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ABSTRACT: The halogen bond (or X-bond) is a noncovalent interaction that is increasingly
recognized as an important design tool for engineering protein—ligand interactions and controlling
the structures of proteins and nucleic acids. In the past decade, there have been significant efforts
to characterize the structure—energy relationships of this interaction in macromolecules. Progress I '
in the computational modeling of X-bonds in biological molecules, however, has lagged behind WT[( M)*(%@)
these experimental studies, with most molecular mechanics/dynamics-based simulation methods & [ -

not properly treating the properties of the X-bond. We had previously derived a force field for

biological X-bonds (ffBXB) based on a set of potential energy functions that describe the anisotropic electrostatic and shape
properties of halogens participating in X-bonds. Although fairly accurate for reproducing the energies within biomolecular systems,
including X-bonds engineered into a DNA junction, the ffBXB with its seven variable parameters was considered to be too unwieldy
for general applications. In the current study, we have generalized the ffBXB by reducing the number of variables to just one for each
halogen type and show that this remaining electrostatic variable can be estimated for any new halogenated molecule through a
standard restricted electrostatic potential calculation of atomic charges. In addition, we have generalized the ffBXB for both nucleic
acids and proteins. As a proof of principle, we have parameterized this reduced and more general ffBXB against the AMBER force
field. The resulting parameter set was shown to accurately recapitulate the quantum mechanical landscape and experimental
interaction energies of X-bonds incorporated into DNA junction and T4 lysozyme model systems. Thus, this reduced and
generalized ffBXB is more readily adaptable for incorporation into classical molecular mechanics/dynamics algorithms, including
those commonly used to design inhibitors against therapeutic targets in medicinal chemistry and materials in biomolecular

Article Recommendations |

engineering.

Bl INTRODUCTION

Halogenated compounds are abundant pharmaceutical agents,
constituting 50% of the leading drugs currently on the market."
Historically, halogens have been incorporated into inhibitors to
improve their absorption, distribution, metabolism, or
excretion properties, such as drug metabolism or bioavail-
ability.® Recently, however, halogens have been shown to
form a favorable noncovalent interaction called the halogen
bond or X-bond,” which increases the affinity and specificity of
inhibitors against their protein targets.” '’ More recently, X-
bonding nucleic and amino acids have been engineered into
biomolecular systems to control the conformation of a DNA
junction'' and the stability and activity of enzymes.'>"?

To exploit the X-bond concept in the rational design of
therapeutics'*™'® and in biomolecular engineering,"’ the
interaction must be properly modeled in molecular simulation
programs.”’~** Here, the force field for biological X-bonds
(ffBXB)**** that we had previously derived has been
reparameterized to be more readily adaptable to standard
molecular modeling algorithms. In particular, the seven
variable parameters of the original ffBXB have been reduced
to a single easily calculated parameter for each halogen type.
This reparameterized force field has been shown to be
generally applicable to model X-bonds in both nucleic acids
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and proteins, resulting in a reduced and generalized ffBXB
(the rgffBXB).

The application of computation in rational design has found
success in the development of biologics for catalysis,*> ™"
biofuels,”® and drugs.”” Examples of computational tools that
have been used in biomolecular design include (in increasing
order of computational complexity and cost) molecular
docking, molecular mechanics/dynamics (MD/MD), and
quantum mechanics (QM) algorithms. Of these methods,
QM accurately models the unique atomistic properties that
describe the X-bond, although machine learning tools such as
ANI can potentially rival the ability of high-level QM in
simulating nonclassical noncovalent interactions, including
those that involve sulfur or halogen atoms.”

To understand the challenge in properly modeling X-bonds
using classical molecular mechanics/dynamics (MM/MD)
simulation functions, we must first understand the nature of
the X-bond. Although there are several competing physical
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Figure 1. The halogen bond (X-bond). (a) 6-Hole theory’' describing the formation of an electropositive crown and associated polar flattening
(the o-hole) resulting from depopulation of the p, molecular orbital of a covalent 6-bonded halogen substituent to a carbon atom (adapted from
Scholfield et al.**). (b) Relationship between X-bonds and hydrogen bonds (H-bonds). X- and H-bonds differ in their respective donors (halogen
o-hole for the X-bond and polarized hydrogen for the H-bond) but share common acceptors. When an acceptor is both H- and X-bonded, the two
interactions are orthogonal (both geometrically perpendicular and energetically independent of each other).”® (c) The size of the o-hole and,
consequently, the X-bonding potential of a halogen substituent increases with the size of the halogen (F < CI < Br < I) and with the electron-
withdrawing ability of the molecule that the halogen is bonded to (left figures). The shape and size parameters (perturbation to R 4y: ARy; average
radius after polar flattening: (Ry); and the tip of the p,, orbitals) of the original ffBXB are shown to the right.

descriptions for the X-bond,”*** the most readily accessible

one comes from the electrostatic o-hole theory.®’ In this
model, the p, atomic orbital of a halogen becomes
depopulated, relative to the p-orbital average of 1.7 electrons,
as its valence electron is subsumed by the o-molecular orbital
in forming a covalent bond to, for example, a carbon atom
(Figure la). This bonding constraint creates a so-called o-
hole—characterized by an electropositive crown and flattening
of the halogen’s atomic radius at a point diametrically opposed
to the o-bond. Consequently, this o-hole allows halogens to
interact with a variety of electron-rich atoms that serve as X-
bond acceptors (Figure 1b). The size of the o-hole, which
helps define the strength of the X-bond, increases with the size
and, thus, the polarizability of the halogen, as well as the
electron-donating/withdrawing ability of the atom or molecule
to which the halogen is bound (Figure 1c). With this relatively
straightforward model in mind, we can now understand why
properly modeling X-bonds has been particularly challenging
in standard MM/MD-based algorithms.

With the acceptance that X-bonds can affect folding and
recognition, there have been several focused efforts to properly
account for the interaction in biomolecular systems. The
standard force fields used in MM/MD algorithms treat
halogens as isotropic spheres with uniform charge distributions
and shapes; thus, they cannot account for any aspect of
halogens that allows them to form a stabilizing X-bond to an
electron-rich acceptor. QM calculations can recapitulate the
anisotropic properties of halogens and, consequently, accu-
rately model X-bonds but at computational costs that make
them impractical for studying biomolecules.

There has been some success seen with hybrid QM/MM
approaches to help with inhibitor design,”'® but most efforts
have been put into incorporating X-bonds into class I force
fields of classical MM/MD algorithms. One approach to this
effort is the positive extra point (PEP) strategy, where a
massless pseudoatom with a defined positive charge is placed
on or near the surface of the halogen to mimic the

electropositive crown of the o-hole.”””' This strategy has

also seen some success in reproducing the geometries and
relative energies of ligand interactions with proteins and thus
has been incorporated into various class I force fields, including
AMBER,*® CHARMM,>® and OPLS3.>” The drawbacks are
that the PEP parameters for any new ligand to be studied must
be defined through QM calculations and do not account for
polar flattening, which affects the important contribution of
dispersion in defining the angular dependence of X-bonds.*®
Finally, a multipole (MTP) electrostatic approach has been
implemented in CHARMM for X-bonding, which has resulted
in a vast improvement in energies but at a much greater
computational cost with slowdowns of 8—10-fold depending
on the number of MTP pairs involved.*”

With these challenges in mind, we had previously derived a
set of potential energy functions that model the anisotropic
electrostatic and shape properties of halogens by defining their
charge distributions and van der Waals radii as being angle-
dependent.”® The resulting ffBXB could accurately reproduce
the experimental energies for X-bonds determined from a set
of studies on model DNA junctions”**’ and has been
incorporated into the Autodock molecular docking program.*!
A more general implementation of the ffBXB, however, has
been limited by its apparent unwieldiness, including the seven
independent parameters for each halogen substituent in the
model and, as with the PEP, the need for high-level QM
calculations to derive parameters for each new halogenated
compound.

In this study, we have reparameterized the ffBXB, showing
that the shape and nearly all the electrostatic parameters are
relatively constant within each halogen class, leaving now only
a single independent electrostatic variable that needs to be
determined for any new compound or system. Furthermore,
we show that this remaining variable can be readily assigned
through a standard restrained electrostatic potential (RESP)
calculation that is commonly used to parameterize atomic
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charges for previously uncharacterized compounds prior to
classical MM/MD simulations.

B RESULTS

Reduced and General ffBXB Parameters. The original
ffBXB (Scheme 1) was derived with seven independent

Scheme 1. Potential Energy Equation of the ffBXB“
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“The ffBXB potential (V) is dependent on the distance (ryx)
between the X-bond donor (X) and acceptor (A) and the angle of
approach of the acceptor to the donor (defined here as a = 180° — 6,,
see Figure 1b). The first component is a classical Coulombic
potential, with Z, being the formal charge of the acceptor, e being the
electron charge, D being the dielectric constant applied against the
permittivity of a vacuum (47e,), and n being the power of the
distance relationship. The electrostatic term of the X-bond donor is a
function of a polarization parameter (A), the overall “charge” of the
halogen (B) and a cosine function of the angle a, and the phase of this
function (v). The second component is a 6—12 Lennard-Jones-type
function, with R, being the van der Waals radius, €, being the
potential energy minimum of the X-bond acceptor, and &x being the
potential energy minimum of the X-bond donor, as defined by the
classical force field. The effective radius of the donor is defined by an
average radius for the halogen ({Ry)) and a deviation from this
average (AR), the latter being scaled by the same angle-dependent
cosine function applied to the donor charge in the electrostatic term.

variables for each halogen type (Cl, Br, or I) and was
parameterized against QM energy landscapes constructed
around X-bonds engineered into DNA junctions (Figure
2a).”>* The QM landscapes sampled a broad range of
distances and angles of approach of an anionic hypophosphite
(O,PH,™") X-bond acceptor toward halogenated uracil bases
(*U) as the X-bond donors (Figure 2a inset). These QM

landscapes and the minimal model X-bond pairs were validated
against the experimental geometries and energies determined
for X-bonds in the halogenated DNA junctions. The ffBXB
parameters were then globally fit to best reproduce the entire
range of geometries sampled by the QM landscapes. The
resulting parameterized ffBXB was also shown to accurately
reproduce the experimental structure—energy relationships,
thereby validating the force field and its parameters.

Although accurate, the ffBXB with its seven independent
parameters is too unwieldy to be readily incorporated into
classical molecular simulation algorithms. In addition, the
original set of parameters was specifically against a DNA
system, while most biological X-bonds are from halogenated
ligands bound in protein environments. Hence, the first goal of
the current study is to define a set of general parameters that
are more broadly applicable to both nucleic acids and proteins,
in which a single parameter is left as an independent variable in
Scheme 1 for each halogen. The strategy for reducing the
number of parameters in the ffBXB started with the
assumption that the shape parameters can be fixed for any
particular halogen type. We can then determine whether the
electrostatic parameters can be derived to accommodate the
overall features of a particular X-bonding interaction.

In this first step, we reconsidered the shape parameters
(Figure 1c) that defined the average van der Waals radius
({Rx)), the perturbation to that radius due to polar flattening
(ARy), and the halogen-specific component of the van der
Waals energy (ex). Since these parameters were determined
explicitly by probing the molecular halogens Cl,, Br,, or I, with
a small nonpolarizable helium atom, their values for each
halogen type could already be defined as being fixed. Although
it has been shown that the degree of polar flattening and,
consequently, the effective size and shape of an X-bond donor
are dependent on the degree of polarization,* we propose here
that the deviations in AR for each halogen type can be largely
compensated for by the refined electrostatic parameters, as

Br-benzene ¢ o
01_\
/
[

P
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Figure 2. Biomolecular model systems to determine experimental structure—energy relationships of X-bonds. The insets show the geometries of X-
bonds (the distance, r, between the oxygen acceptor and halogen donor and the angle of approach of the acceptor to the o-hole of the halogen, 6,)
for simplified model X-bonding pairs used in QM calculations of their respective biomolecular system. X-bond energies were determined by
comparing the thermodynamic parameters from differential scanning calorimetry (DSC) for melting the biomolecule with and without a
halogenated nucleic acid or amino acid. (a) X-bond stabilization of four-stranded DNA junctions.“"m’42 In this system, a halogenated uracil (*U)
stabilizes the junction through an X-bond to the phosphate oxygen of the DNA backbone. The X-bonding partners were reduced to an *U base and
a hypophosphite (H,PO,™") as minimal models. (b) X-bond stabilization of T4 lys«.)zyme.12 An X-bonding halogen replaces a H-bonding hydroxyl
group by substituting a halogenated phenylalanine (*Phe) for a tyrosine in the protein. The minimal interacting pair is between the carbonyl
oxygen of N-methylacetimide (modeling the peptide backbone of the protein as the acceptor) and a halogenated benzene (modeling the side chain
of the *Phe).
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described below. Thus, the reduced and generalized ffBXB
really has only one variable shape parameter, v. The parameter
v was defined as the period of the cosine function, reflecting
the angular orientation of the p,, atomic orbitals of the halogen
relative to the o-hole, which in turn defines the position of the
most negative electrostatic potential of the polarized halogen.
The non-integer value of v > 2 derived for the fully
parameterized ffBXB indicated that the p,, orbitals were
slightly tipped (9—17°) away from the theoretical 90° relative
to the o-bond. However, these deviations were considered to
be minor details that would not dramatically affect the X-
bonding potential of a halogen and, therefore, the value of v
was fixed to an integer value of 2 to explicitly position the
electronegative annulus at the waist perpendicular to the o-
hole. In doing so, the derivatives for the potential energy
functions in Scheme 1 are greatly simplified. The ARy
parameters for Cl, Br, and I (Table 1) are in the same range

Table 1. Size/Shape Parameters for the rgffBXB (Scheme
1) for the Heavy Halogens (Cl, Br, and I) That Are Most
Commonly Seen in Biological X-Bonds (Standard R4y and
€x Parameters from the General Amber Force Field Are
Shown in Parentheses in the Respective Columns)

halogen (X) (Ryaw) (&) ARy (A) ey (kcal/mol) v
c 1.687 (1.948) 0.15 0.107 (0.265) 2
Br 1.798 (2.22) 0.16 0.110 (0.320) 2
I 1918 (2.35) 0.19 0.087 (0.400) 2

as the values for polar flattening determined by QM
calculations,™ while the van der Waals energy terms (eyx) of
the rgffBXB are similar to those of the original ffBXB—in
both cases, smaller than those of the general AMBER force
field (GAFF).* The effective van der Waals radii ((R,qw)) in
the rgffBXB are 13—19% smaller than that in the GAFF, which
contrast with those in the original ffBXB, which were 6—11%
larger.

We next tackled the parameters that define the charge
distribution across the atomic surface of the halogen. The
parameter n, which reflects the power of the distance
dependence and defines the type of the electrostatic interaction
that is an X-bond, was seen from the fully parameterized
ffBXB to fall between 2 and 3. As with v, we fixed n to be the

integer 2, which explicitly defines the X-bond as a charge—
dipole-type interaction.

The A parameter in Scheme 1 defines the amplitude
difference between the positive o-hole and negative annulus
around the waist of the halogen, while B defines the overall
charge of a halogen substituent. Together, A and B define the
angle at which the electrostatic potential passes from being
positive to negative (the neutral-point angle). With n set
explicitly to 2 above, the electrostatic component of the ffBXB
equation in Scheme 1 is not entirely Coulombic. The units for
both A and B are thus in units of length and not unitless, as
would be the case for a standard Coulombic potential. For this
study, the electrostatic parameters were derived for distances in
units of A (107" m). We expect both A and B to be dependent
on the inductive effects of the atom or molecule that the
halogen is covalently bonded to. The o-hole and, consequently,
the X-bonding potential of the halogen are enhanced by
electron-withdrawing groups and diminished by electron-
donating groups. We thus constructed a set of halogenated
benzene compounds, in which various substituents (their
electron-donating to electron-withdrawing potential defined by
Hammett constants) were placed para to the halogen, and
calculated the energies of interactions (E,,) with the anionic
0O,PH,™" and now also with N-methylacetimide (NMA) as a
neutral X-bond acceptor. The distances and angles of approach
between the X-bond donors and acceptors were varied to
develop a QM energy landscape, and as before, we used this
landscape to parameterize the ffBXB. In this case, we kept the
values for all of the shape parameters and n fixed, as described
above, fitting only A and B.

The results showed that A remained fairly consistent within
each halogen type. These results suggest that the amplitude
difference between positive and negative regions of a halogen is
defined by and is thus inherent to its polarizability, which in
turn is defined by its atomic size. The overall electrostatic
potential and the neutral-point angle are variable and are
defined by the extent to which the p, orbital of the halogen is
depopulated. We could, therefore, fix A to an average value
within each halogen type (Table 2), as determined from the
QM landscape, now leaving B as the only variable parameter of
the ffBXB. For simplicity, we will call this reduced and more
general force field the rgffBXB. The A parameters of the
rgffBXB are smaller by 14—28% compared to those of the
original ffBXB.

Table 2. Fitted Electrostatic A Parameter for the rgffBXB (Scheme 1) as a Function of Increasing Electron-Donating
Substituents (Y) in Model Donor-to-Acceptor (H,PO, " or N-Methylacetimide, NMA) X-Bonding Interactions”

X=Cl X = Br X=1

donor H,PO,™! NMA H,PO,™! NMA H,PO,™! NMA
X-uracil 0.120 0.144 0.330
Y- o," donor = para-Y-halobenzene
CN- 0.66 0.124 0.144 0.180 0.194 0.325 0.403
Cl— 0.23 0.104 0.177 0.302
F— 0.06 0.127 0.190 0.298
H- 0.00 0.129 0.111 0.187 0.198 0.286 0.317
CH;— —0.17 0.115 0.192 0.314
OH- —0.37 0.115 0.192 0.337
NH,— —0.66 0.119 0.116 0.197 0.208 0.287 0.402
average + SD 0.120 + 0.011 0.187 + 0.017 0.33 + 0.04

“The inductive effect of each substituent is reflected in the Hammett constant (ap), with positive values indicating the electron-withdrawing
capability and negative values indicating the electron-donating capability.*”*” ®The average percent error on A from fitting is 8.9% of each value.

D
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Table 3. Fitted Electrostatic B Parameter for the rgffBXB (Scheme 1) as a Function of Increasing Electron-Donating
Substituents (Y) in Model Donor-to-Acceptor (H,PO, ! or N-Methylacetimide, NMA) X-Bonding Interactions”

X=Cl X = Br X=1

donor H,PO,™! NMA H,PO,™! NMA H,PO,™" NMA
X-uracil —0.062 (—0.046) 0.057 (—0.0072) 0.233 (0.0607)
Y- o," donor = para-Y-halobenzene
CN- 0.66 —0.087 (—0.090) —0.143 (—=0.090)  0.043 (—0.044) —0.071 (=0.044)  0.149(—0.018) —0.025 (—0.018)
Cl- 023 —0.101 (—0.108) —0.016 (—0.063) 0.066 (—0.046)
F— 0.06 —0.199 (—0.112) —0.076 (—0.064) 0.018 (—0.016)
H- 0.00 —0.249 (—0.125) —0.252 (—0.125) —0.090 (—0.086) —0.087 (—0.086) 0.181 (—0.035) 0.128 (—0.035)
CH,— —0.17 —0.269 (—0.126) —0.155 (—0.083) —0.016 (—0.076)
OH- -0.37 —0267 (~0.127) —0.157 (—0.088) —0.071 (~0.078)
NH,— —0.66 —0.303 (—0.137) —0.318 (—0.137) —0.216 (—0.100) —0.261 (—0.100) —0.048 (—0.054) —0.180 (—0.054)

“The inductive effect of each substituent is reflected in the Hammett constant (ap), with positive values indicating the electron-withdrawing
capability and negative values indicating the electron-donating capability.*” *The average percent error on B from fitting is 16.7% of each value.

The corresponding RESP-calculated charge for the halogen of each compound is shown in parentheses.

The B parameters are all variable and become more positive
as the substituent para to the halogen became more electron-
withdrawing (Table 3). Although, as discussed above, B is not
explicitly the charge of the halogen, this effect is consistent
with the o-hole model for BXBs. The B values derived here for
halogen substituents (uracil base) that are X-bonded to a
hypophosphate acceptor are linearly correlated but slightly
more negative compared to those from the original ffBXB
(B(giypxs) = 0.96B4pxp) — 0.059, R* = 0.975).

With this set of parameters, six fixed and one variable, we
show that the rgffBXB can accurately recapitulate the QM
energy landscape (Figure 3). The reparameterized force field in
Scheme 1 fits the QM-calculated E;, landscape very well,
particularly at 8, from 120 to 180°, where most X-bonds are
seen. The primary deviations are at 6, = 90°, where the
rgff BXB predicts a more positive E;, than the QM calculation.
This deviation was expected since v was fixed to be explicitly 2.
Deviations in energies at this angle of approach should not
affect the ability of the rgffBXB to predict the X-bonding
potential of each halogen. The optimum angle at which the
halogen serves as an H-bond acceptor would be affected.
However, given that H-bonds are not as directional as X-
bonds, we consider this to be a reasonable trade-off in accuracy
versus efficiency. Finally, by constructing the QM energy
landscape with both O,PH,™" and neutral NMA acceptors, we
have achieved the goal of deriving a consistent set of
parameters for the rgffBXB that is generally applicable to
both nucleic acids and proteins.

RESP Fitting of the rgffBXB Parameter. The rgffBXB
has now become less unwieldy but still requires high-level QM
calculations to determine the single remaining variable
parameter (B). Hence, the next goal was to determine whether
B could be derived through a less costly calculation. In the
simplest case of the para-halogenated benzene compounds, we
see that B is well correlated with the standard Hammett
constant (Figure 4).

For classical class I MM/MD simulations on more complex
halogenated compounds, an RESP***” or AM1-BCC protocol
is typically used to assign the isotropic charge of atoms of a
previously uncharacterized compound or ligand. Since B
reflects the overall charge of a halogen, it seemed reasonable
that this parameter could be determined from either of these
protocols. The RESP charges calculated for the atoms of the
halogenated benzene X-bond donors with various electron-
donating or electron-withdrawing para-substituents (Table 2)
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Figure 3. MP2 quantum calculations for energies of *U---H,PO,™
interacting pairs at various geometries of approach, for X = (a) Cl, (b)
Br, or (c) I, with rgffBXB-calculated curves using parameters from
Tables 1 and 2 and the B parameter as the only fitted variable. MP2
energies of interaction (AE,,) were calculated at various angles of the
X-bond acceptor (H,PO,™") approach to the donor (*U), with the
distance varying from a close range (~70—75% of the sum of the van
der Waals radii, ) R,gy) (blue diamonds) to farther distances
(~100% of Y R,qw) (orange triangles).

were seen to be linearly correlated to the B parameters
determined from the QM E,,, (Figure S). As noted above, B is
not strictly a unitless Coulombic charge but has units of A.
This parameter would need to be appropriately scaled if
distances between interacting pairs are calculated in units other
than A. The average absolute residual between the RESP and
fitted B values ((IABI}) is 0.05 (ranging in values from +0.14
to —0.16, both extremes associated with iodine X-bonds to the
NMA acceptor). Thus, the reduced general parameters of the
ffBXB, including the single independent variable, can be
assigned to any uncharacterized molecule using the standard
protocols of a molecular simulation procedure.
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Figure 4. Electrostatic parameter B of the rgffBXB of para-Y-
substituted bromobenzene versus Hammett constants of Y (5, Table
2). The parameter B was fitted using the generalized rgffBXB for
various substituted bromobenzenes. The regression analysis of the
resulting B values relative to the ¢, Hammett values® of the para-
substituent (dotted line) resulted in a linear relationship B = 0.2064,
— 0.088, R* = 0.96.
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Figure S. Correlation between the fitted electrostatic B parameter
from the rgffBXB and the RESP-calculated charge of the para-
substituted halobenzenes (X = Cl, Br, or I). The linear regression
analysis resulted in the relationship B = 3.22RESP + 0.152, R* =
0.764. The B parameters and RESP values for the substituted uracils
were not included in this analysis.

B DISCUSSION AND CONCLUSIONS

In this study, we first showed that the seven variable
parameters of the ffBXB, which was derived to model X-
bonds based on the anisotropic physical properties of shape
and charge of halogen substituents, could be reduced to a
single parameter associated with the overall charge of the
halogen. The remaining electrostatic parameter was shown to
be derivable for Cl, Br, or I based on models of X-bonds
engineered into DNA junctions or the T4 lysozyme model
systems, rendering it overall more general to both nucleic acids
and proteins. The resulting reduced and generalized ffBXB
(rgffBXB) accurately recapitulates the quantum mechanical
landscape for a broad range of geometries (interaction
distances and angles), with only minor deviations at angles
perpendicular to the o-hole of the halogen. Furthermore, the
parameters of the rgffBXB for simple halogenated benzene-
based compounds were shown to be directly related to
standard Hammett-o constants. Finally, we show evidence that
the rgffBXB parameter can be derived for the halogen

substituent of any halogenated compound from a standard
RESP calculation.

We can now determine how accurately the rgff BXB models
X-bonds engineered into DNA junctions and the model T4
lysozyme enzyme (T4L, Figure 2). The four-stranded DNA
junction structure had previously been used to determine the
structure—energy relationships of BXBs using a competition
assay.'' In the T4L test system, a bromo- or iodophenylalanine
replaced the tyrosine at the Y18 position to create the
constructs ®F18-T4L or 'F18-T4L."” The crystal structure of
B'F18-T4L showed a longer and weaker Br-O X-bond
interaction to the carbonyl oxygen of the protein backbone
(E;pe = —0.6 + 1 kcal/mol), while 'F18-T4L showed a shorter
and stronger I--O X-bond (E;,; = —1.6 + 1 kcal/mol).

We modeled the X-bonds in the DNA junction system using
a halo-uracil donor and hypophosphite acceptor pair as
previously described.””** For the T4L protein, we modeled
the Br---O and I--O X-bonding interactions as a complex
between the respective halobenzene (mimicking the halo-
genated phenylalanine side chain as the X-bond donor) and
NMA (mimicking the backbone carbonyl oxygen acceptor)
with the atomic positions fixed at the coordinates seen in their
X-ray structures. The energies of interaction for each X-bonded
pair were calculated using the AMBER99sb** parameter set for
all nonhalogen atoms and the rgffBXB for the halogens. It is
clear that the energies calculated from the rgffBXB are well
correlated with the experimentally determined energies of X-
bonding interactions in both the DNA and protein model
systems, with the calculations placing the experimental
energies in essentially the correct order (Figure 6). The
average deviation between the calculated and measured
energies is 0.72 kcal/mol (ranging between —1.5 and +1.2
kcal/mol) but within the reported experimental errors. Thus,
the experimentally determined X-bonding energies in both
DNA and protein model systems are reasonably well predicted
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Figure 6. Comparison of experimentally determined X-bonding
energies to rgffBXB-calculated energies. The experimental X-bonding
energies (AE,,, solid squares) of DNA junctions with the chlorinated
uracils (CI1J and CI2] for the singly and doubly chlorinated bases,
respectively) and with the singly brominated uracil (Brl]) were
determined by crystallographic titration.""*® The experimental X-
bonding enthalpies (AH,, solid squares with error bars) of doubly
brominated (Br2J) or iodinated (I2) junctions were determined by
differential scanning calorimetry.’®** The X-bonding AH,, (open
circles) of the bromo- and iodophenylalanine constructs were
determined by differential scanning calorimetry.'” Error bars
represent the standard errors for the experimental DSC measures in
the DNA and protein systems. The dashed line shows a linear
relationship between the experimental and rgffBXB-calculated
energies (slope = 0.73; intercept = —0.75 kcal/mol; R* = 0.91).
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by rgffBXB calculations on X-bonding geometries from their
respective crystal structures.

The less than 1.0 slope (0.73) and relatively large negative
(—0.75 kcal/mol) intercept of the linear relationship would
suggest that the rgffBXB might require additional post-
calculation corrections. However, if we focus on the X-bonds
between 0 and —S5 kcal/mol (leaving out the strongly
stabilizing iodinated junction), then the linear relationship
results in a slope = 1.01, with an intercept of —0.43 kcal/mol
(R* = 0.75). In comparison, the original ffBXB applied to the
DNA junction data set resulted in a linear relationship with a
slope = 0.92 and y-intercept = —0.46 kcal/mol, essentially
similar to the rgffBXB for the weak to medium strength X-
bonding interactions (Cl and Br interactions). A direct
comparison of the energies calculated for the X-bonds in the
DNA junctions by the rgffBXB versus the original ffBXB
resulted in a linear relationship with a slope = 123 and
intercept = 0.73 kcal/mol (R? = 0.97). Again, for the Cl and Br
interactions, excluding I, the relationship has a slope = 0.93,
with an intercept of 0.3 kcal/mol (R* = 0.97). The rgffBXB,
therefore, is apparently the most accurate in modeling the
energies of weak to medium strength X-bonds (energies of
interaction less negative than —4 kcal/ mol) but still provides
reasonably accurate energies (within 25% of the experimental
values for an iodine X-bonding energy of —6 kcal/mol) for
stronger interactions.

The reparameterized rgffBXB with its single variable
electrostatic parameter can now be readily incorporated into
algorithms that rely on classical potential energy functions. In
particular, by setting the phase parameter (¢) and the power of
the electrostatic function (n) as an integer value of 2, the
derivations of the gradients for these functions will be more
straightforward. The rgffBXB should thus be adaptable to
accurately model X-bonds in various force fields, including
AMBER,”” CHARMM,*® and OPLS3,” or into scoring
functions™*” of molecular docking programs. We note that
the current parameterization of the rgffBXB is for neutral
compounds. Sedlak et al.”> had shown that the degree of
polarization of the BXB donor affects the extent of polar
flattening associated with the halogen atom, varying from 9 to
15% reduction in the van der Waals radius. We had proposed
that the perturbations to the size and shape of the donor could
be largely compensated for by the electrostatic parameters. The
results from this study generally support this hypothesis for the
set of neutral compounds in that the refined B parameter
shows a strong linear correlation to the electron-donating or
electron-withdrawing character of the remaining molecule
(Figure 4) across a large range of Hammett-c constants. A
halogen substituent in a charged compound, however, may
significantly increase or decrease the degree of polar flattening,
and whether the deviations in size and shape can be as readily
compensated must be tested.

Looking forward, there is now interest in how BXBs are
affected by adjacent H-bonds, resulting in H-bond-enhanced
X-bonds (HBeXBs, for short).>® These HBeXBs have been
shown to increase the affinity of small-molecule receptors for
their anionic ligands®' and the stability of proteins'” and be
involved in the recognition of proteins for ligands.”” There is a
current general understanding that the properties of X-bonds
and other nonclassical noncovalent interactions can be greatly
perturbed by their immediate surroundings, and therefore, it is
important to consider effects beyond the direct electrostatic o-
hole model. We have now established the general framework

by which the rgffBXB can be readily adapted to this and other
peripheral effects on the strengths of X-bonds, which will be
critical when applying BXB concepts in biomolecular engineer-
ing and in the design of halogenated compounds in medicinal
chemistry.

B COMPUTATIONAL METHODS

X-Bond Model for Class | MD. The goal of this study is to
develop a classical model that recapitulates the anisotropic
charge distribution and shape properties of X-bonds, which can
be readily implemented into class I MM/MD algorithms
(Scheme 2). Classical potential energy functions (V) are

Scheme 2. Classical Potential Energy Equations in Class I
Molecular Mechanics/Dynamics Algorithms Describing the
Bonding and Nonbonding Potentials
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described by a set of bonding terms (bond lengths (b), angles
(0), dihedrals (¢), and improper dihedrals (y)) and
nonbonding terms (the electrostatic and 6-12 Lennard-Jones
potentials) that depend on distances between nonbonded
pairs, 7.

In standard programs, class I MD simulations (Scheme 2)
require three nonbonding parameters as an input for each
interacting atom i and j in any new system: (1) electrostatic
charges (Z; and Zj), (2) the van der Waals radii (R; and R]),
and (3) contributions to the minima of potential energy well of
the van der Waals interaction (g; and ;). Generally, the shape
or van der Waals parameters are found empirically, through
high-level QM calculations, or a combination of both** and set
to each atom type once determined. Charge parameters are
found using either an RESP**” char§e model or AM1 with
bond charge corrections (AM1-BCC™) to the charge model.

We had previously modified the nonbonding term of the
general function in Scheme 2 to accommodate X-bonding in
deriving the ffBXB.23 In short, the directional electrostatic
potential was modeled by defining the formal charge of the
halogen by a cosine function (Zx = A cos(va) + B, where A is
the amplitude of the charge anisotropy, B is the baseline and v
is the period of the function, and « is the angle of approach of
the X-bond acceptor to the o-hole, defined as a = 180° — 6,,
relative to Figure 1). In addition, the electrostatic potential
allows the exponential (n) for the distance relationship
between the X-bond acceptor and the donor (ray) to float.
The aspherical shape of halogen substituents is modeled by a
similar cosine function applied as a correction to the van der
Waals radius (Ry = (Ryx) — AR cos(va), where (Ry) is the
average van der Waals radius and AR is the perturbation due to
polar flattening of the halogen) in the dispersion term of the
Lennard-Jones potential. Thus, the resulting potential for the
noncovalent interactions adds three unique parameters that
describe the electrostatic property (A, B, and n), three for the
shape ((Ry), ARy, and &y to define the contribution of the
halogen to the energy term), and one () for the directionality
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of each halogen (Scheme 1). It is important to note that class I
MD simulations are generally performed on pairwise
interactions, which for X-bonding would be between the
halogen (X) and its acceptor (A). However, the addition of the
cosine function for X-bonding causes the interaction to be a
three-body term. The three bodies will be (1) the atom bound
to the halogen (Y), (2) the halogen (X), and (3) its acceptor
(A).

Parameterization of the rgff BXB through QM Fitting.
For the modified potential in Scheme 1, the additional ffBXB
parameters were determined by applying QM calculations on
small-molecule systems that mimic biologically relevant X-
bond donor—acceptor pairs.”” The QM second-order Moller—
Plesset (MP2) energies on all systems in this study were
calculated using Gaussian 09 revision E.O1, applying the aug-
cc-PVTZ basis set for Cl and Br and aug-cc-PVTZ-PP for 1>
The implicit solvent model used was cyclohexane (D = 2), with
a gas phase BSSE correction™ applied afterward. This solvent
model is appropriate for calculations on systems that involve
explicit solvents in MM/MD simulations and short distances
between interacting atoms, as is the current interacting pairs,
and reflects the low dielectric expected for a protein interior.*®
The structures of each compound (BXB donor or acceptor)
were geometry-optimized, but no additional optimizations
were performed from the defined fixed intermolecular
geometries. Energy-geometry landscapes for these systems
were defined by varying the angle of approach (6,) from 90° to
180° and varying the interacting distances from 70 to 100% of
the sum of the standard van der Waals radii for each of the X-
bond donor—acceptor pairs. The resulting MP2-calculated
energy landscapes were used to determine the rgffBXB
parameters in Scheme 1, using a global nonlinear least squares
fitting algorithm developed in-house in MATHEMATICA, for
each X-bonded model system.

Electrostatic charges for the halogens in each BXB donor
were calculated using the RESP procedure implemented in the
AMBERI2 suite.
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