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Abstract

Designing a reliable computational methodology to calculate protein:ligand standard binding free 

energies is extremely challenging. The large change in configurational enthalpy and entropy that 
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accompanies the association of ligand and protein is notoriously difficult to capture in naive 

brute-force simulations. Addressing this issue, the present protocol rests upon a rigorous statistical 

mechanical framework for the determination of protein:ligand binding affinities together with 

the comprehensive Binding Free-Energy Estimator 2 (BFEE2) application software. With the 

knowledge of the bound state, available from experiments or docking, application of the BFEE2 

protocol with a reliable force field supplies in a matter of days standard binding free energies 

within chemical accuracy, for a broad range of protein:ligand complexes. Limiting undesirable 

human intervention, BFEE2 assists the end-user in preparing all the necessary input files and 

performing the post-treatment of the simulations towards the final estimate of the binding affinity.

Introduction

Complete understanding and prediction of the recognition and association of a protein and 

a ligand is of paramount importance in chemistry and biology, most notably in the field of 

protein engineering and pharmaceutical sciences. The binding free energy directly mirrors 

the ability of the ligand to interact with the protein, and is, therefore, regarded as the 

key quantity in studies of molecular recognition and association phenomena. However, the 

experimental determination of the binding affinity of any prospective compound is often 

costly in terms of synthesis time and money. To alleviate this important hurdle in drug 

design and lead optimization, much attention and effort have been devoted to development 

of computational methodologies for the accurate estimation of binding free energies in 

silico1.

The main challenge posed by the estimation of a binding free energy by means of computer 

simulations is to capture the significant change in configurational enthalpy and entropy 

corresponding to the conformational, orientational and positional movements of the ligand 

with respect to the protein in the course of their reversible association2,3. One of the 

strategies that has proven reliable consists in turning to the combination of molecular 

dynamics (MD) and advanced-sampling techniques to guarantee the adequate exploration of 

each relevant degree of freedom1,4,5. Still, the reversible association events of protein:ligand 

complexes are very difficult to capture in advanced-sampling simulations. A widely adopted 

strategy to overcome the sampling issue consists in introducing a restraining potential at 

an intermediate step to control the motion of the ligand relative to the protein binding 

site during the geometric separation or alchemical decoupling of the partner. This strategy, 

introduced by Hermans and Shankar6, has been progressively enriched over the years by a 

number of additional developments and variants7–12. The restraining potential is introduced 

at one end-point to “confine” the uncoupled ligand within the binding site, and is then 

“released” at the other end-point, where this step can be carried out analytically6,7,10. Gilson 

et al. called free-energy calculations in which there is no translational restraint the “double 

annihilation method” (DAM), and calculations in which there is a translational restraint the 

“double decoupling method” (DDM)13.

Based on the idea of introducing restraints to confine the ligand with respect to the protein 

during separation or decoupling of the partner and then estimating the contribution to 

the binding affinity through post-treatments, since 1996, we have developed a number of 
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numerical schemes14–17, simulation strategies7,18–21, and software22,23 to facilitate in-silico 

determination of the standard binding free energy. These successive developments are 

encapsulated in an automated, streamlined, general and accurate methodology23 put forth 

to calculate the binding affinity of a flexible ligand with respect to a protein, as detailed 

hereafter.

Development of the protocol

All the algorithms and numerical strategies described below have been automated and 

implemented in the latest version of the Binding Free Energy Estimator 2 (BFEE2) open-

source and user-friendly software23, which can be used in conjunction with the popular 

visualization platform VMD24.

Except perhaps for the simplest systems, unbiased brute-force MD is largely unable to 

sample the large conformational, translational, and orientational changes that accompany the 

reversible association of a drug-like ligand with a protein. To circumvent this problem, we 

proposed to deliberately control the sampling through the use of configurational restraints 

and formulate the calculation in terms of geometric or alchemical transformations.18 In 

2013, it was shown that both routes lead to equivalent results19. Depending on the particular 

situation, features of either route may be advantageously exploited and combined for the 

accurate determination of the standard binding free energy between a drug-like molecule 

and a protein. Irrespective of the chosen route, restraints may be added and accounted 

for rigorously, using a set of template-based and generalized collective variables (CVs) 

describing the slow degrees of freedom of the reversible association (Table 1)10,20.

Geometrical route.—In the geometrical route, restraints are introduced one by one to 

progressively focus the conformational and orientational movements of the ligand with 

respect to the protein before their complete separation through a rectilinear pathway. The 

free energy associated with such a transformation of the object at hand can be expressed in 

terms of the potential of mean force (PMF). The contributions of the various restraints to the 

binding free energy are estimated via PMF calculations using WTM-eABF15,16, a variant of 

the adaptive biasing force (ABF) algorithm (Fig. 1a)25. The theoretical underpinnings of the 

geometrical route are detailed in refs. 18 and 19.

Alchemical route.—In the alchemical route, simulations are performed according to 

the thermodynamic cycle shown in Fig. 1b. The ligand is decoupled reversibly from 

its environment, i.e., the protein or the bulk, using the so-called alchemical free-energy 

perturbation (FEP) method, with its position, orientation and conformation restrained 

to those of the native state26,27. The energetic cost to enforce these restraints is then 

estimated through thermodynamic integration, zeroing out the associated force constant28,29. 

To improve the reliability of the free-energy estimates, the simulations are performed 

bidirectionally for each step depicted in Fig. 1b. The theoretical underpinnings of the 

alchemical route can be found in ref. 19.
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Applications of the methodology

Since the first publication in 1996, our methodology has been applied to many molecular 

assemblies. For instance, we have accurately evaluated the binding affinity of three flexible 

decapeptides to the SH3 domain of the Abl kinase19,20. The standard binding free energy 

of the netropsin-DNA complex, wherein the conformational change of the host molecule is 

significant, has been determined within chemical accuracy30. We have also employed our 

methodology blindly in protein engineering and shown that corannulene is more effective 

than perylene in inhibiting protein activity, which was later confirmed by experiments31. 

All in all, given the appropriate choice of a route—either geometrical or alchemical, 

our methodology has proven able to estimate the binding affinity of a large variety of 

protein:ligand complexes—including, but not limited to rigid and flexible ligands, ligands 

interred and lying at the surface of the protein, and combination thereof—with suitable 

accuracy.

Apart from the aforementioned applications, our methodology has been adopted by 

different research groups32–37. It is noteworthy that an independent benchmarking study has 

specifically underscored the remarkable reliability of both the geometrical and alchemical 

routes for the estimation of binding free energies33. Moreover, our methodology has 

been successfully used in force-field parameterization and validation, which requires very 

accurate free-energy estimates.38 A selection of success stories of our methodology is given 

in Table 2.

Comparison with other methodologies

There is a variety of methodologies designed to estimate the absolute binding free energy 

of a ligand and a protein. Embodying different schools of thought, they have their own 

merits and drawbacks, to the extent that there is in general no optimal choice, far superior 

to the others. Still, selecting the most appropriate methodology to address a specific problem 

remains of paramount importance.

Free-energy calculations based on an end-point approximation, like molecular mechanics-

Poisson-Boltzmann surface area (MM-PBSA)41, only require equilibrium trajectories of the 

solvated protein:ligand complex and, thus, constitute an attractive option for high-throughput 

screening. The reliability of MM-PBSA free-energy estimates remains, however, highly 

uncertain due to the use of an implicit solvent and the inadequacy of the approximation to 

capture the effects of large conformational changes.

Funnel metadynamics42, as a combination of geometric restraints with the metadynamics 

technique43, offers a good balance between accuracy and efficiency and is particularly 

well-suited for the study of rigid ligands lying at the surface of a protein. For flexible or 

buried ligands—or possibly the combination thereof, one may, however, face convergence 

issues and difficulty to select an appropriate set of CVs to describe the relative movement 

of the ligand with respect to the protein. A useful companion guide to funnel metadynamics 

can be found in ref. 44.

A number of alternate methodologies are inherently similar to the strategy presented in this 

protocol. For example, DDM13 and the alchemical route can be regarded as variants of each 
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other. Conversely, attach-pull-release37 is akin to the geometrical route, which separates 

the protein and the ligand by means of a PMF calculation. Confine and release45 uses 

PMF calculations to account for conformational changes of the protein while performing 

alchemical FEP to decouple the ligand from the protein. One particular advantage that 

distinguishes our methodology amid its analogues is the streamlining and automation of the 

complete free-energy calculation process, from the input generation to the post-treatment, by 

means of a user-friendly software package, BFEE223.

Standard binding free-energies can be also evaluated through direct simulation of the 

reversible association using advanced-sampling techniques such as Gaussian accelerated 

MD46 and replica exchange with solute scaling47. Such approaches do not require a 

priori knowledge of the native state of a protein:ligand complex and CVs describing the 

slow degrees of freedom of the reversible association. No simulation strategy relying on 

spontaneous events, however, can guarantee that the correct binding model can be sampled 

reversibly within the timescale amenable to MD simulations.

Advantages and limitations of this protocol

Advantages

• Theoretically rigorous. Some approaches introduce various approximation to 

trade accuracy for efficiency, just like MM-PBSA41. We guarantee that our 

methodology, which builds upon a theoretical framework introduced in 200518, 

is formally rigorous, to the extent that free-energy calculations following this 

protocol are expected to converge within force-field accuracy.

• Available for a wide range of protein:ligand and host-guest complexes because 

their nature, namely globular versus membrane protein, buried versus semi-

buried ligand and ligand lying at the surface of the protein, rigid versus flexible 

ligand, is taken into consideration in our methodology and software.

• Able to circumvent the difficulty of sampling configurational space. In 

our methodology, either one-dimensional PMF calculations or alchemical 

transformations are performed, with a reduced configurational space to sample 

by virtue of the introduction of geometric restraints. This methodology avoids 

the dimensionality issue in multidimensional free-energy calculations and 

obviates the need to capture the large change in protein:ligand configuration 

by means of advanced-sampling simulations.

• Minimal human intervention. Our implementation of the methodology in a user-

friendly software, BFEE2, streamlines the overall standard binding free-energy 

calculation. From the definition of the CVs, the preparation of the different 

input files, to the post-treatment of the simulations, each step is automated in 

BFEE2, hence minimizing human intervention. Still, monitoring the trajectories 

and tuning up the simulation parameters as a function of the protein:ligand 

complex at hand, e.g., simulation length, is advisable.

• Easy assessment of convergence. Convergence of the PMF calculations, or of the 

alchemical transformations, can be directly assessed through GUI-based tools.
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• Robustness and reproducibility of results. Since the definition of the CVs (Table 

1) and free-energy calculations (Fig. 1) are both standardized19,20, the protocol 

will yield the same binding affinity for a given protein:ligand complex in 

replicated simulations.

Limitations

• Force-field dependence. The overall accuracy—as opposed to the statistical 

precision25,48—of binding free-energy calculations rests upon the quality of 

the force field utilized, as our methodology is based on MD simulations. The 

end-user is, therefore, strongly suggested to have some level of expertise in 

the selection and validation of force fields, especially for drug-like molecules. 

This force-field dependence exists in all MD-based methodologies aimed at 

estimating binding affinities. To make this protocol self-contained, we explain 

hereafter how to set up molecular assemblies using the CHARMM49 and 

Amber50 force fields. It should be made very clear that our method itself 

is rigorously formulated, independently of the force field, as opposed to 

approximate schemes like MM/PBSA, and hence, the users can improve the 

reliability of the standard binding free-energy calculation by turning to a more 

accurate model (e.g., polarizable force fields such as Drude51 and AMOEBA52) 

if necessary.

• Extremely deeply buried ligands. Our methodology can be employed to 

determine the binding affinity of ligands buried in a protein. For deeply buried 

ligands, however, capturing the solvent reorganization, that is water entering and 

exiting the binding site as the substrate is decoupled reversibly from it, requires 

extensive simulation times, which might induce convergence issues in the free-

energy calculations. In some cases, this issue can be circumvented by treating 

some water molecules as part of the protein or the ligand. Under the premise 

that the exchange of water inside and outside the binding site is essential, MD 

experts may want to turn to advanced-sampling techniques, such as REST247,53 

or Monte-Carlo based methods54,55, combined with FEP to address this issue. 

These approaches are, however, not yet proposed in BFEE2, and the users must 

modify manually the inputs generated by the software.

• Ligands with significant conformational variability between the bound and the 

unbound state. In many instances, the bound- and unbound-state conformations 

of the ligand may be different. In the workflow presented below, the RMSD 

with respect to the bound-state conformation is used as a CV to characterize the 

conformational change of the ligand. Although this choice is anticipated to be 

reasonable for most drug-like molecules, the conformation of some ligands, such 

as those with ribose ring puckering, may not be sensitive to the change of the 

RMSD with respect to its bound-state conformation. Under such circumstances, 

the experienced end-user may want to change the default definition of the RMSD 

to another CV that can characterize the isomerization of the ligand, adapting 

the relevant configurational files generated by BFEE2. Still, the examples 

presented below are indicative that the use of the RMSD with respect to the 
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bound-state conformation is sufficient to describe the conformational change 

of ligands as flexible as a heptapeptide (DIAP1-BIR1:Grim peptide) and proline-

rich decapeptides (Abl kinase-SH3:p41/p5/p24).

• Computational cost. Our methodology is by and large more expensive than those 

based on end-point approximations, which is the price to guarantee reliability 

of the free-energy estimates. Typically, a timescale of a few microseconds, 

possibly a few hundreds of nanoseconds, is sufficient to determine the binding 

affinity of a protein:ligand complex with the desired accuracy. In practice, 

with the development of GPU-based architectures and GPU-accelerated MD 

engines, microsecond simulations are now routinely performed in the field of 

drug design. Furthermore, it is worth noting that some of the subprocesses 

(Fig. 1) in our methodology can be performed in parallel, thereby taking 

advantage of multi-GPU machines to reduce the total wall-clock time devoted 

to free-energy calculations. It should be clarified that a priori estimation of the 

computational time needed to overcome possible bottlenecks, or kinetic traps, 

such as conformational rearrangements in the binding pocket, is not always 

possible. Hence, additional computational effort may be sometimes required to 

guarantee suitable convergence of the simulations.

Other points

• Requirement of the native binding motif. It is difficult to ascertain how resilient 

the methodology is to an assumed initial binding pose. Since the free-energy 

method rests on configurational sampling, in principle, this procedure by itself 

has the ability to explore the configurations in the neighborhood of the assumed 

pose. Simulations may either lead to an improved binding pose or lead to 

a completely different one. If the assumed initial pose is very inaccurate, 

the outcome is more uncertain. However, any alternative simulation strategy 

that does not rely on prior knowledge of the native binding pose implicitly 

assumes that it has the ability to discover the latter from scratch, which 

represents a significant computational effort of its own. In practice, we believe 

that a sufficiently accurate approximation of the native state can be obtained 

at a reduced computational cost by means of molecular docking when no 

experimentally determined structure is available.

Overview

In this protocol, we first introduce both the geometrical and alchemical routes for the 

calculation of the standard binding free energy of a flexible ligand, p41, to the SH3 domain 

of tyrosine kinase Abl19 using NAMD as our MD engine. To demonstrate the performance 

of our methodology when applied to different classes of protein:ligand complexes, we 

provide the following additional examples: (i) DIAP1-BIR1:Grim peptide, illustrating the 

use of Gromacs as the MD engine (Box 2), (ii) trypsin:benzamidine, the application 

of the geometrical route to a semi-buried ligand (Box 3), (iii) β1-adrenergic receptor:4-

methyl-2-(piperazin-1-yl) quinoline, the study of a membrane protein (Box 4), and (iv) 
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Factor Xa:quaternary ammonium, analyzing the driving force underlying the protein:ligand 

association (Box 5).

Estimating protein:ligand standard binding free energies using our methodology includes 

four stages, irrespective of the chosen route, namely,

1. Modeling. This stage consists in preparing the structure and topology files 

readable by MD engines, which can be carried out by modeling tools such as 

CHARMM-GUI56 and AmberTools57.

2. Input files generation. This sub-step consists in preparing all the configurational 

files for the multistep free-energy calculation, automated in BFEE2.

3. Simulation. This stage consists in carrying out the different MD simulations. 

This stage requires human intervention to monitor the convergence of the latter, 

and, if need be, tune up selected parameters. Molecular visualization software, 

like VMD24, is required to visualize the trajectory. Part of the convergence 

analysis is available in the latest version of BFEE2 and in ParseFEP58.

4. Post-treatment. This stage consists in calculating the binding affinity based on 

the output files generated in the different MD simulations. Bookkeeping and 

evaluation of the different configurational integrals are handled by BFEE2.

For first-time users of BFEE2, the additional step of software installation is evidently 

required, as detailed in the Materials section. After installation, we suggest that the 

end-user starts learning from the Abl-SH3:p41 illustration to grasp the gist of the 

methodology, focusing specifically on the “Simulation” stage, which requires the greatest 

human intervention and expertise. Each example mentioned in this protocol, other than 

Abl-SH3:p41, highlights a specificity that ought to be paid attention to in practice. We 

also provide a lookup table to troubleshoot possible issues encountered while applying this 

protocol.

Expertise needed to complete the protocol

The end-user is expected to know how to run MD simulations using either NAMD59 

or Gromacs60. Moreover, some experience of CV-based free-energy calculations using 

Colvars29 is desirable, though not mandatory. Complete knowledge of the structural 

detail to define the slow degrees of freedom underlying the reversible association of the 

protein:ligand complex is in principle not necessary, but the end-user is expected to know 

the experimental conditions of the three-dimensional structure determination, that is the 

ionic strength and pH, which are crucial for setting the correct protonation state of the 

protein and of the ligand and carrying out the simulations with the appropriate salinity.

Experimental design

The workflow of our methodology is shown in Fig. 2 and explained below.

Modeling.—The end-user is required to generate structure and topology files readable 

for MD engines, starting ordinarily from a PDB ID, should there be an experimentally 

determined three-dimensional structure available, or from a PDB-formatted file obtained 
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using molecular docking. Although we provide an introduction on the use of CHARMM-

GUI56, a web-based server, for setting up simulations involving protein:ligand complexes 

(step 1), discussing the detail of the molecular-modeling stage prefacing the determination 

of the binding affinity falls beyond the scope of this protocol.

Input-file generation.—In this stage, all the configurational files required for a complete 

binding free-energy calculation are generated using BFEE2. At this stage, the end-user must 

determine whether the geometrical or alchemical route will be followed. Whereas the former 

is only germane to complexes in which the ligand lies at the surface of the protein, the latter 

is suited to any protein:ligand complex. We provide in this protocol examples for both routes 

(steps 2–6).

Although the generation of input files is almost completely automated in BFEE2, given that 

the appropriate route is selected as a function of the nature of the protein:ligand complex 

at hand, the end-user may find it necessary to tune some parameters, most notably the 

simulation length and whether or not a stratification strategy25 ought to be used, which 

requires some prior experience with MD simulations. To give the non-expert an idea of how 

to tune simulation parameters, we detail the simulation times and stratification strategies for 

all the examples reported in this protocol and rationalize these settings (Procedure 1 and 2, 

step 5).

Simulations.—All the simulations are carried out in this stage. It is important that the 

MD engine, either NAMD or Gromacs, be patched with the latest version of the Colvars 

module (Materials section). It is noteworthy that the end-user has the burden of assessing 

convergence of the different free-energy calculations with the help of BFEE2 and any other 

graphical-interface-based tool like ParseFEP58 (Procedure 1, steps 7–12 and Procedure 2, 

steps 4 and 5).

Post-treatments.—All the post-treatments—bookkeeping of the free-energy calculations 

and evaluation of the configurational integrals—can be performed automatically using 

BFEE2, without any human intervention (Procedure 1, steps 13–15 and Procedure 2, steps 

6–8). In addition to the standard binding free-energy calculation, we provide guidelines to 

analyze the interaction of the partners at play—or moieties thereof—to identify the driving 

forces that underlie molecular association (Box 6).

Materials

Example data

• The structure files of the protein:ligand complexes examined in this protocol are 

accessible in the Protein Data Bank (www.rcsb.org) using a PDB ID or obtained 

from the Supplementary Data.

• Output files from the geometrical and alchemical routes (Supplementary Data).
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Hardware and software

• In principle, any computer can be used to run the simulations. However, a 

Linux-based computer with at least one discrete graphics card is recommended 

for the “Simulation” stage, considering the computational cost and software 

compatibility. For the other stages, computers running Windows, Linux, or Mac 

OS are appropriate.

• VMD (www.ks.uiuc.edu/Research/vmd)

• NAMD (www.ks.uiuc.edu/Research/namd) or Gromacs (www.gromacs.org) 

patched with Colvars (colvars.github.io)

• BFEE2 (github.com/fhh2626/BFEE2)

The installation guidelines of these pieces of software are provided in the Supplementary 

Information.

Procedure 1: The geometric route

CRITICAL We assume here that NAMD is the MD workhorse. The reader is referred to Box 

2 to learn the use of Gromacs.

Modeling

1. Generate the topology and coordinate files readable by the MD engines. Detail 

of the procedure using CHARMM-GUI is provided in the Supplementary 

Information (see also the tutorials for the CHARMM, AmberTools and Gromacs 

environments).

Input-file generation

2. Open BFEE by typing

BFEE2Gui.py 

in the terminal (Linux and Mac OS environment), or PowerShell (Windows 

environment). Optionally, one can link BFEE2 with VMD through 

File→Settings. If BFEE2 is not linked with VMD, some input files, e.g., the 

structure file of the extended water box, cannot be generated automatically. 

Under these premises, scripts will be generated automatically and can be run 

manually within VMD to create all the necessary files for the binding free-

energy calculation.

? TROUBLESHOOTING

3. Set the path to the topology (PSF or PARM) and the structure (PDB or RST) 

files. If the CHARMM force field is used, the path to the CHARMM force 

field files (PRM or STR) is also required. For the Abl-SH3:p41 example, 

the relative paths to the topology and the structure files are workflow/
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complex.psf and workflow/complex.pdb, respectively. The relative paths 

to the force-field files are workflow/par_all36m_prot.prm and workflow/

toppar_water_ions.prm.

! CAUTION The non-bonded fix (NBFIX) terms of the CHARMM 

general force field for organic molecules (par_all36_cgenff.prm) rely 

on the definition of atom types in other force-field files. Either include 

par_all36m_prot.prm, par_all36_na.prm and par_all36_carb.prm 

whenever par_all36_cgenff.prm is required, or remove the unnecessary 

NBFIX terms in par_all36_cgenff.prm manually to satisfy the dependency.

4. Set the temperature of the simulation and define the protein and ligand moieties 

(following the MDAnalysis syntax, as documented in docs.mdanalysis.org/

stable/documentation_pages/selections.html). In the Abl-SH3:p41 example, enter 

300, segid SH3D and segid PPRO, respectively.

! CAUTION If the CHARMM force field is utilized, it is convenient to make 

the selection with the keyword segid. Conversely, if the Amber force field is 

utilized, resid ought to be preferred because Amber PARM files do not have 

segment information.

5. Optionally, set the parameters of the “Advanced settings” menu. A short 

description of these parameters is presented hereafter.

• User-defined Separation direction→Reference. By default, the 

separation of the ligand from the protein proceeds along the direction of 

the vector connecting the centers of mass. By defining an additional 

object as the reference (following the MDAnalysis syntax), the 

separation is along the direction of the line connecting the centers of 

mass of the ligand and the reference. This option is useful for handing 

semi-buried ligands using the geometrical route (see also Box 3).

• User-defined large box. By default, when the CHARMM force field 

is utilized, BFEE2 automatically expands the TIP3P water box of the 

molecular assembly to dimensions germane for the separation of the 

ligand from the protein. If the simulation is to be performed in a 

non-aqueous environment, if a water model different from the standard 

TIP3P model is utilized, or if the Amber force field is chosen in lieu 

of the CHARMM force field, the end-user is mandated to provide 

the molecular assembly with the relevant solvent box of suitable 

dimensions.

• Stratification. This option specifies whether the reaction path is 

decomposed into strata or windows. A value larger than 1 indicates 

the use of a stratification strategy. For example, for step 2, exploring the 

Euler angle Θ ranging from −10 to 10 degrees, Stratification set to 2 

indicates two separate simulations whereby Θ∈[−10, 0] and Θ∈[0, 10].
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• Compatibility→Pinning down the protein. This option ensures that the 

protein remains at the center of the simulation box through adding 

restraints. By default, the Euler and spherical-coordinate (polar and 

azimuthal) angles are defined relying on the “Orientation (quaternion)” 

CV in the Colvars module. Under these premises, enforcement of roto-

translational restraints is required to avoid a net angular acceleration of 

the protein-ligand complex.

• Compatibility→Use quaternion-based CVs. The default definitions 

of Euler and spherical-coordinate angles rely on the “Orientation 

(quaternion)” CV in the Colvars module (supported by NAMD 2.13 

and later), requiring pinning down the protein, as discussed above. If 

this option is unchecked, a new, hard-coded definition of Euler and 

spherical-coordinate angles is utilized (supported by the git version of 

NAMD patched with the git version of Colvars), which circumvents 

the requirement of pinning down the protein, as a torque is added 

internally to the protein to prevent it from tumbling and drifting. We, 

nevertheless, recommend that the quaternion-based definition of the 

angles be utilized, as it has been thoroughly tested, and it is fully 

compatible with the recent official releases of NAMD.

• Model→Membrane Protein. If this option is checked, BFEE2 will 

assume that the molecular assembly contains a membrane protein. 

Semi-isotropic pressure coupling will be adopted, and, for the unbound-

state simulations, the ligand will be re-solvated and re-neutralized 

(see also Box 4). At present, this option is only available when the 

CHARMM force field is used.

• Parallel runs. We recommend estimating the error associated with 

a binding free-energy calculation through the geometrical route by 

running in parallel independent simulations with distinct random-

number-generator seeds and computing the standard deviation over 

the different results obtained. This option determines how many 

independent simulations are carried out in parallel.

▲ Critical Step Stratification subsumes a set of parameters crucial for the 

convergence rate of the free-energy calculations at hand. Within the geometric 

route, the PMF calculations handling the separation of the ligand from the 

protein may require three to five windows, or strata, whereas those describing the 

conformational change of the ligand, either in the bound or in the unbound state, 

may require one to five windows, depending on the flexibility of the substrate. In 

the Abl-SH3:p41 example, (3, 1, 1, 1, 1, 1, 5, 3) is a good choice for the number 

of windows for each step of the geometrical route.

6. Click on the “Generate Inputs” button and choose the directory where all the 

input files will be located. Fig. 3 shows the recommended settings for the 

geometrical route in the case of the Abl-SH3:p41 example.
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Simulation

7. Equilibrate the molecular assembly by executing

cd 000_eq 

namd2 +p8 +idlepoll +devices 0 000_eq.conf > 000_eq.log & 

in terminal (Linux and Mac OS) or PowerShell (Windows). +p8 means that 

eight CPU cores will be used, and +idlepoll +devices 0 indicates that the 

simulation will be run on GPU 0. The end-user can modify these parameters 

depending on the available computational resources.

? TROUBLESHOOTING

8. Perform the free-energy calculations dealing with the conformational change of 

the ligand in the bound state by executing

cd 001_RMSDBound 

namd2 +p8 +idlepoll +devices 0 001_abf_1.conf > 001_abf_1.log & 

If the transformation is stratified, the simulations of the different windows can 

be performed in parallel. It must be noted, however, that the restart files of 

window i, which are generated shortly after starting the simulation, are required 

as the starting point of window i+1. We suggest monitoring the value of the 

CV in output/001_abf_i.colvars.traj to ensure that it is appropriate for 

window i+1.

▲ Critical Step The user needs to ascertain that the simulation is 

suitably converged (Fig. 4). If not, extend the simulation by using, e.g., 

001_abf_1.extend.conf, with an appropriate simulation time. We suggest 

running at least (100, 10, 10, 10, 10, 10, 200, 100) nanoseconds for each step 

of the Abl-SH3:p41 example. These simulation times are merely indicative, and 

ought to be adjusted as a function of the nature of the protein:ligand complex.

? TROUBLESHOOTING

9. Perform the free-energy calculations characterizing the change of Euler angle Θ 
by executing

cd 002_EulerTheta 

namd2 +p8 +idlepoll +devices 0 002_abf_1.conf > 002_abf_1.log & 

Similar to the previous step, ascertain that the simulation is converged by setting 

an adequate simulation time. In the geometrical route, the change in the three 

Euler angles in the PMF calculations does not induce any significant variation of 

the polar and azimuthal angles, but the opposite is not true. Euler angles must, 
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therefore, be handled prior to the polar and azimuthal angles. There is, however, 

no particular order for the treatment of the three Euler angles.

? TROUBLESHOOTING

10. Let us suppose that the value of Θ corresponding to ΔG=0 is −2° in 

002_EulerTheta/output/abf_1.abf1.czar.pmf—or, alternatively, in the 

file where the different contributions of a stratified free-energy calculation are 

merged. In the latter case, select the “Merge PMFs” option in the “Quick-plot” 

tab to see the complete PMF.

Then open 003_EulerPhi/colvars_1.in, and change,

harmonic { 

   colvars        eulerTheta

   forceConstant  0.1

   centers        0.0

}

to

harmonic {

   colvars        eulerTheta 

   forceConstant  0.1 

   centers        −2.0 

} 

to guarantee an optimal value for Θ when handing the other CVs.

Next, perform the free-energy calculation characterizing the change of Euler 

angle Φ by executing

cd 003_EulerPhi 

namd2 +p8 +idlepoll +devices 0 003_abf_1.conf > 003_abf_1.log & 

? TROUBLESHOOTING

11. Run the following simulations sequentially, which characterizes, respectively, 

the changes in Euler angle Ψ and in spherical-coordinate angles θ and φ, the 

equilibration of the protein:ligand in an extended water box and the separation of 

the ligand from the protein, namely

004_EulerPsi/004_abf_1.conf 

005_PolerTheta/005_abf_1.conf 

006_PolerPhi/006_abf_1.conf 
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007_r/007.1_eq.conf 

007_r/007.2_abf_1.conf 

! CAUTION Similar to step 10, prior to the simulations, revise the definition of 

centers for the restraints declared in the *.in files.

? TROUBLESHOOTING

12. Equilibrate the ligand-only computational assay and perform the PMF 

calculation describing the conformational change of the substrate in bulk water 

by running the following simulations sequentially,

008_RMSDUnbound/008.1_eq.conf 

008_RMSDUnbound/008.2_abf_1.conf 

Then go to step (13).

▲ Critical Step The simulations corresponding to 001_RMSDBound and 

008_RMSDUnbound are independent and can, therefore, be performed in parallel, 

or concurrently, while those corresponding to 002_EulerTheta through 007_r 

ought to be carried out in a sequential order, due to the need of updating the 

value of the harmonic-restraint centers.

? TROUBLESHOOTING

Post-treatment

13. Open the BFEE2 window and switch to the “Post-treatment→Geometric” tab. 

Then load the PMF files of each step.

14. Set the force constants of CVs. The value of these force constants corresponds 

to, for example, the forceConstant option in the following block.

harmonic {

   colvars         eulerTheta

   forceConstant   0.1

   centers         0.0

} 

If the forceConstant options in *.in files are not changed manually during 

the multistep free-energy calculation, the default force constants provided in the 

“Post-treatment” tab of BFEE2 GUI can be directly adopted.

15. Set the temperature of simulations and r* of the integration. The choice of 

r* should not affect the result of the free-energy calculation, as long as it 

is sufficiently large (i.e., the PMF curve of 007_r is flat for r > r*). Then 

click on the “Calculate binding free energy” button. Fig. 5 shows how to do 

post-treatment of the geometrical route for the Abl-SH3:p41 example.
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Procedure 2: The alchemical route

Modeling & Input-file generation

1. Perform Step 1–4 from Procedure 1.

2. Optionally, set the parameters of the “Advanced settings” menu. A short 

description of these parameters is presented hereafter.

• Stratification. Similar to the corresponding option for the geometrical 

route.

• Double-wide sampling simulation. If this option is checked, a double-

wide sampling simulation in lieu of explicit forward and backward 

transformations will be performed. The end-user must know how to 

parse the output files of double-wide simulations.

• Compatibility→Pinning down the protein. Similar to the corresponding 

option for the geometrical route.

• Compatibility→Use quaternion-based CVs. Similar to the 

corresponding option for the geometrical route.

• Minimization before sampling. This option allows NAMD to perform 

an energy minimization prior to an FEP calculation at a given value of 

the coupling parameter.

• Model→Membrane Protein. Similar to the corresponding option in the 

geometrical route.

▲ Critical Step Stratification subsumes a set of parameters crucial for the 

convergence rate of the free-energy calculations at hand. Within the alchemical 

route, as many as 20 to 400 intermediate states may be required for each 

transformation, depending on the flexibility—when adding reversibly the 

relevant geometric restraints, and the size of the ligand—when decoupling it 

reversibly from its environment. In the Abl-SH3:p41 example, (100, 200, 100, 

200) × 2 are good choices for the number of windows for each step of the 

alchemical route.

3. Click on the “Generate Inputs” button and choose the directory where all the 

input files will be located. Fig. 6 shows the recommended settings for the 

alchemical route in the case of the Abl-SH3:p41 example.

Simulation

4. Equilibrate the molecular assembly by executing

cd 000_eq 

namd2 +p8 +idlepoll +devices 0 000.1_eq.conf > 000.1_eq.log & 

namd2 +p8 +idlepoll +devices 1 000.2_eq_ligandOnly.conf > 

000.2_eq_ligandOnly.log & 
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in terminal (Linux and Mac OS) or PowerShell (Windows). The +p8 means 

using 8 CPU cores and +idlepoll +devices 0 represents the use of GPU 0. 

The end-user can adjust these parameters to adapt their own computers.

? TROUBLESHOOTING

5. Run the following simulations,

001_MoleculeBound/001.1_fep_backward.conf 

001_MoleculeBound/001.2_fep_forward.conf 

002_RestraintBound/002.1_ti_backward.conf 

002_RestraintBound/002.2_ti_forward.conf 

003_MoleculeUnbound/003.1_fep_backward.conf 

003_MoleculeUnbound/003.2_fep_forward.conf 

004_RestraintUnbound/004.1_ti_backward.conf 

004_RestraintUnbound/004.2_ti_forward.conf 

▲ Critical Step These simulations can be carried out in parallel, for as long as 

the backward alchemical simulations are performed prior to the corresponding 

forward ones. The end-user should ascertain that the simulation is converged, 

which is mirrored in a small error between the forward and the backward 

simulations, as detailed below in the “Post-treatment” section and Box 5. Should 

the simulation not be converged, one needs to increase either the simulation 

time or the number of windows—or possibly both, and restart the corresponding 

simulations. We suggest to run at least (100, 400, 100, 400) × 2 nanoseconds for 

each step of the Abl-SH3:p41 example, prior to jumping to step 6.

? TROUBLESHOOTING

Post-treatment

6. Open the BFEE2 window and switch to the “Post-treatment→Alchemical” tab. 

Then load the *.fepout or *.log files of each step.

7. Similar to the Geometrical route (step 14 of Procedure 1), set force constants of 

CVs.

8. Set the centers of restraints and the temperature of the simulations. The centers 

of restraints correspond to, for example, the centers option in the following 

block.

harmonic {

   colvars        eulerTheta 

   forceConstant  0.1 

   centers        0.0 

} 
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Then click the “Calculate binding free energy” button. Fig. 7 shows how 

to perform post-treatment of the Abl-SH3:p41 example for the alchemical 

route. The errors reflecting the hysteresis between the forward and backward 

simulations are provided and indicate the convergence of the multistep free-

energy calculation. The end-user should extend the simulation time or increase 

the number of windows—or both, if a significant hysteresis is measured between 

the forward and backward transformations.

▲ Critical Step The ParseFEP plugin of VMD can be used to improve the 

reliability of alchemical free-energy calculations. See Box 6 for more details.

Troubleshooting

Troubleshooting advice is provided in Table 3. Most of the issues are relevant to the use of 

NAMD. The end-user, hence, is strongly advised to become familiar with the latter through 

NAMD User’s Guide and tutorials. We also suggest asking for help experts through the 

NAMD mailing list (https://www.ks.uiuc.edu/Research/namd/mailing_list/).

Timing

Procedure 1: the geometrical route

Step 1, modeling: 10 minutes.

Steps 2–6, generating the required input files: 10 minutes.

Steps 7–12, performing the simulations of the geometrical route and monitoring the 

convergence: Depends on the available computational resources. As a reference, on a 

GTX 2070, the simulation speeds for the Abl-SH3:p41 case example are 50 ns/day 

for the PMF calculation characterizing the separation of the ligand from the protein 

and 90 ns/day for all other PMF calculations.

Steps 13–15, post-treatments of the geometrical route: 10 minutes.

Procedure 2: the alchemical route

Step 1–6, modeling and generating the required input files: 20 minutes.

Steps 7 and 8, performing the simulations of the alchemical route and monitoring the 

convergence: Depends on the available computational resources. As a reference, on a 

GTX 2070, the simulation speeds for the Abl-SH3:p41 case example are 40, 60, 80 

and 100 ns/day for the reversible decoupling of the ligand from the protein, adding 

restraints on the ligand in its bound state, decoupling the ligand from the bulk water, 

and adding restraints on the ligand in its unbound state, respectively.

Steps 9–11, post-treatments of the alchemical route: 10 minutes.

Boxes

Box 1, analysis of a PMF calculation: 20 minutes.
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Boxes 2–4, additional examples of binding free-energy calculations: Depends on the 

available computational resources.

Box 5, analyzing the enthalpic driving force underlying protein:ligand association: 

Depends on the available computational resources.

Box 6, analyzing alchemical free-energy calculations using ParseFEP: 20 minutes.

Anticipated results

The Abl-SH3:p41 case example—Geometrical route.

Eight PMF calculations were performed to estimate the standard binding free energy of the 

complex (see Fig. 8).

It should be noted that for flexible ligands, the thermalized bound-state conformation 

provided to BFEE2 as the reference may slightly differ between independent runs due to 

the chaotic nature of MD. This difference might affect the outcome of the PMF calculations, 

especially those using as a CV the RMSD of the ligand with respect to the reference native 

conformation. However, the final standard binding free energy is, in principle, not affected 

by such minute conformational differences between the references provided to BFEE2, 

assuming that deviation in the protein:ligand structures remain moderate.

The following prerequisites of final PMFs can be used to validate the correctness and 

convergence of a standard binding free-energy calculation through the geometrical route:

• From the simulations using the Euler and spherical-coordinate angles as CVs, 

the PMFs are generally pseudo-quadratic. If this is not the case, we suggest to 

extending the range of the CV accordingly.

• The simulation describing the reversible separation of the ligand from the protein 

is the key step of the geometrical route. Starting from the global minimum, 

the free energy usually increases sharply until a pseudo-plateau is reached. The 

slight decay in the free energy at large separations stems from the contribution 

of the geometric entropy, or the Jacobian63, which is evaluated analytically 

throughout the simulation, and subtracted from the PMF29 by BFEE2. In the 

Abl-SH3:p41 case example, a pseudo-plateau corresponding to a free energy 

ranging from 15 to 20 kcal/mol is reasonable.

• The final result of the PMF calculations using as a CV the RMSD of the ligand 

with respect to its native, bound-state conformation may acutely rely on the 

structure of the reference (bound-state conformation). Generally, the PMF does 

not necessarily consist of a single well, and is often skewed.

Using the PMFs shown in Fig. 8 (data provided in the Supplementary Data), the estimated 

standard binding free energy of the Abl-SH3:p41 complex is −7.6 kcal/mol, in excellent 

agreement with the experimental value, i.e., −7.99 kcal/mol64, as depicted in Fig. 6. If 

independent simulations are run in parallel to calculate the standard error, the latter should 

be within 0.5 kcal/mol, considering that combination of our parallel runs in refs. 16, 

20 and 22 yields a standard error of 0.2 kcal/mol. As a post-hoc treatment of the free-
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energy calculation, the driving force underlying protein:ligand association can be studied 

with exquisite detail using the pair-interaction calculation feature available in NAMD, as 

described in Box 5.

The Abl-SH3:p41 case example—Alchemical route.

Following Procedure 2, using bidirectional alchemical transformations, the standard binding 

free energy of the Abl-SH3:p41 complex was estimated to be −7.5 kcal/mol (data provided 

in the Supplementary Data), with an approximate error of 0.4 kcal/mol based on the 

hysteresis between the forward and backward transformations.

It is noteworthy that performing bidirectional transformations along the alchemical route is 

a convenient way to verify thermodynamic micro-reversibility, mirrored in the absence of a 

hysteresis between the forward and backward simulations, while allowing the corresponding 

statistical data to be combined to yield a maximum-likelihood estimator of the free 

energy65. A thorough analysis is observing the free-energy change with respect to λ of 

the bidirectional simulations, which can be extracted from the FEPOUT or the LOG files by,

grep “#Free energy change for lambda” 001_fep_forward.fepout > 

001_lambda_forward.dat 

or

grep “dA/dLambda” 002_ti_forward.log > 002_lambda_forward.log 

The overlap of the free energy profiles as a function of the coupling parameter, λ, of the 

forward and backward transformations, is a necessary, albeit not sufficient, condition for 

convergence of bidirectional simulations65 and, therefore, provides a rough estimate of the 

reliability of the calculation. In the Abl-SH3:p41 case example, the curves characterizing the 

forward and backward simulations are very close, suggesting a suitable convergence of our 

simulations (Fig. 9). A more thoroughe analysis of the convergence, and of the statistical 

and systematic errors associated to the simulations can be performed using ParseFEP58,65,66. 

(Box 6 and Fig. 10). If the Bennett acceptance-ratio (BAR) estimator67 implemented in 

ParseFEP58 is used to improve the precision of free energy calculations, the calculated 

standard binding free energy of p41 to Abl-SH3 is −7.4 ± 0.3 kcal/mol.

Other examples.

Apart from Abl-SH3:p41, we have calculated the standard binding free energies of the 

following examples to illustrate the use of BFEE2, that is,

• DIAP1-BIR1: grim peptide. This example was chosen as an illustration of the 

use of Gromacs as the MD workhorse. Following the procedure depicted in Box 

2, the standard binding free-energy estimate was found to be equal to −8.7 ± 0.7 

kcal/mol, in excellent agreement with the experimental value of −9.5 kcal/mol68.
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• T4 lysozyme L99A:benzene. Since the ligand molecule, benzene, is deeply 

buried in the protein, the alchemical route was adopted to estimate the binding 

free energy. In stark contrast with the Abl-SH3:p41 complex, long simulation 

times are required to decouple reversibly the ligand from its binding site, as 

capturing the exchange of water molecules between the cavity and the bulk is 

admittedly slow. The binding free energy estimated in this study, namely, −6.0 ± 

1.0 kcal/mol, agrees well with the experimental measurement of −5.2 kcal/mol69.

• Trypsin:benzamidine. As benzamidine is semi-buried in the protein, a well-

defined pathway is required to separate the former from the latter, should the 

geometrical route be chosen. Following the guideline provided in Box 3, the 

computed binding free energy, −7.8 ± 0.6 kcal/mol, only differs slightly from the 

experimental value (−7.2 to −6.3 kcal/mol)70–72.

• Factor Xa:quaternary ammonium. The choice of an appropriate force field 

is crucial for the estimation of standard binding free energies. The standard 

CHARMM36m force field49 yields a binding free-energy estimate of −3.7 

± 0.5 kcal/mol, differing significantly from the experimental value, −9.0 kcal/

mol73. By grossly ignoring induction phenomena, pairwise additive force fields, 

like the CHARMM36m force field, are notorious for misrepresenting cation-π 
interactions,74 which drive association in the factor Xa:quaternary ammonium 

complex. Switching to a force field germane to cation-π interactions38,75, 

the computed binding free energy now amounts to −8.7 ± 0.4 kcal/mol, in 

excellent agreement with the experimental value. This example is also used to 

illustrate how to analyze the driving force underlying protein:ligand association, 

as detailed in Box 5.

• MUP-I:2-methoxy-3-isopropylpyrazine and MUP-I:6-hydroxy-6-methyl-3-

heptanone. Protein:ligand affinity ranking is an important task in pharmaceutical 

sciences and is usually performed through relative binding free-energy 

calculations. In this protocol, we show that protein:ligand affinity ranking can 

be easily achieved through standard binding free-energy calculations. Through 

the alchemical route, the standard binding free energies of MUP-I:2-methoxy-3-

isopropylpyrazine and MUP-I:6-hydroxy-6-methyl-3-heptanone are estimated at 

−7.8 ± 1.0 and −5.5 ± 0.7 kcal/mol, respectively, in good agreement with the 

experiment (−7.8 and −6.0 kcal/mol)76,77.

• β1-adrenergic receptor:4-methyl-2-(piperazin-1-yl) quinoline. BFEE2 can be 

used to predict the binding affinity of a ligand to a membrane protein, which 

has traditionally been seen as a daunting challenge. One of the difficulties is to 

capture the reversible hydration of the binding site during the PMF calculations 

or alchemical transformations, as the membrane protein is fully immersed in its 

lipid environment. Following the procedure of the alchemical route introduced in 

Box 4, the calculated standard binding free energy of β1-adrenergic receptor:4-

methyl-2-(piperazin-1-yl) quinoline of −8.1 ± 1.0 kcal/mol agrees well with the 

experimental value, namely −9.07 kcal/mol78.
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• V1-ATPase:nucleotide (ATP or ADP + Pi). One of the most challenging 

applications of our methodology is the determination of the binding affinity 

of ATP and ADP + Pi bound towards V1-ATPase in its distinct conformational 

states, following the alchemical route40. The molecular assemblies at hand, of 

dimensions on the order of 170 × 170 × 190 Å3, are particularly complex 

compared with most of the biological objects reported herein. Our results 

indicate that ATP association in the tight site (−11.6 ± 0.8 kcal/mol) is 

energetically more favorable than that of ADP + Pi (−8.3 ± 0.9 kcal/mol), 

and that binding affinities of both of the nucleotides in the empty site are 

nearly identical (ATP: −4.1 ± 1.1 kcal/mol, ADP: −4.3 ± 0.8 kcal/mol) and less 

favorable compared with the tight or bound sites. This trend is in good agreement 

with the experimental measurements carried out on F1-ATPase79.

The pitfalls and caveats of the aforementioned examples are summarized in Table 

4. Additional success stories of the methodology are provided in Table 2. To make 

this protocol completely transparent to the end-user, we provide in the Supplementary 

Information the detailed description of the complexes, the parameters of the binding free-

energy calculation, and the results of the different sub-steps for three practical examples, 

namely MDM2-p53:NVP-CGM097, MUP-I:2-methoxy-3-isopropylpyrazine, and MUP-I:6-

hydroxy-6-methyl-3-heptanone, in addition to the Abl-SH3:p41 case example detailed in the 

text.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Data availability

The input and output files of BFEE2 of examples are provided in the Supplementary Data. 

The data shown in Fig. 8–11 were obtained from new simulations, as a way to verify 

and guarantee the reproducibility of our protocol, albeit some of the illustrations of the 

manuscript are taken from previous investigations.
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Box 1 |

Analysis of a PMF calculation

In this box, we show how to check the convergence of a PMF calculation and extend 

the simulation if convergence is not achieved. We assume that the reader has already 

completed at least one PMF calculation introduced in the main text.

Procedure ● Timing 10 min

1. Open the BFEE2 plug-in. Switch to the “Post-treatment → Quick-plot” tab. 

Load the *_abf_i.abf1.czar.pmf files (if a stratification strategy is 

used, all the *.pmf files should be loaded) into the “Plot (stratified) PMFs” 

section and click the “Plot” button to display the PMF.

2. Convergence of a PMF calculation manifests itself in an approximate 

plateau of the time-evolution of the PMF RMSD with respect 

to its initial value (usually a zero vector). To plot this curve, 

load *_abf_i.abf1.hist.czar.pmf into the “Calculate PMF RMSD 

convergence” section and click the “Plot” button (See Fig. 4 as an example). 

If a stratification strategy is used, the convergence of each window should be 

analyzed independently.

3. If a stratification strategy is used, we strongly advise checking the 

continuity of the gradient across adjacent windows. To achieve this, open 

*_abf_i.abf1.czar.grad and *_abf_(i+1).abf1.czar.grad using a 

text editor and look at the last value of the gradient in the former and the 

first value in the latter. One can also plot the gradient curve following the 

procedure of step (1), loading *_abf_i.abf1.czar.grad instead.

4. If convergence is not satisfied, use *_abf_i.extend.conf to extend the 

simulation. By looking at the time-evolution of the PMF RMSD with respect 

to its initial value, one can estimate the time required to achieve convergence 

and set an appropriate simulation time in *_abf_i.extend.conf before 

running the simulation.

It should be noted that in some cases, simply adding simulation time may not guarantee 

convergence. Instead, the result deteriorates with the increase of simulation time. Under 

these premises, we suggest to analyzing the trajectory to see whether partial denaturation 

of the protein has occurred as a result of introducing biasing forces. If so, the end-user 

may want to improve the initial structure of the simulation, use a stratification strategy, 

or add apposite restraints to maintain the proper conformation of the protein. Increasing 

the value of fullSamples in *.in files has also proven to help reduce deleterious 

nonequilibrium effects through accruing more samples and providing a more accurate 

estimate of the initial biasing force prior to applying it61.
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Box 2 |

Use BFEE2 with Gromacs

Apart from NAMD, BFEE2 supports binding free-energy calculations through the 

geometrical route using Gromacs60, and is, therefore, compliant with different schools 

of thought for the determination of protein-ligand binding affinities. Some steps in the 

preparation of the required input files have to be carried out manually, however, since 

third-party software, such as VMD and MDAnalysis cannot directly generate files in the 

desired Gromacs format.

Procedure ● Timing depending on the available computational resources

1. Compile Gromacs with the Colvars support; see the Supplementary 

Information for more details.

2. Open the BFEE2 plug-in. Switch to the “Pre-treatment→Gromacs” tab. Load 

the topology (TOP) and structure (PDB) files of the solvated complex and 

ligand, respectively.

3. Set the temperature of the simulation and define the protein and ligand 

moieties (following the MDAnalysis syntax).

4. Perform the following simulations sequentially. Each job must be submitted 

manually only after the previous one is completed.

000_eq/000_eq.mdp 

001_RMSD_bound/001_PMF.mdp 

002_euler_theta/002_PMF.mdp 

003_euler_phi/003_PMF.mdp 

004_euler_psi/004_PMF.mdp 

005_polar_theta/005_PMF.mdp 

006_polar_phi/006_PMF.mdp 

007_r/007_Minimize.mdp 

007_r/007_Equilibration.mdp 

007_r/007_PMF.mdp 

008_RMSD_unbound/008_Equilibration.mdp 

008_RMSD_unbound/008_PMF.mdp 

Note that the definition of centers for the restraints declared in the *.in files 

must be revised after the PMF calculation over an angle, Euler or spherical-

coordinate, is completed. See steps (7–12) of Procedure 1 for the detail of 

setting the centers keyword and understanding each step. Compilation of 

the configuration file is required before running a simulation using Gromacs. 

We have automated the compilation and update of centers by making shell 

(*.sh) scripts available to the end-user. If a stratification strategy is used, 

however, the end-user is invited to update the input files manually.
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5. Perform the post-treatment corresponding to steps (15–17) of Procedure 1. 

Note that the force constants ought to be set to the corresponding values in 

the *_colvars.dat files, as the unit used internally by Gromacs is different 

from that used by NAMD.

We have provided examples of input files (PDB ID: 1SE0 and 1BBZ) for Gromacs in the 

Supplementary Data to be tested by the end-user.
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Box 3 |

Handling a semi-buried ligand through BFEE2

As explained in the main text, the default direction along which the ligand is separated 

reversibly from the protein is the vector connecting their respective centers of mass. If 

the ligand is semi-buried, the end-user may want to choose another direction to separate 

the two partners. We want to emphasize here that this treatment is only useful for the 

geometrical route—the alchemical route can be adopted without any specific setting, 

irrespective of the ligand being buried or not.

Procedure ● Timing depending on the available computational resources

1. Open the structure file of the protein:ligand complex (PDB) with VMD. 

Observe the structure of the complex and find a possible path along which 

the barrier of separating the ligand from the protein is minimal. Then, define 

the path as the line connecting the center of mass of a manually chosen 

moiety and that of the ligand. This step is critical, and does directly affect the 

convergence of the binding free-energy calculation.

2. Follow steps (1–4) of Procedure 1. [AU: Is this correct? If not, please clarify 

which steps you are referring to here.]

3. Define the moiety chosen above as the reference by setting “User-defined 

separation direction→ Reference” (following the MDAnalysis syntax) in the 

“Advanced settings” menu.

4. Follow steps (6–12) and (15–17) of Procedure 1.

The end-user is required to monitor the trajectory of the simulation characterizing the 

separation of the ligand from the protein to ensure that the selected path is appropriate. 

A suboptimal path may lead to fraying—possibly partial denaturation of the protein 

in the course of separation. To reduce the trial-and-error overhead, the user can run 

007_r/007.1_eq.conf and 007_r/007.2_abf_1.conf and examine the selected 

path upstream from the formal standard binding free-energy calculation.
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Box 4 |

Handling a membrane-protein:ligand complex through BFEE2

BFEE2 can be used to calculate the standard binding affinity of a ligand towards a 

membrane protein. If the geometrical route is adopted, the end-user should ascertain that 

the ligand is appropriately separated from both the protein and its membrane environment 

by selecting a suitable direction of the translation of the ligand. Should this requirement 

be overly difficult to satisfy, the alchemical route is preferred. Such is the case of ligand 

deeply buried in the binding pocket of the membrane protein, e.g., in a G protein-coupled 

receptor.

Procedure ● Timing depending on the available computational resources

1. During modeling, ensure that the membrane is perpendicular to the z axis to 

comply with the flexibleCell option of NAMD.

2. Select either the geometrical (Procedure 1)or the alchemical (Procedure 

2)route. Follow steps (2–4) of the corresponding procedure.

3. Check “Model→Membrane Protein” in the “Advanced settings” menu. If 

necessary, define an appropriate separation direction by setting “User-defined 

separation direction→Reference”,the membrane is perpendicular as detailed 

in Box 3.

4. Perform a very long equilibration to ensure proper contact of the lipids 

with the membrane protein, and proper hydration of the protein’s soluble 

parts, which can be achieved by manually increasing the simulation time 

in 000_eq/000_eq.conf and 007_r/007.1_eq.conf (geometrical route) 

or 000_eq/000.1_eq.conf and 000_eq/000.2_eq_ligandOnly.conf 

(alchemical route).[AU: Please specify at which step of each corresponding 

procedure.]

5. Complete the free-energy calculation by following the remaining steps 

detailed in Procedure 1 or 2.

We want to emphasize that thorough exploration of the hydration state of the binding 

site is challenging, as the exchange of water molecules inside and outside the membrane 

protein is slow. One can equilibrate the membrane protein and its environment without 

the ligand, allowing water to diffuse inside the protein as a preamble to the PMF 

calculations—or alchemical transformations, should it prove necessary. During the free-

energy calculation, sampling in each window should be sufficient to allow the reversible 

hydration of the ligand and its binding site to be captured. More elaborate techniques, 

relying, for instance, on grand-canonical MD, fall beyond the scope of the present 

contribution54,55,62.
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Box 5 |

Analyzing the enthalpic driving force underlying the protein:ligand 
association

The pair-interaction calculation feature available in NAMD can be utilized to estimate the 

interaction energy and forces between any two moieties of the computational assay over 

an MD trajectory. The enthalpic driving force underlying protein:ligand association can, 

therefore, be analyzed with exquisite detail in this post-hoc treatment of the trajectory 

describing the separation of the ligand from the protein. This feature is only available 

when the geometrical route is followed, as no geometric pathway is determined in the 

alchemical route.

Procedure ● Timing depending on the available computational resources

1. Generate all the input files for a binding free-energy calculation following the 

geometrical route, as documented in Procedure 1.

2. Reduce the value of dcdFreq in 007_r/abf_*.conf and set 

colvarsTrajFrequency in colvars_*.in to that of dcdFreq. This step 

makes NAMD write the trajectory file more frequently than the default, as 

the trajectory will be used subsequently for analysis purposes. The choice of 

an appropriate value of dcdFreq is subservient to the available disk space. A 

dcdFreq of 500 may be acceptable in many cases.

3. Complete the free-energy calculation following steps XX-YY introduced in 

Procedure 1[AU: Please specify exact steps here.].

4. Prepare a PDB file, indicating the interaction of which two moieties will 

be calculated by setting the beta value of the two moieties as 1 and 2, 

respectively. If the self-interaction energies of a moiety are required, set the 

beta value of the moiety as 1.

5. An example of the configuration file of pair-interaction calculation is 

provided in the Supplementary Information. Run the pair-interaction 

calculation just like a standard NAMD job. It ought to be noted that to 

this date GPU acceleration is not supported for this task. A CPU version of 

NAMD is required.

6. The van der Waals and electrostatic interaction energies and forces between 

the two selected moieties are written for each frame of the trajectory in 

the NAMD output (log) file. The corresponding value of the CV, i.e., 

protein:ligand center-of-mass distance, r, for each frame can be found in 

the output/*.colvars.traj. Hence, the user can calculate the average 

interaction energy and force between the two selected moieties in each bin. 

The end-user can then either get the contribution to the PMF of the interaction 

of the two moieties by integration of the force along the CV, or analyze 

the pair-interaction energy profile directly. Some smoothing is sometimes 
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necessary to remove the noise in the obtained profiles due to lack of data in 

the saved trajectories.

7. Repeat steps (4–6) for any interesting moiety pairs.

An example of the analysis of the enthalpic driving force underlying protein:ligand 

association is provided in Fig. 11 (PDB ID: 2BOK). In this case, the association of the 

protein and the ligand, promoted by a cation-π interaction, is hindered by the desolvation 

of a quaternary ammonium, as the latter is highly hydrophilic. In stark contrast, the 

protein:water interaction is favorable for association, as the aromatic moieties of the 

protein are shielded from the solvent. Interestingly enough, when the ligand is very 

close to the protein, the protein:water interaction becomes unfavorable, as the charged 

quaternary ammonium perturbs the network of hydrogen bonds formed between the 

protein and the water. The balance of the aforementioned contributions determines the 

optimal distance separating the protein from the ligand in the bound state.
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Box 6 |

Analyzing alchemical free-energy calculations using ParseFEP

ParseFEP is a powerful tool for the analysis of FEP calculations. It can be used to 

improve the reliability of the free-energy estimate and detect possible convergence 

issues in FEP calculations. The use of ParseFEP as a post-hoc tool is, therefore, highly 

recommended in the standard binding free-energy calculation that follows an alchemical 

route. Note that ParseFEP only supports Linux and MacOS operating systems, wherein 

XMGrace can be installed58.

Procedure ● Timing 20 min

1. Complete the binding free-energy calculation following the procedure 

introduced in the main text.

2. Open ParseFEP through “VMD→Extensions→Analysis→Analyze FEP 

simulation”.

3. Load fep_forward.fepout and fep_backward.fepout into ParseFEP. 

Set parameters, as detailed in https://www.ks.uiuc.edu/Research/vmd/plugins/

parsefep/. We suggest using the Bennett-acceptance ratio (BAR) estimator67.

4. Click “Run FEP parsing” and wait for the computation to complete in the 

background. The free-energy estimate and statistical error will be displayed in 

the VMD terminal.

It is noteworthy that ParseFEP will output a series of figures (Fig. 10). For the probability 

distributions of the perturbation, ΔU, from a bidirectional calculation, the end-user is 

recommended to ascertain that the forward and the backward simulations sample a 

similar configurational space, mirroring the microstate-reversibility of the transformation 

at hand. The end-user can also monitor the evolution of the free-energy estimates in each 

window to verify the convergence of the bidirectional transformation65.
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Fig. 1 |. Illustration of the geometrical and alchemical routes.
a, geometrical route, b, alchemical route. The numbers indicate the order of free-energy 

calculations set up using BFEE2. The lock represents the restraints applied to the 

conformational, orientational and positional degrees of freedom of the ligand with respect to 

the protein.
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Fig. 2 |. Workflow of our methodology.
The light-yellow box represents the ‘Modeling’ stage (Procedures 1 and 2, Step 1); the green 

box, the ‘Input files generation’ stage (Procedure 1, Steps 2–6 and Procedure 2, Steps 1–3); 

the pink box, the ‘Simulation’ stage (Procedure 1, Steps 7–12 and Procedure 2, Steps 4 and 

5); and the purple and cyan boxes, the ‘Post-treatments’ stage (Procedure 1, Steps 13–15 and 

Procedure 2, Steps 6–8).
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Fig. 3 |. Settings for the generation of inputs for the Abl-SH3:p41 case example following the 
geometrical route.
Left, main window of BFEE2; right, advanced settings. Figures 3 and 4 show the BFEE2 

interface under Windows 10.
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Fig. 4 |. Monitoring the convergence of a PMF calculation.
An approximate plateau of the time-evolution of the PMF root-mean-square deviation 

(RMSD) with respect to its initial value usually is suggestive of a satisfactory convergence. 

Note that some minor fluctuations of the time-evolution curve are common and can usually 

be ignored.
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Fig. 5 |. Settings for the post-treatment of the Abl-SH3:p41 example following the geometrical 
route.
The left panel depicts the main window of BFEE2 and the right one, the results. The 

contributions from all the steps are supplied, and the standard binding free energy is the sum 

of them. This figure shows the BFEE2 graphical interface under Ubuntu 20.04.
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Fig. 6 |. Settings for the generation of inputs for the Abl-SH3:p41 case example following the 
alchemical route.
The left panel depicts the main window of BFEE2 and the right one, the advanced settings.
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Fig. 7 |. Settings for post-treatment of the Abl-SH3:p41 example for the alchemical route.
The left panel depicts the main window of BFEE2 and the right one, the results. The 

contributions of all the steps are provided, and the standard binding free energy is the 

sum of them. The reported errors show the hysteresis between the forward and backward 

simulations, which corresponds to an approximate measure of the reliability of the free-

energy calculation. This figure shows the BFEE2 graphical interface under Mac OS 11.4.
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Fig. 8 |. Results of PMF calculations in the geometrical route for the Abl-SH3:p41 example.
(a-h), the PMF calculations using as the CV the RMSD of the ligand with respect to its 

native, bound-state conformation (a), the three Euler angles, Θ (b), Φ (c), and Ψ (d), the 

polar, θ (e), and azimuth, φ (f), angles and the distance between the center of mass of the 

ligand and that the protein (g), and the RMSD of the ligand in a bulk environment, i.e., in the 

unbound state, with respect to its native, bound-state conformation (h). The protein:ligand 

separation follows an unphysical, rectilinear pathway, owing to the restraints acting on all 

the other CVs, which diminishes the difficulty of capturing the change in configurational 

entropy as the two partners of the complex associate (i).
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Fig. 9 |. Free-energy changes with respect to λ in the alchemical route.
(a-d), free-energy change accounting for reversibly decoupling the ligand from the protein 

(a), adding restraints on the bound-state ligand (b), decoupling the ligand from the bulk 

water (c) and adding restraints on the unbound-state ligand (d), respectively.
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Fig. 10 |. Example of the outputs of ParseFEP.
Evolution of the free energy in each window of a stratified, bidirectional calculation (a), and 

associated probability distributions of the potential-energy difference, ΔU (b). See Box 6 for 

more details.
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Fig. 11 |. Analysis of the enthalpic driving force of the association of Factor Xa: quaternary 
ammonium.
The contributions of protein:ligand (a) protein-water (b) and ligand-water (c) are analyzed. 

The structure corresponding to the most favorable protein-water interaction (r = 16 Å) is 

depicted in panel (d). Water-mediated salt bridges are found in this structure.
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Table 1 |

CVs considered in binding free-energy calculations

CV Description (the ligand with respect to the protein) Ligand movement mode

RMSD RMSD of ligand heavy atoms with respect to its bound-state conformation Conformational

Θ Roll angle from the bound-state orientation Orientational

Φ Pitch angle from the bound-state orientation Orientational

Ψ Yaw angle from the bound-state orientation Orientational

θ Polar angle in spherical coordinates Positional

φ Azimuthal angle in spherical coordinates Positional

r Center-of-mass distance Positional
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Table 2 |
Success stories of restraint-based binding free-energy calculations.

Detailed experimental and estimated binding free energies are provided in the Supplementary Information

Complex PDB ID
a Error (kcal/

mol)
b

Remarks Reference

Abl kinase-SH223:p41 1BBZ
0.5

c

0.4
d

Large, flexible ligand 19,20, this work

Abl kinase-SH3:p5 — 0.1 Large, flexible ligand 20

Abl kinase-SH3:p24 — 0.3 Large, flexible ligand 20

Human p56lck-SH2:pYEEI 1LKK
~0.5

e 18

FKBP12:ligand3 — 0.6 21

FKBP12:ligand5 — 2.1 21

FKBP12:ligand6 — 1.1 21

FKBP12:ligand8 1FKG 0.6 21

FKBP12:ligand9 1FKH 0.5 21

DIAP1-BIR1: Grim peptide 1SE0 0.8 Large, flexible ligand 38, this work

Trypsin:benzamidine 3ATL
~1.1

e Semi-buried ligand this work

HBV Cp:NVR-010–001-E2 5E0I
1.6

f Semi-buried ligand this work

T4 lysozyme L99A:benzene 4W52 0.8 Buried ligand 11, this work

T4 lysozyme L99A:ethyl benzene 1NHB 0.6 Buried ligand 11, this work

T4 lysozyme L99A:paraxylene 187L 0.4 Buried ligand 11, this work

T4 lysozyme L99A:n-butyl benzene 186L 1.0 Buried ligand 11, this work

human CREBBP-Bromodomain:dihydroquinoxali none 4NYX 0.3 Cation-π interaction dominates 38

human CREBBP-Bromodomain: isoxazolyl-
benzimidazole

4NR7 0.4 Cation-π interaction dominates 38

Factor Xa:cation inhibitor 2JKH 0.9 Cation-π interaction dominates 38

Factor Xa:cation inhibitor 2Y5H 1.1 Cation-π interaction dominates 38

Factor Xa:cation inhibitor 2Y5G 2.1 Cation-π interaction dominates 38

Factor Xa:quaternary ammonium 2BOK 0.3 Cation-π interaction dominates 38

DNA:netropsin — 0.5 Large conformational change 
of the host

30

MDM2-p53:NVP-CGM097 4ZYF 0.5 Semi-buried ligand this work

MUP-I:2-methoxy-3-isopropylpyrazine 1QY2 0.0 Buried ligand this work

MUP-I:6-hydroxy-6-methyl-3-heptanone 1I05 0.5 Buried ligand this work

β1-adrenergic receptor:4-methyl-2-(piperazin-1-yl) 
quinoline

3ZPR 1.0 membrane protein:ligand 
complex

this work

V1-ATPase:ATP (tightly bound) —
1.6

g 40

V1-ATPase:ATP (bound) —
1.1

g 40

V1-ATPase:ATP (empty) —
2.0

g 40

V1-ATPase:ADP+Pi (tightly bound) —
2.1

g 40

V1-ATPase:ADP+Pi (empty) —
2.2

g 40
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a
”-” means that crystal structure is either not available or not used in the free-energy calculation.

b
Unsigned errors are provided. If the binding free energy of a complex is recalculated as an example in this study, the error of this calculation is 

provided.

c
Alchemical route.

d
Geometrical route.

e
Different experimental values are available. The average of them is used to calculate the errors.

f
Experimental value is not available. Simulation results in Ref. 39 are used as the reference.

g
The experimental estimates were obtained with F1-ATPase.
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Table 3 |

Troubleshooting table

Procedure 
1 step

Procedure 
2 step

Stage Problem Possible reason Solution

2 2 Input-file 
generation

Executing BFEE2 fails with 
error message “TypeError: 
‘Shiboken.ObjectType’ object 
is not iterable”

Some pip versions of 
PySide2 are not stable 
in Windows

Use conda to install BFEE2

7 7 Simulation Simulation crashes with 
error message “FATAL 
ERROR: DIDN’T FIND vdW 
PARAMETER FOR ATOM 
TYPE *****”

Some atom types used 
in the topology file 
(PSF) are not found in 
the provided force field 
files (PRM)

Determine the necessary force 
field files and include all of them 
in the “input generation” step

The dependency of 
NBFIX terms of par 
all36 cgenff.prm is not 
satisfied

Either include par 
all36m_prot.prm, par all36 
na.prm and par_all36_carb.prm 
whenever par all36 cgenff.prm 
is required, or remove the 
unnecessary NBFIX terms in 
par_all36_cgenff.prm manually 
to satisfy the dependency

7 7 Simulation Simulation crashes with error 
message “ERROR: Atoms 
moving too fast; simulation has 
become unstable”

The initial structure 
provided by the user is 
problematic, e.g., with 
bad initial contacts of 
atoms

Check the initial structure 
before loading it in BFEE2. Re-
model the molecular assembly if 
necessary

7 7 Simulation Simulation Simulation crashes 
with error message “ERROR: 
Periodic cell has become too 
small for original patch grid”

The initial structure 
provided by the user is 
problematic, e.g. with 
the wrong density of 
bulk water

Check the initial structure 
before loading it to BFEE2. Re-
model the molecular assembly if 
necessary
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Table 4 |

Pitfalls and caveats of examples shown in this protocol

Examples Pitfalls and caveats See also

Abl-SH3:p41 Captures the conformational change of the flexible ligand. Usually requires 
a stratification strategy in free-energy calculations.

Main procedure and 
refs. 19,20

DIAP1-BIR1: grim peptide - Box 2

T4 lysozyme L99A:benzene Buried ligand. Requires long simulation time to capture the water exchange 
inside and outside the binding cavity.

Refs. 11

Trypsin:benzamidine Semi-buried ligand. Requires manual definition of the separation direction 
if the geometrical route is adopted.

Box 3

Factor Xa:quaternary ammonium Require careful choice of the force field to correctly model cation-π 
interaction.

Ref. 38

MUP-I:2-methoxy-3-
isopropylpyrazine and MUP-
I:6-hydroxy-6-methyl-3-heptanone

Bound water in the binding site may drift away during the free energy 
calculation. Requires definition of additional restraints for these water 
molecules.

Supplementary 
Information

β1-adrenergic receptor: 4-methyl-2-
(piperazin-1-yl) quinoline

Captures the reversible hydration of the binding site for a membrane 
protein. Requires to equilibrate the membrane protein and its environment 
without the ligand, allowing water to diffuse inside the protein as a 
preamble to the free-energy calculations.

Box 4

V1-ATPase:nucleotide (ATP or ADP 
+ Pi)

Practically challenging example. Requires the combination of multiple 
operation mentioned above.

Ref.40
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