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Abstract

Force field accuracy is still one of the “stalemates” in biomolecular modeling. Model systems with 

high quality experimental data are valuable instruments for the validation and improvement of 

effective potentials. With respect to protein–ligand binding, organic host–guest complexes have 

long served as models for both experimental and computational studies because of the abundance 

of binding affinity data available for such systems. Binding affinity data collected for cyclodextrin 

(CD) inclusion complexes, a popular model for molecular recognition, is potentially a more 

reliable resource for tuning energy parameters than hydration free energy measurements. 

Convergence of binding free energy calculations on CD host–guest systems can also be obtained 

rapidly, thus offering the opportunity to assess the robustness of these parameters. In this work, we 

demonstrate how implicit solvent parameters can be developed using binding affinity experimental 

data and the binding energy distribution analysis method (BEDAM) and validated using the Grid 

Inhomogeneous Solvation Theory analysis. These new solvation parameters were used to study 

protein–ligand binding in two drug targets against the HIV-1 virus and improved the agreement 

between the calculated and the experimental binding affinities. This work illustrates how 

benchmark sets of high quality experimental binding affinity data and physics-based binding free 

energy models can be used to evaluate and optimize force fields for protein–ligand systems.
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INTRODUCTION

Accurate force fields are essential for quantitative modeling of interatomic interactions that 

regulate biological processes such as protein folding, protein–ligand binding, and allostery. 

Physics-based molecular mechanics force fields make use of both quantum mechanical 

calculations on small fragments and experimental solution thermodynamic data for the 

parameterization of non-bonded terms, which is quite problematic for certain chemical 

groups. Measuring heats of vaporization and solvation free energies can be challenging 

especially for ionic molecules. Furthermore, accurate hydration free energy calculations 

using either quantum or classical mechanics are also very difficult for ionic molecules 

because of the large magnitude of their solvation free energy (Hirata et al., 1988; 

Hünenberger and McCammon, 1999; Shirts et al., 2003). In addition, experimental 

measurements for unusual ligands and functional groups are often unavailable. Therefore, 

alternative strategies are needed to improve the calibration of force field parameters.

Experimental binding affinity data from host–guest systems are an attractive, untapped 

resource for force field development. A large quantity of high quality experimental binding 

affinity data is available for host–guest systems, covering many different chemical 

functional groups. These data are obtained from isothermal calorimetric experiments, which 

directly account for the binding affinity, whereas IC50 measurements can also be influenced 

by inhibition mechanisms unrelated to ligand–receptor interactions (Cheng and Prusoff, 

1973; Heeres et al., 2005; Janssen et al., 2005). Indeed, calorimetric data have already been 

used to evaluate the current state of the art in free energy methods in a recent Statistical 

Assessment of the Modeling of Proteins and Ligands (SAMPL) competition (Muddana et 

al., 2012; Muddana et al., 2014). In addition, a thorough assessment of force field models is 

contingent on achieving sufficient exploration of conformational space. In this context, 

host–guest systems (Chang and Gilson, 2004; Chen et al., 2004; Rekharsky et al., 2007; 

Moghaddam et al., 2009; Moghaddam et al., 2011; Muddana and Gilson, 2012b), being 

much simpler and smaller than protein–ligand complexes, can serve a useful purpose. We 

and others (Chang and Gilson, 2004; Chen et al., 2004; Rekharsky et al., 2007; Moghaddam 

et al., 2009; Moghaddam et al., 2011; Gallicchio and Levy, 2012; Hamaguchi et al., 2012; 

König and Brooks, 2012; Lawrenz et al., 2012; Mikulskis et al., 2012; Muddana and Gilson, 

2012a; Muddana and Gilson, 2012b; Muddana et al., 2012; Wickstrom et al., 2013; Monroe 

and Shirts, 2014; Muddana et al., 2014) have shown that robust convergence of binding free 

energy estimates for these systems can be achieved with relatively modest computational 

cost. Computational ease allows for a thorough statistical analysis because a large number of 

binding affinity predictions can be used to identify, evaluate, and diagnose the potential 

issues with force field parameters. In addition, structure–activity relationships of host–guest 

complexes should be simpler to understand than protein–ligand systems, making them 

particularly useful for examining the accuracy of the force field for specific interactions. 

Lastly, but most importantly, host–guest binding free energy calculations involve the 
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complexity of the protein–ligand binding problem, typically lacking in standard 

parameterization schemes using only the free energy of transfer of a solute, by including 

both solute–solute and solute–solvent interactions. Therefore, we propose that binding 

affinity measurements and calculations on host–guest complexes can be used to overcome 

some of the present difficulties encountered during force field parameterization, resulting in 

improved force fields for modeling protein–ligand binding.

The host β-cyclodextrin (β-CD) is a popular model system for studying molecular 

recognition (Chen et al., 2004; Rekharsky and Inoue, 1998; Rekharsky and Inoue, 2000; 

Rekharsky and Inoue, 2002; Szejtli, 1998; Del Valle, 2004) because of its relatively simple 

molecular structure and the availability of experimental binding affinities. β-CD is a torus-

shaped, cyclic glucose oligosaccharide consisting of a hydrophobic core and hydrophilic 

rims composed of primary and secondary alcohols, respectively (Figure 1). These structural 

features make β-CD an attractive target for force field parameterization because they can 

coordinate with a variety of guests with different functional groups through nonpolar and/or 

polar interactions. There are also extensive experimental binding thermodynamic data for β-

CD host–guest systems. Many of these experiments have been archived in a comprehensive 

compilation by Rekharsky and Inoue (1998).

In this study, we calculate absolute binding free energies using the binding energy 

distribution analysis method (BEDAM; Gallicchio et al., 2010). BEDAM is based on a 

single direct alchemical coupling leg in implicit solvent and as a result overcomes several of 

the problems typically encountered by double decoupling schemes in explicit solvent. The 

difference between standard double decoupling in explicit solvent and BEDAM is that a 

standard double decoupling scheme (Gilson et al., 1997) involves two alchemical 

transformations: the first alchemical leg involves turning off the interactions of the ligand in 

the solvent, typically performed during solvation free energy calculations, and the second 

alchemical leg involves turning off the interactions of the ligand inside the binding site of a 

receptor; BEDAM only requires the second alchemical leg, which is performed using the 

AGBNP2 solvent model instead of explicit water molecules. The single pathway approach 

in BEDAM circumvents the difficulty of conventional formulations that obtain the binding 

free energy as the difference between large values, whose statistical errors combine 

additively. This feature makes our approach applicable to large and charged ligands not 

accessible by conventional free energy models. Implicit solvent also has several benefits 

over explicit solvent. The use of implicit solvent avoids the artifacts introduced by the 

treatment of long range forces, which are potentially an issue for charged species in explicit 

solvent (Reif and Oostenbrink, 2014; Rocklin et al., 2013). Convergence of the binding free 

energy can also be enhanced in implicit solvent, because of the lack of solvent friction and 

solvent fluctuations, such as when attempting to equilibrate specific waters in partially 

occupied sites inside the receptor binding pocket. As a result of its computational efficiency, 

BEDAM has been used to model very large datasets of protein–ligand complexes 

(Gallicchio et al., 2010; Gallicchio, 2012; Lapelosa et al., 2012; Gallicchio et al., 2014) as 

well as host–guest systems (Gallicchio and Levy, 2012; Wickstrom et al., 2013).

Unfortunately, there is a stigma associated with modeling solvent using standard continuum 

theories because of the tradeoff between speed and accuracy. One previous issue was a 
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tendency to underestimate the desolvation penalty for specific chemical groups, leading to 

overestimation of the stability of salt bridges and hydrogen bonds in peptides and proteins 

(Okur et al., 2008; Roe et al., 2007). Secondly, structural features of water, missing from 

continuum models, are essential for specific interactions (Ren et al., 2012), such as bridging 

waters in certain protein–ligand systems. Lastly, some of the effects that drive binding, such 

as the expulsion of thermodynamically unfavorable water molecules, are typically missing 

from these models, although these effects are thought to be important for binding in many 

host–guest and protein–ligand systems (Deng et al., 2011; Nguyen et al., 2012; Rogers et 

al., 2013). Most of these problems have been addressed in the past 15 years either by 

adjusting or modifying the functional form of parameters within the electrostatic term of the 

generalized Born model (Hassan et al., 2000; Onufriev et al., 2004; Rizzo et al., 2005; Zhu 

et al., 2007; Zhou et al., 2008; Hassan and Steinbach, 2011; Knight and Brooks, 2011; 

Nguyen et al., 2013) or by adding new terms to the functional form of the solvation 

expression that attempt to account for the nonlinear effects of the first solvation shell 

(Gallicchio et al., 2009; Corbeil et al., 2010; Fennell et al., 2011).

The focus of this work is to use binding affinity calculations on a series of host-guest 

systems to evaluate the performance of the force field and solvent model and, where 

necessary, adjust the parameters in the AGBNP2 implicit solvent model (Gallicchio and 

Levy, 2004; Gallicchio et al., 2009). AGBNP2 features a functional form that includes a 

generalized Born type expression for the solvation electrostatic effects and also includes 

solvation energy terms that account for first shell hydration effects explicitly. Both the GB 

electrostatic term and the hydration shell correction term make use of algorithms from 

computational geometry to calculate atomic overlaps (Grant and Pickup, 1995), as briefly 

described below. Modifications to the parameters for this hydration free energy term will be 

presented in this paper. In the first part of this study, we present work on the development of 

parameters that account for displacing thermodynamically unfavorable waters upon ligand 

binding in the β-CD host–guest system. In order to validate these adjustments, we 

investigated the effects of displacing water in the cavity of an apo structure of β-CD using 

explicit solvent simulations and a grid-based implementation of Grid Inhomogeneous 

Solvation Theory (GIST; Lazaridis, 1998; Nguyen et al., 2012). In the first implementation 

of GIST, Nguyen et al. investigated the hydration of cucurbituril-7 (CB-7), noting the 

extreme unfavorability of water inside the cavity (Biedermann et al., 2012; Nguyen et al., 

2012). For β-CD, we connect the GIST thermodynamic analysis to AGBNP2 parameters that 

account for water expulsion effects in the cavity (Wickstrom et al., 2013).

The second part of this study addresses the parameterization of the carboxylate functional 

group. We previously presented a large scale binding affinity study on β-CD host–guest 

systems in which we evaluated global and local binding thermodynamic trends successfully 

using BEDAM absolute binding free energy calculations (Wickstrom et al., 2013). This 

large set included guests containing alkyl, aromatic, amine, amide, and ester functional 

groups. Here, we expand this set to include a group of carboxylate-containing guests. Initial 

tests indicated particularly large errors for compounds with the carboxylate functional 

group. Subsequent adjustments to the solvation parameters of the carboxylates improve the 

agreement between the calculated and experimental binding affinities for β-CD host–guest 
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systems. In addition, GIST analysis confirms the favorable solvation patterns, which are 

accounted for in the AGBNP2 model. To our knowledge, this is the first report of using 

large scale binding free energy calculations of host–guest systems to optimize force field 

parameters. Lastly, we show that implementation of these optimized parameters results in 

better agreement between the calculated and experimental binding affinities of several 

allosteric inhibitors to HIV-1 protease (HIV-PR) and improves the enrichment results from 

virtual screening of candidate ligands against the LEDGF binding pocket of HIV integrase.

METHODS AND MATERIALS

Computational details for β-CD simulations

BEDAM calculations were performed on 33 β-CD host–guest systems (Rekharsky and 

Inoue, 1998; Rekharsky and Inoue, 2000; Rekharsky and Inoue, 2002), where the guests all 

had ionic carboxylate functional groups (see Table S1 in the Supporting Information). 

Details of the guest selection and preparation are described in the previous study on β-CD 

host–guest systems (Wickstrom et al., 2013). Binding free energies were obtained using the 

OPLS-AA force field (Jorgensen et al., 1996; Kaminski et al., 2001) and the AGBNP2 

(Gallicchio and Levy, 2004; Gallicchio et al., 2009) implicit solvent model. AGBNP2 

includes an analytical pairwise descreening implementation of the generalized Born model 

for the electrostatic term (Gel), a non-polar hydration free energy estimator for the non-

electrostatic term (Gnp), and a hydration correction term (Ghyd).

(1)

Ghyd accounts for the first shell hydration effects not accounted for by linear dielectric 

screening, such as hydrogen bonding with solvent and water ordering in the receptor binding 

site. The hydration correction term is estimated using an analytical intermolecular hydrogen 

bond potential described by the following expression:

(2)

where S(pw) is a switching function, based on the fraction pw of solvent-occupied volume in 

the hydration site “w” of the first solvation shell of hydrogen bonding donor and acceptor 

groups of the solute, and hw is an empirical parameter that accounts for the water–solute 

interactions not accounted for by the force field and solvation model. This correction 

parameter depends on the atom type of the solute (hydrogen bonding donor or acceptor, or 

non-polar hydrogen). The sign of this component determines whether the interactions 

formed with the solvent are potentially favorable or unfavorable, while its magnitude 

determines the strength of the excess interaction with water. In this work, we describe the 

parameterization of the hw correction factor for non-polar hydration sites, which model the 

effects of expelling unfavorable waters from the host, and polar hydration sites on the 

oxygen atoms of carboxylate functional groups of the guests, which account for favorable 

solute–water interactions (Figure S1 in the Supporting Information). Additional details about 

the parameterization are included in the Supporting Information.
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We implemented BEDAM using Hamiltonian replica exchange molecular dynamics (H-

REMD) and reservoir-REMD (Lyman et al., 2006; Okur et al., 2007; Roitberg et al., 2007) 

for our binding free energy simulations within the IMPACT program (Banks et al., 2005). 

Simulation settings with the unmodified parameters were similar to the previous study, 

except that the number of replicas was increased in order to optimize convergence for 

charged ligands. Thus, the H-REMD simulations were conducted using 24, rather than 16, 

replicas at values of the coupling parameter λ set to 0.0, 0.001, 0.002, 0.004, 0.005, 0.006, 

0.008, 0.01, 0.02, 0.04, 0.07, 0.1, 0.25, 0.5, 0.55, 0.6, 0.65, 0.7, 0.75, 0.8, 0.85, 0.9, 0.95, and 

1.0 for the BEDAM simulations using the new hydration parameters for the carboxylate 

guests. These simulations were performed for 5 ns per replica (Figure S2 in the Supporting 

Information).

Computational details for the HIV protease and HIV integrase simulations

HIV protease—The BEDAM simulations were performed on two ligands of HIV Protease: 

1F1 and 1F1-N, which bind at the flap site of the enzyme (Figure 2). The initial structures of 

the complexes with 1F1 and 1F1-N were obtained from the PDB (PDB IDs 3KFR 

(Perryman et al., 2010) and 4EJL (Tiefenbrunn et al., 2013)). The crystal structure was 

prepared at pH 5.6. Both PDB structures were first solvated in a TIP3P (Jorgensen et al., 

1983) octahedral water box and equilibrated for 5 ns at 300 K. The waters were removed 

from the systems, and each system was minimized using the AGBNP2 implicit solvent 

model. The systems were gradually thermalized at 300 K in 75 ps and equilibrated at 300 K 

for an additional 75 ps before the production run.

The BEDAM simulations of the two HIV-PR complexes were performed for 3 ns per replica 

(approximately 96 ns of total simulation time; Figure S3 in the Supporting Information). H-

REMD simulations were conducted using 16 lambdas: 0.0, 0.001, 0.002, 0.004, 0.006, 

0.008, 0.01, 0.02, 0.04, 0.07, 0.1, 0.25,0.4, 0.55, 0.75, and 1.0. The binding site is defined as 

a sphere with a radius of 2 Å from the center of mass of residues 44, 46, 55, and 57 of chain 

B of the HIV-PR dimer (Figure 3). Whenever the ligand center (here, the nitrogen atom in 

ligands 1F1 and 1F1N) falls within the binding site volume, the ligand is considered as in 

the bound state. The Cα atoms of the receptor were restrained with a force constant of 2.0 

kcal/mol/Å2. Structures were saved every picosecond. The last 2 ns of data were used for 

analysis. Details about the parameterization and analysis are included in the Supporting 

Information.

HIV integrase—The BEDAM simulations were performed on 10 candidate ligands 

targeting the LEDGF binding site of HIV integrase (Tables S5 and S6 in the Supporting 

Information) in the recent SAMPL4 simulation (Gallicchio et al., 2014; Mobley et al., 

2014). Most of the available experimental binding affinity data determined whether these 

ligands were binders or non-binders (Peat et al., 2014). The only binding affinity data point 

available for the tested true positives is AVX17557. Five of these ligands were experimental 

binders, while the other five ligands were non-binders. In the previous study, the new 

AGBNP2 carboxylate parameters, which are described in this paper, were used for the 

binding affinity calculations of HIV integrase and a library of potential inhibitors. In this 

work, we apply the original AGBNP2 carboxylate parameters to the 10 candidate ligands 
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using the same simulation and setup protocol as the previous study (Gallicchio et al., 2014). 

The ligands are ranked based on a free energy score, which takes into account the binding 

free energy and an energetic penalty for unfavorable ionization states.

RESULTS AND DISCUSSION

In this section, we report results involving the use of BEDAM free energy calculations to 

parameterize force field parameters. We focused in particular on parameters of the AGBNP2 

implicit solvent model accounting for first shell hydration effects. In the present case of 

binding to β-CD, first shell contributions can be favorable or unfavorable toward solvation. 

In both cases, GIST analysis justifies these aspects of the model and the modifications we 

have applied. Lastly, we apply the optimized parameters to the binding of a novel class of 

allosteric inhibitors of HIV-PR and HIV-1-integrase and show that they lead to improved 

agreement with measured binding affinities and enhance enrichment in virtual screening 

applications.

Can implicit solvent models mimic specific water–solute interactions?

One of the challenges of using implicit solvent models is the modeling of the effects of 

structural waters and water expulsion upon binding. To address this, our lab developed the 

AGBNP2 implicit solvent model, which incorporates the effects of favorable and 

unfavorable hydration (Gallicchio et al., 2009; Wickstrom et al., 2013) originating from 

specific sites on the surface of the solute. This was achieved by geometrical and energetic 

predictor terms that mimic hydrogen bonding and water enclosure effects. Each accessible 

hydration site contributes to the overall hydration free energy of the solute according to 

Equation 2, where pw accounts for the accessible volume of the hydration site and hw is an 

adjustable interaction energy parameter. The original AGBNP2 parameterization involved 

training solvation free energies against experimental data for small organic molecules and 

comparing conformational ensembles of peptides obtained with implicit and explicit 

solvation models (Gallicchio et al., 2009). More recently, we reported hydration parameters 

to model the effects of expelling unfavorable water molecules from within the binding 

cavity of β-CD (Wickstrom et al., 2013). Water enclosure is a very important factor because 

dehydration of the cavity of β-CD and other similar host–guest systems has been noted to be 

key for binding (Taulier and Chalikian, 2006; Biedermann et al., 2012; Nguyen et al., 2012; 

Rogers et al., 2013).

The AGBNP2 parameterization was augmented to include two hydration sites for each 

glucose monomer pointing in toward the buried interior of the β-CD host (Figure S4 in the 

Supporting Information and Figure 4 Wickstrom et al., 2013). Each solvent-occupied 

hydration site was assigned a positive (unfavorable) hydration correction energy (hw) to 

mimic the effect of water enclosure. Upon binding, guests would occupy these positions in 

the cavity, resulting in a boost to the binding free energy of the host–guest complex because 

of the removal of enclosed water molecules and their transfer to the bulk. Calculated and 

experimental binding free energies of a small group of β-CD host–guest systems were used 

to train the hw parameter, representing the magnitude of the free energy of water expulsion, 

for these hydration sites (Table 1). Four different values were tested for the hw correction 

term: 0.4, 0.5, 0.6, and 0.7 kcal/mol. The best agreement between calculated and 
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experimental binding affinities for the training set was obtained with hw = 0.6 and hw = 0.7 

based on RMSD. However, the average calculated binding affinities obtained using hw = 0.6 

gives the closest estimation of the average experimental binding affinity of the training set 

than the binding affinities obtained using hw = 0.7. From the data in Table 1, it is apparent 

that including water enclosure parameters is necessary to achieve reasonable agreement 

between our calculations and experiments and that hw = 0.6 is the suitable correction energy 

value to scale the free energy of water expulsion. In the next section, we discuss the further 

justification behind this parameterization using GIST.

Justification for the water site parameterization using grid inhomogeneous solvation 
theory analysis

The expulsion of water from unfavorable sites is a key factor in molecular recognition and 

binding. The recent focus of many computational groups is the development of tools that 

evaluate the importance of water in this process (Li and Lazaridis, 2006; Young et al., 2007; 

Abel et al., 2008; Michel et al., 2009; Yu and Rick, 2009; Baron et al., 2010; Nguyen et al., 

2011; Nguyen et al., 2012). Some approaches, such as Watermap (Young et al., 2007; Abel 

et al., 2008), determine the solvation thermodynamics of high occupancy, single water sites 

relative to bulk water. GIST maps out the solvation patterns on a grid around a molecule of 

interest in order to analyze the solvation thermodynamics of high and low density regions of 

waters; this eliminates the need for defining specific water sites within a binding site 

(Nguyen et al., 2012). GIST was first used to analyze the hydration of the host CB-7, in 

which the binding cavity was noted to have an unfavorable free energy relative to bulk 

water. In this work, we evaluate the hydration pattern within and around the β-CD host using 

GIST in order to compare the treatment of hydration inside the cavity of β-CD by the 

AGBNP2 implicit solvent model with the behavior of explicit water molecules.

We calculated a GIST solvation free energy map using a 100-ns trajectory of an apo 

structure of β-CD in explicit solvent. Figure 4 shows the regions where the solvation free 

energy per water is unfavorable. Notably, there is a toroidal region (colored in purple) inside 

the cavity where the solvation free energy is unfavorable by 2.0 kcal/mol or more per water 

relative to bulk solvent. This solvation free energy is a combination of both unfavorable 

solvation energy, composed of slightly favorable solute–water energies and overwhelmingly 

unfavorable water–water energies, and the decreased entropy of the water inside this 

hydrophobic enclosure, relative to bulk water. The water molecules in the β-CD cavity are 

unfavorable energetically because of their inability to form the same number of hydrogen 

bonds as observed in bulk. This inability is largely due to the solvent excluded volume 

inside β-CD reducing the number of water neighbors available to form hydrogen bonds with 

each enclosed water molecule. The solvation entropy is also unfavorable inside the cavity 

because of the orientational and translational ordering that the water molecules need in order 

to form these hydrogen bonds with their limited number of water neighbors. The observation 

of unfavorable hydration sites inside the host cavity is consistent with previous work on a 

similar cylindrical enclosure for CB-7 (Nguyen et al., 2012). The 14 AGBNP2 hydration 

sites used in our model of β-CD have significant overlap with the toroidal region identified 

by GIST analysis. We therefore conclude that the modeling of water expulsion in β-CD 
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modeled by the positive hydration correction energy terms in AGBNP2 is qualitatively 

justified by the GIST analysis.

Description of results with initial parameters

Computed binding free energies with original parameter set—The BEDAM 

simulations were conducted for 33 complexes of β-CD with a diverse set of ligands 

containing a carboxylate functional group (Tables S1 and S2 in the Supporting Information). 

The results are summarized in Figure 5, along with the results from a previous study of 57 β-

CD host–guest systems (Wickstrom et al., 2013) lacking carboxylate groups. Relative to the 

experimental standard binding free energies, the overall Spearman correlation coefficient 

and RMS error of the computed values are 0.46 and 2.25 kcal/mol, respectively (Figure 5, 

left panel). This accuracy is consistent with previous work on host–guest systems (Muddana 

et al., 2012; Muddana et al., 2014; Wickstrom et al., 2013). Inspection of Figure 5 reveals 

that guests with carboxylate groups represented the most problematic set for the 

computational model: β-CD host–guest systems in this class had the highest RMS deviation 

from the experiments (3.14 kcal/mol) and the lowest percentage of correct predictions 

(29%), calculated binding affinities that were within 2.0 kcal/mol of the experimental 

affinity, compared with the guests with other functional groups, for which the RMS 

deviation and percentage of correct predictions are 1.5 kcal/mol and 83%, respectively. This 

finding represented a clear indication that the force field parameters for the carboxylate 

group required further refinement.

Development of optimized hydration site parameters for carboxylate 
functional groups—Overall, the calculated binding affinities were underestimated 

relative to the experimental affinities by ~3.0 kcal/mol for carboxylate-containing guests. As 

detailed below, we attributed this large deviation to overestimation of the desolvation 

penalty for the carboxylate functional group. In order to address this issue, we focused on 

adjusting the hw parameter for the hydration sites surrounding the oxygen atoms on the 

carboxylate functional group, so as to better represent β-CD binding affinity data.

These hydration sites are located in positions where waters would potentially form hydrogen 

bonds with the carboxylate as described in the Methods and Materials section. The 

unoccupied sites are given an energetic reward for the favorable solute–solvent water 

interactions based on hw. This hw parameter was originally introduced to increase the 

desolvation penalty, which would result in a decrease in the number of salt bridges in model 

peptides predicted by the AGBNP model relative to explicit solvation (Gallicchio et al., 

2009). However, these host–guest systems are stabilized by different interactions than 

observed in salt bridges; it is apparent that this parameterization strategy yielded an overly 

favorable hydration free energy for the carboxylate group relative to the interactions with the 

host. We therefore increased the value of hw solvation parameter from −1.25 kcal/mol to 

−0.75 kcal/mol to weaken the desolvation penalty for the carboxylate group and thereby 

increase the binding affinity for β-CD (Supporting Information).

The correction generally makes binding more favorable, as anticipated. When these energy 

parameters are applied to the full set of 33 ionic carboxylic acids, the RMS error for this set 
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is reduced from 3.14 to 1.86 kcal/mol, and the number of correct predictions increased from 

27% to 67%. Over all of the β-CD complexes investigated, the optimized parameters yield a 

Spearman rho of 0.59 and an RMS error of 1.62 kcal/mol, thereby providing an overall 

superior model (Figure 5).

In order to evaluate the realism of the updated hydration site placements, we calculated a 

GIST solvation free energy map using a 100-ns trajectory of hexanoate in TIP3P explicit 

solvent. Figure 6 shows the regions of high water density with favorable solvation (ΔGsolv ≤ 

−0.25 kcal/mol). Each oxygen atom of the carboxylate group is surrounded by a favorable 

ring of solvation free energy. Similar hydration patterns are observed around the carboxylate 

group of glutamate side chains in proteins based on X-ray diffraction data (Thanki et al., 

1988). These maps reflect a combination of the favorable solvation energies and unfavorable 

solvation entropies because of the interactions between water molecules and carboxylate 

oxygens. The favorable solvation energy is due to the formation of approximately three 

hydrogen bonds between each oxygen and the surrounding waters. These interactions are 

penalized by the solvation entropy, which accounts for the ordering of the water around the 

oxygen atom allowing for favorable hydration. The AGBNP2 hydration sites overlap with 

these favorable regions of solvation around the carboxylate oxygens, accounting for in-plane 

and out-of-plane hydrogen bonding between water and the oxygen atoms. These results 

confirm that the locations of AGBNP2 hydration sites are appropriately selected to model 

the favorable hydration around the carboxylate group.

Physical basis for the reparameterization

One of the strengths of physics-based models of binding, such as BEDAM, is the explicit 

treatment of entropic and internal conformational strain effects, collectively identified as 

reorganization free energy effects. Indeed, neglecting such terms produces a model in clear 

disagreement with the experiments (RMS deviation = 14.9 kcal/mol for the 33 carboxylate 

guests). It is interesting therefore to note the effect of the new parameterization on the 

energetic and reorganization free energy components of the binding free energies of the 

complexes. With the new parameters (see also Figure 7(A)), we observe a shift in the 

binding energies toward more favorable values (−23.4 kcal/mol on average compared with 

−17.4 kcal/mol). This is consistent with the goals of reparameterization, which were to 

adjust the free energy of solvation to strengthen host–guest interactions, thereby improving 

the agreement between the experimental and calculated binding affinities for these β-CD 

host–guest systems. The predominant effect of the new parameters on the β-CD + 

carboxylate guest binding modes is more hydrogen bonds between the host and the guest, 

because of the reduction in the solvation penalty upon binding, which translates into more 

favorable binding energies and affinities (Figure 8 and Tables S3 and S4 in the Supporting 

Information). Nevertheless, the reorganization free energies are also affected (Figure 7B and 

Table S3 in the Supporting Information), becoming more unfavorable with the new 

parameters (22.2 kcal/mol on average compared with 17.6 kcal/mol). This change is due to 

the decrease in the solvation penalty for binding, which enables the guest to form stronger 

interactions with the host, resulting in a loss of conformational entropy and an increase in 

the conformational strain energy for both the host and the guest. This example shows that 

one must be aware that modifications aimed, for example, at adjusting interaction energies 
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could cause opposite effects to the reorganization free energy component. It is therefore 

crucial that both energetic and entropic effects be considered in force field parameterization 

of the kind described here.

Binding free energies of ligand inhibitors to an allosteric site on HIV Protease

Recently, a new potentially allosteric binding site has been discovered on the top of the flaps 

of HIV-PR using docking and experimental assays (Figures 2 and 3; Tiefenbrunn et al., 

2013). Two ligands, 1F1 and 1F1N, were found to bind to this site of HIV-PR with 

micromolar affinity. Both ligands contain an indole and a carboxylate group but differ in the 

substitution position on the indole ring. In 1F1N, the carboxylate group is linked to the 

indole group by two methylenes. Despite the structural differences, these two ligands have 

similar affinity to HIV-PR (within 1.0 kcal/mol). As seen in Figure 3, the two ligands adopt 

similar predicted binding modes, featuring a salt bridge between the carboxylate ion and 

Arg57 side chain, and a hydrogen bonding interaction between the indole nitrogen on the 

ligand and the backbone carbonyl oxygen of Val56.

The BEDAM simulations were conducted for the HIV-PR complexes with 1F1 and 1F1N, 

using both carboxylate parameter sets. The results are reported in Table 2. Using the original 

carboxylate parameter set, the calculated binding free energies were more than 2.7 kcal/mol 

less favorable compared with the experimental binding affinities. With the new carboxylate 

parameters developed from the analysis of the host–guest systems, the binding affinities for 

1F1 and 1F1N to the allosteric binding site on HIV-PR become 3.5 and 2.1 kcal/mol more 

favorable relative to the old parameters, which brings the calculated values to within 0.6 

kcal/mol of the experimental affinities.

In Table 2, we also report the average binding energies and reorganization free energies for 

the HIV-PR complexes with 1F1 and 1F1N. Relative to 1F1, 1F1N binding is associated 

with a more favorable binding energy offset by a more unfavorable reorganization free 

energy. This reflects a compensatory effect between the binding energy and reorganization 

free energy in these systems. The stronger binding energy for the 1F1N is attributable in part 

to the two extra methylene groups, which are able to form stronger hydrophobic interaction 

with the protein. This gain in the binding energy is however offset by the penalty because of 

the energetic strain and the conformational entropy loss, resulting in very similar binding 

free energies for the two ligands. It is also of interest to note that, for both ligands, switching 

to the new parameter set causes the binding energy, Ebind, to become more favorable by 

about −3 kcal/mol, while the associated increase in the reorganization free energy penalty is 

considerably smaller at ~1 kcal/mol. Examination of the BEDAM structures sampled for the 

fully coupled ensemble (λ = 1) confirms that there is no change in the binding mode with 

new parameters. Taken together, these observations suggest that the effect of the new 

parameters is mainly to strengthen the ligand–receptor interaction through the enhancement 

of the salt bridge between the carboxylate moiety on the ligand and Arg57 through the 

reduction of the desolvation penalty with the new parameters.

Wickstrom et al. Page 11

J Mol Recognit. Author manuscript; available in PMC 2016 January 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Virtual screening of HIV integrase inhibitors

The optimized carboxylate parameters were also applied to another important drug target, 

HIV integrase. Recently, Gallicchio et al. reported results of a virtual screening experiment 

to identify binders from a library of candidate ligands against HIV integrase using 

AutoDock Vina, followed by BEDAM calculations in the recent SAMPL4 blind challenge 

(Gallicchio et al., 2014). The study focused on ligands that targeted the LEDGF binding site. 

Many of the ligands contained carboxylate functional groups (Figure 9 and Tables S5 and 

S6 in the Supporting Information). Using this docking/free energy screening protocol and 

new AGBNP2 parameters developed from host–guest system binding affinity data, this 

work reported the second highest enrichment among all 26 submissions in SAMPL4 

(Mobley et al., 2014; and the highest enrichment among the 25 purely computational 

submissions) and identified the five experimental binders in the list of the top 10 predicted 

binders.

To test whether the new parameters played a role in the accuracy of the SAMPL4 

predictions, we performed BEDAM simulations of the five experimental binders and five 

true negatives using the original solvation parameters. Table 3 reports the free energy scores 

for each ligand. With the new carboxylate parameters, the binding affinities for the true 

binders become 3.0 kcal/mol more favorable relative to the old parameters on average. 

Based on these results, only three of the true experimental binders would be identified in the 

top 10 calculated binders with the old parameters, which would decrease the overall 

enrichment factor by 50%. The biggest affinity shift is observed in AVX38753_3_1, which 

contains two carboxylate groups unlike the other true positives. The binding affinities of the 

true negatives also became slightly more favorable, except for AVX38789_3, but remained 

in the category of non-binders. Overall, the solvation parameters improve the enrichment 

results from the virtual screening by making the binding affinity more favorable for true 

experimental binders of HIV integrase.

Implications of this parameterization strategy

In this work, we show how host–guest binding affinity data can be used to optimize force 

field and implicit solvent model parameters. In this specific application, we developed 

hydration parameters for the AGBNP2 solvent model to account for the expulsion of water 

molecules from the binding cavity of the β-CD host and desolvation of carboxylate groups. 

However, host–guest affinity data are likely to be useful for potential model validation and 

optimization in general, including the optimization of implicit solvent models as well as 

explicit solvation ones.

It is worth noting that the optimized carboxylate parameters described here were also used in 

the blinded SAMPL4 prediction challenge, where excellent results were obtained for HIV 

integrase ligand screening (Gallicchio et al., 2014) and binding affinity predictions for the 

octa-acid host–guest system (Muddana et al., 2014; Gallicchio et al. 2015). Furthermore, the 

AGBNP2 polar hydration site parameters, viewed as short range corrections to the 

continuum electrostatic treatment, are generalizable to many different systems. The 

carboxylate parameters for AGBNP2 were originally trained to decrease the formation of 

salt bridges in peptides (Gallicchio et al., 2009) and used explicit solvent simulations as a 
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benchmark. The revised parameters decreased the strength of the ionic interactions, which 

are relevant for binding (Table 2 and Table 3) of these HIV-PR and HIV-integrase inhibitor 

complexes. These parameters also affected the binding of β-CD host–guest systems, even 

though there were different groups involved in stabilizing the bound state (i.e., hydroxyl 

group from β-CD forming a hydrogen bond with the oxygen on the carboxylate).

In contrast, AGBNP2 hydration parameters can be specialized to account for complicated 

hydration patterns in binding sites. Water configurations are highly influenced by the overall 

chemical nature, curvature, and topology of a binding site, which is highly dependent on the 

cooperativity of sidechain packing. AGBNP2 hydration sites can be incorporated into a 

binding site to account for these effects. For example, non-polar hydration sites can be used 

to model the effects of unfavorably enclosed water molecules in hydrophobic enclosures, 

formed by several non-polar chemical groups. However, these effects are not limited to 

regions of non-polar hydration. Polar hydration sites can be used to model complex water 

structure formed within a binding site, such as a correlated H-bond network involving 

multiple water molecules and polar side-chains (Young et al., 2007). For simple host–guest 

systems, such as β-CD, these hydration sites can be placed based on the symmetrical 

features of the host molecule and calibrated using binding affinity data. In contrast, this type 

of parameterization is more challenging for a protein receptor where the structural details are 

more complicated and require site placement and perhaps different hydration correction 

energies for different regions of a binding site. In addition, the protein of interest may not 

have a large set of reliable binding affinity data to tune those parameters. In this situation, 

GIST can play an important role in characterizing the solvation profiles of different receptor 

binding sites, which can be used to properly calibrate the AGBNP2 hydration sites. Overall, 

this work illustrates the suitability of GIST to analyze hydration properties of molecules and 

its potential application toward the parameterization of continuum solvent models of 

hydration.

Furthermore, this methodology can be used with different host–guest systems to target more 

specific interactions in protein–ligand systems. β-CD host–guest systems are stabilized by 

hydrophobic packing between non-polar groups on the host and guest; however, the β-CD 

cavity may not be the best proxy for enclosed hydrophobic surfaces in proteins because of 

its shallow nature and solvent exposure. The binding of β-CD host–guest systems is also 

limited to polar interactions between hydroxyl groups and the chemical groups on the 

guests. However, experimental binding affinity data exists for other host–guest systems that 

are capable of targeting a variety of chemical moieties and geometries. For example, acyclic 

CB-7 host–guest systems studied in SAMPL3 can mimic salt–bridge interactions observed 

in proteins (Muddana et al., 2012), and the octa-acid host–guest systems studied in 

SAMPL4 provide a better model system to study the hydrophobic effect due to the 

hydrophobic curvature of the octa-acid cavity (Muddana et al., 2014). Nevertheless, this 

work should motivate the design of new host–guest systems that can serve as better models 

of protein–ligand systems.
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CONCLUSION

We have shown that large scale binding free energy calculations and corresponding high 

quality experimental datasets can be useful for force field parameterization purposes. Most 

force field development work has focused on employing solvation free energy calculation to 

evaluate the quality of non-bonded parameters (Mobley et al., 2007; Mobley et al., 2012; 

Shivakumar et al., 2009; Shivakumar et al., 2010; Shivakumar et al., 2012; Sulea and 

Purisima, 2012). However, non-bonded interactions of ionic compounds are difficult to 

probe computationally and experimentally by hydration free energy measurements. In this 

work, we show that β-CD host–guest systems can be used to train force field parameters, 

and those parameters can then be applied to accurately model binding processes for larger 

protein–ligand systems. The approach demonstrated here, illustrated in the context of an 

implicit solvent model, is equally valid for the parameterization of explicit solvent force 

fields. Future work will explore the transferability of the new parameters to more diverse 

systems, using other host–guest systems with this parameterization method and applying 

quantitative GIST data to this optimization process.
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Figure 1. 
3D conformation of β-cyclodextrin. Carbon atoms are shown in cyan, oxygen atoms are 

shown in red, and hydrogen atoms are shown in white. Hydrogens are only shown for 

hydroxyl groups.

Wickstrom et al. Page 20

J Mol Recognit. Author manuscript; available in PMC 2016 January 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
2D chemical structures of the HIV-PR allosteric inhibitors.
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Figure 3. 
Predicted binding modes of 1F1 (PDB code 3KFR; Perryman et al., 2010) and 1F1N (PDB 

code 4EJL; Tiefenbrunn et al., 2013) in complex with HIV protease. The yellow dashed 

lines indicate protein-ligand intermolecular hydrogen bonds.
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Figure 4. 
GIST contour plots of the solvation free energy density in and around β-CD. Contours at 

+2.0 kcal/mol/water are shown in purple. The AGBNP2 hydration sites in the cavity are 

shown in blue.
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Figure 5. 
Comparison of the experimental versus the calculated standard binding free energies (ΔGb) 

with the original (left panel) and optimized (right panel) parameters for the AGBNP2 

solvent model for all of the host–guest systems. The binding free energy data are presented 

for the 33 guests with (purple) and the additional 57 guests without carboxylate functional 

groups (black). The R2, Spearman rho (ρ), and RMS error are calculated for the set of 90 β-

CD host–guest systems in each panel. The line is the x = y line.
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Figure 6. 
GIST contour plots of the solvation free energy around hexanoate. Contours at −0.25 

kcal/mol per water are shown in purple. The hydration sites in the cavity are shown in blue. 

The figure is showing two orientations of the same molecule.
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Figure 7. 
Comparison of the (A) binding energy and (B) the reorganization free energy of the β-CD 

complexes with carboxylate guests using the original and optimized parameters for the 

AGBNP2 solvent model.
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Figure 8. 
Predicted binding modes of β-CD with flurbiprofen (on the left) and N-t-boc alanine (on the 

right). The green dashed lines represent host-guest intermolecular hydrogen bonds.
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Figure 9. 
Predicted binding mode of AVX17557_3 in the LEDGF binding site of HIV integrase. The 

green dashed lines indicate protein-ligand intermolecular hydrogen bonds.
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Table 1

Comparison of calculated and experimental binding affinities for a training set of β-CD host–guest systems, 

varying the weight of the unfavorable free energy of enclosed water molecules

hw 0
b

0.4
a

0.5
a

0.6
a 0.7

Guests Δ G ° exp Δ G ° calc Δ G ° calc Δ G ° calc Δ G ° calc Δ G ° calc

Benzene −2.77 −0.37 −2.44 ± 0.03 −3.07 ± 0.04 −3.69 ± 0.07 −4.01 ± 0.05

Resorcinol −2.77 1.95 −0.28 ± 0.05 −0.78 ± 0.04 −1.47 ± 0.05 −1.90 ± 0.05

Naproxen −4.33 −1.08 −3.42 ± 0.15 −3.79 ± 0.14 −4.85 ± 0.13 −5.00 ± 0.12

Nabumetone −4.59 −1.35 −3.18 ± 0.11 −3.70 ± 0.06 −4.31 ± 0.08 −4.54 ± 0.10

RMSD 3.57 1.51 1.13 0.85 0.83

Average ΔG −3.62 −0.22 −2.33 −2.84 −3.58 −3.86

a
Data were included in the previous study of β-CD (Wickstrom et al., 2013).

b
Binding free energies were calculated from a linear extrapolation of the previous binding free energy data points.
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Table 2

Comparison of experimental and calculated binding free energies of 1F1 and 1F1N to the allosteric site of 

HIV-PR using the original and optimized solvation parameter for the carboxylate moieties

Ligand name Parameters Δ G ° exp Δ G ° calc Δ E bind Δ G ° reorg

1F1 Original −6.6 −3.0 ± 0.53 −19.25 ± 0.34 16.25 ± 0.76

New −6.6 −6.5 ± 0.44 −22.15 ±0.31 15.65 ± 0.65

1F1N Original −7.3 −4.6 ± 0.17 −22.19 ± 0.68 17.59 ± 0.61

New −7.3 −6.7 ± 0.11 −25.15 ± 0.72 18.45 ± 0.81

The error bars are estimated by block averaging by dividing the full trajectory into five blocks. All values in kcal/mol.
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Table 3

Comparison of free energy scores to the LEDGF binding site of HIV-integrase using the original and 

optimized solvation parameters (Gallicchio et al., 2014) for the carboxylate moieties

True positives True negatives

New Original New Original

AVX17557_3 −8.92 −6.12 AVX38784_7 4.38 4.97

AVX17556_3 −8.24 −3.92 AVX38787_0 4.51 4.61

AVX17285_0 −7.40 −6.05 AVX38782_2 4.52 4.85

AVX38753_3_1 −7.37 −1.89 AVX38788_2 4.70 4.92

AVX101124_1 −7.33 −6.11 AVX38789_3 4.70 3.25

All values are reported in kcal/mol.
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