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Abstract

Alchemical free energy simulations have long been utilized to predict free energy changes for 

binding affinity and solubility of small molecules. However, while the theoretical foundation of 

these methods is well established, seamlessly handling many of the practical aspects regarding the 

preparation of the different thermodynamic end states of complex molecular systems and of the 

numerous processing scripts often remain a burden for successful applications. In this work, we 

present CHARMM-GUI Free Energy Calculator (http://www.charmm-gui.org/input/fec) that 

provides various alchemical free energy perturbation molecular dynamics (FEP/MD) systems with 

input and post-processing scripts for NAMD and GENESIS. Four submodules are available: 

Absolute Ligand Binder (for absolute ligand binding FEP/MD), Relative Ligand Binder (for 

relative ligand binding FEP/MD), Absolute Ligand Solvator (for absolute ligand solvation FEP/

MD), and Relative Ligand Solvator (for relative ligand solvation FEP/MD). Each module is 

designed to build multiple systems of a set of selected ligands at once for high-throughput 

FEP/MD simulations. The capability of Free Energy Calculator is illustrated by absolute and 

relative solvation FEP/MD of a set of ligands and absolute and relative binding FEP/MD of a set 

of ligands for T4 lysozyme in solution and adenosine A2A receptor in a membrane. The calculated 

free energy values are overall consistent with the experimental and published free energy results 

(within ~1 kcal/mol). We hope that Free Energy Calculator is useful to carry out high-throughput 

FEP/MD simulations in the field of biomolecular sciences and drug discovery.
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Graphical Abstract

INTRODUCTION

Accurate predictions of ligand binding affinity are essential for computer-aided drug 

discovery.1-6 Since the early 1990’s, considerable efforts have been invested to develop and 

use alchemical free energy methods with the goal of aiding structure-based drug design. 

Simulation methodologies based on alchemical free energy perturbation (FEP) molecular 

dynamics (MD) with explicit solvent, in particular, have proven to be a powerful and robust 

tool to calculate the binding affinity of drug compounds to protein targets.7-10 Advances in 

simulation techniques, including incorporation of enhanced sampling algorithms11, 12 and 

carefully parametrized force fields13, 14 together with MD packages15 optimized on state-of-
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the-art high performance computing architectures, now make it possible to exploit more 

advanced physics-based all-atom free energy simulation (FES) methods in drug discovery.

Ligand binding FES can be categorized into absolute and relative ones, depending on the 

thermodynamic end states.16 Both approaches play an important, albeit, different role in 

drug discovery, and invoke contrasting computing cost and simulation setup due to the 

difference in these end states. Relative alchemical FES, as they consider modest changes 

relative to a given common chemical core structure, is expected to play a critical role during 

the final stages of a drug development. Because the chemical perturbations are fairly modest 

and the overall binding pose of the ligand is assumed to remain unchanged,6, 19 it is 

reasonable to hope that relative FES converge sufficiently fast to yield the rapid turnaround, 

which is needed to influence the decision process during lead optimization. This information 

is also extremely useful to better understand the key interactions affecting the binding 

affinity. In contrast, absolute FES are computationally more ambitious and expected to 

converge more slowly because one end state corresponds to the fully decoupled 

noninteracting ligand. Compared to relative FES, this requires a relatively large number of 

intermediate states as well as careful considerations of restraining potentials of the 

uncoupled ligand. Furthermore, issues of alternative binding pose may come into play if 

restraints are introduced to enhance the sampling of the orientation and conformation of the 

ligand.7, 17-19 Reasonably, the most rational use of absolute FES should be toward the final 

stages of high-throughput docking and screening efforts, where it can serve as a more 

accurate form of scoring.

Implementing and advancing these FES methods and making them freely accessible to 

academic and non-academic researchers are key to improve in silico prediction of ligand 

binding affinities. Alchemical FES algorithms have been implemented in popular MD 

software packages, such as NAMD,20 CHARMM,21 GROMACS,22 Amber,23 GENESIS,24 

and Desmond.25 These algorithms rely either on a single- or dual-topology setup of ligand(s) 

with robust sampling strategy and free energy estimator.26-29 In particular, together with 

external hybrid structure building tools,23, 30 single-topology based hybrid ligand structure 

has been exclusively adopted in popular MD software. In addition to the advanced FES 

algorithms themselves, user-friendly platforms for FES, integrating automated script 

generation, ligand force field generation, and system setup, are also essential for large-scale 

drug discovery campaigns.

Aside from the simplest modeling, most MD simulations require much more than a single 

proverbial “click” to be executed properly. In particular, advanced computational tasks like 

ligand solvation and binding FES rely on sophisticated theory and system preparation. 

Handling all relevant information to correctly prepare a complex simulation system often 

requires a considerable amount of human time and experience, which can be challenging 

even to experts. Therefore, together with the automated and streamlined system building, the 

generation of all necessary input files and post-processing scripts not only significantly 

lowers the entry barrier both for beginners and experts, but also guarantees the 

reproducibility of FES results.
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Since 2006, CHARMM-GUI31 has established itself as a widely-used web-based platform 

for automated complex molecular system setup,32-40 as well as simulation input script 

generation with well-established simulation protocols.41, 42 Previously, we implemented 

Ligand Binder43 to provide the standardized input files for absolute ligand binding FEP/MD 

using CHARMM and various biasing energy restraints to enhance the calculation 

convergence.7, 17 In this work, we extend Ligand Binder and present Free Energy Calculator 
to handle absolute and relative ligand solvation and binding FES protocols, construction of 

enhanced sampling strategy, parameterization of binding complexes, and free energy 

estimators. Free Energy Calculator consists of four submodules: Absolute Ligand Binder 
(for absolute protein-ligand binding FES), Relative Ligand Binder (for relative protein-

ligand binding FES), Absolute Ligand Solvator (for absolute ligand solvation FES), and 

Relative Ligand Solvator (for relative ligand solvation FES). In particular, Free Energy 
Calculator supports contemporary HPC (high performance computing) software NAMD44 

and GENESIS24, 45 for all four submodules. In the subsequent sections, the implementation 

of Free Energy Calculator is presented and the FEP/MD simulation setup in NAMD and 

GENESIS is discussed. The Free Energy Calculator functionality is illustrated in a series of 

representative absolute and relative ligand solvation and binding FEP/MD using NAMD and 

GENESIS.

METHODS

Workflow of Free Energy Calculator

To cover a broad range of FEP/MD applications, Free Energy Calculator is designed with 

valid system setup protocols for Absolute Ligand Binder (ALB; Figure 1A), Relative Ligand 
Binder (RLB; Figure 1B), Absolute Ligand Solvator (ALS; Figure 1C), and Relative Ligand 
Solvator (RLS; Figure 1D). In particular, these modules are designed to build multiple FES 

systems for a set of ligands at once, as they need the same condition and simulation protocol 

for the successful high-throughput FES.

Free Energy Calculator has an automated workflow that ensures reproducible FEP/MD 

system and input generation (Figure 2). For ALB and RLB, Free Energy Calculator utilizes 

Solution Builder41 and Membrane Builder36, 39 to prepare a protein-ligand system in 

solution or in a bilayer. PDB Reader & Manipulator46 can be used to properly handle 

missing residues, protonation, mutation, disulfide bonds, and glycosylation to generate a 

reasonable initial protein-ligand complex structure. Note that the PDB structure should have 

at least one bound ligand for reference. Since a bound system is not required, ALS and RLS 
start with the ligand uploading step (Figure 2). In the following sections, the key 

implementation features of Free Energy Calculator are discussed in detail. To help users for 

successful practical applications, the video demonstrations of the four Free Energy 
Calculator submodules are available in the CHAMM-GUI website (http://www.charmm-

gui.org/demo/fec).

Ligand Structure Preparation

For high-throughput FEP/MD, a set of ligand structures is necessary, but it is a daunting task 

to prepare them from scratch. To ease the ligand preparation process, "Draw Combinatorial 
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Structure" option (powered by ChemAxon MarvinJS) can be utilized to generate multiple 

structures from a core scaffold using functional groups and attachment sites (Figure 3A).
35, 47 All combinatorial structures are automatically generated based on the substitution sites 

and substituents’ information (Figure 3B). In ALB and RLB, a reference ligand chemical 

structure is displayed on the sketchpad for easy drawing and editing. As an alternative 

option, ligand structure files (SDF or MOL2) can be separately prepared and uploaded using 

“Upload Ligand File” option (Figure 3C). If the files are pre-docked in the binding pose, 

users can use the ligand coordinate by clicking the “docked” option in Figure 3C. Note that 

Free Energy Calculator can handle an SDF file that contains multiple ligands.

Ligand Parameterization

The latest version of the CHARMM General Force Field (CGenFF v2.x) includes additional 

lone-pair dummy atoms for all halogen atoms,48 which is not handled by the free energy 

modules in NAMD and GENESIS. For this reason, CGenFF v1.x is utilized to generate 

topology and parameter files for all ligand structures. Free Energy Calculator checks if a 

force field for a given ligand set can be parameterized by CGenFF, and users are asked to 

remove any ligand that CGenFF cannot handle properly. When NAMD and GENESIS 

FEP/MD support lone-pair atoms, CGenFF v2.x will be available.

Perturbation Path Selection for RLS and RLB

In relative FEP/MD, selection of optimal perturbation path for a set of ligands is crucial to 

get reliable outcomes as the calculated free energy (FE) value strongly depends on the path 

selection.49 In this context, two ligands need to be as structurally similar as possible to 

maximize the unperturbed region and minimize the perturbed region (and thus errors and/or 

sampling issues). In this context, Free Energy Calculator provides two pre-defined 

perturbation path algorithms and helps users to set up an optimal perturbation path. The first 

option is a “Closed minimal perturbation path” that groups ligands of the same charge and 

minimally connects paths as a spanning circle based on the similarity of all pairs in a given 

ligand set.49 For fast similarity scoring between all pairs, a fingerprint algorithm is applied 

for the pair having the same net charge, and the pair having a different net charge is 

excluded. Based on the similarity score matrix, a hierarchical clustering50 is applied to group 

similar ligands (Figure 4A). Finally, a row-wise maximum in the cluster matrix is searched 

and the paths are generated sequentially using the ligands in the row. In the case of multiple 

clusters, each disconnected cluster is linked through the two ligands with the highest 

similarity between two clusters. (Figure 4B). Another option is a "Radial shape perturbation 

path".49 This option makes the pairwise path between a reference ligand and all other 

ligands, which appears to be an appropriate path selection when an experimental free energy 

value of the reference ligand is available.49 Both path algorithms exclude the path between 

ligands that have different net charges. The two end-state ligands of all resulting pairs (L0 at 

λ = 0 and L1 at λ = 1, where λ is the thermodynamic coupling parameter) are displayed 

(Figure 4C). Note that the suggested paths can be modified to add more paths or delete 

suggested paths.
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Alchemical Structure Generation for RLS and RLB

Structural mapping of L0 and L1 is essential to define perturbed/unperturbed atoms and 

bonds during relative FEP/MD. The maximum common structure (MCS) algorithm51, 52 is 

applied to find a maximum overlap between paired ligands, which leads to a minimal 

number of perturbed atoms. Both NAMD and GENESIS FEP/MD use a hybrid single-dual 

topology that considers unperturbed and perturbed atoms as single and dual topology 

regions, respectively. Hence, the explicit creation of a dummy atom for the perturbed one is 

not necessary, and the unperturbed region is unaffected by holonomic constraints. For this 

reason, the similarity criteria of RLS and RLB are broader than other single-topology based 

mapping, so that RLS and RLB can cover a broken ring and a mismatched ring consisting of 

the same size between L0 and L1 (Figure 5). During MCS search, all hydrogen atoms are 

explicitly included. Particularly, for ring topology transformation53 and macrocyclic-acyclic 

transformation,54 we provide an option to treat the decoupled (dummy) atoms, which retain 

some of the bonded terms (angles and dihedral angles) of the original atom,55, 56 at either 

end state of the relative FES. By default, we turn this option off, as its contribution in 

practice still is in debate.

Based on the MCS results, a specific atom-to-atom structural mapping between L0 and L1 is 

performed. The unperturbed atoms of L1 are renamed based on the atom name of L0. And 

the atom index of unperturbed atoms in both L0 and L1 are renumbered from 1 with the 

same order. The perturbed atoms of L0 and L1 are renumbered in order from the last 

unperturbed atom number. For alignment of L1 to L0, the unperturbed region of L1 is set to 

have the same coordinate as that of L0, and the perturbed atoms are regenerated using the 

internal coordinate values of L1. Note that a pair having dissimilar structures may result in 

an error-prone alignment of L1.

System and Input Generation

At the final stage, Free Energy Calculator generates two end-state systems; “Complex” and 

“Ligand” systems in ALB or RLB, and “Ligand” and “Vacuum” systems in ALS or RLS. To 

generate “Complex” system(s), the selected ligand(s) (in ALB) or ligand pair(s) (in RLB) 

are inserted into the initial complex structure by replacing the reference ligand. The binding 

pose of each ligand is determined by aligning MCS to the reference ligand. To generate 

"Ligand" system, each ligand (in ALB and ALS) or ligand pair (in RLB and RLS) is 

solvated in a water box. The size of water box can be adjusted by users. For "Vacuum" 

system, each ligand is in vacuum with the same dimension as in the “Ligand” system. All 

the generated systems are neutralized by counter ions (KCl). Together with input files and 

post-process scripts, all generated systems are provided in separate directories.

Algorithms and Methodologies

GENESIS—The hybrid single-dual topology scheme (for relative binding and solvation 

FEP/MD)20 and the soft-core potential functions to reduce the instability at end states57 are 

used. FEP/MD can be performed sequentially or in parallel. In the latter, FEP/MD can be 

combined with the replica-exchange MD (FEP/REMD) to enhance the convergence. The 

current version of GENESIS FEP/MD also supports a hybrid CPU/GPU acceleration for 

FEP/MD simulations.58 The short-range non-bonded interactions (Lennard-Jones (LJ) and 
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particle mesh Ewald (PME)59, 60 real part) are calculated using GPU, while the long-range 

interactions (PME reciprocal part) are calculated using CPU. The multiple time-step 

rRESPA integrator with the 2.5-fs time-step can also be used to further accelerate FEP/MD. 

The output data are readily processed with GENESIS analysis tool (mbar_analysis) for 

MBAR analysis.

Absolute binding FE can be calculated in two ways: double annihilation method (DAM) and 

double decoupling method (DDM). DDM applies restraining potentials to restrain ligand’s 

position relative to a receptor during FEP/MD, which is similar to NAMD implementation. 

DAM in GENESIS calculates the FE of binding, ΔGbind, as:

ΔGbind = ΔGcomplex − ΔGligand, (1)

where ΔGcomplex and ΔGligand correspond to the FE changes when the ligand in the complex 

and the ligand in solvent are transferred to gas phase, respectively. They are calculated by 

gradually annihilating the interactions between a ligand and its surrounding by applying a 

series of coupling parameters λ: 1.0, 0.9, 0.75, 0.6, 0.45, 0.35, 0.275, 0.2, 0.125, 0.05, and 

0.0 (electrostatic interactions), 1.0, 0.9, 0.8, 0.7, 0.6, 0.525, 0.45, 0.4, 0.35, 0.325, 0.3, 0.275, 

0.25, 0.225, 0.2, 0.175, 0.15, 0.125, 0.1, 0.05, and 0.0 (LJ interactions). The DAM in 

GENESIS is the same protocol as the MP-CAFEE method proposed by Fujitani et al.61 This 

method applies no restraint potentials and the calculated ΔGbind depends on the simulation 

system volume. This dependency is removed by applying the standard state correction, 

giving the binding affinity ΔGbind
0 .62

ΔGbind
0 = ΔGbind − kBT ln V

V 0
, (2)

where V is the volume of the simulation box (in periodic boundary conditions) and V0 is the 

volume of the standard state of 1 mol/L (1,660 Å3). In the current scheme, we do multiple 

simulations to reduce the sampling error as much as possible. The convergence of free 

energy calculations using MP-CAFEE is discussed in the original article.61

Relative binding FE between two ligands (L0 to L1, ΔΔGbind
L0 L1) is calculated as:

ΔΔGbind
L0 L1 = ΔGcomplex

L0 L1 − ΔGligand
L0 L1, (3)

where ΔGcomplex
L0 L1 is the FE change upon transforming L0 to L1 in the complex, and 

ΔGligand
L0 L1 is that in solution. The interactions of L0 with surrounding are slowly changed to 

those of L1 by applying six coupling parameters, λElec
L0 and λElec

L1 (electrostatic), λLJ
L0 

and λLJ
L1 (LJ), and, λBond

L0, and λBond
L1 (bonded interactions). For 12 default windows, 

λElec
L0, λLJ

L0, and λBond
L0 are set to 1.0, 0.909, 0.818, 0.727, 0.636, 0.545, 0.455, 0.364, 

0.273, 0.182, 0.091, and 0.0, while λElec
L1, λLJ

L1, and λBond
L1 are set to 0.0, 0.091, 0.182, 

0.273, 0.364, 0.455, 0.545, 0.636, 0.727, 0.818, 0.909. and 1.0. Exchanges of λElec
L0, 

λElec
L1, λLJ

L0, λLJ
L1, λBond

L0, and λBond
L1 between adjacent windows (λ-exchange FEP 

or FEP/λ-REMD) are also available to enhance the convergence of FEP/MD.
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Solvation FE, ΔGsolv, can be calculated in the same way as in the absolute binding FE:

ΔGsolv = ΔGligand − ΔGvacuum, (4)

where ΔGligand and ΔGvacuum correspond to the FE changes upon annihilation of the ligand 

in solution and in vacuum, respectively. Similarly, relative solvation FE, ΔΔGsolv
L0 L1, is also 

calculated as in the relative binding FE.

ΔΔGsolv
L0 L1 = ΔGligand

L0 L1 − ΔGvacuum
L0 L1, (5)

where ΔGligand
L0 L1 and ΔGvacuum

L0 L1 are the FE change upon transforming L0 to L1 in solvent 

and in vacuum, respectively. Users can change the default number and values of coupling 

parameters by directly editing the configure file, although the coupling parameters in MP-

CAFEE scheme have been well tuned.61 The spacing and the order of parameter change 

affect the stability/accuracy of the simulations, and these changes could be done in users’ 

responsibility.

The presented FE values from GENESIS FEP/MD in this work were obtained as follows. By 

using the inputs generated by Free Energy Calculator, each system was first equilibrated in 

NPT ensemble at 300 K and 1 bar using the Bussi thermostat and barostat.63, 64 Long-range 

electrostatic interactions were evaluated using smooth PME summation, while LJ 

interactions were truncated at a cutoff distance of 12 Å with a force switch function for the 

CHARMM force field.65, 66 All bonds involving hydrogen atoms were kept rigid using 

SHAKE and SETTLE algorithms.67, 68 Final configurations were used for subsequent 

FEP/MD. For the calculation of absolute binding FEs, we conducted 10 independent 

FEP/MD with different random seeds using the DAM (i.e., MP-CAFEE) and the rRESPA 

integrator with 2.5-fs time-step for fast motions and 5-fs for slow ones. In each calculation, 

the simulation was run for 5 ns per each window, and trajectories from 3 to 5 ns were used 

for analysis. For the calculations of relative binding, absolute solvation, or relative solvation 

FEs, the 5-ns FEP/λ-REMD simulations were performed, and the last 4 ns of the trajectories 

were used to calculate relative binding affinities. Only for vacuum systems, the calculations 

were performed in the NVT ensemble without the PME summation (both electrostatic and 

LJ interactions were calculated with no cutoff). In FEP/λ-REMD, the λ-exchanges between 

adjacent windows were attempted every 2 ps. Finally, the FE differences were estimated by 

the BAR method.69 In the MP-CAFEE method, the mean of the FE difference and its 

standard error were estimated from the FEs of 10 independent simulations. In the FEP/λ-

REMD simulations, the obtained trajectories were decomposed into three blocks, and the 

mean and standard error were calculated using the blocks.

NAMD—Like GENESIS, a hybrid single-dual topology scheme20 is used (for relative FES) 

with the soft-core potential70, 71 to avoid end-point catastrophe. During the alchemical 

transformation, two coupling parameters λLJ and λElec are controlled through a switching 

nonbonded (NB) scheduler (Figure 6). All FEP windows are launched together and run 

concurrently by the multiple-partition module72 of charm++/NAMD managed by a replica-

exchange algorithm following the conventional Metropolis–Hastings exchange criterion.73 
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By using the simple overlap sampling (SOS) FE estimator,27 the collected potential energy 

evaluation of each replica-exchange is post-processed.

For the absolute FEP/λ-REMD calculations (Equations (1) and (4)), 32 windows are linearly 

employed (0.0, 0.03225, 0.06451, 0.09677, 0.12903, 0.16129, 0.19354, 0.22580, 0.25806, 

0.29032, 0.32258, 0.35483, 0.38709, 0.41935, 0.45161, 0.48387, 0.51612, 0.54838, 

0.58064, 0.61290, 0.64516, 0.67741, 0.70967, 0.74193, 0.77419, 0.80645, 0.83870, 

0.87096, 0.90322, 0.93548, 0.96774, 1.0). Two coupling parameters λLJ and λElec are 

controlled by the NB scheduler, as shown in Figure 6A. Note that users can modify the 

number and values of two coupling parameters by directly editing the NAMD configure 

files. For the “Complex” system, a distance restraint is applied to restrain ligand’s position 

in decoupled states. And, the positional restraint for the ligand in “Ligand” and “Vacuum” is 

applied to prevent ligand’s drift. Note that these restraints are applied using “tclForces”, so 

that the restraint energies are separated and not added to the FE calculation results.

The relative binding and solvation FEs are calculated using Equations (3) and (5). For the 

relative FEP/λ-REMD simulation, 16 windows are employed (0.0000, 0.045, 0.090, 

0.14546, 0.22425, 0.30303, 0.38182, 0.46061, 0.5394, 0.61819, 0.6970, 0.77576, 0.85455, 

0.910, 0.955, 1.0000). During L0 to L1 transformation, two coupling parameters λLJ and 

λElec are exquisitely controlled by the switching NB scheduler, as shown in Figure 6B. Note 

that λElec
L1 is turned on later than λLJ

L1, and λElec
L0 is turned off earlier than λLJ

L0. 

During relative FEP/λ-REMD, a holonomic constraint is utilized to the coordinates of the 

single-topology atoms of L0 and L1 to maintain identical coordinates during simulation.20 

To distinguish single and dual-topology atoms in L0 and L1, the different indices ("−2" and 

"−1" for single and dual-topology atoms in L0, and "2" and "1" for the atoms in L1) are used 

in the B-factor column of the structure (PDB) file. The four identifiers need to be segmented 

in an order of "−2", "−1", "2", and "1", and also the single-topology atoms in L0 and L1 
should have the same atom name and order, which is automatically handled by RLS and 

RLB.

NAMD FEP/MD simulations in this work were performed as follows. By using the inputs 

generated by Free Energy Calculator, the equilibration was performed in NPT ensemble at 

300 K and 1 atm (1.01325 bar) with Langevin piston pressure74 (for "Complex" and 

"Ligand"). RATTLE algorithm was used for TIP3P water model.68 For "Vacuum" system, 

NVT ensemble was used for both equilibration and FEP/MD simulation. During FEP/λ-

REMD, the FE values were saved in history files, which were collected by SOS.75 For each 

of all relative FEs and absolute solvation FEs, 5-ns relative FEP/λ-REMD simulations were 

performed, and the last 4 ns of the simulation results were utilized for the final FE values. 

For each absolute binding simulation, 10-ns FEP/λ-REMD simulations were performed, and 

the last 5 ns of the FE values were measured for the final FE values.

APPLICATIONS

To validate the generated systems and necessary files by four Free Energy Calculator 
modules (ALB, RLB, ALS, and RLS), we performed absolute and relative FEP/λ-REMD 

simulations with NAMD and GENESIS (see Methods) using various test cases that were 
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previously published by other authors. After FEP/MD simulations, the FE values were 

extracted from the saved configurations by using the provided post-processing scripts, and 

the FE values were averaged with the standard error of the mean (SEM) to estimate 

reliability and convergence of the results. All results are compared with the experimental and 

previously calculated FE values.

Ligand Solvation

To test the ALS module, we chose seven organic molecules (Figure 7) that were used for in-

depth FE calculations using the generalized Amber force field (GAFF) and various 

molecular simulation packages by Loeffler et al.76 All end-state systems (“Ligand” and 

“Vacuum”) were prepared at once through ALS and simulated using the protocols in 

Methods. Table 1 shows the ΔGsolv from NAMD and GENESIS FEP/λ-REMD simulations. 

Although the same CHARMM force field has been used, the methodology, λ schedule, and 

post-processing methods of two programs are different, yielding slightly different FE values. 

The biggest difference is less than 1 kcal/mol for the 2-methylindole. The SEM of all ΔGsolv 

show less than 0.03 kcal/mol, indicating that all systems are converged within 5-ns FEP/λ-

REMD. In comparison of NAMD results with the experimental data, ΔGsolv of neopentane is 

closest to ΔGexp by 0.05 kcal/mol, and ΔGsolv of toluene is most deviated from ΔGexp by 

0.78 kcal/mol. The GENESIS results also show a small difference of 0.1 kcal/mol for 

neopentane, and 1.1 kcal/mol difference for toluene that is most deviated among the seven 

ligands. All results from NAMD and GENESIS are in good agreement with the previous 

simulation results of Loeffler et al.76

For testing RLS, the six pairs were chosen as a radial shape having methane as a reference 

ligand L0 (Figure 7). Thus, the number of atoms in the single topology region are all same, 

and the number of perturbed atoms varies as many as 15. Nonetheless, the ΔΔGsolv results of 

both NAMD and GENESIS show a good agreement to each other, as well as with the 

previous simulation results (Table 2). Also, ΔΔGsolv of all pairs are remarkably consistent 

with the values taken from the absolute FE values (ΔGsolv
L1 − ΔGsolv

L0  from Table 1) with low 

SEM (~0.16 kcal/mol).

Ligand Binding to Protein in Solution

We generated protein-ligand bound structures using benzene derivatives and T4-lysozyme 

L99A that were used to investigate the influence of protein conformational states on 

FEP/MD results by Lim et al.78 In their work, the binding cavity of T4-lysozyme was 

incrementally reorganized into three discrete conformational states referring to the closed, 

intermediate, and open states depending on the growth of acyl chain length attached to 

benzene. Thus, the simulation involving benzene with a long acyl chain results in inadequate 

sampling in the closed conformation, compared to an open conformation. For this reason, 

we chose benzene, toluene, ethylbenzene, and propylbenzene (Figure 8A) that are not 

critically affected by the closed conformation form of T4-lysozyme. To build a reference 

structure of the protein-ligand complex systems, the crystal structure of the closed T4-

lysozyme conformation complexed with toluene (PDB ID 4W53) was chosen, and the 

toluene was used as the reference ligand (Figure 8B). All end-state systems ("Complex" and 
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"Ligand") for both NAMD and GENESIS were prepared at once through ALB and RLB. For 

GENESIS systems, the MP-CAFEE (i.e., DAM) method was chosen.

Table 3 shows the calculated ΔGbind obtained from NAMD and GENESIS FEP/λ-REMD. In 

NAMD results, ΔGbind of benzene is closest to ΔGexp with 0.08 kcal/mol difference, and 

ΔGbind of propylbenzene shows the largest difference with 1.45 kcal/mol to ΔGexp. In 

GENESIS results, ΔGbind of toluene is most similar to ΔGexp (0.45 kcal/mol difference), and 

the ΔGbind of propylbenzene is least similar (0.82 kcal/mol difference). In particular, the 

ΔGbind values of GENESIS show the sequential decrease of ΔGbind values as the acyl chain 

grows, which is consistent with ΔGexp. The SEM of all results are less than 0.5 kcal/mol, 

indicating that all systems are well converged within 10-ns (NAMD) or 5-ns (GENESIS) 

FEP/λ-REMD. According to the experiments,79 the occupancy of propylbenzene in the 

closed and intermediate protein conformations is 60% and 40%, respectively. For this 

reason, we speculate that the discrepancy of the initial structure (closed) and the 

intermediate conformation could affect ΔGbind of propylbenzene.

As shown in Table 4, the overall ΔΔGbind values from NAMD and GENESIS FEP/λ-REMD 

show less than 1 kcal/mol differences compared to ΔΔGexp (ΔGexp
L1 − ΔGexp

L0 ). In NAMD 

results, ΔΔGbind of all three pairs show similar tendency with ΔΔGexp in that the longer acyl 

chain decreases ΔΔGbind more. The relative NAMD FEP/λ-REMD for propylbenzene 

yielded a FE value closer to ΔΔGexp than the absolute FE. In GENESIS results, all pairs of 

ΔΔGbind show good agreement with ΔΔGexp, and the transformation from toluene to 

ethylbenzene shows most similar ΔΔGbind to ΔΔGexp. In comparison with ΔΔG 

(ΔGbind
L1 − ΔGbind

L0 ) from the absolute values, GENESIS shows more consistent values that 

differ in ~0.5 kcal/mol. In both NAMD and GENESIS, ΔΔGbind for transformation from 

toluene to propylbenzene show the largest differences with ΔΔGexp (NAMD with ~1 

kcal/mol and GENESIS with ~0.44 kcal/mol), which could be caused by protein 

conformations mentioned above. Nonetheless, the discrepancy less than 1 kcal/mol is 

sufficiently acceptable values for searching candidates in the lead optimization stage.6

Ligand Binding to a Membrane Protein

For testing the “bilayer” option provided by RLB, we prepared three relative binding 

systems for NAMD and GENESIS FEP/λ-REMD using the congeneric ligands bound to a 

G-protein-coupled receptor (GPCR) in a lipid bilayer environment. The three ligands (Figure 

9A) were chosen from the previous experimental and computational study.80 We used a 

crystal structure of adenosine A2A receptor (PDB ID 3PWH)81 that was co-crystallized with 

ligand ZM241385 (yellow in Figure 9B) in the binding site. The missing residues in 3PWH 

and four disulfide bonds were generated automatically through PDB Reader & Manipulator, 
and a homogeneous POPC bilayer (55 lipids in each leaflet) was built through Membrane 
Builder. As the chemical structure of three congeneric ligands (11, 25a, 25b) have a large 

difference with ZM241385, ZM241385 was used only for positioning three alchemical 

structures (Figure 9B). To check the reliability of the FES results, all three pairs of the 

closed perturbation paths were selected. After equilibration runs through the Membrane 
Builder 6-step protocol,36 5-ns relative FEP/λ-REMD simulation was performed, and the 

last 4 ns of the simulation results were utilized for ΔΔGbind.
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Table 5 shows the calculated ΔΔGbind. In the previous FEP/MD study of various types of 

GPCRs by Lenselink et al,82 the authors observed that the FE results of GPCR were highly 

target-dependent. The misassignment of some residues near binding sites and the 

conformation of the extracellular loop were responsible for the overprediction for some 

receptors. Nonetheless, the ΔΔGbind results from the automatically generated systems by 

RLB show good agreement with the experimental values. The error ( ∣ ∑iΔΔGbind
i ∣ ) along 

the closed path is also quite low (0.44 kcal/mol for NAMD and 0.22 kcal/mol for 

GENESIS).

Unlike the above T4-lysozme case with chemically simple ligand structures, the absolute 

binding FE calculations require additional orientional restraints of ligands relative their 

binding site.83 In other words, a simple distance restraint implemented in ALB for NAMD 

and GENESIS is not sufficient for accurate absolute FE calculations (see LIMITATIONS 

and FUTURE DIRECTIONS below). However, GENESIS provides another option, the MP-

CAFEE (i.e., DAM) method, that does not require any restraints. Therefore, we calculated 

the absolute binding FE of three ligands for GPCR to test this option. As shown in Table 6, 

the MP-CAFEE method implemented in GENESIS successfully reproduced the 

experimental absolute binding FEs (and their trend) within 1.5 kcal/mol even in a complex 

membrane environment. The small SEM of less than 0.5 kcal/mol indicates that GENESIS 

MP-CAFEE simulations are well converged.

LIMITATIONS and FUTURE DIRECTIONS

There are some limitations in the current version of Free Energy Calculator, which will be 

improved in the future. (1) In general, once system and input files are prepared for FEP 

calculations, using different ligand force fields becomes a daunting task because of the 

following reasons. Users need to specify their own ligand parameters (top & par files), and 

also edit the atom types to match with those in the already-built PSF files. Users must take 

care of nonbonded options specific to the parameter sets. For these reasons, we plan to 

support other small molecule force fields such as OPLS,84 GAFF,14 and CGenFF v2.x will 

be available. (2) In addition, uploading a custom ligand force field will be allowed, so that 

one can use other tools such as MATCH85 and GAAMP.86 (3) For neutralizing end-state 

systems "Ligand" and "Vacuum", only KCl ions are available, and other ion types will be 

supported. (4) For the "Radial shape perturbation path", a centered ligand is always the 

initially bound ligand (for Binder) or firstly uploaded ligand (for Solvator). Later, the 

centered ligand can be selectable by users. (5) The current version does not support the 

transformations between ligands carrying different net charges. The co-alchemical water 

approach,87 where a water molecule is alchemically mutated to an ion simultaneously during 

changing the net charge of a ligand (or ion) to maintain the neutrality of the system, will be 

supported. (6) In ALB, NAMD and GENESIS only support a distance restraint for ligands, 

and additional RMSD and orientational restraint option will be available. (7) The current 

version of CHARMM-GUI only produces the configure file for λ-REMD. FEP/T-REMD88 

(replica-exchange along temperature) will be supported.

In general, if a user has access to parallel computing to launch FEP/λ-REMD for common 

drug-like ligands, the restraint setup provided by Free Energy Calculator is sufficient. In 
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practice, a distance-only restraint requires λ-REMD to achieve thorough sampling/

convergence on 3D spherical surface at alchemically decoupled states. A distance-only 

restraint can fail to sample some pivotal torsional motions of large flexible ligands, including 

therapeutic peptides, macrocycles, and inhibitors of protein-protein interactions. Sampling 

such binding associated with slow degrees of freedom requires sampling enhancement 

algorithms. The RMSD and orientational restraints are designed to assist sampling of ligand 

binding pose at decoupled states and accelerate conformational sampling of ligand. FEP 

with RMSD and orientational restraints can be run on a single computer node and does not 

need any special skill from general users.

CONCLUSIONS

In this work, we have described Free Energy Calculator that provides a broad range of 

standardized alchemical systems and necessary files for absolute binding, relative binding, 

absolute solvation, and relative solvation FEP/MD simulations using NAMD and GENESIS. 

A stepwise system generation workflow is designed to provide a flexible and easy-to-use 

interface and customizable workspaces. Furthermore, a set of congeneric ligands are 

accepted or generated to produce multiple FEP/MD systems at once, which alleviates time-

consuming and repetitive tasks and assures the reproducibility.

To validate and illustrate the functionality of Free Energy Calculator, we have generated and 

performed various absolute and relative solvation FEP/MD simulations with a set of ligands 

and absolute and relative binding FEP/MD simulations with a set of ligands for T4 lysozyme 

in solution and adenosine A2A receptor in a membrane. In particular, NAMD and GENESIS 

utilized different approaches (DDM for NAMD and DAM for GENESIS) for the absolute 

FEP/MD simulation of T4 lysozyme to examine various embedded functions of Free Energy 

Calculator. Therefore, there is no reason to expect that both approaches give the same 

results. The goal of the current work is not to compare both approaches, but it is of interest 

to further investigate such differences as a follow-up work. Nonetheless, the calculated free 

energy values are overall consistent with the experimental and published free energy results 

(within ~1 kcal/mol). We hope that Free Energy Calculator is useful to carry out high-

throughput FEP/MD simulations in the field of biomolecular sciences and drug discovery.
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Figure 1. 
Thermodynamic pathway used for (A) absolute and (B) relative binding free energy, and (C) 

absolute and (D) relative solvation free energy calculations. The protein is depicted in 

yellow, the aqueous solvent in blue, the initial ligand in purple, and the end ligand in green. 

Each Free Energy Calculator module requires two distinct systems for alchemical 

transformations.
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Figure 2. 
Schematic overview of Free Energy Calculator. Users need to prepare a protein-ligand 

complex structure (from RCSB or docking programs) and additional ligand structures. At 

the final step, two end-state systems are generated for all selected ligands with all necessary 

topology and force field files.
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Figure 3. 
(A) Multiple ligands can be generated from a core scaffold by drawing functional groups 

and attachment sites in the sketchpad. (B) Based on the drawing in (A), nine combinatorial 

structures are generated. (C) MOL2 or SDF files are allowed for “Upload Ligand File” 

option, and unsupported file format is displayed with red box.
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Figure 4. 
(A) Re-ordered similarity matrix by using a hierarchical clustering method; navy and ivory 

colors represent high and low similarity scores of ligand pairs, respectively. (B) Result of the 

“Closed minimal perturbation path”, where a filled circle and an arrow represent a ligand 

and a perturbation path, respectively. Ligands having different charges (14th and 16th 

ligands) are separated from other ligands, and each cluster is colored in blue, green, and red. 

(C) Illustrative snapshot of suggested pairs. A pair having ligand(s) unsupported by the 

CGenFF is marked in red, and these pairs should be removed to go to the system and input 

generation step.
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Figure 5. 
Exemplary maximum common structure mapping results between L0 and L1 for 4 ligand 

pairs. Red and black represent single-topology (unperturbed) and dual-topology (perturbed) 

regions, respectively. (A) The mismatched atom and (B) the atoms in different ring size are 

considered as the dual-topology region. (C) Ring formation is allowed. (D) Matched atoms 

in the same size of a mismatched ring are considered as the single-topology region.
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Figure 6. 
Applied thermodynamic coupling parameters (λ) for LJ and electrostatic interactions of (A) 

absolute and (B) relative FEP/λ-REMD simulation in NAMD. The λ scaling is controlled 

using "alchElecLambdaStart” and “alchVdwLambdaEnd” keywords.
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Figure 7. 
Seven ligands for testing ALS and RLS modules. For the relative solvation FEP/MD, the 

gray arrows and the red colors (atoms and bonds) are used for the perturbation paths and the 

single topology (unperturbed) region, respectively.
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Figure 8. 
(A) (A) Four ligands for testing ALB and RLB modules. For the relative binding FEP/MD, 

the gray arrows and the red colors (atoms and bonds) are used for the perturbation paths and 

the single topology (unperturbed) region, respectively. (B) Overlaid stick representations of 

four ligand initial structures (benzene in orange, toluene in yellow, ethylbenzene in green, 

and propylbenzene in blue) in T4 lysozyme (gray). The aromatic ring of four ligands was 

well aligned based on the reference ligand (toluene). (C) A representative snapshot of T4-

lysozyme-toluene complex in a solution box: gray cartoon for T4-lysozyme, yellow sphere 

for toluene, magenta and green beads for K+ and Cl− ions, respectively.
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Figure 9. 
(A) Three congeneric ligands for testing membrane systems; gray arrows represent the path 

directions for relative binding FEP/MD. (B) Overlaid stick representations of three ligand 

initial structures (11 in red, 25a in orange, and 25b in green) in A2A GPCR (gray). All 

ligands are well aligned based on the reference ligand (yellow) in the crystal structure. (C) 

Representative snapshot of A2A GPCR-11 complex embedded in a POPC bilayer (water is 

not shown for clarity): gray cartoon for GPCR, red sphere for compound 11, white stick for 

POPC tail, pink stick for POPC head, magenta and green beads for K+ and Cl− ions, 

respectively.
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Table 1.

Absolute solvation FE results (kcal/mol) of ligands in Figure 7.

Ligand ΔGexp
77 ΔG76 ΔG (NAMD) ΔG (GENESIS)

Methane 1.93 2.44 ~ 2.52 2.42 ± 0.01 2.46 ± 0.01

Ethane 1.77 2.48 ~ 2.56 2.28 ± 0.00 2.39 ± 0.02

Methanol −4.86 −3.73 ~ −3.51 −4.64 ± 0.01 −4.38 ± 0.01

Toluene −0.76 −0.72 ~ −0.55 0.01 ± 0.03 0.34 ± 0.02

Neopentane 2.68 2.58 ~ 2.71 2.63 ± 0.01 2.79 ± 0.01

2-methylfuran −0.51 ~ −0.39 −0.61 ± 0.01 −0.36 ± 0.03

2-methylindole −6.35 ~ −6.06 −7.02 ± 0.03 −6.31 ± 0.05
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Table 2.

Relative solvation FE results (kcal/mol) of ligands in Figure 7.

Ligand 0 Ligand 1 ΔΔGexp
77 ΔΔG76

NAMD GENESIS

ΔΔG ΔGsolv
L1 − ΔGsolv

L0 ΔΔG ΔGsolv
L1 − ΔGsolv

L0

Ethane −0.16 −0.19 ~ 0.01 −0.12 ± 0.11 −0.14 ± 0.10 −0.06 ± 0.01 −0.07 ± 0.02

Methanol −6.79 −6.20 ~ 6.00 −7.15 ± 0.12 −7.06 ± 0.13 −6.76 ± 0.01 −6.84 ± 0.01

Methane Toluene −2.70 −3.52 ~ 3.06 −2.40 ± 0.17 −2.40 ± 0.19 −2.11 ± 0.03 −2.12 ± 0.02

Neopentane 0.75 −0.40 ~ 0.13 0.23 ± 0.11 0.22 ± 0.15 0.37 ± 0.04 0.33 ± 0.01

2-methylfuran −3.10 ~ −2.84 −3.03 ± 0.14 −3.03 ± 0.11 −2.81 ± 0.02 −2.82 ± 0.03

2-methylindole −9.14 ~ −8.64 −9.40 (±0.16) −9.44 (±0.20) −8.80 ± 0.06 −8.77 ± 0.05
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Table 3.

Absolute binding FE results (kcal/mol) of benzene derivatives in T4-Lysozyme L99A (Figure 8).

Ligand ΔGexp
79 ΔG (NAMD) ΔG (GENESIS)

Benzene −5.19 −5.11 ± 0.25 −5.80 ± 0.13

Toluene −5.52 −5.01 ± 0.35 −5.97 ± 0.18

Ethylbenzene −5.76 −4.96 ± 0.31 −6.22 ± 0.23

Propylbenzene −6.55 −5.10 ± 0.46 −7.37 ± 0.14
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Table 4.

Relative binding FE results (kcal/mol) of benzene derivatives (in T4-Lysozyme L99A (Figure 8).

Ligand 0 Ligand 1 ΔΔGexp
79

NAMD GENESIS

ΔΔG ΔGbind
L1 − ΔGbind

L0 ΔΔG ΔGbind
L1 − ΔGbind

L0

Benzene 0.33 −0.23 ±0.10 −0.09 ± 0.77 −0.10 ± 0.07 0.17 ± 0.22

Toluene Ethylbenzene −0.24 −0.66 ±0.03 0.06 ± 0.81 −0.43 ± 0.02 −0.25 ± 0.29

Propylbenzene −1.03 −2.14 ±0.06 −0.08 ± 0.81 −1.57 ± 0.08 −1.40 ± 0.23
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Table 5.

Relative binding FE results (kcal/mol) of the three congeneric ligands bound to A2A GPCR in a POPC bilayer 

(Figure 9).

Transformation ΔΔGexp
80 ΔΔG(NAMD) ΔΔG(GENESIS)

11 25a 0.25 0.41 ± 0.42 0.40 ± 0.05

11 25b −1.15 −0.10 ± 0.69 −0.87 ± 0.12

25a 25b −1.40 −0.95 ± 0.46 −1.05 ± 0.10

J Chem Theory Comput. Author manuscript; available in PMC 2020 November 12.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Kim et al. Page 33

Table 6.

Absolute binding FE results (kcal/mol) of the three congeneric ligands bound to A2A GPCR in a POPC 

bilayer (Figure 9).

Ligand ΔGexp
80 ΔΔG(GENESIS)

11 −10.06 −8.50 ± 0.25

11 −9.81 −8.60 ± 0.50

25a −11.22 −10.48 ± 0.47
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