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Rafael Nunes,†,‡,¶,§ Diogo Vila-Viçosa,†,‡,§ and Paulo J. Costa∗,†,‡
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Abstract

To model halogen bond phenomena using classical force fields, an extra-point (EP)

of charge is frequently introduced at a given distance from the halogen (X) to emulate

the σ–hole. The resulting molecular dynamics (MD) trajectories can be used in subse-

quent molecular mechanics (MM) combined with Poisson–Boltzmann and surface area

calculations (MM-PBSA) to estimate protein–ligand binding free energies (∆Gbind).

While EP addition improves the MM/MD description of halogen-containing systems,

its effect on the calculation of solvation free energies (∆Gsolv) using the PBSA approach

is yet to be assessed. As the PBSA calculations depend, among other parameters, on

the empirical assignment of radii (PB radii), a problematic issue arises since standard
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halogen radii are smaller than the typical X· · ·EP distances (usually corresponding

to Rmin), thus placing the EP within the solvent dielectric. Herein, we performed a

comprehensive study on the performance of PBSA (using three different setups) in the

calculation of ∆Gsolv values for 142 halogenated compounds (bearing Cl, Br, or I) for

which the experimental values are known. By conducting an optimization (minimizing

the error against experimental values), we provide a new optimized set of halogen PB

radii, for each PBSA setup, that should be used when the EP is located at Rmin in

the context of GAFF. A simultaneous optimization of PB radii and X· · ·EP distances

shows that a wide range of distance/radius pairs can be used without significant loss

of accuracy, therefore laying the basis for expanding this halogen radii optimization

strategy to other force fields and EP implementations. As ligand ∆Gsolv estimation

is an important term in the determination of protein–ligand ∆Gbind, this work is par-

ticularly relevant in the framework of structure-based virtual screening and related

computer-aided drug design routines.

keywords: solvation free energy, halogen radii, extra-point, PBSA calculations, halo-

genated ligands, halogen bonding

1 Introduction

Biomolecular recognition phenomena are ubiquitous in living organisms and in these pro-

cesses, the interacting species must be either partially or completely desolvated.1 Therefore,

to obtain accurate binding free energies (∆Gbind), computational methods must provide

proper estimations of the solvation free energy (∆Gsolv). Indeed, the calculation of both

protein–ligand ∆Gbind
2–4 and ligand ∆Gsolv values are important and challenging tasks in

the context of computer-aided drug discovery.5,6 In particular, the estimation of ligand hy-

dration free energies (∆Ghyd) is relevant since most biomolecular processes occur in water.

Free energy perturbation (FEP) and thermodynamic integration (TI) methods can be

accurate to calculate ∆Gbind
7,8 and ∆Gsolv values.1,9,10 However, these methods are too
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computationally demanding to be applied to large datasets.6 Another common, yet less com-

putationally expensive approach is the so-called MM-PBSA (Molecular Mechanics - Poisson–

Boltzmann Surface Area).2,11–13 In this methodology, ∆Gbind is expressed as a sum of terms

comprising the changes in the gas-phase molecular mechanics (MM) interaction energy, the

solvation free energy (∆Gsolv), and the conformational entropy.11 The hydration (solvation)

free energies of the protein, the ligand, and the complex are computed using the Poisson–

Boltzmann (PB) equation and Surface Area (SA) calculations. This continuum method can

be applied to large libraries of drug-like compounds to rapidly estimate ∆Gsolv values6,14

and depends, among other terms, on a set of optimizable atomic radii,6,15,16 often called PB

radii, and atomic charges.

Halogenated compounds have a prominent role in drug discovery, often aiming at improv-

ing drug-like properties such as membrane permeability or pharmacokinetic stability.17,18

Moreover, they often bind to their biomolecular targets via halogen bonds (XBs),19 which

are non-covalent interactions of the type R–X· · ·B (X = Cl, Br, I; B = Lewis base; R = sub-

stituent).20 There are many known applications of XBs,21,22 ranging from anion recogni-

tion23–26 to rational drug design.18,27,28 The origin of this interaction has been ascribed to

the existence of a positive region at the tip of the halogen (fluorine is usually not considered),

known as the σ–hole (Figure 1, A).29 This charge anisotropy is not easily tackled by tra-

ditional force field-based methods that use single point-charges to describe the atoms,30,31

leading to inaccurate descriptions of XB interactions in molecular dynamics (MD) simu-

lations. Typically, this problem is circumvented by adding an extra-point (EP) of charge

at a given distance from the halogen along the R–X bond axis to explicitly represent the

σ–hole.32–34 This improves both the description of XB interaction geometries (MM), and

sampling of halogen bonds in MD simulations.35 Initially developed in the context of the

General Amber Force Field (GAFF),36 the EP approach was extended to other force fields

(FFs).35,37–39 The EP is often located at a distance from the halogen corresponding to its

Lennard-Jones (LJ) parameter Rmin,32,35,40 although the use of other X· · ·EP distances has
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Figure 1: A: molecular electrostatic potential (au) of iodobenzene mapped on the 0.001 au
contour of the electronic density. The blue region at the tip of the iodine atom corresponds
to the σ–hole; B: using standard halogen radii (rstd) and X· · ·EP = Rmin, the EP is located
in the solvent dielectric; C: in a more realistic model the halogen radius must be larger than
Rmin.
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also been proposed.33,34,41,42

The EP-based strategy is becoming widely used in MD simulations of protein–ligand sys-

tems.43–46 Some of these studies employed the MD trajectories in subsequent MM-PBSA32,47

or MM-GBSA (Molecular Mechanics - Generalized–Born Surface Area) calculations48–51 to

estimate ∆Gbind. Even though the MM/MD sampling is, in principle, more accurate in the

presence of an EP, its impact on the accuracy of ∆Gsolv predictions is yet unknown. In-

deed, experimental ∆Gsolv values for halogenated species are often difficult to predict using

continuum methods, which can be attributed to a deficient representation of the σ–hole.52

Furthermore, artifacts may arise upon addition of an EP to mimic the σ–hole in the context

of ∆Gsolv estimations by PBSA when using a set of default atomic radii. Since common

radii sets such as PARSE53 or modified Bondi (mbondi)54 do not possess specific radii for

the heavier halogens, a value of 1.50 Å is set by default by the AMBER (AmberTools 17)

software55 to most halogens. Nonetheless, in the literature, standard radii (rstd) are usually

assigned to each halogen within each specific set of atomic radii (Table 1).6,56 In these, the

PARSE and mbondi radii are identical since there are no values for Br or I (Bondi57 radii

are used6,56). For Cl there is no PARSE radius (mbondi radius is used6). Notice that even if

Table 1: Halogen radii (rstd; Å) typically assigned for (MM-)PBSA calculations within
PARSE53 and mbondi54 radii sets together with the respective Rmin values for GAFF36

atom types. The radii for the remaining elements are provided in Table S1 in the Support-
ing Information.

element PARSE mbondi Rmin

Cl 1.70 1.70 1.9480

Br 1.85 1.85 2.0200

I 1.98 1.98 2.1500

corrected from default values (1.50 Å), the mentioned rstd values are systematically smaller

than Rmin, therefore placing the EP outside the halogen radius, i.e. in the solvent dielectric,

during the PB calculation (Figure 1, B). This has an unpredictable impact in the calcula-
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tion of ∆Gsolv and, consequently, in the estimation of ∆Gbind. Notice that, in a PB model,

the interface between the solvent and the solute separates two regions that are treated with

implicit and explicit charges, respectively. Hence, a model placing the EP inside the halogen

radius is more physically sound in this context (Figure 1, C).

Herein, we undertook an investigation on the performance of the PBSA approach in

the calculation of ∆Gsolv in water (∆Ghyd) for a dataset of halogenated molecules. We

studied the impact of adding an EP to represent the σ–hole on the predicted values and

performed an optimization of the PB radii for Cl, Br, and I in the context of GAFF.36

This task is particularly relevant since solvation effects play a relevant role in the XB-

mediated stabilization of protein–ligand complexes through the existence of a significantly

reduced desolvation penalty when compared with analogous hydrogen bonds.28,58 Moreover,

the ability to calculate reliable ∆Gsolv values for small molecules may help to understand

protein–ligand binding events.59 Therefore, we ultimately aim at providing optimized (MM)-

PBSA parameters for halogens which are of interest in structure-based virtual screening

routines or computer-aided molecular design.

2 Methods

2.1 Experimental Data

As source of the experimental data, we used FreeSolv60 (version 0.5161), a curated

database of hydration free energies of small neutral molecules including both experimen-

tal and simulation data. In total, 142 halogenated molecules were selected yielding three

distinct subsets containing 107 chlorinated, 23 brominated and 12 iodinated compounds,

which were analyzed independently. Fluorine-containing molecules were not considered,

except when heavier halogens were present in their structure. Entries corresponding to

compounds containing multiple halogens from different elements in their structure (other

than fluorine), namely ID 4506634 (2-bromo-2-chloro-1,1,1-trifluoroethane) and ID 7768165
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(1-bromo-2-chloroethane) were excluded from our analysis. The full list of compounds con-

tained in each subset, and their individual experimental and calculated ∆Gsolv values, are

provided as CSV files in the Supporting Information.

2.2 Molecular Structures and Partial Charges

3D coordinates were generated for each compound from the respective molecular structure

files (SDF) deposited in the FreeSolv database, using OpenBabel v. 2.3.1.62 The resulting

geometries were manually curated and optimized at the B3LYP/6-311G(d,p) level of the-

ory63–68 using Gaussian 09, Revision A.2.69 Frequency calculations were carried out to ensure

that all optimized geometries correspond to minima along the respective potential energy

surface.

Following the charge parameterization strategy described for GAFF,36,55 molecular elec-

trostatic potentials (ESP) were generated at the HF/6-31G(d)70–72 level of theory for all

elements, with the exception of iodine for which the 6-311G(d)68 basis set was used. The

default Merz-Singh-Kollman (MK) radii were employed for all elements except iodine, for

which an atomic radius of 2.3 Å was used,73 similarly to previous work.35 Four concentric

layers of points per atom and six points per unit area were used in the calculation with the

input option IOp(6/33 = 2, 6/41 = 4, 6/42 = 6). Atomic partial charges were subsequently

derived following the restrained ESP (RESP)74 procedure, using the antechamber75 module

as implemented in AmberTools 17.55

To mimic the σ–hole, an EP was added during the RESP charge fitting procedure. The

EP was located along the C–X covalent bond axis with the C–X· · ·EP angle being fixed

at 180.0◦ and at X· · ·EP distances corresponding to the respective halogen Rmin value, as

recommended in the literature.32,35 In latest versions of GAFF,36 these correspond to 1.948

Å, 2.020 Å and 2.150 Å, for chlorine, bromine and iodine, respectively (see Table 1). The

effect of varying this distance was also evaluated, using RESP charges fitted for each X· · ·EP

distance. Topology files were subsequently generated by assigning GAFF36 atom types for
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each compound using the leap tool.

2.3 PBSA Calculations

PBSA calculations were performed using the pbsa program provided in AmberTools 17.55

Analogously to other studies, a single conformation per compound was used.6,14 The solvation

free energy (∆Gsolv) was computed from the contribution of a polar component (∆Gpolar)

and a nonpolar component (∆Gnonpolar):

∆Gsolv = ∆Gpolar + ∆Gnonpolar (1)

where ∆Gpolar provides the electrostatic contribution to the total solvation free energy, ob-

tained by a finite difference solution of the linearized Poisson–Boltzmann (PB) equation

while ∆Gnonpolar accounts for the contribution of solute–solvent hydrophobic interactions

and cavitation (see below). The solute and solvent dielectric constants were set to 1 and 80,

respectively, and a solvent probe radius of 1.4 Å was used to define the solvent excluded sur-

face. In this way, the calculated ∆Gsolv corresponds to a hydration free energy (∆Ghyd). The

ionic strength was set to 0 M while the default ratio between the longest dimension of the

rectangular finite-difference grid and that of the solute (fillratio = 2) was automatically

increased when necessary to properly fit the solute in a PB box with a grid spacing of 0.5 Å.

The convergence criterion was set to 0.001 kcal mol−1. Note that all of these parameters

correspond to default values in the pbsa program.

Three distinct calculation setups were tested representing different flavors routinely used

for MM–PBSA calculations in Amber16.55 These differ in the radii sets assigned for both

∆Gpolar and ∆Gnonpolar calculations, and in the methodology/empirical parameters used to

compute ∆Gnonpolar, as summarized in Table 2. Succinctly, in the pb1 and pb2 setups,

the PARSE53 and mbondi54 radii are used, respectively, for both ∆Gpolar and ∆Gnonpolar

calculations, the later being estimated by the solvent accessible surface area, SASA (INP =
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Table 2: Summary of the three PBSA calculation setups investigated in this work

setup radii set(s) ∆Gnonpolar γ β

pb1 PARSE γ SASA + β 0.00542 0.9200

pb2 mbondi γ SASA + β 0.00720 0.0000

pb3 mbondi + Rmin
a γ SAV + β + ∆Gdispersion 0.03780 −0.5692

a The mbondi radii set is used in the ∆Gpolar calculation while the value corre-
sponding to Rmin in GAFF36 is used for the calculation of ∆Gnonpolar.

1 and radiopt = 0). In the case of pb3 (INP = 2 and radiopt = 1), mbondi radii are used

for the calculation of ∆Gpolar whereas for ∆Gnonpolar, attractive (∆Gdispersion) and repulsive

interactions are treated separately.13,76 The ∆Gdispersion term is computed with a surface-

based integration method whereas the cavity repulsive term is linearly proportional to the

molecular volume enclosed by SASA (SAV). In this setup, and since GAFF36 atom types

were assigned to all compounds, Rmin values are used for the ∆Gnonpolar calculation. Notice

that pb3 is the default setup in pbsa.

The used atomic radii were those assigned by default by leap in AmberTools 1755 for

each set (PARSE and mbondi), with minor corrections (Table S1 in the Supporting Infor-

mation). The radii of the halogen atoms (with the exception of fluorine) were subsequently

systematically varied between 1.00 Å and 5.00 Å, at incremental values of 0.01 Å, while keep-

ing the radii of the remaining elements constant. For the calculations with an EP, the same

strategy was used to screen the halogen radii and also X· · ·EP distances when necessary. A

value of 0.00 Å was assigned to both the EP PB radius and Rmin (a detailed explanation on

how to run PBSA calculations with an EP is given in the Supporting Information). Notice

that the variation of the halogen radius affects both ∆Gpolar and ∆Gnonpolar terms in setups

pb1 and pb2 since the same atomic radius is used in all calculations. On the other hand,

in pb3 , the halogen radius variation affects the ∆Gpolar while the contribution of ∆Gnonpolar

is constant, as it depends only on the Rmin value.
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The accuracy of the solvation free energy predictions was evaluated by calculating the

mean absolute error (MAE), defined as the unsigned difference between the computed

(∆Gsolv(calc)) and experimental (∆Gsolv(exp)) values, averaged for each entire subset of

compounds (n), according to:

MAE = n−1

n∑
i=1

|∆Gsolv(calc)i −∆Gsolv(exp)i| (2)

The experimental uncertainties are not reported for most of the compounds in our dataset

(a default value of 0.6 is assigned for >91% of the entries), impairing their use for statistical

purposes. Most analysis were performed using in-house tools. SciPy77 and NumPy78 were

used for the statistical analysis.

3 Results and Discussion

The solvation free energies (∆Gsolv) were estimated using a PBSA approach for a set of

halogenated molecules deposited in the FreeSolv database.60 In a systematic approach, and

treating each type of halogenated species (Cl, Br, and I) separately, ∆Gsolv energies were

calculated using three setups (pb1 , pb2 and pb3 ) with and without the addition of an

extra-point (EP) to mimic the σ–hole, aiming at optimizing the halogen radii (Sections 3.1

and 3.2, respectively). The statistical correlations were analyzed separately (Section 3.3)

and subsequently, both the halogen atoms radii and X· · ·EP distances were screened (Sec-

tion 3.4).

3.1 Halogen Radii Optimization Without EP

To produce a fair comparison between the two scenarios (i.e. with and without the EP),

we performed an optimization of the halogen radii without the addition of an EP. For that

purpose, the halogen radii were systematically varied for all compounds and the MAE val-

ues against experimental values were calculated (Figure 2). All curves show a minimum
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Figure 2: Variation of the MAE values with the halogen radius for each subset of halogenated
compounds without EP addition for each PBSA setup.
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corresponding to an optimal halogen radius (ropt) that minimizes the MAE value (Table 3).

For pb1 and pb2 , the ropt values follow the expected order of increasing atomic number

Table 3: MAE (kcal mol−1) values together with optimized (ropt) and standard (rstd) halogen
radii (Å) for each subset of halogenated compounds without EP addition for each PBSA
setup.

halogen rstd
pb1 pb2 pb3

MAEstd MAEopt(ropt) MAEstd MAEopt(ropt) MAEstd MAEopt(ropt)

Cl 1.70 2.061 1.714 (2.30) 1.544 1.529 (1.76) 1.358 1.236 (2.20)

Br 1.85 1.224 0.904 (2.34) 0.792 0.743 (1.97) 0.770 0.681 (2.04)

I 1.98 1.186 0.502 (2.52) 0.905 0.858 (2.09) 0.769 0.697 (2.19)

(Cl < Br < I), whereas for pb3 , the larger radius was obtained for chlorine. However, in the

latter case, the curve around the MAE minimum is considerably flat, being approximately

constant between ∼1.9 Å and ∼2.3 Å. Hence, although the presence of a σ–hole has been

pointed as a potential source for deviations between calculated and experimental ∆Gsolv val-

ues,52 it is also possible to obtain more accurate ∆Gsolv predictions without the addition of

an EP, simply by optimizing the standard halogen radii (rstd). Overall, after the optimiza-

tion, all MAE values are below 1.8 kcal mol−1 (for bromine and iodine, all MAE are below

1 kcal mol−1). The larger improvement is obtained for the pb1 , which uses PARSE radii

(up to 0.7 kcal mol−1 for I), corresponding to significant differences between rstd and ropt

(1.98 Å and 2.52 Å for I). On the other hand, for pb2 (using mbondi radii) the optimized

radii are very similar to the standard values and, consequently, a lower improvement in the

estimation of ∆Gsolv is achieved (0.037 kcal mol−1 on average).

Generally, lower MAE values are obtained for pb3 in which attractive and repulsive

interactions are treated separately to estimate ∆Gnonpolar, with the exception of iodine for

which pb1 shows lower MAE values, thought with comparable deviations (0.502 kcal mol−1

vs 0.697 kcal mol−1). Nonetheless, for all setups, the comparison between experimental
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and calculated ∆Gsolv values (Figures S1–S3 in the Supporting Information) indicates that

there is no apparent bias for lower or higher energies, i.e., the magnitude of the MAE is not

associated with a systematic over/underestimation of ∆Gsolv but with the uncertainty asso-

ciated with both experimental and computational methods. This will be further discussed

in Section 3.3.

As mentioned above, larger MAE values are observed for chlorinated compounds re-

gardless of the PBSA setup. This may be associated with the larger size of this subset

(containing 107 compounds) or a poorer description of this particular halogen. Indeed,

chlorine-containing compounds have been reported as leading to larger deviations in the

calculation of hydration free energies,52 a fact attributed to the presence of multiple func-

tional groups and/or chlorine atoms in the molecules. To evaluate this, we selected all 33

compounds (11 per halogen) whose structure is directly comparable, i.e. varying only in

the halogen atom, and performed a radii optimization as described above (Figure S4 and

Table S2 in the Supporting Information). Within this reduced and comparable dataset, the

halogen dependence is negligible as all MAE values are lower than 0.6 kcal mol−1 after opti-

mization. Furthermore, the obtained ropt values are very similar to those obtained with the

full dataset (Table 3). This indicates that our PBSA calculations provide equivalent errors

for the three halogen atoms and that the differences in the original subsets are due to their

significantly different number of compounds.

A final note on the default radii value (1.50 Å, Table 1) assigned by leap to the halogen

atoms (Cl, Br, I in PARSE; Br, I in mbondi). The resulting MAE values are consider-

ably larger (Figure 2) and therefore, particular attention is recommended when using leap-

generated topologies for halogenated molecules without previous correction of atomic radii,

even without addition of an EP.
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3.2 EP Inclusion on ∆Gsolv calculations

A proper representation of the σ–hole, usually via an extra-point (EP) of charge is, in

principle, mandatory to obtain a better description of Cl, Br and I in MM/MD simula-

tions.30,31,35 However, its impact on PBSA-calculated ∆Gsolv values is yet unknown. This

effect was studied here by adding an EP to each halogen for all molecules in the three sub-

sets. As a first guess, we placed the EP at a X· · ·EP distance corresponding to the Rmin

value (Table 1), which is a common approach in the context of force field-based methods.32,35

Using the same workflow as in the previous section, we screened the halogen radius in the

PBSA calculations maintaining constant the X· · ·EP distance (Figure 3). Interestingly, the

obtained curves are similar to the previous ones (Figure 2) for halogen radii shorter and

larger than Rmin. However, when the halogen radius is assigned a value corresponding to

the X· · ·EP distance an asymptotic like behavior is observed, with MAE values as high as

315 kcal mol−1 (Table 4). This fact is probably a result of numerical instabilities associated

Table 4: MAE (kcal mol−1) values obtained with standard (rstd) halogen radii, Rmin, and op-
timized (ropt) halogen radii (Å) for each subset of halogenated compounds with the addition
of an EP for each PBSA setup.

halogen
pb1 pb2 pb3

MAEstd MAERmin
MAEopt(ropt) MAEstd MAERmin

MAEopt(ropt) MAEstd MAERmin
MAEopt(ropt)

Cl 2.677 13.93 1.552 (2.37) 1.580 12.75 1.123 (2.12) 2.105 13.65 1.058 (2.34)

Br 2.975 315.4 0.899 (2.51) 2.123 314.5 0.734 (2.35) 2.503 315.0 0.670 (2.54)

I 4.226 228.3 0.571 (2.73) 3.455 227.6 0.850 (2.58) 3.848 228.0 0.675 (2.65)

with a point charge being placed at the interface between the two dielectric media. Since

the reaction field term, used in the ∆Gpolar calculation, is computed at the surface of the

solute molecule, an EP located at this interface will originate an artificially high electrostatic

potential. Although a local minima can be found for halogen radii shorter than Rmin values,

as in the PB model only the solute molecule is modeled using partial charges, the halogen
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Figure 3: Variation of the MAE values with the halogen radius for each subset of halogenated
compounds with the addition of an EP and for all PBSA setups. The horizontal dashed lines
indicate the Rmin value for each halogen.
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radius should not be smaller than the X· · ·EP distance, i.e., the EP point charge should not

be placed in the solvent dielectric. Hence, because rstd values are systematically smaller than

the corresponding Rmin, the obtained MAE values are quite large (up to 4.2 kcal mol−1).

Therefore, using both the default leap radii values or the radii commonly assigned in the

literature (rstd) in the presence of an EP yields larger errors when estimating ∆Gsolv.

Global minima are obtained for halogen radii larger than Rmin thus allowing to extract

optimized radii for each setup/halogen atom (Table 4), reinforcing the idea that the EP

should not be placed outside the solute dielectric. The obtained optimal radii and associated

MAE values maintain the same general trends observed in the absence of an EP. However,

in this case, the expected order for the halogen radii (Cl < Br < I) is observed for all PBSA

setups. More importantly, the MAE values calculated with an EP and using ropt are similar

to those obtained without the EP using its respective ropt, being slightly smaller in most

cases. Hence, the addition of the EP, necessary in MM-PBSA calculations to describe halogen

bonding at the MM/MD stage, will not impair an accurate ∆Gsolv estimation, provided that

optimized halogen radii are used. On the other hand, if non-optimized halogen radii are

employed, the ∆Gsolv calculation errors are larger. Again, pb3 (which treats dispersion and

repulsive interactions separately) outperforms the other methods, except for iodine, where

pb1 (PARSE radii) yields slightly smaller MAE values. A detailed analysis of the correlation

between experimental and calculated values and associated statistics is provided in the next

section.

3.3 Experimental vs Calculated ∆Gsolv

The correlation between experimental and calculated ∆Gsolv values was obtained under

optimized conditions (with and without EP) for the three tested setups (see Figure 4 for

pb3 with EP; Figures S1–S3 and S5–S7 in the Supporting Information for the remainder).

As suggested from the MAE values, the calculated and experimental ∆Gsolv values are gen-

erally highly correlated (in agreement with previous studies, most correlation coefficients are
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Figure 4: Correlation between experimental and calculated ∆Gsolv values for each subset
of halogenated compounds with the addition of an EP and using PBSA setup pb3 . The
inset shows the resulting Kendall τ , Spearman rank correlation, and Pearson R correlation
coefficients.
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close to 1).52 Moreover, most absolute deviations are below 2 kcal mol−1 (Figures S3 and S7

in the Supporting Information). The larger deviation is systematically observed for diali-

for (ID 2518989) in all PBSA setups with and without EP. The absolute deviation reaches

∼10 kcal mol−1 in pb1 with EP. In fact, it was already observed that the hydration free

energy of this compound is particularly difficult to predict,52,79 which may be attributed to

the presence of other polar functional groups (e.g. thiophosphate) and significant conforma-

tional floppiness. Moreover, for several compounds, the ability to predict ∆Gsolv significantly

varies with the method. For example, the experimental values of highly polar 5-halouracil

compounds are properly estimated using pb3 , significantly overestimated using pb2 and

slightly underestimated using pb2 (see Figure 5 for 5-iodouracil; ID 2727678). For pb1 , the
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Figure 5: Calculated ∆Gsolv values decomposed into ∆Gpolar and ∆Gnonpolar for 5-iodouracil
(ID 2727678) with the addition of an EP. The red dashed horizontal line represents the
experimental value.

∆Gpolar component seems too negative and the ∆Gnonpolar is not positive enough to achieve

an accurate value, whereas with pb2 , the nonpolar component is approximately the same

whereas the ∆Gpolar is much less negative and therefore ∆Gsolv becomes too large. Interest-
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ingly, an accurate result is obtained when the ∆Gdispersion component is introduced. Indeed,

due to this contribution, a negative value is obtained for ∆Gnonpolar in pb3 , which properly

accounts for the nonpolar term, yielding a correct estimation of the solvation free energy of

this compound.

Similarly to other studies,6,14 we used a single conformation per compound. In fact,

these datasets are mostly constituted by molecules with few rotatable bonds6 and, there-

fore, averaging over multiple conformations typically has a small impact on the results.80

Nonetheless, to assess this effect, we generated 23, 17 and 385 conformations for 1-chloro-2-(2-

chloroethoxy)ethane (ID 4603202), 1-chloropentane (ID 2178600) and dialifor (ID 2518989),

respectively, corresponding to all conformations available for each compound using the

confab81 tool implemented in OpenBabel v. 2.3.162 with its default parameters (RMSD

cutoff = 0.5 Å, energy cutoff = 50.0 kcal mol−1 and maximum number of test conform-

ers = 1 million). The selected compounds correspond to the those yielding the largest

deviation against experimental values (dialifor, -6.25 kcal mol−1), the lowest (1-chloro-2-(2-

chloroethoxy)ethane, 0.01 kcal mol−1) and an intermediate one (1-chloropentane, 0.88 kcal mol−1).

All conformers were subsequently geometry-optimized as described in Methods and their

∆Gsolv values were calculated using pb3 and optimized radii (2.34 Å for Cl) in the presence

of an EP (Table 5). As expected, the observed range of calculated ∆Gsolv values is associated

Table 5: PBSA-calculated free energies of hydration (∆Gsolv(calc), kcal mol−1), obtained
with the addition of an EP and using setup pb3 together with optimized radii (2.34 Å for
Cl), for the conformation contained in our dataset compared to the range of ∆Gsolv values
obtained considering all generated conformations for selected compounds. The experimental
values (∆Gsolv(exp)) and associated uncertainties (when available) are also shown.

ID name ∆Gsolv(exp) ∆Gsolv(calc) (nconfs = 1) ∆Gsolv(calc) (nconfs)

4603202 1-chloro-2-(2-chloroethoxy)ethane -4.23 -4.22 -3.92 − -6.38 (23)

2178600 1-chloropentane -0.10±0.20 0.78 0.39 − 0.78 (17)

2518989 dialifor -5.57±1.93 -11.99 -10.73 − -15.91 (385)
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with the conformational variability of the compound, i.e. the more flexible compound (diali-

for) has a larger range of ∆Gsolv predictions and, on the other hand, a small range is observed

for 1-chloropentane. Nonetheless, after this systematic conformational search, no significant

improvement is achieved for the three tested compounds (e.g. for 1-chloropentane, the pre-

diction is indeed improved but the original was already below 1 kcal mol−1 and negative

∆Gsolv values are never achieved).

3.4 Halogen Radii Optimization for Different X· · ·EP Distances

As mentioned, a common approach is to place the EP at a distance from X correspond-

ing to Rmin.32 However there are several implementations that differ on both the X· · ·EP

distances and associated partial charges. For instance, a charge of 0.2 e placed at 1.5 Å

from bromine was suggested by Kolář and Hobza34 whereas Sironi and co-workers proposed

the use of optimal X· · ·EP distances based on the best fit to the QM electrostatic po-

tential generated by RESP charges33,42 obtained for each specific halogenated compound.

To explore the eventual impact of using different implementations, we screened both the

X· · ·EP distances and halogen PB radii. This yields a MAE value for each X· · ·EP dis-

tance/halogen radius pair that can be represented in a MAE surface (Figure 6 for pb3 and

Figure S8 in the Supporting Information for the remainder setups). Values corresponding

to X· · ·EP distances larger than the halogen radius were not considered. The surfaces show

that there is no well-defined minimum but instead a broad region where MAE values are

below 2.0 kcal mol−1. This means that there is a wide range of X· · ·EP distance/halogen

radius pairs that can be used without a significant loss of accuracy. In fact, the dotted areas

on the MAE surfaces, that correspond to the regions with lower MAE values (the lowest

5000 points are depicted) spread out along a wide range of X· · ·EP distances. This indicates

that, provided that the halogen radius has been optimized, an EP model that best fits each

particular system, method, or force field can be chosen. In agreement with the results from

the previous sections, the MAE surface regions associated with lower values depend on both
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Figure 6: MAE surface (kcal mol−1) obtained for pb3 using a grid of X· · ·EP distances
and halogen radii values for each subset of halogenated compounds. The 5000 lowest MAE
values are depicted as gray points and the horizontal dashed lines indicate the Rmin value
for each halogen.
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the specific halogen and calculation setup. Nevertheless, the expected order for the halogen

radius is generally observed (Cl < Br < I).

4 Conclusions

Taking a set of 107 chlorinated, 23 brominated and 12 iodinated compounds, whose

experimental values are deposited in the FreeSolv database,60 we conducted a study on the

accuracy of three PBSA setups to predict ∆Gsolv values for halogenated species. Halogenated

molecules are particularly relevant since they can bind to proteins via halogen bonds. Using

force field based methods, this interaction is usually described by placing an EP near the

halogen to mimic the σ–hole. However, the impact of its addition in PBSA calculations was

unknown.

Even without the addition of an EP, the halogen radii can be optimized (ropt) to obtain

more accurate ∆Gsolv values when compared to those obtained using standard literature

values (rstd). The need for optimization of halogen radii in the context of other continuum

methods has been recently tackled in the literature.82 In the case of our PBSA calculations,

using rstd yields significantly inaccurate results in most cases. Under optimized conditions

and without an EP, we obtained MAE values below 1.8 kcal mol−1, considering all the

halogens and different PBSA setups tested.

When adding an EP at a X· · ·EP distance corresponding to Rmin,32,35,40 as suggested

for GAFF,36 the X· · ·EP distance is systematically larger than standard halogen radii (rstd)

and therefore, the EP is placed within the solvent dielectric. This leads to a poor estimation

of ∆Gsolv values for all subsets of halogenated compounds and all tested calculation setups.

After PB radii optimization for each halogen, while keeping the corresponding X· · ·EP dis-

tance constant, the obtained MAE values (< 1.5 kcal mol−1) are, in most cases, lower than

those obtained without the addition of an EP under optimized conditions. Hence, our new

set of optimized halogen PB radii can be used in the presence of an EP with a concomitant
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increase in the accuracy of ∆Gsolv predictions at the PBSA level. This study also showed

that placing the EP at the interface between solute and solvent dielectric leads to extremely

high errors and therefore is not recommended.

In the context of other implementations, EPs can be located at variable distances from

the halogen.33,34,37–39,41,42,83,84 Therefore, we evaluated the performance of the PBSA calcula-

tion setups for a grid of X· · ·EP distances and halogen PB radii. This approach showed that

there is no optimal X· · ·EP distance/halogen PB radius pair and therefore, upon halogen

PB radii optimization for a given force field and charge scheme, there is a wide range of

X· · ·EP distance/halogen PB radius pairs that yield low MAE values. Therefore, the radii

optimization strategy herein employed may be eventually ported into other FF implemen-

tations, following the respective FF parameterization strategy. Additionally, the addition of

EPs is not limited to halogen bonding being also a common strategy to address anisotropic

electronic features such as the σ–holes in sulfur atoms, leading to chalcogen bonds,84,85 or

the lone-pairs in nitrogen38,83,84 or oxygen atoms.84 Although not all these implementations

place the EPs outside the respective PB radius, we note that their addition to describe the

charge anisotropy might require a deeper look, namely a re-parameterization of the associ-

ated parameters using, for instance, the strategy developed herein.

When comparing the three tested PBSA setups, lower errors are typically obtained with

pb3 using optimized halogen radii. This setup uses mbondi radii for the ∆Gpolar calculation

whereas for ∆Gnonpolar the attractive and repulsive interactions are treated separately using

radii corresponding to Rmin values. This attractive term in the ∆Gnonpolar calculation seems

to be determinant for increasing the accuracy of ∆Gsolv predictions in the framework of

halogenated species. Therefore, in the context of GAFF, and placing the EP at Rmin, we

suggest the use of setup pb3 together with halogen PB radii of 2.34 Å, 2.54 Å, and 2.65 Å

for Cl, Br, and I, respectively.

An appropriate description of biomolecular recognition phenomena by theoretical meth-

ods is paramount in the context of computer-aided drug design, where the estimation of
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∆Gsolv occupies a key role. By providing optimized parameters for PBSA calculations in-

volving halogenated compounds, we hope to contribute to the improvement of the accuracy

of continuum methods with application in structure-based virtual screening routines. Par-

ticularly, the application of this optimized set of halogen radii for the calculation of ∆Gbind

at the MM-PBSA level in protein-ligand systems is envisaged.
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(34) Kolář, M.; Hobza, P. On extension of the current biomolecular empirical force field for

the description of halogen bonds. J. Chem. Theory Comput. 2012, 8, 1325–1333.

(35) Nunes, R.; Vila-Viosa, D.; Machuqueiro, M.; Costa, P. J. Biomolecular Simulations of

Halogen Bonds with a GROMOS Force Field. J. Chem. Theory Comput. 2018, 14,

5383–5392.

(36) Wang, J.; Wolf, R. M.; Caldwell, J. W.; Kollman, P. A.; Case, D. A. Development and

testing of a general amber force field. J. Comput. Chem. 2004, 25, 1157–1174.

(37) Jorgensen, W. L.; Schyman, P. Treatment of halogen bonding in the OPLS-AA force

field: application to potent anti-HIV agents. J. Chem. Theory Comput. 2012, 8, 3895–

3901.

(38) Harder, E.; Damm, W.; Maple, J.; Wu, C.; Reboul, M.; Xiang, J. Y.; Wang, L.;

Lupyan, D.; Dahlgren, M. K.; Knight, J. L.; Kaus, J. W.; Cerutti, D. S.; Krilov, G.;

Jorgensen, W. L.; Abel, R.; Friesner, R. A. OPLS3: a force field providing broad cov-

erage of drug-like small molecules and proteins. J. Chem. Theory Comput. 2015, 12,

281–296.

(39) Gutiérrez, I. S.; Lin, F.-Y.; Vanommeslaeghe, K.; Lemkul, J. A.; Armacost, K. A.;

Brooks, C. L.; MacKerell, A. D. Parametrization of halogen bonds in the CHARMM

general force field: Improved treatment of ligand–protein interactions. Bioorg. Med.

Chem. 2016, 24, 4812–4825.

(40) Ibrahim, M. A. A. Molecular mechanical perspective on halogen bonding. J. Mol. Model.

2012, 18, 4625–4638.

29
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Martinez, E. Hydration Free Energies in the FreeSolv Database Calculated with Polar-

ized Iterative Hirshfeld Charges. J. Chem. Inf. Model. 2018, 58, 1779–1797.

(53) Sitkoff, D.; Sharp, K. A.; Honig, B. Accurate calculation of hydration free energies

using macroscopic solvent models. J. Phys. Chem. 1994, 98, 1978–1988.

(54) Tsui, V.; Case, D. A. Theory and applications of the generalized Born solvation model

in macromolecular simulations. Biopolymers 2000, 56, 275–291.

(55) Case, D. A.; Cerutti, D. S.; Cheatham III, T. E.; Darden, T. A.; Duke, R. E.;

Giese, T. J.; Gohlke, H.; Goetz, A. W.; Greene, D.; Homeyer, N.; Izadi, S.; Ko-

valenko, A.; Lee, T. S.; LeGrand, S.; Li, P.; Lin, C.; Liu, J.; Luchko, T.; Luo, R.;

Mermelstein, D.; Merz, K. M.; Monard, G.; Nguyen, H.; Omelyan, I.; Onufriev, A.;

Pan, F.; Qi, R.; Roe, D. R.; Roitberg, A.; Sagui, C.; Simmerling, C. L.; Botello-

Smith, W. M.; Swails, J.; Walker, R. C.; Wang, J.; Wolf, R. M.; Wu, X.; Xiao, L.;

31



York, D. M.; Kollman, P. A. AMBER 2017. University of California, San Francisco,

2017.

(56) Onufriev, A. V.; Aguilar, B. Accuracy of continuum electrostatic calculations based

on three common dielectric boundary definitions. J. Theor. Comput. Chem. 2014, 13,

1440006.

(57) Bondi, A. van der Waals volumes and radii. J. Phys. Chem. 1964, 68, 441–451.
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Table S1: Summary of atomic radii (rstd; in Å) commonly used in (MM-)PBSA calculations
for each radii set (PARSES1 or mbondiS2) together with the respective Rmin values.a

atom typeb PARSE mbondi Rmin

h1 1.00 1.30 1.3870

h2 1.00 1.30 1.2870

h3 1.00 1.30 1.1870

h4 1.00 1.30 1.4090

ha 1.00 1.30 1.4590

hc 1.00 1.30 1.4870

hn 1.00 1.30 0.6000

ho 1.00 0.80 0.0000

c, c2, c3, ca, cc, cd, ce, cg, cp 1.70 1.70 1.9080

n, n1, nb, nc, nh, no 1.50 1.55 1.8240

o 1.40 1.50 1.6612

oh 1.40 1.50 1.7210

os 1.40 1.50 1.6837

f 1.50 1.50 1.7500

p5 1.85c 1.85 2.1000

s, s4, ss 1.85 1.80 2.0000

cl 1.70c 1.70 1.9480

br 1.85d 1.85d 2.0200

i 1.98d 1.98d 2.1500

a The atomic radii are those available in AmberTools17S3 and as-
signed by default by the leap tool, unless otherwise mentioned.

b GAFFS4 atom types as in Amber16.S3
c Corrected from a default value of 1.50 Å, assigned by the leap

tool, to the mbondi value.
d Corrected from a default value of 1.50 Å, assigned by the leap

tool, to the original radius by BondiS5 as suggested in the liter-
ature.S6,S7

S-3



−20

−10

0

−20 −10 0

Kendall = 
Spearman = 

Pearson = 

0.72
0.89
0.92

Chlorine pb3

∆
G

s
o

lv
(c

a
lc

) 
/ 
k
c
a
l 
m

o
l−

1

∆Gsolv(exp) / kcal mol
−1

−20 −10 0

Kendall = 
Spearman = 

Pearson = 

0.84
0.94
0.98

Bromine pb3

∆Gsolv(exp) / kcal mol
−1

−20 −10 0

Kendall = 
Spearman = 

Pearson = 

0.97
0.99
0.97

Iodine pb3

∆Gsolv(exp) / kcal mol
−1

−20

−10

0 Kendall = 
Spearman = 

Pearson = 

0.51
0.68
0.84

Chlorine pb2

∆
G

s
o

lv
(c

a
lc

) 
/ 
k
c
a
l 
m

o
l−

1

Kendall = 
Spearman = 

Pearson = 

0.75
0.88
0.97

Bromine pb2

Kendall = 
Spearman = 

Pearson = 

0.94
0.98
0.94

Iodine pb2

−20

−10

0 Kendall = 
Spearman = 

Pearson = 

0.56
0.71
0.87

Chlorine pb1

∆
G

s
o

lv
(c

a
lc

) 
/ 
k
c
a
l 
m

o
l−

1

Kendall = 
Spearman = 

Pearson = 

0.68
0.81
0.97

Bromine pb1

Kendall = 
Spearman = 

Pearson = 

0.85
0.94
0.99

Iodine pb1

Figure S1: Correlation between experimental and calculated ∆Gsolv values for each subset
of halogenated compounds without EP addition and for all PBSA setups. The inset shows
the resulting Kendall τ , Spearman rank correlation, and Pearson R correlation coefficients.
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Figure S2: Experimental free energies of hydration (∆Gsolv(exp)) plotted against the dif-
ference between the PBSA-calculated values (∆Gsolv(calc)) and the experimental values
(∆Gsolv(exp)) for each subset of halogenated compounds and for each PBSA setup. The
calculated values were obtained without EP addition and using optimized halogen radii.
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Figure S3: Histogram of the difference between the PBSA-calculated value, ∆Gsolv(calc),
and the experimental value, ∆Gsolv(exp), for each subset of halogenated compounds and
for each PBSA setup. The calculated values were obtained without EP addition and using
optimized halogen radii.
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Figure S4: Variation of the MAE values with the halogen radius for a reduced set of halo-
genated compounds without EP addition for each PBSA setup. Each subset is comprised of
11 compounds varying only in the halogen atom.
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Table S2: MAE (kcal mol−1) values together with optimized (ropt) and standard (rstd) halo-
gen radii (Å) for a reduced set of halogenated compounds without EP addition for each
PBSA setup. Each subset is comprised of 11 compounds varying only in the halogen atom.a

halogen rstd
pb1 pb2 pb3

MAEstd MAEopt(ropt) MAEstd MAEopt(ropt) MAEstd MAEopt(ropt)

Cl 1.70 1.376 0.426 (2.29) 0.946 0.415 (2.07) 0.386 0.337 (1.81)

Br 1.85 0.874 0.370 (2.32) 0.544 0.458 (1.96) 0.340 0.285 (1.95)

I 1.98 0.959 0.292 (2.51) 0.579 0.538 (2.07) 0.353 0.297 (2.18)

a The list of compounds is as follows (name / ID):
Cl: chloroethane / 2198613; 1-chloropropane / 1977493; 2-chloropropane / 1231151; 5-chlorouracil
/ 9557440; chlorobenzene / 7608462; chloromethane / 4434915; 1-chloroheptane / 7157427; 1-
chlorohexane / 1893937; dichloromethane / 3762186; 1-chloro-pentane / 2178600; 1-chlorobutane
/ 3639400;
Br: bromoethane / 994483; 1-bromopropane / 7708038; 2-bromopropane / 9434451; 5-bromouracil
/ 4039055; bromobenzene / 7599023; bromomethane / 8983100; 1-bromoheptane / 2517158; 1-
bromohexane / 929676; dibromomethane / 9246351; 1-bromo-pentane /3738859; 1-bromobutane /
2802855
I: iodoethane / 1107178; 1-iodopropane / 1199854; 2-iodopropane / 210639; 5-iodouracil / 2727678;
iodobenzene / 3398536; iodomethane / 4364398; 1-iodoheptane / 4759887; 1-iodohexane / 6250025;
diiodomethane / 664966; 1-iodopentane / 8525830; 1-iodobutane / 8772587
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Figure S5: Correlation between experimental and calculated ∆Gsolv values for each subset of
halogenated compounds with the addition of an EP and for all PBSA setups. The inset shows
the resulting Kendall τ , Spearman rank correlation, and Pearson R correlation coefficients.
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Figure S6: Experimental free energies of hydration (∆Gsolv(exp)) plotted against the dif-
ference between the PBSA-calculated value (∆Gsolv(calc)) and the experimental value
(∆Gsolv(exp)) for each subset of halogenated compounds and for each PBSA setup. The
calculated values were obtained with an EP and using optimized halogen radii.
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Figure S7: Histogram of the difference between the PBSA-calculated value, ∆Gsolv(calc),
and the experimental value, ∆Gsolv(exp), for each subset of halogenated compounds and for
each PBSA setup. The calculated values were obtained with an EP and using optimized
halogen radii.
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Figure S8: MAE surfaces (kcal mol−1) obtained for pb1 and pb2 using a grid of X· · ·EP
distances and halogen radii values. The 5000 lowes MAE valuess are depicted as gray points
and the horizontal dashed lines indicate the Rmin value for each halogen.
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Running PBSA calculations with an extra point

An extra–point (EP) was added to the 3D coordinates file (MOL2) of each molecule,

assigning a new GAFF atom type (ep) with an Rmin value set to 0.000 Å. Amber topology

files were then generated using the leap tool, by assigning the respective set of atomic radii:

set default PBRadii parse

for pb1

set default PBRadii mbondi

for pb2 and pb3 .

These topologies were then edited by changing the PB radius of the EP to 0.0000 Å, given

that a default value of 1.5000 Å is automatically assigned by leap. All other radii corrections

mentioned in Table S1 were also performed. The subsequent halogen radii optimization

calculations were performed by systematically varying the respective radii entries within

each topology file.

As mentioned in the main text, the PBSA calculations were performed using the pbsa

program provided in AmberTools 17.S3 In order for this program be able to read the new

EP atom type (ep), a small modification was introduced in the source code (sa driver.F90 ):

! for Antechamber ligands with atom types of lower cases

! use radii from the parm file

do iatm = 1, natom

if ( isymbl(iatm)(1:1) == ’h’ .or. &

isymbl(iatm)(1:1) == ’c’ .or. &

isymbl(iatm)(1:1) == ’n’ .or. &

isymbl(iatm)(1:1) == ’o’ .or. &

isymbl(iatm)(1:1) == ’p’ .or. &

isymbl(iatm)(1:1) == ’f’ .or. &
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isymbl(iatm)(1:1) == ’b’ .or. &

isymbl(iatm)(1:1) == ’i’ .or. &

isymbl(iatm)(1:1) == ’e’ .or. & ! <=== added line

isymbl(iatm)(1:1) == ’s’ ) radi(iatm) = rin(iatm)

end do

When ∆Gnonpolar is estimated by a single term linearly proportional to the solvent accessible

surface (INP = 1 and radiopt = 0), the corrected topology files (modified as described

above) can be directly used as input for pbsa. This was the procedure adopted when using

setups pb1–pb2 . Unfortunately, when ∆Gnonpolar is modeled as a sum of two terms, cavity

and dispersion (INP = 2 and radiopt = 1), as in pb3 , the program does not allow an EP

with PB radii = 0. To circunvent this, the ∆Gpolar values in pb3 were obtained using pb2 ,

given that both setups are identical with respect to the calculation of ∆Gpolar. On the other

hand, the ∆Gnonpolar term (decomposed into cavity and dispersion) was calculated using INP

= 2 and radiopt = 1 and topologies with an arbitrary non-zero value attributed to the EP

PB radius. This affects the calculation of ∆Gpolar (which we discarded) but not the values

of ∆Gnonpolar that depend only on the Rmin values (constant, in this case).
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