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The ubiquitous amide moiety of the protein backbone is an essential interaction partner in any binding. Using quantum

mechanical calculations, we evaluate how to target this moiety through halogen bonding. In contrast to previously

employed atom-centric spherical scans, we make use of planar scans to additionally account for the delocalised =-

electrons of the amide. The scans showed that perpendicular interaction geometries are moderately strong while

favouring the carbonyl oxygen atom at lower distances. Gradually moving to a parallel arrangement results in a transition

from c-hole interactions toward 7---1 and dipolar interactions and higher interaction energies.

Introduction

Halogen bonding be described as a favourable,
directional interaction between an electropositive region on
a halogen atom, the o-hole™?, and a nucleophilic interaction
partner such as an oxygen atom or the m-system of aromatic
moieties>”. In the last few years various examples of successful
application of halogen bonding in biological systems have been
reported in the literature®™. With increased understanding of
this rather uncommon type of molecular interaction fostering
molecular design, the number of rationally designed halogen
bonds in protein-ligand complexes is steadily rising.

Using quantum mechanical calculations, we have recently
published systematic evaluations of different halogen bond
acceptors in a protein binding site that demonstrate how to
properly target certain residues through halogen bonding.
These studies include the carbonyl oxygen atom of the protein
backbonelz, the sulfur of methionine13, and the unprotonated

can

nitrogen atom in the side chain of histidine™”.

Among these, the carbonyl oxygen is undoubtedly the most
relevant halogen bonding acceptor4’ 12,15 Being a part of an a-
helix or a B-sheet, this carbonyl oxygen atom is involved in a
hydrogen bond with the amino moiety of a proximal amino
acid. It has been shown that halogen atoms can still,
orthogonally, target this oxygen atom without significant loss
of interaction energyls. The carbonyl oxygen atom, however, is
not the sole possible interaction partner of the protein
backbone. Crystal structures have shown that the amide group
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is planar withonly very small deviations from a
dihedral angle of 180° being tolerated. This means, that -
electrons are delocalised across the three heavy atoms of this
moiety, making the whole amide function a possible halogen
bonding acceptor.

A recent scan of the PDBY’ (as of July 2015) for halogen bonds
towards polar protein atoms yielded 204 contacts (in 133
unique PDB codes) between chlorine and the nitrogen atom of
the backbone with good c-hole angles of > 160° in distances
between 3.0 and 4.5 A. For bromine this number is reduced to
53 hits (26 unique) while for iodine only 29 presumably good
contacts (18 unique) have been found. Figure 1 shows two
halogen bonding examples with the amide moiety of the
protein backbone that were found through the scan. In both
examples the c-hole angles between the halogen atoms and
the nitrogen atom of the protein backbone were the highest
among all involved atoms, indicating that the C-X"N contact is
preferred over the C-X"O contact. In human prolyl-tRNA
synthetase (Figure 1a), the co-crystallised ligand halofuginone
forms a bromine halogen bond with the amide moiety of
VAL1101 (PDB: 4hvc)®®. The o-hole angle to the nitrogen atom
is with 172.1° almost optimal. The c-hole angle to the carbonyl
oxygen atom is with 145.1° rather suboptimal and shows that

the backbone nitrogen atom should not be neglected in

b

THR302
PDB: 4hvc VAL1101

halogen bond evaluations.
Figure 1. Halogen bonds addressing the amide moiety of the protein backbone.

PDB: 3ips

(a) Bromine halogen bond addressing the amide function of VAL1101 in human
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prolyl-tRNA synthetase (PDB: 4hvc'®). (b) Chlorine halogen bond with the amide
function of THR302 in LXR-o. (PDB: 3ips*?).

Figure 1b shows the ligand FsmethylAA bound to the protein
LXR-a engaging in a chlorine halogen bond with the backbone
nitrogen atom of THR302 (PDB: 3ips)19. The o-hole angle is
170.2° and the interaction distance is 3.4 A. Here, the c-hole
angle to the carbonyl oxygen atom is with 152.5° only
moderate.

Results and discussion

To systematically analyse the targetability of the protein amide
moiety on the basis of quantum mechanical calculations, we
used MP2/TZVPP-optimised structures of N-methylacetamide,
serving as a model system for the protein backbone, and
iodobenzene as the halogen bond donor to set up planar scans
of the protein backbone. The setup of the scan can be seen in
Figure 2. Initially, the iodobenzene molecule is positioned
orthogonally to the plane of the amide moiety of N-
methylacetamide (XZ-plane) in the desired interaction distance
and orientation (Figure 2a). By moving the ligand in both
directions (X and Z) of the plane in steps of 0.25 A (Figure 2b),
1320 different interaction geometries are generated (Figure
2c). At all times, the distance to the plane of the amide moiety
and the orientation of the aromatic ring remain unaltered.

For each of the distances 2.75, 3.0, 3.25, 3.5, 3.75, and 4.0 A
these 1320 geometries are calculated as TPSS(D3)/TZVPP
single points and the adduct formation energy (in ki/mol) is
determined. The visualisation of all six plane scans between N-
methylacetamide and iodobenzene can be seen in Figure 3a.
Each square in the depicted 2D-plots represents the position of
the ligand’s iodine atom in the stated distance above the plane
of the amide moiety. Energy values < -10 kJ/mol are
highlighted with a black border. As expected, scan positions
above the oxygen atom belong to the most favourable
interaction geometries. Increasing the halogen bond distance
to the plane of the amide moiety to d > 3.5 A shows an
extension of the preferred interaction geometries, also

a

2.75A 3.00 A
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including positions above the whole amide function, indicating

Figure 2. Setup of the plane scan. (a) Starting orientation of N-methylacetamide and
iodobenzene. Scan directions are depicted using black arrows. (b) Dimensions of the
plane scan of the desired interaction distance. (c) All interaction geometries for one
plane scan and one distance.

improved c-hole-: 7 contacts.

An additional reason for this behaviour could be that short
repulsive contacts (indicated by uncoloured data points in
Figure 3a) to the methyl groups of N-methylacetamide are
alleviated at larger distances. In a regular protein structure, of
course, the size and orientation of the side chains will
determine, perpendicular interaction as
investigated herein, is feasible. Overall, the best interaction
energy is found at a distance of 3.25 A with -14.9 kJ/mol. At
interaction distances of 4.0 A and higher the most favourable

whether a

energy does not exceed -10 kJ/mol. These scans indicate that,
apart from the carbonyl oxygen atom, the whole amide moiety
is still a moderately good halogen bond acceptor. For
comparative purposes, Figure 3b oxygen-centric
spherical scans between iodobenzene and N-methylacetamide
which have been calculated using MPZ/TZVPPlz' . The colour

scale has been adapted to match with the plane scans. The

shows

spherical scan at 3.0 A shows a large connected area of highly
favourable interaction geometries around the carbonyl oxygen
atom. At a higher distance of 3.8 A the most favourable
geometries are found perpendicular to the amide moiety.

Figure 3. Evaluation of the halogen bonding interaction between iodobenzene and N-
methylacetamide. Positive energy values (> 0 kJ/mol) are not shown. (a) Plane scans at
six different interaction distances (2.75-4.0 A) calculated using TPSS(D3)/TZVPP. (b)
Spherical scans around the carbonyl oxygen atom calculated using MP2/TZVPP.

3.00 A

325 A
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tilt angle 15°

tilt angle: 60°
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Figure 4. Tilted plane scans of N-methylacetamide and iodobenzene for tilt angles 15°,
30°, 45°, 60°, 75°, and 90°. As a reference, for each plane scan the respective tilt angle
is depicted (to the right of each plot) by one selected interaction geometry between N-
methylacetamide and iodobenzene. The colour scale is similar to that shown in Figure
3. Positive energy values (> 0 kJ/mol) are not shown.

Despite the possibility of small systemic shifts between
absolute interaction energies in the comparison of MP2/TZVPP
and TPSS(D3)/TZVPP calculations, a high semi-quantitative
similarity is obvious. Thus, the possibility of alternative o-
hole--m contacts already detectable in the spherical scans at
larger distances is systematically confirmed in the plane scans.
For comparison, we have added the plane scans for
chlorobenzene and bromobenzene in distances of 3.0, 3.5, and
4.0 A to the Supporting Information (Figure S1). For the lighter
halogens, the interaction energy is significantly decreased. This
is in line with previous observations™

As a next step, the interaction angle of iodobenzene to the
plane of the amide moiety is altered from 0° to 90° in steps of
15° to evaluate the transition from c-hole---t interactions to
m---m-interactions. The setup of the scan is similar to that
described in Figure 2. Prior to the generation of the input
geometries for the calculations, the benzene ring is tilted by
15°, 30°, 45°, 60°, 75°, or 90°. The position of the iodine atom
remains unchanged compared to the previous scans, however,
the exposure of the c-hole toward the m-electron density is
steadily decreased. To focus on the best interactions with the
least clashes, the tilted plane scans were only performed for a
distance of 3.5 A. Here, 1412 geometries per tilt angle are
generated and TPSS(D3)/TZVPP single points are calculated
(Figure 4). Each coloured square corresponds to the position of
the iodine of iodobenzene at a distance of 3.5 A to the plane of
the amide moiety, while the benzene ring is gradually tilted
towards the plane. At tilt angles of 15° and 30°, the best
interaction geometries are found around the carbonyl oxygen
atom. At these angles, the o-hole interaction still represents
the main contribution to the overall interaction energy. At tilt
angles of 45° and higher, a transition towards the lower part of
the plane is observed and the hotspot around the carbonyl
oxygen vanishes. This is in line with observation in other
systematic studies, clearly indicating that deviations of the o-
hole angle by more than 45° from the optimum of 180° is

This journal is © The Royal Society of Chemistry 20xx

ARTICLE
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Figure 5. Selected examples of the titled plane scans. For the tilt angles 30° and 90° the
highlighted geometry (black circle) is shown from the side view and top view.

highly detrimental for the halogen bond contribution to the
overall binding energy 1214 At a tilt angle of 90°, generating a
shifted parallel t-stacking arrangement of iodobenzene and N-
methylacetamide, the highest interaction energy between the
two molecules is roughly -20 kJ/mol. In comparison, the best
interaction geometry of the oxygen-centric spherical scan
between iodobenzene and N-methylacetamide at 3.0 A (see
Figure 3b) is -14.1 kJ/mol using TPSS(D3)/TZVPP.

Besides m--w and CH:-1t interactions, it should be noted that
the dipole moments of both molecules are aligned in an
antiparallel manner, when the iodine atom is located within
the broad red hotspot below N-methylacetamide. Thus, this
attractive dipole---dipole interaction can also provide a
significant contribution to the observed energies. Tilted plane
scans for chlorobenzene and bromobenzene can be found in
the Supporting Information (Figure S2). At tilt angles of 45° and
(even more) 90°, the distribution of interaction energies of all
three halobenzenes converges to a similar pattern.

In order to better understand these 2D-plots, Figure 5 shows
the interaction geometries of two selected examples. The
example taken from the plane scan with a tilt angle of 30°
shows a moderately good halogen bonding geometry. The
interaction energy amounts to -10.0 kJ/mol. The halogen bond
is directed towards the C=0 double bond of the carbonyl
moiety. The second example is taken from the plane scan with
a tilt angle of 90°. The high interaction energy of -19.6 kJ/mol
most certainly arises from m-interactions or antiparallel dipolar
interactions between the benzene ring and N-
methylacetamide. The tilted plane scans showed that the
transition from halogen bonding to m-interactions is seamless.
A cutoff cannot easily be determined. This can be especially
difficult when it comes to the creation of a scoring function for
this type of interaction. Important or even crucial limitations of
these parallel interactions are steric clashes based on ¢-/y-
angles of the protein backbone, when involved in specific
secondary structure, as well as based on the size and
orientation of the amino acid side chains.

In order to scrutinise the plausibility of such close (anti)parallel
m-interactions, we have modified our PDB scan to highlight
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binding situations, where in spite of the possibility to form a
halogen bond, the r---1t interaction is preferred.
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Figure 6. Selected examples for 7---m interactions: (a) 8-lodo-guanine interacting
with the amide moiety of CYS136 and GLY137 (PDB: 1c3x*°), (b) 4-bromo-
methoxyphenol interacting with the amide moiety of TRP215 and GLY216 (PDB:
4x8s”"), (c) 3,4-dichlorobenzoate interacting with the amide moiety of GLY305
and THR306 (PDB: 2qw022), (d) M55113 forming a chlorine halogen bond with
the aromatic side chain of TYR228. Additionally, the ligand is sandwiched
between the amide moieties of ALA190 and CYS191, as well as TRP215 and
GLY216 (PDB: ligk).

We limited the angle between the planes to < 20° and the
distance between the centre of mass of the aryl moiety and
any heavy atom of the amide moiety to 4.5 A. For chlorine, 536
contacts were found in 312 unique crystal structures.

Similar to the results obtained for the halogen bonding
analysis, for bromine (80 in total, 43 unique) and iodine (35 in
total, 18 unique) significantly less contacts were found.

Four selected examples of the PDB scan are shown in Figure 6.
Bound to purine nucleoside phosphorylase, the co-crystalised
ligand 8-iodo-guanine forms m---m contacts with the amide
moiety of CYS136 and GLY137 in an interaction distance of 4.0-
4.1 A. Figure 6b shows 4-bromomethoxyphenol bound to
factor Vlla. The ligand forms favourable 7---1t contacts with the
amide of TRP215 and GLY216. Due to a decreasing van der
Waals radius, for bromine, and even more pronounced for
chlorine, much closer =---mw contacts were found in the PDB
scan for ligands containing the lighter halogens. In Figure 6c,
3,4-dichlorobenzoate interacts with the amide moiety of
GLY305 and THR306 at distances between 3.3 and 3.7 A to the
centre of mass of the ligand’s aromatic ring. Bound to factor
Xa, the ligand M55113 engages in a chlorine halogen bond
with the aromatic side chain of TYR228 (Figure 6d). This
contact is considered to be of great importance for high ligand
affinity23. Probably of similar importance is that the ligand is
sandwiched between the amide moiety of TRP215 and GLY216

4| J. Name., 2012, 00, 1-3

in distances between 3.7 and 3.9 A, and the amide moiety of
ALA190 and CYS191 at larger interaction distances of 4.5 A.
Due to sterical reasons, the amide moieties of amino acids
with smaller side chains, such as alanine and glycine, are
obviously most suitable to engage frequently in close w1
contacts.

Methods
Structure optimisations and spherical scans

Geometry optimisations and spherical for the
halobenzenes and N-methylacetamide were carried out at the
MP2/TZVPP** level of theory using the TURBOMOLE 6.4% 2
suite of programs. Relativistic effects for iodine were
considered by an effective core potential (ECP)27 The
calculations were done in combination with the resolution of
identity (RI) techniquezs'30 and the frozen core approximation.
The frozen core orbitals were attributed by the default setting
in TURBOMOLE by which all orbitals possessing energies below
3.0 au are considered core orbitals. The SCF convergence

. . . -8 .
criterion was increased to 10~ Hartree for all calculations.

scans

DFT single point calculations

All  TPSS(D3) using the
TURBOMOLE 6.4 suite of programs. The employed basis
sets was of triple-{ quality (def2-TZVPP)24. Calculations were
performed using the RI ay:)pr'oximation31'33 and the TPSS**
functional. The functional was augmented with the third
version of Grimme’s empirical dispersion correction’™ 36, which
is indicated by adding a “(D3)” to the name, i.e. TPSS(D3).

calculations carried out

25, 26

were

Conclusions

The herein presented evaluation of the protein backbone
amide function through planar scans revealed that the whole
moiety has the potential to be targeted through o-hole
bonding. While the carbonyl oxygen atom is the most relevant
and potent acceptor, the delocalized w-electrons of the amide
can be targeted, particularly at distances larger than 3.5 A.
When tilted from a perpendicular to a (anti)parallel
arrangement, a seamless transition from o-hole interactions to
nt---m-stacking and antiparallel dipolar interactions is observed.
In comparison to the latter, the o-hole bonds are less
compromised by side chain orientation or secondary structure
of the protein backbone.

Key findings:

e A transition from o-hole interactions involving n-
electrons of the carbonyl function to o-hole
interactions with the m-electrons occurs starting from
3.5A

e The halogen bond quality decreases with increasing
tilt angles and the interaction vanishes above 45°

. Above tilt angles of 60°, the m--'n contact between
the aryl moiety and the amide can surpass the quality
of the optimal o-hole interaction in certain
geometries

This journal is © The Royal Society of Chemistry 20xx
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