-shaped cavity), and μW − gas
o  is the standard chemical potential 

of the water in gas phase (no GB or PB solvation). μPLW
o  and μPL

o  are calculated with 

VM2 for the protein–ligand–water complex and the protein–ligand complex, respectively. 

Notably, the non-polar term of solvation free energy Gnp is included in free energy μPLW
o , 

which approximates the free energy contribution of cavity formation. The chemical potential 
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of gas-phase TIP3P water at standard concentration of 1M μW − gas
o  is calculated as −5.1 

kcal/mol with VM2.

Equation (7) tells us about the free energy of taking the water molecule out of the protein–

ligand complex and putting it into the gas phase at 1M. However, what we want is the free 

energy of putting it into liquid phase. We correct this by adding the gas-to-liquid transfer 

free energy of the water, ΔGgl. Hence:

ΔGwr − liquid
o = μPL

0 + (μW − gas
o + ΔGgl) − μPLW

o (8)

ΔSwr − liquid
o = SPL

0 + (SW − gas
o + ΔSgl) − SPLW

o (9)

The entropy changes while removing the water, ΔS°wr-liquid, is computed in equation (9) 

with the same notation for each species shown in equation (8). The vapor pressure of water 

at 300 K is 24 mm Hg, so the chemical potential of water at 24 mm Hg is equal to that of 

liquid water. Hence, free energy of gas–liquid transfer ΔGgl is the free energy change from 

the initial gas-phase concentration C in moles/liter to a new concentration corresponding 

to an ideal gas at 24 mm Hg. An amount of 1 mol ideal gas at 1 atm occupies 22.4 l, so 

its concentration is 0.0446 (mol/l-atm). Therefore, the concentration equals [24 mm Hg/760 

mm Hg/atm] [0.0446 mol/l-atm] = 0.00141 M. Thus, the free energy change is

ΔGgl = RT ln 0.00141M
C (10)

where T is the temperature, R is the Boltzmann’s constant and C is the concentration. The 

overall process of entropy change involves adjusting 300-K gaseous water at concentration 

C to 373 K and 1 atm pressure (boiling point) by using a literature value for the entropy 

change of condensation at the boiling point, then cooling the now-liquid water to 300 K.

ΔSgl ≈ − Rln 0.00141M
C + 0.0086ln373

300 − 0.026 + 0.018ln300
373 (11)

The partial molar enthalpy at T=300K can be calculated as follows:

ΔHgl = ΔGgl + TΔSgl (12)

In this water-removal implementation, when a water molecule needs to be removed from 

the system, leaving an empty cavity, this is implemented by simply setting the following 

parameters to zero: the partial charges and van der Waals parameter Emin of its atoms, 

force constants of its bonds, and force constant of its angle. The live set, which defines 

the mobile atoms in calculations, includes only water molecules. Also, flat-bottom energy 

well constraints, as expressed in the following equation where k is the force constant of the 

restraint, r is the location of the restrained atom, r0 is the center of the flat-bottomed well 

Rrestraint is the radius of the restraint region and p is a parameter controlling the hardness 
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of the energy wall around the energy well, are applied to all of the water oxygen atoms. 

The values of k, Rrestraint and p were set to 5.0 kcal/mol, 1.0 Å and 12, respectively, for all 

calculations presented here.

Econstraint = k (r − r0)p

Rconstraint
p (13)

4. Water-removal algorithm handling multiple water molecules

This approach aims to calculate the free energy for the system with all water molecules 

present, then break the free energy into contributions from individual water molecules and 

their pairwise cross-terms, or their interactions. The locations and orientations of the water 

molecules are sampled with the protein kept rigid and a flat-bottomed energy well constraint 

(see Equation 13) applied to the oxygen atoms of the water molecules.

Scheme 2 shows an example of energy decomposition with two water molecules, W1 

and W2, and the protein. In this matrix-like representation, the water removal free energy 

will be attributed to a change from the water molecule itself GW2, along with the water–

protein interaction GProtein–W2 and the water–water interaction GW1–W2, as demonstrated in 

the shaded area for W2. All intrinsic or “self” terms are on the diagonal, the interaction 

terms are on the off-diagonal, and the matrix is symmetric. The interactions are Boltzmann-

averaged if multiple conformations are available. The water removal free energy for W2 can 

be expressed as follows:

ΔGwr − W 2
0 = GW 2 + 2GW 1 − W 2 + 2GProtein − W 2 (14)

In the same way, the water removal free energy can be obtained for combinations. For 

instance, removing both W1 and W2 is expressed as follows:

ΔGwr − W 1 − W 2
0 = GW 1 + GW 2 + 2GW 1 − W 2 + 2GProtein − W 1

+ 2GProtein − W 2
(15)

5. MM/PBSA calculation and water-analysis correction

We used the MM/PBSA method[76] to evaluate the inter-molecular interactions between a 

ligand and a protein, then compared its results with those from the water-analysis correction. 

The method computes the energy (EMM/PBSA) of a system from the protein (Eprotein), ligand 

(Eligand) and complex (Ecomplex), with the interaction energy computed as

Δ EMM /PBSA = Ecomplex − Eprotein − Eligand . (16)

where 〈E〉 denotes the computed ensemble average energy from a given trajectory. In 

this study, our trajectories were generated by the VM2 program where multiple protein 

conformations were obtained from conformation search, not from MD runs. The energy of 

each species, including protein, ligand and complex, was computed as
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EMM /PBSA = Ebonded + Eelec + EvdW + GPB + Gnp (17)

where Ebonded is the bonded energy, Eelec and EvdW are electrostatic and vdW energy, 

GPB is the solvation energy computed by solving the Poisson Boltzmann (PB) equation, 

and Gnp is the nonpolar energy estimated from the solvent-accessible surface area. The 

ensemble average energy is calculated with the Boltzmann weight of each conformation in 

the trajectory.

〈E〉 =
∑iEie−Ei/kBT

∑ie
−Ei/kBT (18)

where kB is the Boltzmann constant, T is the temperature, and Ei is the energy calculated 

with equation 17 for conformation i in the trajectory. Although the same trajectory for the 

bound state is used for all three species, the Boltzmann weights of each frame for the 

complex (the bound state), the protein (the free state after the ligand is removed) and the 

ligand (the free state after being removed from the complex) are not necessarily same. 

As a result, their ensemble average energies 〈Ecomplex〉, 〈Eprotein〉 and 〈Eligand〉 have to 

be calculated separately. The MM/PBSA calculations were implemented with the VM2 

program.

In the water-analysis correction, the conformation of the complex with the lowest energy 

Ecomplex was selected as the reference structure. Then the ligand was removed from the 

reference structure and the water-analysis calculation was performed on the protein binding 

site. After the hydration sites and their corresponding removal free energies were obtained, 

the MD frames used in the MM/PBSA calculation were superimposed on the reference 

structure. The hydration sites that were displaced by the ligands and the corresponding 

removal free energies (0394Gwr) were determined by the degree of overlap between the 

ligand heavy atoms and the hydration sites. The MM/PBSA energy corrected with water 

removal energies is calculated as follows:

Δ〈EMM /PBSA + water〉 = Δ〈EMM /PBSA〉 + ΔGwr (19)

A hydration site is completely displaced and its removal free energy is fully counted when 

the distance between the hydration site center and the ligand heavy atom approaches zero. 

The removal free energy of hydration site displacement decreases linearly to zero when the 

distance between them is equal to 80% of the sum of their vdW radii, beyond which there 

is no displacement. Multiple ligand atoms may contribute to the displacement of the same 

hydration site. These contributions cease once total displacement is achieved.

The input files and files for the molecular systems tested here are available in the 

supplementary information.
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RESULTS AND DISCUSSION

1. Water removal free energy

(1) Phosphodiesterase 10a—We used our new strategy to calculate the removal 

free energy of key water molecules from Phosphodiesterase 10a (PDE 10a). The purpose 

was to assess whether considering the water networks with multiple solvation shells can 

help predict which crystallographic water molecules are tightly bound and which can 

profitably be replaced. The application to PDE 10a in particular was motivated by the 

published observations from Pfizer[77] and Roche[78] indicating that there are two tightly 

bound structural water molecules in the binding pocket of PDE 10a. We started from the 

crystal structure PDB ID 3HR1, which provides the coordinates of the complex of PDE 

10a and Compound 9 of reference 77 and water molecules, as shown in Figure 1. We 

identified two key water molecules, W16 and W84. W16 forms an almost ideal tetrahedral 

hydrogen bonding coordination with residues GLN716, TYR720, TRP752 and W84. W84 

forms hydrogen bonds with residues THR675 and THR678, and its hydrogen bond with 

Compound 9 is considered critical to the potency of this compound[77]. As a comparison, 

we also studied Compound 18 in reference 77, which forms no hydrogen bond with the key 

water molecules.

Here, following theory and methods described above, we obtained water removal free 

energies (kcal/mol), in the presence of Compound 9 or Compound 18[77] (Table 1). With 

both compounds, removal of either water is predicted to be thermodynamically unfavorable. 

Consistent with the medicinal chemistry experience[78], the more buried W16 is particularly 

tightly held. The table decomposes these data into energetic and entropic terms. Not 

surprisingly, release of these water molecules yields a consistently favorable entropy change 

but a more unfavorable energy change.

We also performed the same calculations with the bound ligands removed without 

re-optimizing the water conformations and protein. In this case, we can examine the 

contribution from compounds 9 or 18 to the water removal free energies. As shown in Table 

1, when compound 9 is absent, both water molecules are remarkably easier to be removed, 

with 2.2 and 1.5 kcal/mol smaller free energy cost to remove W16 and W84, respectively, 

as compared with the presence of compound 9. We think this is because compound 9 has a 

nitrogen positioned to accept an H-bond from W84, and the conformation of both the water 

molecules and their protein environment adjust to take advantage of this opportunity. As a 

consequence, removing compound 9 leaves the water molecules in a non-optimal state. In 

particular, W84 is trying to form an H-bond with the N-atom of compound 9, which is no 

longer present. This further disrupts the hydrogen bond network with W16 and thus affects 

the removal energy for W16 as well. In contrast, compound 18 does not H-bond with W84 

(Figure 1), so the water molecules and protein are already optimized for stability almost as 

if no ligand were bound. Thus, removing compound 18 has less effect on water stability than 

removing compound 9.

(2) Heat shock protein 90—When several water molecules are present in a protein 

pocket, they may form an energetically favorable hydrogen bonding network including the 

second shell of water molecules in the binding pocket. The chaperone protein heat shock 
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protein 90 (HSP90) is a potential target for cancer treatment. Wright et al. provided the 

crystal structure (PDB ID: 1UYF) of the HSP90alpha N-terminal domain complexed with 

a purine-based inhibitor, PU1, in which many water molecules were found in the vicinity 

of this ligand in the binding pocket[79]. For this specific protein–ligand system, we tried to 

identify the tightly bound water molecules and analyze the removal free energies for them. 

Besides the three water molecules that sit in the channel running from the ATP binding site 

behind the helix and out to solvent, making hydrogen bonds with two methoxy groups of 

the PU1 ligand and TYR139[79], we found another trio that correspond to water molecules 

W2063, W2146, W2277 in the 1UYF crystal structure. W2063 sits in the middle of the three 

water molecules and interacts with the amine group of PU1, SER52 and the other two water 

molecules; W2146 interacts with ILE91 and ASP93 and W2063; W2277 interacts with the 

purine ring of PU1, ASN51 and W2063 (Figure 2).

The calculated water removal free energies are listed in Table 2. All three of these water 

molecules are stably bound in the presence of the crystallographic ligand, with W2277 

most weakly bound and W2063 most strongly bound. Combined removal of multiple water 

molecules tends to cost a little less free energy (ΔG= 11.9 kcal/mol) than the sum of 

individual removals (sum ΔG = 12.8 kcal/mol), which indicates some cooperation in the 

binding of these water molecules to the protein–ligand complex. The computed energy (ΔE) 

and entropy (−TΔS) changes further elucidate the cooperation of these water molecules; ΔE 

and -TΔS values in removing all the three water molecules (ΔE = 36.9 and -TΔS= −25.0 

kcal/mol) are significantly different from the simple sum of individuals (sum ΔE = 46.9 and 

sum -TΔS= −34.1 kcal/mol). Our study suggests that these three water molecules should all 

be considered for better results in molecular docking and scoring practices.

(3) Tryptophan synthase—A protein binding site may exist deeply buried or in small 

compact cavities for water molecules; these positions bring challenges to a modeling 

program used to predict these hydration sites. To further examine whether considering 

detailed water effects could successfully predict stable ordered water molecules in a compact 

space, we used tryptophan synthase (TRPS) with an intermediate 2-aminophenol quinonoid 

(PDB ID: 4HPJ)[80] as a model system. TRPS is typically found as an α2β2 tetramer. In 

this specific crystal structure, TRPS binds F9 in its α-subunit and 2-aminophenol quinonoid 

in its β-subunit. We analyzed the β-subunit with the bound intermediate. Because the water 

molecules locate in a small space in this substrate-bound catalytic site, it is challenging to 

catch the hydration sites. With our strategy, we found two water molecules, corresponding 

to W525 and W593 in 4HPJ, within 5 Å of the ligand and reasonable results: removal free 

energies of −12.97 and −2.28 kcal/mol for W525 and W593, respectively, which indicates 

that W525 is much more stable than W593. W525 interacts with the phosphate group of the 

intermediate and plays an important role in the binding (Figure 3). W593 lingers around, 

forming no major interactions with TRPS or the ligand. It is an “unhappy” water molecule 

and could be displaced, providing a way to improve the potency of the ligand.

2. Correction of MM/PBSA calculation results

Guimaraes and Mathiowetz reported the first attempt to use WaterMap as a correction 

term to replace the protein desolvation term in the generalized-born (GB) model for 

Chen et al. Page 11

Phys Chem Chem Phys. Author manuscript; available in PMC 2024 January 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



improving MM/GBSA rescoring[81]. In WaterMap, protein and ligand entropic changes and 

intramolecular strain upon binding as well as ligand–solvent and protein–ligand interaction 

energies are excluded from the free energy calculations. In contrast, the MM/GBSA method 

includes most of the terms. However, WaterMap includes the loss of protein–solvent 

interactions when the cavity is created in the binding site, a term that is not reliably 

computed by the continuum solvation model. Therefore, WaterMap and MM/GBSA are 

complementary and could be used together and give promising results by the examination 

of a series of CKD2 and fXa inhibitors. Inspired by this idea, we strictly followed this 

strategy to score the same series of CDK2 and Factor Xa inhibitors. In our calculations, 

Amber force-field parameters were assigned to both the proteins and the ligands, and a 

Poisson-Boltzmann (PB) model was used to estimate the solvation energies.

In total, 29 CDK2 inhibitors and 19 Factor Xa inhibitors were used in this calculation. 

These congeneric series contain a reasonable number of compounds as well as activity data 

(Ki values for factor Xa series and IC50 values for CDK2 series) covering three orders 

of magnitude. The calculated MM/PBSA energies and the experimental data for these two 

series of inhibitors are plotted in Figure 4. MM/PBSA calculations neglect configurational 

entropy term, which acts as the penalty to the free energy and cancels most of the enthalpy 

term, thus leading to much more negative values in MM/PBSA energies than those of 

experimental ones. Use of MM/PBSA alone calculations for two systems, CDK2 and Factor 

Xa, resulted in only poor to moderate R2 values as in Figure 4A and Figure 4C, but the 

improvement with water energy correction is remarkable, for improved overall effectiveness 

and accuracy. Of note, in the MM/PBSA calculations (both alone and with water correction), 

the trajectories for the bound state are used to calculate the energies for the complex, the 

protein and the ligand. Also, the trajectories are not relaxed after the ligand removal for 

the protein energy calculations, which might account for the poorer performance of our 

MM/PBSA alone calculations as compared with the MM/GBSA calculations for the same 

series of proteins and inhibitors[81].

3. Water analysis in the protein–ligand association process

Because drug binding kinetics, such as the residence time, largely correlate with the drug’s 

efficacy in many protein systems, understanding a ligand’s binding kinetics and optimizing 

its kinetic profile can be advantageous for drug development. However, so far, little is known 

about the factors that govern the quantitative structure–kinetics relationship (QSKR). We 

used our water analysis strategy to investigate how water molecules may affect the binding 

kinetics of Ritonavir and xk263 to HIV protease (HIVp), a slow and a fast binder. The 

thorough presentation of this work has been published elsewhere[82]. In this paper, we focus 

on the water removal analysis and implications for drug kinetics.

We performed more than 50 classical MD simulations ranging from 200 ns to 14 

μs to examine the binding processes of xk263 and ritonavir. The fast binder xk263 

preferentially binds to HIVp with a semiopen-flap conformation, which reflects the induced-

fit mechanism. This binding is accomplished by the dehydration of surrounding water 

molecules, thereby allowing xk263 to directly interact with the protein and induce flap 

motion to allow xk263 access to the active site. The slower binder ritonavir successfully 
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binds to HIVp with an open-flap conformation, which reflects the conformation selection 

mechanism. Because of the more polar features of ritonavir, the hydration shell surrounding 

it weakens ritonavir’s ability to directly interact with the protease and induce flap motion; 

thus, ritonavir must wait for HIVp to sample an open conformation for favorable binding. 

However, computed interactions of HIVp and the ligand could not explain why xk263 

is a 1000-times faster binder than ritonavir. We then focused on the transient bridging 

water molecules that stayed between the protein and ligand for >100 ps. We selected 

conformations while a drug was approaching the protein to perform several 100-ps MD 

simulations. A frame was saved every 5 ps in the short MD runs, so we computed the 

removal free energy for 21 frames from each MD. The calculated removal energies fluctuate. 

For xk263, the water molecules we studied have removal energies of 1.5 to 2.0 kcal/mol, 

showing their loose binding capability to the HIVp–xk263 system. In fact, most transient 

bridging water molecules in the HIVp–xk263 system stayed for a considerably short period 

of time (i.e., 15 ± 5 ps). A closer inspection of the conformations reveals that water 

molecules have to form a network to bridge the ligand and the protein, and such a network 

appears to be vulnerable in the 100-ps MD run. In contrast, a water molecule between HIVp 

and ritonavir has an average removal energy of ~5.0 kcal/mol. This stable water molecule 

directly bridges the thiazole moiety of ritonavir and residues of HIVp (Figure 5) and seems 

very stable in the 100-ps MD run. The tight bridging water contributes longer intermediate 

states and slower binding processes for HIVp–ritonavir than HIVp–xk263. Compared with 

xk263, ritonavir has more polar functional groups that may contribute to the larger FE 

and longer dwell time of the transient bridging water molecules in the HIVp−ritonavir 

intermediate states. These polar functional groups provide more opportunities to form a 

hydrogen bonding network with the surrounding water molecules. This result sheds light on 

controlling binding kinetics by transient water molecules.

CONCLUSION

Water molecules in a binding pocket of a target protein should be considered in de novo drug 

design. Methods that accurately capture the effects with these water molecules improve 

protein–ligand docking and scoring. The improved methods also result in accurately 

predicting binding affinity and advancing the estimation of ligand binding kinetics. As 

discussed, our water analysis strategy can capture the key bridging water molecules and 

estimate their stability through removal free energy calculation in multiple protein–ligand 

systems. With the aid of our strategy, computations should save time and cost in drug 

discovery. It will guide docking programs to consider bridging water molecules explicitly 

and accurately help re-score the docked results, which will improve the results in the 

lead identification stage. Our strategies also allow for rigorous thermodynamic end-state 

analysis to dissect changes in enthalpy and entropy of water molecules in the free and bound 

state of a protein system, to assist in drug modification. We also demonstrated use of the 

strategy to post-analyze molecular dynamics simulation results and consider free energy 

contributions from crucial water molecules for estimating ligand association and dissociation 

energy barriers, which is linked to the drug-target residence time. Such knowledge could be 

advantageous in the context of lead optimization.
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Figure 1. 
(A) Molecular structure of compound 9; (B) molecular structure of compound 18; (C) 

interactions in the complex of PDE 10a and Compound 9; (D) interactions in the complex of 

PDE 10a and Compound 18. In (C) and (D), the protein residues involved in hydrogen bonds 

are in ball-and-stick, and ligands and water molecules are in licorice.
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Figure 2. 
The hydrogen bonding network among HSP90, PU1 and three water molecules. Molecule 

representations are the same as in Figure 1.
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Figure 3. 
Intermediate 2-aminophenol quinonoid in the catalytic site of TRPS β-subunit, together with 

two water molecules nearby.
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Figure 4. 
Correlation between the experimental free energies and MM/PBSA results. (A) MM/PBSA 

alone for CDK2 inhibitors; (B) MM/PBSA with water energy correction for CDK2 

inhibitors; (C) MM/PBSA alone for factor Xa inhibitors; (D) MM/PBSA with water energy 

correction for factor Xa inhibitors.
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Figure 5. 
Free energy needed to remove a specific water molecule during ritonavir dissociation. (A) 

A bridging water molecule was found between ARG8 of HIVP and ritonavir; (B) computed 

water removal free energy for this transient bridging water molecule with > 100-ps dwell 

time. An average removal free energy is ~5 kcal/mol.
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Scheme 1: 
Illustration of water removal, where red, green, white with two blue lines, white and blue 

background represent the protein, the ligand, a water molecule, a cavity and the continuum 

aqueous solution, respectively. A bound water molecule is removed from a protein-ligand 

complex (1) into bulk solution (3, 4), leaving just an empty cavity with the same shape as 

that of the water (2).
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Scheme 2: 
The free energy of a system of a protein and two water molecules, W1 and W2, can be 

decomposed into several energy components as shown in the matrix below. As an example, 

the shaded area has the components from the water molecule itself GW2, along with the 

water–protein interaction GProtein–W2, and the water–water interaction GW1–W2, and all 

together, they contribute to the water removal energy for W2.
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Table 1.

Removal free energies of water molecules W16 and W84 in the binding site of PDE 10a, with or without the 

presence of selected ligands. Unit: kcal/mol.

W16 W84

ΔG ΔE -TΔS ΔG ΔE -TΔS

with Compound 9 5.5 15.5 −10.0 1.0 10.7 −9.7

without Compound 9 3.3 13.3 −10.0 −0.5 7.7 −8.2

with Compound 18 2.7 12.4 −9.7 1.5 10.5 −9.0

without Compound 18 2.3 12.1 −9.8 1.5 10.4 −8.9
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Table 2.

Removal free energies of three water molecules in the binding site of HSP90 with the presence of PU1, 

removed individually, or pairwise, or all together. Unit: kcal/mol.

Water(s) Removed ΔG ΔE -TΔS

W2146 4.5 16.9 −12.4

W2063 6.3 17.8 −11.5

W2277 2.0 12.2 −10.2

W2146,W2277 6.4 26.1 −19.7

W2063,W2277 8.3 26.6 −18.3

W2146,W2063 10.6 28.6 −18.0

All of three 11.9 36.9 −25.0
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