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Abstract

The representation of chlorine, bromine, and iodine in aryl halides has been modified in the
OPLS-AA and OPLS/CM1A force fields in order to incorporate halogen bonding. The enhanced
force fields, OPLS-AAx and OPLS/CM1AXx, have been tested in calculations on gas-phase
complexes of halobenzenes with Lewis bases, and for free energies of hydration, densities, and
heats of vaporization of halobenzenes. Comparisons with results of MP2/aug-cc-pVDZ(-PP)
calculations for the complexes are included. Implementation in the MCPRO software also allowed
computation of relative free energies of binding for a series of HIV reverse transcriptase inhibitors
via Monte Carlo/free-energy perturbation calculations. The results support the notion that the
activity of an unusually potent chloro analog likely benefits from halogen bonding with the
carbonyl group of a proline residue.

INTRODUCTION

Halogen bonding is now well recognized to occur commonly between Lewis bases and alkyl
or aryl chlorides, bromides, and iodides.! Depletion of electron density on the backside of
the covalent bond to the halogen leads to a “o-hole” with positive electrostatic potential that
can favorably interact with a lone pair of electrons on a heteroatom (Figure 1). The presence
of such interactions in protein-ligand complexes has been noted,? and particularly striking
results were recently reported for inhibitors of cathepsin L.3 Naturally, for related
computational work including ligand design, it is desirable to properly represent halogen
bonding in force fields that are used routinely for molecular modeling and condensed-phase
simulations of organic and biomolecular systems. However, the most widely used force
fields for biomolecular modeling including AMBER, CHARMM, GROMOS, and OPLS-
AA represent electrostatic interactions via a single partial atomic charge on each atom.*
Halogen atoms in alkyl and aryl halides are assigned partial negative charges to be
consistent with observed dipole moments, and consequently their electrostatic interactions
with heteroatoms bearing lone pairs of electrons as in Figure 1 are all incorrectly repulsive.

Limitations of the atomic point-charge model have been recognized since its inception; the
obvious way to improve the description of electrostatic potentials is to add additional
charged sites.>® For example, the addition of charged sites in lone-pair-like positions has
proven beneficial in modeling ethyl anion, heterocycles, amines, and water.” An analogous
modification to enable halogen bonding is to add a partial positive charge in the region of
the o-hole along the C-X axis. Initial results using this approach with AMBER force fields
have shown that it is possible to improve significantly the geometries and interaction
energies for halogen-bonded complexes.8? In the present study, implementation and testing
of a similar model in the OPLS-AA force field is reported with emphasis on aryl halides.
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The necessary force field parameters are provided and the testing has included study of gas-
phase complexes, free energies of hydration, and pure liquid properties of halobenzenes.
Motivation was also enhanced by our recent experimental discovery of catechol diethers as
potent anti-HIV agents.1® Compounds 1 - 3 are non-nucleoside inhibitors of HIV reverse
transcriptase (NNRTIs) with ECsq values for inhibition of viral replication in human T-cells
of 5.0, 3.2 and 0.055 nM, respectively. The possibility that the extreme potency of 3 might
arise in part from a halogen bond between the X = Cl substituent and the carbonyl oxygen of
Pro95 was raised (Figure 2).10 This issue is also investigated here through free-energy
perturbation calculations with and without the extra point charges on the halogens.

X
o Z CN 1 X=H
o 2 X=F
N 3 X=Cl

Cl O}\H O

RESULTS AND DISCUSSION

Implementation and Parameterization

The optional addition of the extra sites (X-sites) on chlorine, bromine, and iodine was
implemented in BOSS, MCPRO and BOMB, which are used for modeling organic systems,
modeling biomolecular systems, and building molecular structures, respectively.11:12 The
modeling with the OPLS-AA force field!3 includes energy minimizations, and Monte Carlo
statistical mechanics simulations for pure liquids and solutions of solutes in any solvent.11:12
The expansion of the force field required definition of new atom types, XC, XB, and XI, for
X-sites on chlorine, bromine, and iodine. The force field without the X-sites will continue to
be referred to as OPLS-AA and the variant with the X-sites is denoted OPLS-AAX. The X-
sites are treated as particles with no mass that are connected to the halogens with stiff bond
stretching and angle bending force constants. The addition of the single X-site on a halogen
atom is viewed as the simplest modification that can capture the basic features of halogen
bonding, while remaining consistent with the form of fixed-charge biomolecular force fields.
Consistent with prevailing views,! the X-sites have not been added to fluorine for
fluorobenzenes.

The parameters that were derived and used here are summarized in Tables 1 and 2, which
also include the original OPLS-AA parameters for halobenzenes.!3 Table 1 contains the
partial atomic charges, g, and the Lennard-Jones parameters, o and e. Table 2 lists the
harmonic bond-stretching and angle-bending parameters. In addition, the torsional energy
consists of a two-fold cosine term with V5 = 7.25 kcal/mol for every X-CA-CA-Y quartet,
which may be augmented with an improper dihedral angle term with V5 = 5.0 kcal/mol for
each CA to reduce out-of-plane bending.13

As indicated, the charge on the X-sites is 0.075 — 0.110 e, and, as for hydrogens on
heteroatoms,13 the Lennard-Jones parameters for the X-sites are zero. The CI-XC and Br-
XB equilibrium distances are 1.60 A, while the 1-XI distance is 1.80 A. The corresponding
distances that have been used previously are in the range 1.4 — 2.4 A.89 A concern with
longer distances is that, if the Lennard-Jones parameters for the X-sites are zero, overly
close approach to negatively charged sites may occur in a simulation, i.e., the X-site is not
sufficiently inside the Lennard-Jones sphere of the halogen. Thus, the present OPLS-AAX

J Chem Theory Comput. Author manuscript; available in PMC 2013 October 09.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Jorgensen and Schyman Page 3

model should not be used with TIPSP water” as the X-sites and water lone-pair sites can
fuse; there is no problem with TIP3P and TIP4P as the negative charge is shielded by the
Lennard-Jones sphere centered on the oxygen atom.1# If needed, the issue can be avoided by
the introduction of small Lennard-Jones parameters for the X-sites. It is noted that the
choice8 of r" (= 21/65/2) of 1.0 A and e = 0.0 has no effect since geometric combining rules
are used for e in the AMBER force fields.1®

For more general treatment of organic molecules, we use the OPLS/CM1A force field that
features CM1A atomic charges, which are obtained from an AM1 calculation.*¢16 The
problem is that OPLS-AA partial charges are not available for all molecules, e.g., those
containing the wide range of heterocycles featured in drugs. To implement the X-sites in this
case, it was found viable to compute the CM1A charges as usual, then assign a charge of
0.075, 0.10, and 0.11 e to the X sites for chlorine, bromine, and iodine and to add the
equivalent negative charge to the halogen. The CM1A charges for neutral molecules are
scaled by a factor of 1.14 for the force fields.¢ The expected benefit of the OPLS/CM1AXx
alternative over OPLS-AAX is better treatment of polarization of the charge on the halogen
by substituents in the aryl ring.1” The partial charges on all atoms are influenced by the rest
of the molecule with OPLS/CM1Ax; they are not fixed as with OPLS-AAX.

Gas-Phase Complexes

The parameterization initially emphasized reproduction of ab jnitio quantum mechanical
results for gas-phase complexes. A extensive set of results for complexes of acetone with
halobenzenes was recently reported by Riley et al.1® They carried out optimizations for
planar complexes of chloro-, bromo-, and iodo-benzene and polyfluorinated analogs using
MP2/aug-cc-pVDZ calculations with pseudopotentials (-PP) and Boys-Bernardi
counterpoise corrections. Fluorination has the expected effect of increasing the o-hole and
increasing the intermolecular attraction.18:19 The MP2 results and those using OPLS-AAXx
and OPLS/CM1Ax are compared in Table 3. The geometry of a typical complex is
illustrated in Figure 1. The interaction energies range from about -1 to —6 kcal/mol,
becoming more attractive in progressing from Cl to Br to | and with increasing fluorination.
In general the MP2 interaction energies are between the OPLS-AAx and OPLS/CM1AXx
results. The mean unsigned error between the MP2 and OPLS-AA A Evalues is 0.68 kcal/
mol and it is 0.55 kcal/mol for OPLS/CM1AX. As the strengths of such interactions are
somewhat underestimated with MP2/aug-cc-pVDZ(-PP) calculations,20 the OPLS/CM1Ax
results appear to be particularly good. The range of optimal halogen...O distances is
remarkably narrow, almost all values are between 3.0 and 3.2 A. The optimal halogen...
O=C angles are also almost all in a small range, 120° — 130°. The exceptions are computed
linear values with OPLS/CM1AXx for FsPhBr, m-FoPhl, and FsPhl; however, in all cases the
bending potential is very soft.18 For example, the energy difference for the FsPhl complex
with the 1...0=C angle fixed at 130° and the minimum at 180° is 0.15 kcal/mol with OPLS/
CM1AX.

The analyses were extended to several additional prototypical complexes, i.e., with water,
acetonitrile, trimethylamine, N-methylacetamide (NMA), and pyridine. We performed
analogous MP2/aug-cc-pVDZ(-PP) optimizations including the counterpoise corrections in
these cases using Gaussian 09.21 A minor difference is that we used full MP2, while the
earlier work18.19 ysed the frozen core approximation. These were complete optimizations for
the monomers and complexes with the only constraint being a linear C-halogen...O or N
angle, and for NMA the complexes are planar as for acetone. Representative structures are
illustrated in Figure 1 and the key results are summarized in Table 4.

As before, the overall accord between the force field and MP2 results appears acceptable.
The interactions from the force fields for water may be somewhat too strong, and with NMA
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too weak. The interactions from the force fields are a little more favorable for TIP3P water
than TIP4P water except for PhCI. The order trimethylamine > pyridine > acetonitrile from
all methods is consistent with expectations from nitrogen hybridization and basicity. It
should be recognized that lower-energy structures without halogen bonds can be found for
these complexes. For example, the complex of PhBr with a r-hydrogen-bonded TIP4P
water molecule has an interaction energy of —2.90 kcal/mol using OPLS-AAX versus -1.83
kcal/mol for the halogen-bonded alternative, and another energy minimum has an interaction
energy of —2.74 kcal/mol with the water molecule bridging between the bromine and an
ortho-hydrogen. For PhCI, the = and bridging structures have similar interaction energies,
—2.86 and —2.66 kcal/mol. In addition, for NMA with PhBr, five options are shown in
Figure 3 with their interaction energies. The coplanar structure from Table 4 with a A £ of
-1.32 kcal/mol is not an energy minimum, while the four additional structures are energy
minima. The two rt-hydrogen-bonded structures and the last one, which features a hydrogen
bond with the bromine, all have interaction energies near —3.9 kcal/mol.

Liquid State Results

Some liquid state properties were also tested for the OPLS-AAX force field starting with
relative free energies of hydration. Free energy calculations were executed for perturbing
PhF — PhCI — PhBr — Phl in a periodic cube containing 500 TIP4P water molecules at
25 C and 1 atm. The requisite Metropolis Monte Carlo (MC) simulations were performed
using the BOSS 2.9 program with 11 windows of simple overlap sampling (SOS) in the
exact manner as previously detailed.?2

The results for OPLS-AA?2 and OPLS-AAX are summarized in Table 5. For PhF, OPLS-AA
and OPLS-AAX are the same since there is no X site. Thus, the difference in the free
energies of hydration for PhCl and PhBr with and without the X sites is negligible. The
halogen- bonding interactions in these cases are not more favorable than water-PhClI or
water-PhBr Lennard-Jones or rt-hydrogen-bonding interactions. For example, from the PhBr
MC simulations the average total solute-solvent interaction energy (£sx) is —16.1 £ 0.2 kcal/
mol for both OPLS-AA and OPLS-AAX. The presence or absence of a halogen-bond has
little effect on this total. However, there is some benefit for Phl with OPLS-AAX; the 0.7
kcal/mol lowering of A Gyyq for Phl improves the accord with experiment. In this case, the
potentially stronger halogen bond does seem to help lower the average £gx from —16.2 to
-17.4 + 0.2 kcal/mol in going from OPLS-AA to OPLS-AAX. In viewing configurations
from the OPLS-AAX MC simulations, as in Figure 4, there is an increased occurrence of
water molecules in the vicinity of the halogens with their oxygens oriented in the manner
expected for a halogen bond.

MC simulations were also carried out with the BOSS program for the pure liquids of the
halobenzenes at 25 C and 1 atm. Standard procedures were followed for N = 267 molecules
in a periodic cube with 14 A spherical cutoffs based on the ring center - ring center
separation and with a correction for the Lennard-Jones interactions neglected beyond the
cutoff.138 The simulations covered 3 million (M) configurations for equilibration and 3 M
configurations for averaging. The principal concern was reproduction of the experimental
densities and heats of vaporization as these properties are indicative of proper representation
of the size of the molecules and their average intermolecular interactions. Thus,
corresponding MC simulations were carried out for the halobenzene monomers in the gas
phase in order to compute the heat of vaporization in the standard way, i.e., A Hqp = £(gas)
- Klig)/N + RT.13 The results are summarized in Table 5. There is little difference between
the OPLS-AA and OPLS-AAX results except for a 0.4 kcal/mol improvement for the A A5y
of bromobenzene with OPLS-AAX. The similarity of the results reflects that the changes
introduced by addition of the X-sites are confined to a small region of the total molecular
volume. Normal aryl-aryl interactions are expected to dominate (Figure 5). The level of
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agreement with the experimental data is also typical for OPLS force fields with average
errors of ca. 2%.13 Nevertheless, it is important to carry out such checks to make sure that
no anomalies arise upon introduction of a new feature such as the X-sites before simulations
of more complex systems are undertaken.

Binding of NNRTIs with HIV-RT

The final objective was to investigate the impact of the X-sites on predictions of free
energies of binding for 1 — 3 and their bromo (4) and iodo (5) analogs with HIV-1 reverse
transcriptase. Extensive FEP calculations were previously performed to help guide the
optimization of the initial 5-.M docking hit to yield very potent NNRTIs including 1 — 3.10
The present FEP calculations continue that work and were performed in exactly the same
manner.10 Briefly, coordinates of the complexes were constructed starting from the2be2
crystal structure2® using the BOMB program.12 The 175 amino acid residues nearest the
ligand were included. The protein is represented with the OPLS/AA force field and the
ligands by OPLS/CM1A or OPLS/CM1AX. The chlorine in the B-ring always had the X-
site; the halogen in the A-ring either had it (OPLS/CM1AX) or did not (OPLS/CM1A). The
simulations for the unbound ligands and the complexes used TIP4P water spheres (“caps”)
with a 25-A radius centered on the ligand; ca. 2000 and 1250 water molecules were retained
for the unbound and bound MC simulations. 11 windows of simple overlap sampling were
used for each FEP calculation with 10-A residue-based cutoffs.22 Each window consisted of
10-15 M configurations of equilibration and 10-30 M configurations of averaging at 25 C.
The ligand and side chains with any atom within ca. 10 A of the ligand were fully flexible,
while, after initial conjugate-gradient relaxation, the protein backbone was kept fixed. The
MC/FEP calculations were carried out with MCPRO 2.211

Relative free energies of binding were obtained for the complete series, H to I, using both
OPLS/CM1A and OPLS/CM1AXx. Two alterative conformers for the bound ligand were
considered; the one in Figure 2 with the p-H of the cyanovinyl group proximal to Trp229
and the 180° rotamer with the a-H nearer Trp229, as in Figure 6. The results as summarized
for both force fields and both conformers in Table 6. The statistical uncertainties in the
results are 0.2 — 0.3 kcal/mol from the fluctuations in the computed averages. This range is
reinforced by results from calculations that were repeated from different starting points and
from ones that were run in both directions. E.g., for the first conformer, the AA G, result
with OPLS/CM1AXx for the 4 — 3 perturbation was —0.18 kcal/mol and for 3 — 4 it was
+0.25 kcal/mol.

For the first conformer with both OPLS/CM1A and OPLS/CM1AX, the binding affinity
peaks with the chloro and bromo analogs; however, the binding affinity is 1.2 — 1.6 kcal/mol
more attractive for the halogens with the X-sites. In viewing configurations as in Figure 6, it
is apparent that the A-ring halogen of 3 — 5 is making closer contacts with the oxygen of
Pro95 with the X-sites than without them and that the halogen-bonding is contributing to the
more favorable A A Gy, values. However, a substantial range of halogen — oxygen distance is
being sampled, ca. 3.4 — 4.1 A. The final configuration for 4 from the 5 — 4 FEP
calculation in Figure 6 has a Br-O separation of 3.52 A; in the final configuration for 5, the
I-O separation is 3.46 A. For the second conformer, addition of the X-site enhances the
binding affinity by as much as 2.1 kcal/mol for 3. With OPLS/CM1A and OPLS/CM1AXx
the binding affinities for 3 — 5 are the same within the statistical uncertainties. At this point,
it may be noted that the preferred conformer is unclear, and it may differ for 1 — 5. However,
the average protein-ligand interaction energies from the MC simulations are a few kcal/mol
lower for the second conformer, which suggests that it is generally favored. The issue can be
properly addressed via FEP calculations that interconvert the two conformers.
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From a design standpoint, the key messages from these results would be (a) that the chloro
analog (3) should be much more active than the fluoro analog (2), and (b) not to expect
additional improvement for the bromo and iodo analogs. There is no reason to assume a
priorithat if a halogen bond is possible with a chloro analog that in a binding or inhibition
assay there will be further gains for the bromo and iodo derivatives. Though the optimal
halogen bond strength may increase along the halogen series as in Tables 3 and 4, there are
complex entropic considerations at play. With increasing halogen size, the conformational
freedom of the ligand and the protein may become more restricted, which would then favor
the smaller halogen. Hardegger et al. did see improvement in 1Csq values from F to | for
their series of cathepsin inhibitors, though the gain was a factor of 15 for F to Cl an then
only additional factors of 2 for the bromo and iodo analogs.3 It may be noted that these are
covalent inhibitors, which provides some restriction to the motion of the covalently linked
ligand and protein. In the present case, it is only known currently that the ECsq values from
the viral replication assay decline from 5.0 to 3.2 to 0.055 nM in progressing from 1 to 2 to
3.10 The striking increase in potency for the chloro analog coupled with the present FEP
results does indicate that there is a contribution from halogen bonding with the oxygen atom
of Pro95.

CONCLUSION

Halogen bonding has emerged as an important element of molecular recognition. This is
reinforced by the present results for gas-phase complexes. There is no question that halogen
bonding needs to be accommodated in force fields that are being used for modeling systems
in which such interactions are possible. Otherwise, interactions like those illustrated in
Figure 1 are predicted to be repulsive rather than attractive. The need is especially important
in drug-design efforts and associated computations of biomolecule-ligand binding since
about 50% of compounds that are assayed in drug discovery programs contain a halogen,
predominantly chlorine and fluorine.28 In the present study, the implementation of halogen
bonding in the OPLS-AA force field has been described for aryl halides. As in other work,
the necessary improvement of the electrostatic fields can be achieved by addition of point-
charges, in this case, on the backside of the carbon-halogen bond. The modified force field,
referred to as OPLS-AAX, and the alternative, which incorporates CM1A atomic charges
(OPLS/CM1AX), were first tested on gas-phase complexes of halobenzenes with Lewis
bases. Agreement with results from ab initio MP2/aug-cc-pVDZ(-PP) calculations was
found to be reasonable and properly reflective of basic trends of increasing interaction
strength with increasing halogen size and electron deficiency of the arylhalide. The new
models were further supported through computation of free energies of hydration and pure
liquid properties for the halobenzenes. Finally, the results of MC/FEP calculations for
relative free energies of binding were obtained for a series of anti-HIV agents that have been
suggested to be modulated by halogen bonding. The effect of the addition of halogen
bonding was striking, yielding binding enhancements in the 1-2 kcal/mol range.
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Examples of halogen-bonded complexes; bromobenzene with acetone, water, N-
methylacetamide, acetonitrile, trimethylamine, and pyridine. Structures have been optimized
with the OPLS-AAX force field.
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Figure 2.

Computed structure for the complex of 3 with wild-type HIV-1 reverse transcriptase. The
possible halogen-bonding interaction with Pro95 is highlighted with the dashed arrow.
Carbon atoms of 3 are in yellow. For further details, see ref. 10.
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Figure 3.
Five alternative structures for the complex of bromobenzene with N-methylacetamide. The

computed interaction energies using OPLS-AAX are shown in kcal/mol.
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Figure 4.

The seven water molecules closest to iodobenzene from the last configuration of a MC
simulation that included 500 water molecules in a periodic cube. The iodobenzene and the
halogen-bonded water molecule are rendered as space-filling; the 1-O distance is 3.79 A.
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Figure 5.

A cluster of the 9 nearest neighbors of the molecule rendered as space-filling from the final
configuration of a MC simulation of liquid bromobenzene. Typical aryl-aryl edge-to-face
and offset-stacked interactions are present.
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Figure 6.

Computed alternative structure for the complex of the bromo analog 4 with wild-type HIV-1
reverse transcriptase. In contrast to Figure 2, the a.-H of the cyanovinyl group is now closer
to Trp229 than the B-H. The Pro95 O — Br distance is 3.52 A. The structure is from the last
configuration of a MC/FEP calculation that included 1246 water molecules; only water
molecules within 12 A of the ligand are shown. Some protein residues have been deleted for
clarity.
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Table 1

Non-Bonded Parameters for Halobenzenes

Atom?  g,e o A e kecal/mol

OPLS-AA:

CA -0.115 355 0.070
HA 0115 242 0.030
Fb -0.220 2.85 0.061
Cl -0.180 3.40 0.300
Br -0.200 347 0.470

[ -0100 375  0.600
CA(F) 0220 355 0070
CACl) 0180 355  0.070
CA(Br) 0200 355 0070
CA() 0100 355 0070

OPLS-AAX:

Cl -0.250 3.40 0.300
XC 0.075 0.0 0.0
Br -0.270 347 0.470
XB 0.100 0.0 0.0

| -0.260 3.75 0.600
XI 0.110 0.0 0.0

CACl) 0175 355 0.070
CA(Br) 0170 355 0.070
CA(l) 0150 355 0.070

aCA is the OPLS atom type for a carbon atom in a 6-membered aromatic ring and HA is an attached hydrogen.

bFor difluorobenzenes, gF = -0.20; for penta- and hexa-fluorobenzenes, qF = —0.13.
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Table 5

Computed Relative Free Energies of Hydration (kcal/mol)4

PhX  OPLS-AA

OPLS-AAx Expt?

PhF 0.0
PhCI 0.12
PhBr -0.45
Phi -0.21

0.0 0.0
0.06 -0.31
-0.39 -0.64
-091 -0.94

a - .
Uncertainties (+o) in the computed values are ca. 0.05 kcal/mol.

bRef. 23.
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