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Halogen bonding in biological context: a
computational study of D2 dopamine receptor
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In this work, Halogen Bond (X-bond) interactions formed by halogenated ligands (LX) at the Dopamine Receptor D2
(DRD2) binding pocket were studied by Molecular Dynamics (MD) and charge density analysis. The X-bonds were
contrasted with the Hydrogen Bond (H-bond) interactions established by hydroxylated analogs (LOH, where X
was replaced by OH). The ligands for this study were extracted from a dataset of compounds deposited in ZINC da-
tabase that were active in binding assays to DRD2. This dataset was subjected to the filtering rules by employing
cheminformatics tools to find the LX/LOH pairs that were then submitted to MD simulations. A homology model
of DRD2 was employed for the simulations because no crystal structure is yet available for the receptor. To mimic
the positive cap (c-hole) on the halogen atom, a massless, positive charged extra-point was introduced in the force
field. An analysis of the charge density (QTAIM) was performed on reduced models of simulated complexes to ex-
plain their binding differences. Results show that the halogen atom tends to form X-bond with protein backbone ox-
ygen atom. Two out of the four halogenated ligands studied form a specific X-bond with the carbonyl oxygen of
Ser193. This specific X-bond decreases the inherent propensity of transmembrane 5 to unfolding. These results sug-
gest a possible role of the X-bond as a protein secondary structure modulator because of the ability of the halogen
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to interact with the protein backbone. Copyright © 2016 John Wiley & Sons, Ltd.
Supporting information may be found in the online version of this paper.
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INTRODUCTION

Molecular interactions play a key role in biological systems. As
noted by Boeckler et al."! “molecular interactions embody the di-
alog between chemistry and biology”. However, such relation-
ship is not so clear in many cases, because of the inherent
complexity of the biological systems. In the field of drug discov-
ery, this is evidenced by the numerous examples of serendipi-
tous discoveries in drug history, from Sir Alexander Fleming's
accidental finding up to the more recent examples.? Even
screening, especially the automated high-throughput screening
(HTS) can be considered as a systematic approach to benefit
from mere chance. Fortunately nowadays, with the advance in
structural biology and the computational techniques these fortu-
itous findings give the Medicinal Chemists the opportunity to
learn retrospectively from them, by means of structure-based
approaches.

An example of a more empirical rather than rational approach
was the use of halogen atoms to optimize the properties of lead
series. Halogen chemistry has been exploited by medicinal
chemists for nearly 70years. They were regarded as useful for
optimization of ADMET properties because they improve oral ab-
sorption and facilitate crossing biological barriers; they are useful
for filling small hydrophobic cavities present in many protein tar-
gets and they prolong lifetime of the drug.”! Much in contrast to
that perception of halogens as being just hydrophobic moieties,
now we know that chlorine (Cl), bromine (Br) and iodine (I) can
also form directed close contacts of the type R—X:--Y—R),
where the halogen X acts as a Lewis acid and Y can be any

electron donor moiety.™ This interaction, referred to as “Halogen
bonding” has its origin in the anisotropy of charge distribution
around the halogen atom, when it is bound to an electron-
withdrawing atom. Unexpectedly, despite of being highly elec-
tronegative, halogens have a region on the hind side of X along
the R—X bond axis which remains positively charged. This re-
gion, called o-hole, is responsible for the directional and stabiliz-
ing character of halogen bonding with other electronegative
atoms, such as oxygen or nitrogen.”! This region of electron den-
sity deficiency is compensated by an electron-rich belt around
the halogen that allows it to engage in “side-on” contacts with
electrophiles, at the same time that form contacts with nucleo-
philes in a “head-on” fashion, through the o-hole.!

Because of the ADMET related properties of halogens, com-
pound databases contain a lot of biological activity records for
halogenated lead-like compounds. However in most cases the
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relationship between such activities and halogen bonding occur-
rence has not been addressed just because the importance of
this kind of interactions was unknown at the time of developing
the compounds. In view of the current recognition of halogens
as atoms being able to form specific interactions, it would be in-
teresting to retrospectively study such interactions to test, with
the aid of affinity annotations, the hypothesis that halogen bond
interactions might play a key role in biomolecular systems.

In this work, Halogen Bond (X-bond) interactions formed by
known halogenated ligands (LX, with X=Cl, Br, I) of the Dopa-
mine Receptor D2 (DRD2) were studied at the receptor binding
pocket. For this study we compiled a dataset of compounds that
were active in direct binding assays to DRD2 from literature and
from ZINC database.® In the compiled dataset there are about
3.9K compounds with affinity annotations by DRD2 and ~1.2K
contain Cl, Br and/or . For each halogenated ligand (LX) in the
dataset we searched for the existence of the hydroxylated ana-
log (LOH, where X was replaced by OH) by applying filtering
rules based in SMARTS patterns ( daylight.com). If both LX and
LOH were in the database, they were appended to the dataset
of LX/LOH pairs. To verify (or otherwise refute) our hypothesis
that halogen bond interactions might play an important role in
biomolecular systems we compared interactions of the haloge-
nated ligand with the corresponding interactions in the hydrox-
ylated analog. For this purpose the topological analysis of the
charge density based on the Quantum Theory of Atoms in Mol-
ecules (QTAIM) was performed on reduced models of the
complexes.

Because crystallization of G-Protein Coupled Receptors
(GPCRs) is very challenging, there is scarce structural evidence
on how these ligands actually bind at the receptor binding
pocket. Even the structure of DRD2 receptor alone has never
been resolved. Therefore, a structure-based analysis of the inter-
actions of the LX/LOH pairs at the DRD2 binding pocket requires
a homology model of the receptor tridimensional structure and
molecular modeling tools to model the interactions. Accordingly,
we performed Molecular Dynamics (DM) simulations of selected
LX/LOH pairs in the binding pocket of a homology model of
DRD2 previously reported.”’

Because the opening of the c-hole on the halogen atom is
clearly a quantum effect, it poses a serious challenge to the

current modeling approaches employing conventional force
fields, which treat halogen atoms as having all-negative
electrostatic potential, thus failing to correctly describe the
halogen-bonded systems.”! Overlooking of the o-hole might
lead to errors in predictions of structure and energetic of drug-
protein complexes and thus to failure in drug development.
Therefore, to mimic the positive cap (c-hole) on the halogen
atom, a massless, positive charged extra-point (EP) was intro-
duced in the force field during the MD simulations following
the procedure of Ibrahim.®

Hopefully, this retrospective study might help to understand
the intricate relationships between the chemistry of halogen
bonding and ligand-receptor recognition which, in turn might
lead to a more rational use of halogen substitution in drug
development.

COMPUTATIONAL DETAILS

Compilation of the LX/LOH pairs

DRD2 halogenated ligands (LX) were compiled from litera-
ture®®'® and from ZINC database.™ These compounds were ac-
tive in direct binding assays to DRD2. For each LX, its
hydroxylated analog (LOH, where halogen X was replaced by
OH) was then searched in the database, by applying filtering
rules based in SMARTS (Smiles ARbitrary Target Specification)
patterns. If both LX and LOH were in the database, they were
appended to the dataset of halogenated/hydroxylated pairs
(Fig. 1). This resulted in a total number of 27 LX/LOH pairs.

Scaffolds selected for further modeling studies

From the 27 LX/LOH pairs, a small sample of them were selected
for Molecular Dynamics simulations, based in the following se-
lection criteria: (i) there must be a significant binding affinity dif-
ference between LX and LOH; (i) if there are isomers, the one
that is active should be known; and (iii) there must be some ev-
idence of their binding mode in the receptor binding site.
Figure 2 shows the scaffolds selected according to these criteria:
a pair of haloperidol-like ligands (1-LOH and 1-LX), two
dopamine-like pairs (2-LOH and two halogenated isomers, 2-

Is LOH in database?

select halogenated
DRD2 ligands ligand
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1
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3

Figure 1. Workflow employed for the compilation of the LX/LOH pairs
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Figure 2. Scaffolds selected from the dataset of LX/LOH pairs

LX1 and 2-LX2) and one pair of tetrahydroprotoberberines (3-
LOH and 3-LX) were selected for further modeling studies.

Figure S1 in Supporting Information depicts a spatial view of
dopamine bound to DRD2. Relevant residues from the binding
pocket are highlighted. The starting poses of the ligands inside
the DRD2 orthosteric site were constructed based in previous ex-
perimental evidence of the dopamine binding mode into the
binding pocket. Mansour et al.'" have proven the importance
of Aspartate 114 and Serines 194 and 197 in ligand binding by
mutating these residues at the human dopamine D2 receptor
by site-directed mutagenesis. The distance between D114 and
the relevant serines of TM5 is about the distance between the
amine and catecholic hydroxyl groups of dopamine. Salt bridge
between D114 and the protonated amine of dopamine has been
recognized as the guideline interaction for anchoring of
aminergic ligands into the DRD2 binding site.'? Therefore, the
catecholic OH groups must be close to the relevant serines.
There is still a degree of freedom that remains unset in order
to define the dopamine location into the binding site, i.e.
whether the meta OH group (m-OH) in the dopamine catecholic
ring points outward (up) or inward (down) into the receptor
seven trans-membrane channel. Therefore, for each one of the
dopaminergic ligands, i.e. dopamine and the chlorinated dopa-
mine analogues we performed two molecular dynamics simula-
tions, with m-OH/m-Cl up and down and reported the one
with the lowest binding free energy.

As to the case of the tetrahidroprotoberberine derivatives, be-
cause the ammonium group is in a ring asymmetric structure, the
ligand pose is defined by choosing the right enantiomer. Sun
et al”® have shown for a large set of tetrahidroprotoberberine
derivatives that the S form is the more active, so we performed
the MD simulations using the S form.

For the haloperidol-like derivatives the starting binding pose
was defined according to the results reported by Wang et al.l'¥

Molecular dynamics with explicit treatment of halogen
o-hole

The MD simulations of the unbound state of DRD2 and its com-
plexes with the selected LX/LOH pairs were conducted using the
AMBER software package'® at 300K target temperature and ex-
tended to 10-ns overall simulation time. To neutralize the com-
plex positive net charge, 26 negative counter-ions (i.e. chlorine
ions) were added. For further details of the MD protocol applied
see references.”'™ A homology model of the long form of the
human DRD2 was employed because no crystal structure is yet
available for the receptor. This model was built by using as

template the structure of the recently crystallized human D3 do-
pamine receptor (DRD3).”! Positional restraints were applied to
all the backbone a carbons from o-helix transmembrane seg-
ments except those of the transmembrane 5 (TM5). It has been
stated that receptor models incorporating a flexible TM5 back-
bone allow reliable prediction of binding affinities for a set of di-
verse ligands.'®

To mimic the positive cap (o-hole) on the halogen atom of the
halogenated ligands, a massless, positive charged extra-point
(EP) was introduced in the force field during the MD simulations.
The parametrization of the EP was performed following the pro-
cedure in Ref.® In brief, electrostatic potential was generated for
the studied halogenated molecules at the HF/6-31G* level. A
massless atom was included in the ligand force field. The C(ar)-
X-EP angle was set to 180°, and the X-EP distance was set to
the halogen atomic radius, i.e. 2.22 A for bromine and 1.95A
for chlorine. Atomic partial charges (including the EP coordi-
nates) were assigned according to the restrained electrostatic
potential (RESP) approach.

Finally, the MM-GBSA protocol included in AMBER was applied
to calculate the relative binding energies of the complexes by
taking snapshots at 200-ps time intervals from the entire MD
trajectory.

Construction of reduced models and QTAIM (atoms in molecules
theory)

Reduced 3D model systems representing the DRD2 binding
pocket of the selected LX/LOH pairs were constructed from the
MD simulation. Forty-nine residues were included in the model
including V91 and L94 from TM2, E99 from extracellular loop 1
(ECL1), D108, F110, V111, D114, V115, C118 and T119 from
TM3, G173-N186 segment from ECL2, P187-1203 segment from
TM5, W386, F389, F390 and H393 from TM6 and Y408, T412
and Y416 from TM7.

Charge density topological analysis based in the QTAIM!'”!
was performed on these reduced models to evaluate the
ligand-receptor interactions. These calculations were performed
with the help of Multiwfn'® and AIMAII™® software. The
wavefunction used as input for these calculations were com-
puted with the Gaussian 09 package®® by employing the
B3LYP functional,?'~2* with dispersion correction (B3LYP-D)®*
and 6-31G(d)® as basis set. The empirical dispersion correction
for the B3LYP functional was applied by invoking the 10p
3/124 =3 keyword in Gaussian 09.

RESULTS AND DISCUSSION

The root-mean-square deviation (RMSD) of each snapshot rela-
tive to the initial structure was calculated to monitor the stability
of each trajectory. The RMSD obtained for the backbone atoms
of each complex does not change appreciably during the 10 ns
of the production phase of the simulation (see Fig. S2 in
Supporting Information).

Table 1 shows the experimental affinity data for the selected
LX/LOH ligands together with the relative binding free energies
(AAG) calculated from the MD trajectories with the MM-GBSA
protocol. As can be seen, our MD protocol qualitatively repro-
duces the trend of the binding data within each scaffold, i.e.
AAG(1-LX) < AAG(1-LOH), AAG(2-LX2) < AAG(2-LOH) < AG(2-LXT1)
and AAG(3-LX) < AAG(3-LOH).
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Table 1. Relative binding free energies and experimental af-
finities for complexes listed in Figure 2

Complexes Affinity (nm)  AAG (kcal/mol)  Reference
1-LOH 5360.0 2.15 7]

1-LX 4.8 0.00 (28
2-LOH 520.0 4.40 (29]

2-LX1 26310.0 5.64 (01

2-1LX2 150.0 0.00 )

3-LOH 396.0 0.84 (10)

3-LX 188.0 0.00 (101

Having validated the MD protocol employed in the simula-
tions, in the next sections we focus on the analysis of the molec-
ular interactions.

Evaluating the molecular interactions

To inquire about the origin of the binding affinity differences be-
tween LX/LOH pairs, the molecular interactions at the receptor
binding pocket were analyzed with the aim of QTAIM theory.

Figures 3-5 show the backbone superposition of DRD2 bound
to LOH and LX analog. Also the charge density molecular graphs
for the interactions involving the halogen atom and the hydroxyl
groups are depicted.

By comparing each LX/LOH pair, one can see from the back-
bone superpositions that the substitution of the hydroxyl group
by an halogen atom in general does not change drastically the
overall binding mode of the ligand. At first glance, this resem-
blance in the binding modes might be explained by the fact that
the halogen atom having a explicit treatment of the o-hole
might behave as a bioisoster of the hydroxyl group: the lateral
region of the halogen can emulate the oxygen and the c-hole

the proton of the OH group. However, a more careful inspection
of the intermolecular interactions at the substitution point re-
veals important differences in the interaction patterns. The
charge density molecular graphs from Figures 3-5 as well as pre-
vious results’®>"! show that the ligand phenolic OH groups tend
to act either as H-bond donor against the hydroxyl oxygen of the
serine residues in the binding pocket or to form oxygen-oxygen
interactions with them.? On the other hand, the halogen rarely
interacts with the hydroxyl oxygen of the serine residues. In fact,
in most cases when the halogen atom interacts with the side
chain of any of the relevant serines of the binding site, this oc-
curs through the serines non polar hydrogen atoms (i.e. with hal-
ogen acting as H-bond acceptor). Instead, the halogen atom
tends to act as X-bond donor (i.e. through the c-hole) with the
backbone carbonyl oxygen of Ser193 (O@S193). These findings
are in line with the evidence that the backbone carbonyl oxygen
function is the most prominent Lewis base involved in halogen
bonds in protein binding sites, as found from an analysis of the
Protein Data Bank (PDB).""!

As can be seen in the molecular graphs, in three out of the
four halogenated ligands (i.e. 1-LX, 2-LX1 and 3-LX) the halo-
gen atom points to the O@S193 and in two of these com-
plexes a critical point with the corresponding bond paths
connecting both atoms can be observed (i.e. in 1-LX and 3-
LX). In the case of 2-LX1, even when no topological elements
are connecting the chlorine atom with O@Ser193 atom in
the depicted molecular graph, most of the simulation time
the distance between both atoms is closer and therefore it is
very likely that the halogen bond is formed at times during
the MD simulation. On the other hand, in 2-LX2 the halogen
atom does not point to O@Ser193, but instead it is anchored
in a hydrophobic sub-pocket comprising Val190, Phe186,
lle184 and His393.

Figures S3-S9 in the Supporting Information depict expanded
charge density molecular graphs for the complexes together

Figure 3. Backbone superposition of DRD2 bound to 1-LX in yellow and 1-LOH in cyan (left side) and charge density molecular graphs showing the
interactions of the halogen and hydroxyl groups, respectively (right side). The molecular graphs were constructed from the potential energy minimum
of the MD trajectory. Blue and yellow lines connecting the nuclei are the bond paths, and the small red spheres on them are the bond critical points
(BCPs). The extra-point representing the c-hole is depicted with a small gray cross. In residues labeled with an asterisk only the backbone is shown for

clarity
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Figure 4. Backbone superposition of complex 2-LOH/DRD2 in purple with its halogenated analogs 2-LX1/DRD2 in green (top left panel) and 2-LX2/
DRD2 in blue (bottom left panel). The molecular graphs showing the ligands halogen and hydroxyl interactions are shown in the right side. These
graphs were constructed from the potential energy minimum of the MD trajectory. Yellow lines connecting the nuclei are the bond paths, and the small

red spheres on them are the bond critical points (BCPs). The extra-point representing the o-hole is depicted with a small gray cross

with geometrical parameters and local charge density values for
the most relevant intermolecular interactions.

Wilcken et al.! have analyzed X-bond occurrence and interac-
tion geometries in protein-ligand complexes from a survey of
the Protein Data Bank. For all halobenzene systems, a significant
decrease of the quality of the interaction was observed when in-
creasing the deviation from 180° in the c-hole angle (i.e. a(C(ar)
—X---0)). Because of the anisotropic electron distribution
around the halogen, deviations from the optimal orientation of
the o-hole onto the carbonyl oxygen are not well tolerated. They
found that beyond a deviation of 40° from linearity, no signifi-
cant attractive interaction is found and claimed that below an
angle of o(C(ar)—X---0)=140° the term halogen bonding
should not be used, as there is no favorable overlap of the Lewis
base with the o-hole on the halogen.

Accordingly, complexes of 2-LX1 and 3-LX show a o-hole angle
that is compatible with an X-bond while in complex of 1-LX that
angle is far from linearity a(C(ar)—X--- O) = 64.8° at the potential
energy minimum structure of the MD trajectory. Furthermore, in
this last complex the distance between the extra-point (EP) and

0@5er93 is about 4 A most of the simulation time. Because the
EP was placed at the atomic radius of the halogen atoms, this
distance should be about 2 A regardless of the size of the halo-
gen if the X-bond were formed.

Laplacian of the charge density

The Laplacian of the charge density (V2p(r)) determines spatial
regions where the charge density is locally concentrated or de-
pleted. The topology of the Laplacian distribution reflects the
shell structure of the isolated atoms in terms of alternating shells
of charge concentration followed by a shell of charge depletion.
The outer shell of charge concentration is called the valence
shell charge concentration (VSCC).l'”! When an atom is involved
in bonding the spherical symmetry of the VSCC is broken and
points of maximum and minimum charge concentration are
formed on this shell. It has been shown that when the halogen
atom is bound to an electron withdrawing group a point of min-
imum charge concentration on the VSCC is observed at the same
location of the o-hole in electrostatic potentials.>*!

J. Phys. Org. Chem. (2016)
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Figure 5. Backbone superposition of DRD2 bound to 3-LX in orange and 3-LOH in green (left side) and charge density molecular graphs showing the
interactions of the halogen and hydroxyl groups (right side). The molecular graphs were constructed from the potential energy minimum of the MD
trajectory. Yellow lines connecting the nuclei are the bond paths, and the small red spheres on them are the bond critical points (BCPs). The extra-point

representing the c-hole is depicted with a small gray cross

Contour plots in Figure 6 show the Laplacian distribution for
the X-bonded complexes 2-LX1/DRD2 and 3-LX/DRD2.

The figure shows the presence of a bond critical point and the
bond paths connecting the chlorine and the protein backbone
oxygen atom, in both complexes. The structures shown in this
figure represent different points in the MD trajectories to that
shown in Figures 4 and 5. In these structures the chlorine atom
is closer to O@Ser193 so that the X-bond formed competes with
the main chain H-bond O@Ser193-H@Ser197 that defines pro-
tein secondary structure. The small charge density value at the
BCP of this last interaction (in atomic units) indicates that it is al-
most completely broken because of X-bond formation.

The Laplacian distribution shows a point of minimum charge
concentration on the VSCC of the chlorine atom that is pointing
toward the VSCC of O@Ser193. Also note that the VSCC of chlo-
rine is thinner in the region of the minimum charge concentra-
tion. Thus, chlorine nucleus is less shielded in that region of
the VSCC allowing the electrostatic attraction with O@Ser193. It
should be noted that the points of maximum charge concentra-
tion on the VSCC of O@Ser193, which are associated with the
lone pairs of the Lewis base, are located in the plane perpendic-
ular to the one that is shown in the figure (not shown). While
these points of maximum charge concentration (lump) should
be aligned with the minimum charge concentration on the halo-
gen (hole) for a proper hole-lump interaction to take place, it has
been shown that backbone carbonyl oxygen atoms tolerate a
broad range of X-bonding geometries with high binding energy.
Thus, unlike the o-hole angle preferences, the angular depen-
dence around the acceptor is very week, which has sense be-
cause the backbone is often fixed within more rigid secondary
structure elements and cannot easily adapt to the ligand.™

Charge density evaluation of complexes stability

Besides the display of the molecular graphs and Laplacian con-
tour plots, the charge density values at the intermolecular critical
points (p,) are a good estimate of the strength of the intermolec-
ular interactions. Moreover, it has been proven that the sum of

the p, values (Ip) for all the interactions established by the li-
gand molecule is a good measure of its anchoring strength to
the binding pocket. Furthermore, the 3p value corresponding
to the interactions established by a particular group of atoms
of the ligand molecule is a measure of the anchoring strength
of that group to the binding pocket.>2'# The ability to decom-
pose the interaction energy in contributions by atom or group of
atoms makes the QTAIM analysis particularly useful in analysis,
design and optimization of ligand molecules.

Bar plot in Figure 7 shows the Zp values for the interactions of
the substituted group (i.e. X/OH) as well as the sum of all the in-
termolecular interactions for each LX/LOH pair.

As can be seen in the figure, the substitution of the hydroxyl
group by an halogen follows the expected trend in 1-LX/1-LOH
and 2-LX1/2-LOH pairs, in the first case the halogen improves
the binding at the substitution point as well as the total ligand
binding, while in the second case the opposite occurs. In both
cases the trend is in agreement with the experimental data in
Table 1.

On the other hand the replacement of OH by X in the remain-
ing pairs does not improve the ligand binding as indicated by
the binding assays. This discrepancy might be reflecting an over-
simplification of the interaction model employed, in which only
the intermolecular interactions are considered. Sometimes bio-
logical receptors experience strong conformational changes af-
ter ligand binding (i.e. induced fit effects). In those situations
not only the intermolecular but also the intramolecular interac-
tions should be taken into account to judge the overall stability
of the ligand-receptor complex.

Accordingly, Figure 8A shows in stacked bars the sum of the
electronic charge density values (Xp) at the intermolecular
(DRD2-L) and intramolecular (intra-DRD2 and intra-L) bond criti-
cal points computed on the reduced models of the complexes.

The value of the charge density corresponding to the total
height of the stacked bars can be considered as a measure of the
overall stability of the ligand-receptor complexes. These values
classify correctly the compounds according to the experimental af-
finity data in Table 1. Thus, Ip(1-LX) > Xp(1-LOH) within the

wileyonlinelibrary.com/journal/poc
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Figure 6. Laplacian distribution contour plots superimposed to the charge density molecular graphs of complexes 2-LX1/DRD2 (A) and 3-LX/DRD2 (B).
Molecular graph elements are represented with critical points (bond and ring critical points in red and yellow spheres, respectively) and bond paths
that extend from the BCPs to the bonded nuclei. The Laplacian distribution is shown with blue solid curves and red dashed curves for regions of charge
depletion (i.e. V2p(r) > 0) and charge concentration (V2p(r) < 0), respectively. A point of minimum charge concentration (blue sphere) can be observed
on the VSCC of the chlorine atom. The structures shown in this figure represent different points in the MD trajectories to that shown in Figures 4 and 5

haloperidol-like compounds, Xp(2-LX2) > Zp(2-LOH) > Xp(2-LX1)
within the dopamine-like analogues and Xp(3-LX) > Xp(3-LOH)
within the THP derivatives.

An interesting trend that is observed among the three series
of compounds is the inverse relationship between the ligand-
receptor intermolecular interactions (i.e. DRD2-L, blue bars) and
the receptor-receptor interactions (i.e. intra-DRD2, red bars). In
general, as the charge density value for the intermolecular inter-
actions rises within each series of halogenated/hydroxylated an-
alogues, the intra-receptor interactions get weaker. A more
detailed analysis of the intra-receptor interactions reveals that
the segment of the receptor that is more sensible to ligand bind-
ing is TM5.

The plot in Figure 8B shows the inverse relationship between
the intermolecular and intra-TM5 interactions. As depicted in
that plot, the stronger the binding of the ligand to the receptor
binding pocket, the greater the weakening of the intra-TM5 in-
teractions, within each series. The superposed complexes in
Figures 3-5 reveal how these changes are manifested structur-
ally. As can be seen in these figures, the ligand showing the
strongest binding to the receptor within each series (i.e. 1-LX/
DRD2, 2-LX2/DRD2 and 2-LOH/DRD2 and 3-LOH/DRD?2) are also

the ones that present the closest contacts with ECL2. The
movement of ECL2 toward the ligand pocket in these com-
plexes allows the formation of an H-bond between backbone
of 1le184 from ECL2 and His393 from TM6 (see Figs 3-5). This
inter-domain interaction places ECL2 loop over the top of the
binding pocket, closing the cavity and ensuring the correct
ligand binding. This is evidenced also by the stronger interac-
tion with Asp114 (see Fig. 8C) in these complexes. The salt
bridge involving Asp114 is considered as the guideline interac-
tion[fc;r anchoring of aminergic ligands into the DRD2 binding
site.l1?

On the other hand, the ligand interaction with ECL2 in these
complexes also causes the partial unfolding (and therefore the
weakening) of TM5 in its outer end (see Figs 3-5). These findings
might explain in part the inverse relationship observed between
the intermolecular and the intra-TM5 interactions. However, the
ligand interaction with ECL2 could not be the driven force for
TM5 unfolding because there are no structural differences be-
tween the ligand LX/LOH pairs in the interaction interface with
ECL2. The only structural difference among the pairs is the
halogen/hydroxyl group, which is close to TM5, so that there
must be some direct interactions between the halogen atom

J. Phys. Org. Chem. (2016)
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Figure 7. Xp values for the interactions of the substituted group (i.e. X/
OH) and for the total number of intermolecular interactions in each LX/
LOH pair. The values were computed from the structure of the potential
energy minimum of the MD simulations. Note that 2-LOH appears twice
because the substituted OH group is different in each pair (i.e. meta-OH
and para-OH of the dopamine catecholic ring)

(or otherwise the hydroxyl group) and TM5 that influence the
folding of that transmembrane segment at its extracellular end.
In turn, the folding/unfolding of TM5 then might place the
ECL2 segment far away/close to the ligand.
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Figure 8. Xp values corresponding to all intra and intermolecular BCPs
(A), all TM5 intramolecular BCPs (B) and the intermolecular BCPs involv-
ing Asp114 (C). The values were computed from the structure of the po-
tential energy minimum of the MD simulations

Structure of the outer (extracellular) segment of TM5

Before discussing the ligand effect on TM5 folding we consider
convenient to analyze the overall architecture of the outer part
of this transmembrane segment. By analyzing the MD trajecto-
ries of the studied complexes we noted that in general the sec-
ondary structure of the outer segment of TM5 is quite
distorted and it shows a tendency to unfolding. The distorted ap-
pearance of TM5 in its extracellular end is, at least in part, a con-
sequence of a proline residue P201 which is halfway between
the inner and outer end of TM5.

Figure 9(A) show the location of P201 as well as relevant main
chain interactions of the outer segment of TM5.

Proline residues in transmembrane segments are believed to
be involved in GPCR activation. They act as pivot points for helix
movements and bending that occur during the receptor activa-
tion process.**! DRD2 receptor has proline residues in TM2,
TM4, TM5, TM6 and TM7. In particular, P201 at TM5 as having
no N-H group available, it cannot donate a proton to the C=0
group of S197 four residues earlier to conform a proper i — i
+4 alpha helix turn. Instead, the following residue in the helix
Val200 donates the proton to lle195 to close an i—i+5 H-bond
loop of 16-atoms. As a consequence a broader helix turn that

Figure 9. (A) Structure of the outer segment of TM5 in the unbound
form of the dopamine receptor and (B) backbone superposition of the
unbound state (gray) and bound state of DRD2 in complex with 2-LX1
(magenta). Principal axis of the outer segment of TM5 helix is shown
for both states. The extra-point of 2-LX1 is indicated with a small purple
sphere
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protrudes into the ligand binding site (see Fig. 9) is formed.
Moreover, this local defect in helix folding is transmitted beyond
the involved turn impacting on the overall folding of the outer
part of TM5.

Effects of halogen bonding in TM5 folding

An interesting trend that was observed in two out of the three
series of complexes is that the halogen atom, when interacting
with backbone of TM5, it tends to attenuate the unfolding pro-
pensity of the outer (extracellular) side of TM5. Figure 10 is
intended to show the ligand effect on architecture of the outer
part of TM5 through the MD simulations.

Left column of the plot shows either the X-bond distance in
halogenated ligands or the H-bond distance in the hydroxylated
analogs, along simulation time.

As can be seen, 2-LX1 and 3-LX are X-bonded to O@5193 most
of the simulation time while their hydroxylated counterparts 2-
LOH and 3-LOH are not H-bonded to that TM5 residue. More-
over, 3-LX2 does not form any X-bond with the main chain of
TM5 either because chlorine atom is anchored in a different
sub-pocket formed by hydrophobic residues from TM5 and
ECL2 (see Fig. 4).

Because the X-bonded O@Ser193 is engaged in a intra-TM5 H-
bond with backbone of Ser197 the effect of X-bond formation is
the destabilization of the intra-TM5 backbone interaction as evi-
denced by the larger distance and fluctuation of the H-bond
O0@S193:H@S197 in complexes of 2-LX1 and 3-LX as compared

dQL e0QS,g, &

0Q5,y30 HOS,y; %Z OQres; e HQres; , 4 0QS, 4, e HAS 45

d=EP(LX)orHO(LOH) i=187

Tl

distance (angs)
H N W A U O N N W R UOONE N WA O N

0 2 4 6 8 0 2 46 8 0 2 4 6 8 0 2

with the unbound state of DRD2 and its complexes with 2-
LOH, 2-LX2 and 3-LOH that do not interact with TM5 backbone
(Fig. 10, second panel, from left to right).

Unexpectedly, the destabilization of the O@S193:H@5197
H-bond because of X-bond formation is not followed by a distor-
tion in the architecture of TM5 at its outer side. Instead, the over-
all backbone interactions are maintained or even reinforced in
some cases, as evidenced by the shorter average main chain H-
bonds in complexes of 2-LX1 and 3-LX with respect to the ana-
logs 2-LOH, 2-LX2 and 3-LOH respectively (Fig. 10, third panel,
from left to right). The average H-bond distance was computed
considering the O@res;...H@res;, 4, distance of the last six back-
bone interactions of TM5 at its outer end, where i runs from
P187 to Y192.

A more careful inspection of TM5 backbone interactions along
simulation time reveals that the main chain H-bond
O0@Y192:H@V196 is highly sensitive to the changes in the
0@5193:H@S197 H-bond distance. The weaker the last interac-
tion (i.e. longer H-bond distance), the stronger the first one (i.e.
shorter H-bond distance) and vice versa. This trend is observed
in all the complexes. As can be observed in Figure 10, the H-
bond O@Y192:H@V196 is partially disrupted in the unbound
form of the receptor and in complexes of 2-LOH, 2-LX2 and 3-
LOH but it is stabilized in complexes of 2-LX1 and 3-LX.

A possible explanation for this paradoxical behavior is that the
H-bond O@S193-H@S5197 which is disrupted by X-bond forma-
tion, lies on the defective interaction interface between the
broader i —i+5 turn produced by P201 and the outer segment

0@, ¢ HAS,g,

4 6 8 0 2

4 6 8 10

time (ns)

Figure 10. Ligand effect on folding of the outer side of TM5 along simulation time. From left to right: first panel shows the distance from carbonyl
oxygen of $193 (O@S193) to the extra-point or to hydroxyl hydrogen atom in halogenated and hydroxylated analogs, respectively; second panel shows
the distance from O@5193 to amide hydrogen of $197 (H@5197); third panel shows the average O@resi-H@res;,4 distance for the last six main chain
interactions in the outer end of TM5 with i running from P187 to Y192 and fourth and fifth panel show the distances of main chain interactions involv-
ing residue Y192. Interaction distances for the unbound form of DRD2 are depicted with black lines in the top panels
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Figure 11. Structure of the outer segment of TM5 in complexes 3-LX/DRD2 (A) and 3-LOH/DRD2 (B). Charge density topological elements for non co-
valent interactions of TM5 backbone atoms are depicted as well as the intermolecular halogen bond. BCPs are depicted with small red circles over the
bond paths which are shown in yellow except for those connecting $S193 to S197 which are highlighted in green and the bond paths linking residue
Y192 to V196 and A188 which are highlighted in cyan. Note that these last bond paths are absent in complex 3-LOH/DRD2. The lack of the two Y192
backbone interactions results in a distortion of TM5 secondary structure in its outer end. For residues labeled with an asterisk only the backbone atoms

are shown for clarity

of TM5 having normal i — i +4 folding, so that the disruption or
weakening of this interaction might allow the readjustment of
the remaining backbone interactions at this defective interface,
especially the H-bond O@Y192:H@V196.

Because the H-bond O@Y192-H@V196 is located at the back of
TM5, namely in the opposite side to the binding site, when it is
disrupted it causes the bending of the outer part of TM5 toward
the binding site as illustrated in Figure 9(B). As indicated in that
figure, the bending of this segment could bring the ECL2 in con-
tact with the ligand which might enhance the unfolding of TM5
at its extracellular end. Conversely, the strengthening of the H-
bond O@Y192:H@V196, such as observed in complexes of 2-LX1
and 3-LX, causes the straightening of the outer part of TM5 and
the opposite changes are observed, i.e. ECL2 moves away from
the ligand binding site and the outer part of TM5 is refolded.

Another interaction that is involved in the folding of the outer
end of TM5 is the main chain H-bond O@A188:H@Y192. This in-
teraction is formed in the X-bonded complexes 2-LX1/DRD2 and
3-LX/DRD2 but it is disrupted in complexes of 3-LOH and 2-LX2
(Fig. 10, last to panels, from left to right). Because this interaction
is preserved in the unbound state of DRD2 it is likely that the dis-
ruption of this interaction is secondary to the ligand pulling from
the ECL2.

Figure 11 clearly shows how the presence of the two Y192 back-
bone interactions (i.e. 0@Y192:H@V196 and O@A188:H@Y192) re-
stores the folding of TM5 at its outer end in complex 3-LOX/DRD2
as compared with complex 3-LOH/DRD2 where these interactions
are absent.

On the other hand, the MD trajectories for complexes of the
haloperidol-like analogs 1-LX and 1-LOH show outliers results for
this scaffold. Left panel in Figure 10 shows that 1-LX is not X-
bonded to the backbone of TM5 according to distance measure-
ment from the halogen extra-point to O@Ser193 while 1-LOH is
H-bonded to that TM5 backbone atom. However, in both com-
plexes the main chain H-bond 0@S193:H@S197 is completely bro-
ken most of the simulation time regardless of whether Ser193
carbonyl oxygen is bonded or not to ligand atoms. Therefore, the
differences in TM5 folding in complexes of 1-LX and 1-LOH cannot
be explained in the same way as in complexes of 2-OH/2-LX1/2-LX2

and 3-LOH/3-LX. Steric effects caused by the bulky bromine atom
on TM5 seem to be related with the distortion of the secondary
structure of this transmembrane segment in complex 1-LX/DRD2.

CONCLUSIONS

In this work, Halogen Bond (X-bond) interactions formed by
known halogenated ligands (LX) of the Dopamine Receptor D2
(DRD2) were studied at the receptor binding pocket. To prove
our hypothesis that halogen bond interactions might play an im-
portant role in biomolecular systems, we compared interactions
of the halogenated ligand with the corresponding interactions in
the hydroxylated analog. The complexes were subjected to MD
simulations with explicit treatment of the o-hole on the halogen
atom. Then, the interactions were analyzed along the MD trajec-
tory with the help of the QTAIM theory.

The results show that the replacement of an hydroxyl by halo-
gen does not change drastically the overall binding mode of the
ligand into the receptor. However a closer look at the molecular
interactions reveals differences in the interaction patterns. The
halogen atom tends to act as X-bond donor (i.e. through the o-
hole) with protein backbone carbonyl oxygen atoms. The geo-
metrical as well as the QTAIM analysis revealed that two out of
the four halogenated ligands studied (i.e. 2-LX1 and 3-LX) form
a specific X-bond with the carbonyl oxygen of Ser193.

On the other hand, when analyzing the effect of substitution
of hydroxyl by halogen on the anchoring strength of the ligand
to the receptor binding pocket, we found that neither the inter-
molecular interactions of the substituted group itself (i.e. halo-
gen or hydroxyl group) nor the totality of the ligand
intermolecular interactions can explain the trend of the experi-
mental affinity data. However, when the receptor intramolecular
interactions are also considered, the theoretical predictions cor-
relate well with the experimental results. This indicates that
some conformational changes are taking place in the receptor
structure because of ligand binding. Thus, the stability of the
complexes results from an interplay between inter and intramo-
lecular interactions. In particular, it was found that TM5 is very
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sensible to ligand binding: the stronger the binding of the ligand
to the receptor binding pocket, the greater the weakening of the
intra-TM5 interactions.

By analyzing the MD trajectories we noted that the secondary
structure of the outer segment of TM5 is quite distorted, and it
shows a tendency to unfolding. It was found that in complexes
engaged by an X-bond to O@Ser193 (i.e. 2-LX1 and 3-LX), this in-
teraction decreases the unfolding propensity of the outer side of
TM5. In the case of 3-LX/DRD2 the stabilization of TM5 because
of X-bond formation might explain why this complex is more sta-
ble than 3-LOH/DRD2 even when the intermolecular interactions
are stronger in the last complex.

Thus, while X-bonds involving carbonyl oxygen are generally
only comparable in strength to weaker C—H---O H-bonds, the
ability of the halogen atom to interact with the protein backbone
might trigger conformational changes that in turn could modify
the overall stability of the ligand-receptor complex.
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