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Sulfur—lone pair interactions are important conformational control elements in sulfur-containing heterocyles that abound

in pharmaceuticals, natural products, agrochemicals, polymers and other important classes of organic molecules.
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Nonetheless, the role of intramolecular sulfur—lone pair interactions in the binding of small molecules to receptors is often

overlooked. Here we analyze the magnitudes and origins of these interactions for a variety of biologically relevant small

molecules using quantum chemical and automated docking calculations. In most cases examined in this study, the lowest

energy conformation of the small molecule displays sulfur—lone pair close contact. However, docking studies, both

published and new, often predict that conformations without sulfur—lone pair contacts have the best binding affinity for

their respective receptors. This is a serious problem. Since many of these predicted bound conformations are not actually

energetically accessible, pursuing design (e.g., drug design) around these binding modes necessarily will lead, serendipity

aside, to dead end designs. Our results constitute a caution that one best not neglect these interactions when predicting

the binding affinities of potential ligands (drugs or not) for hosts (enzymes, receptors, DNA, RNA, synthetic hosts).

Moreover, a better understanding and awareness of sulfur—lone pair interactions should facilitate the rational modulation

of host—guest interactions involving sulfur-containing molecules.

Introduction

Sulfur atoms in complex organic molecules often reside near
oxygen or nitrogen lone pairs. While this statement may seem
counterintuitive given that sulfur atoms also bear lone pairs
and chemists are conditioned to avoid contorting molecules
into shapes where lone pair/lone pair repulsion can occur, its
validity is supported by extensive experimental and theoretical
115 light on the importance of
intramolecular sulfur—lone pair interactions for the binding of

studies. Here we shine
small molecules, such as drugs, to receptors, such as enzymes,
offering both a caution and a recommended procedure for
properly modeling the binding of ligands where such effects
might be at play.

Theoretical studies agree that sulfur lone pair/oxygen or
nitrogen lone pair
compensatory favorable interactions can sometimes lead to

interactions are repulsive; however,
net attraction between sulfur atoms and oxygen or nitrogen
atoms bearing lone pairs.l'15 Arguments for both favorable
(dipole/dipole) and  orbital

interactions (X,<>0%*sy) have been made, although the

electrostatic interactions

relative importance of each depends on the specific molecule
(and also on the specific theoretical approach used to assign
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an energy value to each interaction).l'15 Analogies have also
been made to halogen bonding,w’17 leading to the use of the
term “chalcogen bonding” to refer to favorable interactions
between sulfur (and other chalcogens) with lone pairs.9

Results and Discussion

Although the optimization of sulfur—lone pair interactions
occasionally has been applied in drug design,l’m'24
knowledge, commercial force fields and energy functions used
for automated docking have not included explicit terms
accounting for favorable sulfur—lone pair interactions.™ This
has led to reports in which binding modes are predicted that
involve conformations of small molecules lacking sulfur—lone
pair interactions, even though other conformations with
sulfur—lone pair interactions would likely be significantly lower
in energy.ZS"37 For example, the lowest energy conformation of
compound 1 (a caspase-3 inhibitor),25 shown in Figure 1, is one
that exhibits a sulfur—lone pair interaction on one side of the
molecule and a hydrogen-bonding interaction on the opposite
side. A conformation lacking the sulfur—lone pair interaction,
which corresponds to that reported in a previous docking
study,25 is higher in energy by 11 kcal/mol. Compound 2 (an
antimicrobial agent),26 also presented in Figure 1, was found to
have a 10 kcal/mol preference for a conformation that puts
the sulfur atom near an oxygen atom over a conformation
having a nitrogen atom near an oxygen atom—the latter again
a conformation reported in a previous docking study.26

to our
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Figure 1. Conformational energy differences for 1 and 2.
Configurations with sulfur—lone pair interactions are lower in
energy than those lacking them. Free energies (gas phase)
shown in kcal/mol were computed at M06-2X/6-31+G(d,p).
Select distances shown in Angstroms.

Using OpenEye45 docking software, we subjected optimized
structures of 1 and 2 to a thorough conformational search
then docked them into crystal structures of their protein
targets. As shown in Figure 2, conformations of 1 with and
without sulfur—lone pair interactions were found to occupy
similar regions of the active site and essentially no difference
in docking scores was found. However, in that quantum
chemical calculations predict that conformations with sulfur—
lone pair interactions are energetically preferred; these are the
ones that should be considered biologically relevant.””*
Analysis of 2 led to slightly different results. The best binding
mode where the substrate lacks a sulfur—lone pair interaction
was predicted to be favored over the best binding mode where
the substrate does have a sulfur—lone pair interaction.
However, the predicted conformation is not biologically
accessible since it is 10 kcal/mol higher in energy than the low
scoring conformation. Again, neclecting sulfur—lone pair
interactions, i.e., not taking into account the energies of
conformers with and without such interactions, leads to faulty
predictions of preferred binding modes.

For these examples, X-ray crystal structures with the small
molecules in question bound are not available. Consequently,
we examined systems for which crystal structures with ligands
displaying intramolecular sulfur—lone pair interactions are
available to compare the energies of bound conformations
possessing sulfur—lone pair interactions to alternative
conformations lacking them. For example, compound VO2
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Docking score: -4.6

Docking score: -4.7
a) Relative energy: 0 kcal/mol

Relative energy: 11.2 kcal/mol

Docking score: -3.4

Docking score: -7.4
b)  Relative energy: 0 kcal/mol

Relative energy: 9.9 kcal/mol

Docking score: -9.3
c) Relative energy: 0 kcal/mol

Docking score: -8.9
Relative energy: 8.4 kcal/mol

Docking score: -6.8
d) Relative energy: 0 kcal/mol

Docking score: -4.7
Relative energy: 8.5 kcal/mol

Figure 2. Predicted binding modes, docking scores, and
relative energies of 1, 2, VO2, and PRD. Results from
automated docking and quantum chemical calculations for
conformations with and without sulfur—lone pair close
contacts for a) 1 in caspase-3 enzyme (PDB ID: 3HOE), b) 2 in
MurB (PDB ID: 1HSK), c) VO2 in glucokinase (PDB ID: 4MLH),
and d) PRD in clAP1/XIAP chimeric BIR3 domain (PDB ID:
3UW4).

bound to glucokinase (PDB ID: 4MLH),*® adopts a conformation
with a sulfur—lone pair close contact (Figure 3). Quantum
chemical calculations indicate that this corresponds to a low
energy conformation of VO2; conformations without sulfur—
lone pair interactions were found to be higher in energy (e.g.,
Figure 3). Another example, compound PRD bound to the
clAP1/XIAP chimeric BIR3 domain (PDB ID: 3Uwa4),* again
shows that the bound conformation, which has a sulfur—lone
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pair interaction, is lower in energy than conformations lacking
this interaction (e.g., Figure 3).
V02

PRD \wﬁ

Figure 3. X-ray crystal structures and relative energies of
inhibitors VO2 and PRD. X-ray crystal structures of VO2 and
PRD bound in their respective active sites display
intramolecular sulfur—lone pair close contacts. Conformations
of VO2 and PRD found in the X-ray crystal structures were
optimized using M06-2X/6-31+G(d,p). Free energies shown in
kcal/mol and select distances shown in Angstroms.

Work to understand the origins of sulfur—lone pair
interactions has predominantly focused on donor-acceptor
orbital interactions between the lone pair of an oxygen or
nitrogen atom and the o* antibonding orbitals of S—Y bonds."
13 Using NBO 6.0, the magnitudes of such interactions were
quantified for truncated versions of compounds 1, 2, VO2, and
PRD as shown in Figure 4. As described above, the preferred
conformer of 1 has both a sulfur—lone pair interaction and an
N—HeeeO hydrogen bond. Based on NBO analysis, O, <> 0*s_y
and O, <> O*s; interactions are favorable while lone
pair/lone pair repulsion is unfavorable by a slightly greater
amount. On the opposite side of 1 is a hydrogen bond that is
net attractive by 3.44 kcal/mol. Overall, favorable sulfur—lone
pair and hydrogen bonding donor-acceptor orbital interactions
outweigh filled/filled interactions (additional electrostatic
interactions may also contribute to the free energy difference
between the two conformations of 1).

Analysis of compounds 2, VO2, and PRD show that sulfur—
lone pair donor-acceptor orbital interactions again play key
roles, but other donor-acceptor orbital interactions do, as well.
In short, the lone pair/lone pair repulsion associated with
having a sulfur atom near to an O/N atom is generally
counterbalanced by favorable O/Nj, <= 0*s_y interactions, i.e.,
although favorable sulfur—lone pair interactions do not

This journal is © The Royal Society of Chemistry 20xx
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dominate, neglecting them would lead to

predictions about conformational preferences.
We also carried out docking calculations for VO2 and PRD,

for which crystal structures are available and which have

sulfur—lone pair close contacts in their bound conformations.
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Figure 4. Natural bond orbital (NBO) interactions and their role
in sulfur-lone pair interactions. Core structures of compounds
1, 2, VO2, and PRD with intramolecular sulfur-lone pair
interactions were used to quantify donor-acceptor orbital
interactions via NBO calculations using MO06-2X/6-31+G(d,p)
level of theory. Favorable donor—acceptor interactions
counterbalance the effect of lone pair/lone pair repulsion
between sulfur and a heteroatom. Energies shown in kcal/mol.

These calculations predicted that the best conformations of
VO2 with and without sulfur—lone pair close contacts have
similar binding affinities (Figure 2c). Again, based on such
docking studies alone, one could not correctly identify the
ideal docking pose of this compound. Docking calculations did
predict that a conformer of PRD with a sulfur—lone pair close
contact binds best (Figure 2d), but it is likely that this
prediction resulted primarily from shape considerations.

In some cases, conformations of molecules containing
sulfur—lone pair interactions are not significantly lower in
energy than conformations lacking these interactions.
Examples are shown in Figure 5. These molecules, a histone
methyltransferase inhibitor (3)27 and a folate receptor inhibitor
(4)28, were discovered, in part, using automated docking
studies. In these cases, no strong favorable interactions occur
on the side of each thiophene opposite to the sulfur atom in

J. Name., 2013, 00, 1-3 | 3
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conformations containing sulfur-oxygen close contacts, nor do
strongly favorable or unfavorable interactions occur upon
rotation of the thiophene ring by ~180° (e.g., S is not a good
hydrogen-bond acceptor40). Although we have discussed some
useful guidelines, such as these, for making predictions about

Figure 5. Conformational energy differences of 3 and 4. Small
molecule leads that do not exhibit an energetic preference for
a conformation with a sulfur—lone pair interaction. Some cases
are difficult to predict without quantum chemical calculations.
Free energies (gas phase) shown in kcal/mol computed at
MO06-2X/6-31+G(d,p). Select distances shown in Angstroms.

conformational preferences, it is still difficult to make firm
predictions without quantum chemical studies.

Methods

All quantum chemical calculations were performed using
Gaussian 09*" with the M06—2X/6—31+G(d,p)42’43 level of theory
in the gas phase (relative energies may be different to some
extent in solvent, but large differences are not expected; see
Supplementary Information for results from test calculations).
Separate calculations using the MP2 method also were carried
out to confirm that differences were not observed in the
energetic preferences for conformations of 1 (results of these
calculations can be found in the Supplementary Information).
Natural bonding orbital calculations to quantify the magnitude
of donor-acceptor and filled/filled orbital interactions were
completed using NB06.0* with the keywords E2PERT=0.1 and

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

STERIC=0.1. to their
structures in order to model more general motifs found in
pharmaceutical compounds. The OpenEye Suite was used for
conformer generation, receptor creation, and receptor-
conformer library docking.45 Drawings of optimized structures
were produced using cYLView®® and images of docking results
were produced using PyMoI.47

Receptor and ligand preparation. Optimized structures were
used to initiate the docking studies using the OpenEye Suite.*
Docking studies conformer generation using
OMEGA®® (conformers were sorted based on whether a sulfur-
lone pair interaction was present or not), receptor creation
using published crystallographic data in FRED Receptor, control
experiments of natural ligands in their respective active sites,
and docking of small molecule drugs using FRED.* Information
on receptor creation of each active site generated such as box
volume, inner/outer contour size, and constraints imposed (if
any) can be found in Supplementary Table 1.
Receptor-conformer library docking. The default scoring function
in OpenEye, Chemgauss4, was used and the top ten (lowest-
scoring) poses were analyzed. The Chemgauss4 scoring
function uses Gaussian potentials to measure ligand poses in
the active site based on shape, protein-ligand hydrogen
bonding, ligand—solvent hydrogen bonding, and metal-
chelator interactions.*® After each conformer generates a pose
and receives a score, an overall score and ranking is generated
(in this case, the top 10 poses are ranked). Docking poses found
using OpenEye were similar to those reported previously using
other molecular docking tools.”? Images shown in Figure 2 depict
similar receptor orientations as shown in previous reports.

Structures were truncated “core”

involved

Conclusions

These results lead us to the following recommendations for
carrying out docking computations using energy/scoring
functions that do not account for favorable sulfur—lone pair
interactions. (1) Perform a conformational analysis of the small
molecule to be docked in which conformer energies are
computed using a suitably reliable quantum chemical method.
(2) Dock conformers within 5 or so kcal/mol of the lowest
energy conformer, since it is unlikely that a protein that binds
a small molecule will, through intermolecular interactions,
selectively pay an energy price larger than this.?? (3) When
ranking small molecules on the basis of docking scores, be they
binding energies or not, do not neglect energy differences for
conformers computed with quantum chemistry. These
guidelines are relevant not only to the assessment of designs
for potential pharmaceuticals, but to the design of any host—
system with the potential for sulfur—lone pair
3031,52 Neglecting sulfur-lone pair interactions in
making quantitative or qualitative predictions about
conformations and binding modes, even if these interactions
are not net favorable energetically, is ill advised.

guest
interactions.
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