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protection relies on the identification and quantification of weak

noncovalent interactions and understanding the role of water. Small-
molecule and protein structural database searches are important tools
to retrieve existing knowledge. Thermodynamic profiling, combined

with X-ray structural and computational studies, is the key to elucidate
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the energetics of the replacement of water by ligands. Biological

receptor sites vary greatly in shape, conformational dynamics, and
polarity, and require different ligand-design strategies, as shown for
various case studies. Interactions between dipoles have become
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a central theme of molecular recognition. Orthogonal interactions,

halogen bonding, and amide--n stacking provide new tools for inno- %
vative lead optimization. The combination of synthetic models and
biological complexation studies is required to gather reliable infor-
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mation on weak noncovalent interactions and the role of water.

1. Introduction

There are close to 90000 X-ray crystal structures of
proteins, nucleic acids, and their complexes deposited in the
Protein Data Bank (PDB), and more than 10000 structures
have been solved by NMR spectroscopic methods.'! These
together with the more than 600000 small-molecule crystal
structures in the Cambridge Structural Database (CSD)P
result in rich structural information on molecular and
supramolecular conformations® and intermolecular interac-
tions™”! now being available for use in the rational optimiza-
tion of biologically active ligands as leads for new pharma-
ceuticals and agrochemicals. Despite the increasing efficiency
of modern structure-based design strategies,”™ their outcome
is not always as predicted. Molecular recognition in chemical
and biological systems in aqueous solutions still holds many
mysteries, in particular related to the role of water.®!

Our research group has been involved in molecular
recognition studies® since the beginning of the 1980s. A key
topic in this early work was the investigation of host—guest
complexation with synthetic cyclophane receptors in aqueous
solution.""!! Isothermal titration calorimetry (ITC)!'? led to
the surprising discovery that the tight complexation of apolar
neutral aromatic guests in the preorganized narrow cyclo-
phane cavities in water is not entropically driven, as expected
from the classical hydrophobic effect,’”™ but rather has
a strong favorable enthalpic signature, usually with a com-
pensating unfavorable entropic term.'*' The role of water
and the energetics of its displacement in synthetic and
biological ligand recognition events is today a vigorous
topic of on-going experimental and computational research
and will be the subject of case studies presented in Section 2.

After our move to ETH Zurich in 1992, collaborations
with scientists at Roche Basel provided us with the unique
opportunity to expand our molecular recognition studies to
the exploration of proper cavity filling in biological receptors,
in particular enzymes. Structure-based nonpeptidic ligand
design was applied to various enzyme targets, starting with the
serine protease thrombin from the blood coagulation cascade,
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which features structurally well-defined hydrophobic sub-
pockets in the active site.®'*! More challenging targets were
later addressed, with binding sites of higher conformational
flexibility, highly hydrophilic character, or a very large size.
Additionally, concepts such as bisubstrate inhibition were
explored. Again, fertile collaborations on the biological and
biostructural aspects with academic researchers as well as
scientists from Roche Basel and other companies, such as
BASF, made this research possible. This work was first
reviewed in 2008, and Section 3 reports new case studies, in
particular addressing enzymes with the potential to become
new targets in the fight against malaria and human African
trypanosomiasis (HAT, sleeping sickness).'*¥ In parallel, we
summarize our investigations of guest binding in the confined
cavities of synthetic, container-type receptors, following the
leads by Cram™” and Rebek,*” who showed that covalent and
supramolecular capsules, respectively, are ideal to investi-
gate—in detail and separated from any influence of the
exterior bulk phase—individual intermolecular interactions
and molecular conformations of guests trapped in their inner
phase.*!l

The collaborative development of nonpeptidic small-
molecule inhibitors of thrombin led, in 2003, to the finding
that C—F bonds of the ligands interact in an orthogonal
fashion with peptide bond C=0 groups of the enzyme and
this raised our interest in the quantification of orthogonal
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dipolar interactions®”?! and later of halogen bonding, again
initially in collaboration with scientists at Roche.” Inves-
tigations and quantification of dipolar interactions, both in
protein-ligand complexes and in synthetic model systems, are
the subject of Section 4 of this Review.

2. The Role of Water in Complexation at Synthetic
and Biological Recognition Sites

Water is essential to all life on Earth. In fact, life without
water seems hard to imagine: when scientists investigate the
possibility for life on other planets in interstellar space, they
are first looking to find traces of water. In this section we
present convincing new studies by others that confirm the
enthalpically driven (the “nonclassical hydrophobic effect”)
complexation of apolar solutes in tight binding pockets in
aqueous environments. This is followed by examples that
show a large gain in binding free enthalpy on substitution of
single water molecules in protein-ligand complexes and
a case study investigating the energetics of water replace-
ments in water clusters seen in protein cocrystal structures.

2.1. Enthalpically Driven Complexation in Tight Apolar Binding
Sites in Water

The nonclassical hydrophobic effect® measured by ITC
for the complexation of aromatic solutes in apolar cyclophane
cavities has been confirmed for many other synthetic host-
guest systems.”?*] We assigned this enthalpic driving force to
both a gain in van der Waals interactions in the tight
complexes formed and to gains in solvent cohesive interac-
tions, when the water molecules solvating the cyclophane
cavity and the receptor are transferred into the bulk upon
cyclophane-solute complexation.!'”>!¥ A favorable enthalpic
term had previously also been measured by ITC for the
binding of apolar solutes in enzyme pockets and for inclusion
complexes with cyclodextrins.'*! However, additional polar
interactions (hydrogen bonding, ion pairing, dipolar inter-
actions) of ligands bound to biological receptors or com-
plexed to cyclodextrins can mask the nonclassical hydro-
phobic effect (favorable enthalpic term compensated by an
unfavorable entropy change), as these interactions possess
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different thermodynamic characteristics.""*! For example,
ion pairing results in a larger number of water molecules from
the ordered solvation shells around the charged species being
released, which results in a favorable entropic change.

Bender and co-workers as well as Saenger were among the
first to propose that water molecules inside a cavity—in this
case the cyclodextrin torus—are of high energy (enthalpically
frustrated), since they cannot undergo the favorable fourfold
hydrogen bonding to four other water molecules that is
characteristic for the bulk phase. This concept of enthalpi-
cally frustrated water molecules has found support in recent
theoretical studies, which also revealed the role of the
concave geometry of the apolar binding pocket and the
nature and shape of the guest.['’3!

Synthetic host-guest chemistry has currently undergone
a major renaissance, to which the development of the
chemistry and the investigation of the outstanding receptor
properties of the cucurbiturils (CBn) make a bold contribu-
tion.” These macrocycles are constructed from 7 glycoluril
moities, and the smaller and most investigated derivatives
CB7, CBS8, and CB9 (Figure 1), in particular, possess deep
rigid cavities with pronounced hydrophobic character. The
association constants for the 1:1 inclusion complexation of
size-complementary guests such as neutral ferrocene, bicyclo-
[2.2.2]octane, and adamantane derivatives towards CB7 (Fig-
ure 1a) are very high, with K, values at 298 K between 10’
and 10°M~1.®! The ITC data show for all the neutral guests
studied that binding is strongly enthalpically driven, with
some compensation by an unfavorable entropy term, which is
illustrated in Figure 1 for adamantanol as the guest. Cucurbi-
turils are solvated in their interior cavity by enthalpically
frustrated water molecules, which lack hydrogen-bonding
partners. This was revealed by the crystal structure of inverted
CB6 (in which one glycoluril moiety is inverted), which
features three cavity-bound water molecules that lack tetra-
coordination,” ! as well as molecular dynamics simulations
paired with ITC."*231 Upon guest complexation, the release
of these high-energy water molecules from the cavity into the
bulk, where they regain their favorable fourfold coordination,
makes the major contribution to the strength of the host-
guest association.’*! Cucurbiturils have cavities of very low
polarizability—lower than water—™* and a gain in attractive
dispersion interactions upon guest inclusion is not expected to
be a driving force for inclusion complexation in this case. A
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association constant of K,=72x10"m™' (AG=
—24.4 kcalmol ™) for the complex of a diadamantane
diammonium guest with CB7 (Figure 1b)."

This study once more confirms the value of
exploring structurally well-characterized synthetic
host—guest systems to decipher solvent effects on
molecular recognition in water. It can be stated with
confidence that apolar binding in tight concave pock-
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Figure 1. a) Chemical structure of cucurbit[7]uril (CB7) and binding character-
istics of neutral and dicationic adamantyl derivatives as measured by ITC in

H,0 at T=298 K. b) Diadamantyl diammonium guest with a record-high
binding affinity in D,O at 298 K. Top and side views of the X-ray crystal

structure of diadamantyldiammonium diiodide bound to CB7. The crystal

structure is reproduced with permission from the publisher.®®

recent review by Biederman, Nau, and Schneider beautifully
extends this analysis of high-energy water in concave cavities
and its displacement by guests to a wide class of synthetic
receptors with cavities of diverse sizes and shapes.”!
Changing from a neutral alcohol to an adamantyldiam-
monium cation (Figure 1, or the corresponding ferrocene and
bicyclo[2.2.2]octane derivatives) as guest,” results in the
enthalpic contribution to the binding free enthalpy hardly
changing. However, the entropy term becomes much more
favorable, as a consequence of the release of the water
molecules, which solvate the ammonium ions and the
convergent rim dipoles of the glycoluril carbonyl groups,
with the latter undergoing tight ion—dipole interactions in the
complexes.”*”! By both optimal cavity filling under displace-
ment of high-energy water and replacing the ammonium ion
solvating water molecules by the C=O dipoles at the host rim,
Isaacs and co-workers recently reported a record-high
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ets in biological receptor sites is driven by the same
forces, namely a gain in dispersion interactions and
replacement of high-energy water. However, the
ligands applied to biomolecular recognition are most
often much larger and engage in other interactions
with the protein, such as hydrogen bonding or ion
pairing, which makes it more difficult to decipher and
dissect the contributions of apolar binding to the
binding free enthalpy. Furthermore, the sizes and
shapes of pockets in biological systems feature a much
greater diversity, which also affects the thermody-
namic signature.

The ITC results for cucurbituril binding convey an
important message for ligand design in biological
molecular recognition. A large amount of enthalpy can
be gained by filling deep apolar protein pockets;
however, with the cost of an unfavorable entropy
change. Through judicious additional decoration of the
ligand by groups, which can undergo polar interac-
tions, such as ion pairing or ion-dipole interactions, the
enthalpic gains from the nonclassical hydrophobic effect are
maintained, while the entropic term also becomes more
favorable. Water takes the reverse role in both processes: it
contributes to a favorable enthalpy term in the hydrophobic
binding in tight pockets and to a favorable entropy term in the
polar interaction.

2.2. Replacement of Water Molecules Seen in X-Ray Crystal
Structures of Proteins and their Complexes by Ligands

With the advent of cryogenic X-ray crystallography,
abundant information on the hydration of proteins and their
ligand complexes has become available.”” Hydration at
binding sites can extend from single water molecules to
entire water clusters, and conserved, ordered water molecules
can be identified by superimposition of different cocrystal
structures of a protein with the apo structure (if available).
The next question of importance for further lead optimization
is: can some of these water molecules be replaced by newly
introduced ligand substituents with a gain of binding free
enthalpy? Dunitz predicted that the entropic gains upon
transferring a weakly bound water molecule from the interior
of the protein into the bulk could generate a gain in free
enthalpy of up to 2 kcalmol ™" at 300 K.

The past decade has seen a vigorous development of
useful water scoring functions and computational approaches
to distinguish between tightly bound and displaceable water
molecules in protein-ligand cocrystal structures in an attempt
to rationally guide ligand optimization by energetically
favorable replacement of crystallographically ordered water
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molecules.*!! These approaches certainly have contributed to
the increasing number of energetically favorable water
replacements by ligands in lead optimizations reported in
the medicinal chemistry literature. As a first approximation
rule of thumb, ordered water molecules that undergo four
bonding interactions to the protein (hydrogen bonds, dipolar
contacts) cannot be replaced by ligands. In the modeling
studies, they are best treated in a similar manner as the
protein surface. The replacement of water molecules with
three close contacts to the protein is also very difficult and not
recommended. Water molecules with two directional contacts
to the protein are replaceable, but the gain in free enthalpy is
usually small. On the other hand, water molecules with only
one polar interaction to the protein are replaceable, often
with a substantial gain in free enthalpy.

In the next sections we illustrate the energetically
favorable replacement of single water molecules in two case
studies and subsequently review the ongoing, challenging
investigation of replacing water molecules in entire water
clusters.

2.3. Single Water Replacements

As will be discussed in more detail in Section 3, we have
pursued in a collaborative network the development of
inhibitors against three of the seven enzymes in the non-
mevalonate pathway of isoprenoid biosynthesis. During the
search for new herbicides, whereby a BASF compound library
was screened against the third enzyme from the pathway,
IspD from Arabidopsis thaliana (At), the complexation of
triazolopyrimidine 1 (Figure2a) was observed with an
ICs, value (median inhibitory concentration) of 140 nm.*
The X-ray cocrystal structure revealed that it was bound
into a newly discovered allosteric pocket (Figure 2b). As the
compound showed good herbicidal activity, it was further
optimized by structure-based design. The cocrystal structure
revealed the binding of an ordered water molecule to the side
chain of Argl57 and to an N atom of the triazole ring of the
ligand. The replacement of this water molecule was targeted;
however, introducing a carboxylate in 2 to replace the water

OH
NN

<L
XJ\N cl

1 X=N ICs0 140 NM
2 X =C-COO~ ICsg 274 puM
3 X=C-CN ICs35nm

= Z"Ala202
—m
\ Kva:;ms
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molecule and interact with Argl57 was not successful.
Although the crystal structure revealed the expected binding
mode with the water replaced, compound 2 was found to be
a very weak inhibitor (ICs, =274 um), mainly because of the
large costs for the desolvation of the carboxylate moiety upon
binding. When a CN group was introduced in ligand 3 instead,
a large gain in potency over the initial hit 1 was observed
(IC5y=35 nM). The cocrystal structure (Figure 2c¢) confirmed
the replacement of the water molecule by this group, which
forms a moderately strong hydrogen bond with the side chain
of Argl57.1#

In another investigation in collaboration with Roche
Basel, we developed bisubstrate inhibitors of the enzyme
catechol-O-methyltransferase (COMT), which catalyzes the
methylation of biologically active catechols in the presence of
S-adenosinemethionine (SAM) and Mg?* ions.! Inhibition
of this enzyme is important in several disorders of the central
nervous system and finds application in the treatment of
Parkinson patients by blocking undesired methylation of
administered L-DOPA, thereby leading to enhanced dopa-
mine levels in the brain.*!

When the cocrystal structure of COMT bound to bisub-
strate inhibitor 4 (IC5y=9 nm, Figure 3a) was solved, it
became evident that a water molecule had been imported
into the SAM nucleobase pocket, solvating N(6)H, and N(7)
of adenine through moderately strong hydrogen bonding
(Figure 3b)."*! This water molecule did not show any polar
contact to the protein. In a new series of ligands,[*! with a 4-
fluorophenyl group replacing the NO, group on the catechol
moiety, we introduced small alkyl substituents (Me, Et, Pr,
cPr, CH,CH,OH) on N(6) and solved the cocrystal structures
for four of these complexes.* In each case, the substituent at
N(6) had taken the position of the water molecule imported
by 4, as shown for the complex of bound 5 (IC5,=12 nm) in
Figure 3c.

The new N-alkylated ligands showed ICj, values between
9 and 41 nM, which was unexpectedly in the same range as
unsubstituted 6 (ICs,=31nm).** This was unexpected
because in bulk aqueous solution, the free ligands prefer the
s-cis conformation by at least AAG = —1.8 kcalmol " accord-
ing to '"HNMR studies; however, the N-alkylated ligands

Figure 2. a) Allosteric inhibitors of the enzyme IspD and X-ray crystal structures of AtlspD cocrystallized with b) 1 (1.4 A resolution, PDB ID:
2YC3) and c) 3 (1.6 A resolution, PDB 1D: 2YC5).% Color code: C,p,yme gray, O red, N blue, Cl green, Cignaq) green, Cigna hot pink.
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Figure 3. a) Bisubstrate inhibitors of COMT.***4 b) Structure of the adenosine binding site of the ternary complex of 4 with COMT and a Mg**
ion (2.6 A resolution, PDB ID: 1JR4)!** showing the imported water molecule (W9). c) Binding mode of bisubstrate inhibitor 5 (1.30 A resolution,
PDB ID: 3HVH)."*¥ Color code: Cqnyyme gray, O red, N blue, S yellow, F turquoise, Mg light green, Cig,nq green. d) Summary of the process leading

to the release of ligand-bound water.

bind in the unfavorable s-trans conformation (Figure 3d).
This suggests that the displacement of the water molecule in
the cocrystal structure contributes at least —1.8 kcalmol ™! to
the measured binding affinity, thereby compensating similar
energetic costs for adopting the s-tfrans ligand conformation
(Figure 3d).

2.4. Addressing Water Clusters

In collaboration with the group of G. Klebe (Univ.
Marburg), we have established that /in-benzoguanines
(linear benzologue of guanine) and their 2- and 4-substituted
derivatives are potent inhibitors of tRNA-guanine trans-
glycosylase (TGT) from Zymomonas mobilis (Zm).*® TGT is
a homodimeric enzyme, which catalyzes base exchange
(guanine against preQ1) at the wobble position (G,) in the
anticodon of tRNA in prokaryotes, with preQ1 ultimately
being transformed into the nucleobase queuine.*’! Parasites
lacking the TGT gene are apathogenic, thus validating the
inhibition of TGT as a drug target against the highly
contagious foodborne illness shigellosis. The human TGT

Angew. Chem. Int. Ed. 2015, 54, 3290 —3327
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enzyme directly introduces queuine that is available from the
food chain.

The lin-benzoguanines bind to the nucleobase (Gs,) site,
and without extended substituents, as in 7 (K;=77 nm,
Figure 4a), leave a pyramidal five-water cluster that solvates
the side chains of the two catalytic Asp280 and Asp102
unaffected (Figure 4b).1“ Tt should be noted that this cluster
differs from the so-called Walrafen-five-water cluster,* in
which one water molecule is tetrahedrally coordinated to four
other water molecules, which is predominantly the situation in
bulk water.’*! Near the tRNA-ribose-34 pocket is a shallow
hydrophobic cleft (Val45, Val282, Leu68), which can be
reached and filled with phenyl or cycloalkyl rings linked to
position 4 of the ligand. The linker must penetrate through
the water cluster and displace several of its components. Short
lipophilic alkyl linkers provided the right directionality and
enabled filling of the cleft, but were inappropriate, as they
disrupted the required strong solvation of the two Asp side
chains in an energetically highly unfavorable way.*'! How-
ever, when a protonated 2-aminoethyl substituent was
attached to position 4 (8, K; =55 nMm), several water molecules
from the cluster were displaced in an energetically neutral
way (Figure 4c), when compared to 9 (K;=58 nm) without

www.angewandte.org
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Figure 4. a) Selected lin-benzoguanine ligands for ZmTGT. b) Cocrystal structure of ligand 7 bound to TGT (1.28 A resolution, PDB ID: 2Z7K) .
c) Cocrystal structure of ligand 8 bound to TGT (1.4 A resolution, PDB ID: 3GC5).* d) Cocrystal structure of ligand 10 bound to TGT (1.78 A
resolution, PDB ID: 3E0S).*¥ Color code: Copyme gray, O red, N blue, Cig.ng green.

a C(4) substituent.® Subsequent extension by sterically
suitable hydrophobic residues provided highly potent ligands,
such as the cyclohexylmethyl derivative 10 (K;=4 nwm, Fig-
ure 4d). The combination of biological assay with X-ray
cocrystal structure analysis provided multiple evidence that
the mentioned shallow hydrophobic cleft can be appropri-
ately filled with substantial gain in the binding free enthalpy,
provided secondary ammonium linkers are used to bridge
across the original water cluster.””

This study suggests that attempts aimed at passing through
a stable water network, starting from one binding pocket to
reach into a second, hydrophobic subsite require special
attention to be energetically successful. Ligands need to
ensure that the surrounding functional groups of the protein
and residual water molecules of the initial cluster remain
favorably solvated/networked in the presence of the linker. If
the linker does not have the appropriate polarity, the free
enthalpy gained by filling the second site, and even more, will
all be paid as an energetic penalty for disrupting the initial
water cluster.

www.angewandte.org
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A large decrease in inhibitory potency was found by the
introduction of /in-hypoxanthines (Figure 5a), which lack the
exocyclic NH, group of the /in-benzoguanines, as ligands for
TGT.P®! Three ionic hydrogen bonds are lost with ligand 11
(K;= 6500 nM; compare to 9: K; =58 nM, Figure 4a): Asp156
only forms one such bond, while Asp102, which underwent
two such contacts in the complex of 7 (Figure 4b) and 9,
moves back to its position observed for the apo-enzyme
structure. The pyrimidinone ring lacks the exocyclic amino
group and is no longer sufficiently basic to be protonated and
favorably interact with the carboxylate of Asp102.°'7 Asp102
now undergoes hydrogen bonding to the side chain NH,
group of Asn70 and the backbone NH group of Thr71. As
a result of this conformational change, a large void opens and
a second, “six-water” cluster is imported, which is networked
to the pyramidal “five-water” cluster near Asp280 (Fig-
ure 5b). This additional solvation of the protein and ligand
combined with the conformational changes in the protein
cannot make up for the loss of three ionic hydrogen bonds, as
reflected by the strongly reduced inhibitory potency. When
the exocyclic NH, group of the lin-benzoguanines was

Angew. Chem. Int. Ed. 2015, 54, 3290—3327


http://www.angewandte.org

Molecular Recognition

(o}

H
L NH

HN
_<\N N)\R

/

11 R=H K;=6500 + 2900 nM
12 R =NHMe K;=28050 + 11970 nM

Ala232

Angéwandte

imemationalEditiony Chemie

Met260
\
\/Aeﬂ 53

Figure 5. a) Examples of lin-benzohypoxanthine and N-alkylated lin-benzoguanine inhibitors of ZmTGT. b) Overlay of the cocrystal structure of
ligands 7 (1.28 A resolution, PDB ID: 2Z7K)"*? and 11 (1.82 A resolution, PDB ID: 3S1G)*" bound to TGT. Color code:

Ciigand(7) + Cenzyme +watermolecules(?) €M, Ciigand11) - Cenzyme-+watermolecules(11) PiNk, O red, N blue. c) Cocrystal structure of ligand 12 bound to TGT (1.68 A
resolution, PDB ID: 3RR4)F" and d) water W1 of the newly imported water cluster in an energetically unfavorable hydrophobic environment.”'!

Color code: Cygang green, Cenyyme gray, S yellow.

alkylated (Me, Et), a similar conformational shift of Asp102
occurred for steric reasons, and again a “six-water” network
was imported (Figure 5c). However, the inhibitory affinity of
the ligands was further decreased, as measured for N-methyl
derivative 12 (K;=28050 nMm). A more detailed examination
of the interactions of the individual water molecules in the
network showed that one of them (W1) becomes surrounded
by the hydrophobic parts of the N-Me group of 12 and of
Asp102, Tle201, and Met153 of the protein,”" which should be
quite unfavorable (Figure 5d).

Clearly, the situation becomes quite complex with the
conformational reorganization of the protein and the changes
in the water network solvation occurring upon minor changes
in the ligand structures.”? Without high-resolution structural
information, a meaningful interpretation of the measured
protein-ligand binding free enthalpies would not be possible,
as Whalen and Spies also concluded from their work on
glutamase racemase inhibitors.”

Deeper insight into the role of water networks in
contributing to the structure and thermodynamic signature
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of protein-ligand complexes is increasingly obtained by
application of multiple methods, including high-resolution
cocrystallography, computational tools, pK, determinations,
mutations of key residues of the protein involved in ligand
and water interactions, and ITC. This multidimensional
approach has recently been applied to investigate in detail
the complexation of /in-benzoguanines and /in-hypoxanthines
to TGT.P Whitesides and co-workers investigated the
complexation of sulfonamide ligands to human carbonic
anhydrase (HCA) as a model system and found that the
binding free enthalpy of the protein-ligand complexes
increases upon enlargement of the hydrophobic surface area
of the ligand.”™ However, differences in ligand affinity also
stem from binding-induced changes in the number and
organization of water molecules localized in the active site.
Their study suggests that the water network in the active site
has a major influence on the energetics of protein-ligand
complexation. Different thermodynamic signatures for water
replacement in the water networks are observed, depending
on whether these solvent molecules solvate the free ligand,
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the so-called “hydrophobic wall”, the enzyme surface, or the
Zn>" ion. The finding that the nature of the individual water
molecules in the networks and their contribution to the
overall thermodynamic signature of the binding process
differs renders quantification of hydrophobic effects highly
challenging.

The research groups of Klebe and Hangauer have for
several years intensively applied a multidimensional analysis
to the study of how ligand binding disrupts water networks in
proteins, such as thrombin®® and thermolysin,®”* and how
this is reflected in the enthalpic and entropic changes in the
complexation process. Overall, they came to similar conclu-
sions about the challenging complexity of the protein-ligand-
water systems as those drawn by the Whitesides group. In
recent studies, they showed how subtle substrate changes—
moving from methyl to butyl substituents on inhibitors of
thermolysin—strongly affect the thermodynamic signature of
the complexation process by affecting the surrounding water
network.”!

The comprehensive investigations on biological systems
such as those by the Whitesides, Klebe, and Hangauer
research groups illustrate that it is highly challenging to
dissect contributions of individual water network changes to
the overall thermodynamic signature of biological complex-
ation process. Carefully designed synthetic host—guest studies,
such as those described for cucurbit[7]uril (Section 2.1,
Figure 1), certainly remain important for further elucidating
and quantifying the nonclassical hydrophobic effect in
chemical and biological systems.

3. Ligands for Filling Enzyme Pockets of Different
Shape, Conformational Dynamics, and Polarity

Pockets at enzyme active sites and in proteins in general
differ greatly in size, volume, degree of preorganization
(conformational flexibility/rigidity), polarity, and polarizabil-
ity.® In this section, we report case studies on how ligands
have been developed using structure-based design to fill
different pockets with a substantial gain in binding affinity.
Again, we start the section with synthetic model systems,
since lessons learned from their study are directly applicable
to biological systems.

3.1. Optimal Occupancy of Binding Pockets—Lessons from
Model Systems

In his lock-and-key analogy, Emil Fischer already recog-
nized in 1894 the importance of geometric complementarity
between enzymes and their substrates.®” What is the ideal
size and shape of a ligand for a given pocket in chemical or
biological receptor systems?®!! The precise determination of
the volume of protein pockets is a demanding task due to the
often ambiguous definition of their borders and the con-
formational flexibility of the surrounding protein, which
additionally varies with the applied conditions. This is
reflected in the large number of published methods for the
identification and characterization of protein pockets.”” In
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contrast, molecular capsules and containers offer geometri-
cally well-defined cavities with known volumes for host—guest
studies, whereby the thermodynamic profile of complexation
can be determined by NMR binding studies or ITC. They are
appropriate model systems to approach the question of the
optimal ligand size. A study by Mecozzi and Rebek with
several hydrogen-bonded supramolecular capsules of differ-
ent internal cavity size led to the proposal of the 55% rule,
which states that the hydrophobic space of a host is energeti-
cally best filled with a lipophilic, shape-complementary guest
at a packing coefficient (PC, ratio of guest volume to host
volume) of 0.55 = 0.09.1! Interestingly, the packing density of
many common organic liquids amounts to the same value.®!
This finding was further corroborated by the complexation of
longer n-alkanes and n-alkyl derivatives in the interior cavity
of resorcin[4]arene cavitands, receptors introduced by Cram
and co-workers in 1982.14% Although n-alkanes up to the
length of hexadecane!® normally prefer a fully extended (all-
trans) conformation, they adopt a helical form when they are
bound to the cavitands, which causes a steric strain of 2—
3 kcalmol .1l The energetic costs for the coiled conforma-
tion of the alkyl chains are compensated by the proper filling
of space (56 %), the burial of hydrophobic surface driven by
dispersive interactions (in aqueous solution), and better C—
H--n contacts. Recently, it was also demonstrated that
longer (C;; and C,,) n-alkyl derivatives adopt a folded
conformation to fit within a hydrophobic pocket of a water-
soluble cavitand in water (D,0).[%!

Our investigations confirmed these findings for new
container molecules. Resorcin[4]arene-based cavitands are
highly dynamic systems, which can be switched by changes in
temperature, pH value, Zn>" ion concentration, or by redox
processes between an open “kite” form, which is incapable of
guest binding, and a closed “vase” form with an interior cavity
for guest complexation.[”) The introduction of diacetylene
bridges of different length in 13a/b (Figure 6a) between two
diazaphthalimide wall flaps stabilizes the “vase” form and
rigidifies the resulting molecular containers substantially
relative to their open-top counterparts with four quinoxaline
wall flaps, as visualized by molecular dynamics (MD)
simulations (Figure 6b)."%" The binding of cycloalkanes in
the differently sized interior cavities of the two containers was
greatly enhanced, with 13a displaying the highest affinity for
cyclopentane (PC 53 %, determined from MD simulations)
and 13b for cyclohexane (PC 54%).

Mecozzi and Rebek earlier predicted that the optimal PC
increases when polar contacts are established in confined
environments.!” This was observed by ITC for the complex-
ation of heteroalicyclic guests (a selection is shown in
Figure 6¢) by the para-xylylene-bridged cavitand 14 at
303 K in mesitylene, a solvent too large to compete for the
interior cavity.’”? The optimal PC for host-guest complex-
ation increases to 0.63 +0.09 as a result of polar host-guest
contacts, such as C—O--C=0, N—H:--it, and S---m, for which
experimental evidence was obtained by rotating frame Over-
hauser effect spectroscopy (ROESY). The strengthening of
C—H-m interactions as a consequence of the more polarized
C—H bonds in the heterocyclic guests also contributes to the
observed increase in PC.™! The strongest binding was
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Figure 6. a) Chemical structures of diacetylene-bridged molecular container molecules 13a/b. b) MD simulations
(1000 structures)”" showing the rigidification of cavitands by bridging. Left: “vase” form of an open resorcin[4]arene The enzymes
cavitand with four quinoxaline flaps. Right: Container 13a. In both cases, the hexyl substituents were substituted by IsoE. IspE. and the
methyl groups. c) para-Xylylene-bridged container 14, association constants, and packing coefficients from MD PL. ISPL, X
simulations (PCyp) of various heteroalicyclic guests, which reveals an optimal PC of 0.63 £0.09. The image is already meptloned
reproduced with permission from the publisher.”®! IspD (Section 2.3)

observed for six-membered ring heterocycles, with PC values
between 0.60 and 0.66 (Figure 6¢).”? Guest binding is
promoted by both favorable enthalpic and entropic terms.
The change in entropy is more positive for smaller guests,
which lose less translational and rotational degrees of free-
dom upon complexation, whereas the enthalpic gains are
larger for larger guests that can establish tighter contacts. The
favorable entropic term was explained by the high degree of
preorganization of the host, the gain in entropy of mixing
upon complexation, and the ordered alignment of the
unbound guests in the aromatic solvent mesitylene.l’”

Completely surrounding the guests by the containers is
essential for the strong binding affinity: a decrease in the
association constants of up to five orders of magnitude was
observed when the two quinoxaline flaps in 14 were
removed™ or when the open-top cavitand with four quinoxa-
line flaps served as the host.”! Container 14 was rendered
water soluble by the attachment of oligo(ethylene glycol)
chains to the legs and the para-xylylene bridge, and the
mentioned polar host—guest interactions were also observed
with heteroalicyclic guests in D,O/CD;CN (2:1).4

The studies of guest complexation in the highly confined
space of supramolecular capsules and container molecules
confirm that there is an optimal size for shape-complemen-
tary guests. For lipophilic guests, the optimal PC is around
55%, but increases to around 63 % when additional polar
interactions are established. Complete encapsulation is not
only crucial for accurate determination of the cavity volume
to calculate PC values, but also for high binding affinity. While
the determination of pocket space and PC values is more
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are catalysts in the

non-mevalonate

pathway of isopre-
noid biosynthesis (Figure 7).7® This pathway is exclusively
used by eubacteria, such as Mycobacterium tuberculosis (Mt),
and protozoa, such as Plasmodium falciparum (Pf), the
causative agent of malaria. It is absent in humans, who use the
mevalonate pathway for biosynthesis, while both pathways
coexist compartmentalized in higher plants. The enzymes of
the non-mevalonate pathway are recognized as promising
targets in the development of new agents against infectious
diseases.””! They have been validated as antimalarial targets
through the finding that the antibiotic fosmidomycin and
derivatives, which inhibit the second enzyme IspC, showed
strong in vivo antimalarial activity.”s! The substrates of the
pathway are highly polar, with mono- and diphosphate
groups. Accordingly, the respective enzymes feature highly
polar active sites, which increase the challenge in designing
potent inhibitors.

3.2.1. IspE—Boost in Potency by Filling a Small Hydrophobic
Pocket

The kinase IspE catalyzes the phosphorylation of 4-
diphosphocytidyl-2C-methyl-p-erythritol (CDP-ME,
Figure 7), and its active site is divided into three main
pockets: the cytidine binding pocket with the ribose sub-
pocket, the methylerythritol (ME) binding site featuring
a small hydrophobic cavity, and the ATP binding pocket with
the glycine-rich loop for triphosphate recognition (P loop)
(Figure 8a).[%

The proper filling of each of the three pockets proved to
be challenging. While most kinase inhibitors bind to the
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Figure 7. The non-mevalonate pathway of isoprenoid biosynthesis. Three of the seven enzymes involved are
investigated by our research group (marked in red). IspD catalyzes the transfer of a diphosphocytidyl unit the
from cytidine triphosphate (CTP) to 2C-methyl-p-erythritol-4-phosphate (MEP), which results in 4-diphospho-
cytidyl-2C-methyl-p-erythritol (CDP-ME). CDP-ME is phosphorylated by IspE to 4-diphosphocytidyl-2C-

methyl-p-erythritol 2-phosphate (CDP-ME2P) and subsequently cyclized by IspF to 2C-methyl-p-erythritol 2,4-

cyclodiphosphate (MECDP).

adenine pocket of the ATP binding site,®!! this site is rather
small in IspE, as ATP is bound in the unusual syn conforma-
tion (Figure 8a). Interest was, therefore, directed towards the
cytidine binding pocket of the substrate. Whereas hetero-
cyclic adenine replacements are diverse and abundant, as
a result of the intense activity in the area of kinase inhibition,
it is not the case for cytosine surrogates.® This is despite the
increasing interest in cytosine recognition originating from
the important role of its methylation and demethylation at the
S-position in the field of epigenetics.* We consistently
observed a large loss in the activity of our ligands when we
replaced cytosine by surrogates, such as 2-aminopyridines.[®!
Maintaining the cytosine ring and ligand design based on
Escherichia coli IspE (EcIspE) in complex with CDP-ME and
a stable ATP analogue (2.01 A resolution, PDB ID: 10J4)#%
led to a series of potent inhibitors (+)-15 to (+)-23, with
activities (inhibitory constants K)®! reaching the upper
nanomolar range (Figure 8b).5**"l The binding mode of the
cytosine-based ligands was predicted by modeling using
MOLOCH (Figure 8c) and later confirmed by an X-ray
cocrystal structure of Aquifex aeolicus IspE (AalspE) bound
to ligand 24%"! (Figure 8d). This ligand featured an improved
water solubility as a result of the introduction of the oxetanyl
ring.®®

In the complex of EclIspE with (+)-15, the cytosine ring is
sandwiched between the Tyr25 and Phel85 rings and under-
goes favorable triple hydrogen bonding (DDA--AAD type;
D = donor, A = acceptor)!* with the side chain and backbone
N-H group and C=0 group of His26 (Figure 8c).’**! The
tetrahydrothiophene ring occupies the ribose subpocket and
interacts with the Tyr25 ring. Control experiments showed
that S--m interactions are not effective, but that favorable
effects originate from the polarization of the C—H bonds by
the heteroatom.[®™ Whereas replacement of the tetrahydro-
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substrate and ATP binding
sites, where it undergoes
hydrogen bonding with the
ion pair formed by Lys10 and

isomerase  Aspl41. This is energetically
op favorable as N-methylation
of the sulfonamide moiety in
(£)-22 (K;=2.5 pm) reduces
inhibitory activity by
nearly a factor of 10 (Fig-
ure 8b). In its preferred con-
formation with the nitrogen
lone pair of electrons bisect-
ing the SO, group,”! which is
also adopted by the ligands in the free state,[®® the terminal
alkyl residues are directed into a small, but tight and
preorganized hydrophobic pocket lined by Phel85, Leu28,
and Leul5. Only the entrance of this pocket is actually
occupied by the methyl group of the methylerythritol moiety
of the substrate (Figure 8a). The size of this pocket is about
100 A%, and its occupancy exhibits a steep structure—activity
relationship (SAR).*! Cyclopropyl derivative (+)-15 is the
best binder, and when the size of the alkyl residue is reduced
in methyl derivative (£)-21 or increased in cyclohexyl
derivative (+)-20, nearly a factor of 10 is rapidly lost in the
inhibitory affinity (Figure 8b). The 55% rule by Mecozzi and
Rebek!® (Section 3.1) also holds for this pocket, and a PC
value of 56 % was calculated for the cyclopropyl residue.®® A
literature survey by Jorgensen and co-workers emphasizes the
large gain in binding energy from filling small but confined
lipophilic pockets with apolar substituents such as methyl
groups.”*!

Two additional findings should be mentioned. Energeti-
cally favorable filling of the highly water-exposed regions in
the active site of IspE was revealed to be challenging. The
ME-binding region and the cleft between the substrate and
ATP sites are filled with a water cluster in both EcIspE and
AalspE. We prepared ligands similar to (£)-15 but with sugar
derivatives (ribose and mannose derivatives) oriented in that
region to replace the water clusters, but a gain in binding free
enthalpy was not achieved.” Finally, we succeeded in
preparing a second class of ligands that occupy the substrate
binding site of EclIspE, with K; values in the low micromolar
range.’® In compound (£)-23 (K;=6.9 um), an imidazole
moiety directs the cyclohexyl ring into the discussed small
hydrophobic pocket; the binding affinity is no longer
measurable when the cyclohexyl ring is omitted from the
imidazole ring.®!
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Figure 8. a) Active site of EclspE in complex with CDP-ME and adenosine 5'-(B,y-imino)triphosphate (AMP-PNP; 2.01 A resolution, PDB ID:
10J4)%%l and overlap with the binding of ()-15 to EclspE proposed by MOLOC. It can be seen that the substrate Me group does not properly fill
the tight hydrophobic pocket, but the cyclopropyl group of the inhibitor does. Color code: C,,me gray, O red, N blue, Cigzndicop-me/amp.penp) green,
Ciigand((1)15) Pink. b) Selected EclspE inhibitors. c) Binding mode of inhibitor (+£)-15 to EclspE proposed by MOLOC (2.01 A resolution, PDB ID:
10J4) B! d) Binding mode of inhibitor (4)-24 in complex with AalspE, which occupies the hydrophobic subpocket in the ME-binding site (2.20 A

resolution, PDB ID: 2VF3).%l Color code: Ciguna(s)24) green.

The structure-based design of these first inhibitors of IspE
showed that the small hydrophobic pocket, which hosts the
methyl group of ME, is actually much larger than expected
and that much binding free enthalpy is gained by its proper
filling. The study also revealed the difficulty in replacing
cytosine with energetic benefit, which is in contrast to the
many adenine replacements in kinase inhibitors. Further-
more, the water cluster in the cleft between the substrate and
ATP binding sites could not be properly addressed.

3.2.2. IspF—Lack of Energetic Gains when Binding to a Highly
Flexible, Hydrophobic Enzyme Pocket

Targeting IspF, which catalyzes the cyclization of
4-diphosphocytidyl-2C-methyl-p-erythritol-2-phosphate
(CDP-ME2P, Figure 7),**! proved to be even more chal-
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lenging. The enzyme exists as a Cs-symmetric homotrimer,
and substrate binding occurs at the three protein interfaces
involving amino acids of two neighboring proteins. We
designed the first inhibitors, such as 25, using the cocrystal
structure of CDP and 2C-methyl-p-erythritol 2,4-cyclodi-
phosphate, each in complex with EcIspF (PDB IDs: 1GX1
and 1JY8).’*% The ligands, which we intended to use in the
development of an assay, were substrate analogues” and
featured a cytidine diphosphate moiety, to bind to pocket III
(Figure 9a), and a fluorescent probe, such as a dansyl [5-
(dimethylamino)naphthalene-1-sulfonyl] residue (in 25, Fig-
ure 9b) for occupancy of pocket IL’”! Two cocrystal struc-
tures were obtained, which revealed that pocket II is highly
flexible and can adopt very different conformations, which
explains the limited gain in binding free enthalpy resulting
from its occupancy. The exceptionally high conformational
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Figure 9. a) Cocrystal structure of CDP-based ligand 25 bound to EclspF (2.50 A resolution, PDB ID: 2GZL).”® The
aromatic substituent undergoes m—m interactions with Phe side chains in the flexible loop lining pocket II. Residues
marked with a prime belong to the second subunit of the homotrimeric enzyme. Color code: C,,me gray, O red, N
blue, S yellow, Cjgang green, Cheisieioop Cyan. b) Selected EclspF inhibitors. Ligand 26 bypasses the polar ribose and
phosphate-binding site with a naphthyl spacer. c) Overlay of ten EclspF crystal structures showing the high flexibility
of pocket Il (PDB IDs: 1GX1, 1)Y8, 1KNJ, TKNK, TU3L, 1U3P, 1U40, 1U43, TYQN, 2GZL).” ¢) Binding mode of
ligands 27 and 28 in complex with BplspF (27: 2.05 A resolution, PDB ID: 3KE1; 28: 1.75 A resolution, PDB ID:
3Q8H).[* Color code: Cigand(ar) swater molecule NOt PINK, Congymepzzy Old Pink, Ciganais) dark blue, Conpymepag) cyan.

flexibility of the loop shaping pocket Il has also been
observed in various other crystal structures,” including the
recent example of PfIspF*® An overlay of ten EcIspF
structures (Figure 9c) clearly shows the high conformational
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b flexibility —of this
OH OH loop.””)  Occupation
o
e of such a pocket may
R 07 NN yield enthalpic gains

but are fully compen-
sated by entropic
losses resulting from
freezing out one of
the numerous pocket
conformations. In con-
trast, pocket III is
highly conserved in
all structures. Much
effort was invested in
vain to improve the
occupancy of pock-
et IL1% On the other
o hand, we showed that
the ribose moiety"!
and the diphosphate
linker in 25 can be
favorably replaced by
a more hydrophobic
naphthalene-1,4-diyl

spacer, such as in
o ligand 26. It is postu-

Ay lated that 26 binds
Q\H O U\NH with its termini in the
‘] ?  two pockets II and III,

with an ICy, value of
0.45 mm (EcIspF; Fig-
ure 9b).1%! This value
OMe is difficult to improve
upon because of the
conformational flexi-
bility of pocket II and
the lack of more
potent cytosine surro-
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taken a different

approach, targeting

the cytidine binding
site (pocket III) and
coordination to the
conserved Zn>" ion
(Figure 9d), which is
bound to three amino
acid  side  chains
(Aspl0’, His12’, and
His44') of the
enzyme.l?! Com-
pounds 27 and 28 are examples of such ditopic binders, for
which cocrystal structures with IspF from Burkholderia
pseudomallei (Bp) were solved (Figure 9d). The binding of
the cytidine moiety is identical in the two types of ligands
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(pockets II/IIT and pocket I11/Zn** binders), with the cytosine
ring undergoing triple hydrogen bonding to the conserved
peptide sequence Met105 (N—H, Ec labeling)/Lys104 (back-
bone N—H)/Pro103 (C=0) (Figure 9a). The ribose interacts
through its 2'-OH and 3'-OH groups with the side chain of
Asp56'.

Binding affinity to the Zn>" ion, which can be replaced by
cations such as Mn®* or Co*"*” is best achieved by aromatic
nitrogen donors, as revealed by a fragment-based
approach.!%*<l The aromatic N-heterocycles in 27 (Kp=
70 um) and 28 (Kp =180 pm) give overall similar or weaker
ligand affinities to BpIspF!'**! relative to CDP, which binds to
pocket III of BplspF and the Zn*' ion with a K, value of
75 um.'"! Whereas compound 28 coordinates directly to the
zinc(II) ion, ligand 27 binds to a water molecule at the fourth
coordination site (Figure 9d).

Opverall, effective solutions for binding to IspF enzymes
have not yet been found using structure-based design. The
cytidine binding site (pocket III) is the most reliable to have
been addressed in terms of a gain in the binding free enthalpy,
whereas the highly flexible pocket II is not very suitable for
energetically favorable occupation. Binding to the Zn*' ion
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has been reliably established, but again without a break-
through in gaining affinity. Large compound library screening
seems to be highly desirable in the case of IspF inhibition.
Indeed, screening a 40000 compound library identified
thiazolo[3,2-a]pyrimidines, such as 29, as inhibitors of the
IspF enzymes of Pf and Mt, with ICs, values in the low
micromolar range and good cell-based activity against Pf
strains NF54 (Figure 9b).l%! Their binding mode, however,
remains unknown.

3.2.3. Very Large Enzyme Active Sites—Trypanothione Reductase

Protozoan parasites of the trypanosomatid family exhibit
a special thiol redox metabolism that differs from the
mammalian system and involves the essential flavoenzyme
trypanothione reductase (TR).'* Members of this family are
the causative agents of human African trypanosomiasis,
Chagas disease, and the various forms of leishmaniasis, and
compounds that inhibit the TR could be used as potential
treatments with a new mechanism of action.!'*”)

Trypanothione reductase is characterized by a large,
negatively charged active site with dimensions of approxi-
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Figure 10. a) Overview of the large active site of TbTR in complex with BTCP analogue 30 (2.50 A resolution, PDB ID: 4NEV).['®9 Color code:
Cenzyme gray, O red, N blue, S yellow, .4 green. b) Chemical structure of BTCP analogue 30 and diaryl sulfide based ligand 31. c) Overlay of the
X-ray cocrystal structures of inhibitor 30 in complex with Th and TcTR (2.80 A resolution, PDB ID: 4NEW)."® Color code: TcTR: Cyg,ng hot pink,
Cenzyme Pink; THTR: Cygang dark blue, C,pyme cyan. d) Binding mode of diaryl sulfide based ligand 31 to TcTR, as modeled with MOLOC (2.40 A

resolution, PDB ID: 1BZL)."%
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mately 22 x 20 x 28 A® (Figure 10a)."% The negative charge is
introduced by the essential side chain of Glul8 and has been
revealed to be important for substrate and inhibitor recog-
nition.'"”! Successful inhibition of TR is mostly achieved by
ligands with a large molecular size, and the formation of
protein-ligand complexes with a 1:2 stoichiometry is fre-
quently observed.'" A high-throughput screening revealed
that 1-(1-benzo[b]thiophen-2-yl-cyclohexyl)piperidine
(BTCP) with a volume of about 366 A® and its analogues
are potent, small-molecule TR inhibitors, which are capable
of competing with the doubly large trypanothione disulfide
substrate (TS,; ca. 817 A%).'] This lead has been the focus of
further investigations!03¢-10]

Mutation studies and cocrystal structure analysis with
inhibitor 30 showed that this ligand class binds to the
hydrophobic wall at the mepacrine-binding site!''” and that
the protonated tertiary amine interacts with Glul8 through
Coulombic interactions (Figure 10a,b). Their contribution to
binding was estimated from mutation studies to be about
—0.7 kcalmol *; at an N--O distance of 4.1 A, a charge-
assisted hydrogen bond is unlikely.""!! Cocrystal structures of
inhibitor 30 in complex with TR from the species Trypano-
soma brucei (Tb) and T. cruzi (Tc) revealed slightly different
binding modes (Kj(TcTR)=4 um; Ki(ThTR)=12 pum; Fig-
ure 10b,c). The biaryl moiety takes up two different orienta-
tions: probably the mutation of Gly112 in 7hTR to Glul12 in
TcTR forces the indole ring into a new position remote from
the highly solvated Glul12 side chain (Figure 10c). The key
protein-ligand interactions in the ThTR structure, besides the
already mentioned Coulombic ion pairing, are C-H--x
contacts between Trp21 and the cyclohexyl and pyrrolidine
moieties, S+ (d(Syeus-thiazole)=4.0 A), SC—H--xt
(d(SCH,peq113++indole) = 3.7 A), and S-S (d=4.1 A) interac-
tions (Figure 10c). In the Tc¢TR structure the indole ring
establishes dispersive contacts with 1le106 (d(C+C)=3.9 A)
and short O—H-x interactions (d(O-C)=2.8 A) with the
side chain of Ser109. The large active site of TR allows
a multitude of possible ligand orientations, not only for BTCP
analogue inhibitors,'®! and therefore, the binding mode is
susceptible to minor changes in both the protein and inhibitor.
Noteworthy in this context is a study by Patterson et al., who
showed by cocrystal structure analysis that a series of
dihydroquinazoline inhibitors are capable of inducing a con-
formational change to the side chain of Metl113 to open up
a new pocket for the ligands."'? This movement of Met113
was not observed in our investigation or in any other crystal
structure published so far.

Since the binding site of TR is a solvent-exposed groove
rather than a cavity, the interaction surface between the
protein and ligand is comparatively small. Although larger
molecules are less “druglike”, they can establish more
interactions with the protein surface and, as a result, their
binding affinity is increased. Indeed, the conjugation of our
diaryl sulfide based inhibitors!!”’=!13l with the BTCP motif led
to ligands with K values against 7c¢TR in the sub-micromolar
range (K; (31; TcTR)=0.5 um; Figure 10b).1%Y Figure 10d
shows a proposal for the binding of 31 in the enzyme active
site, originating from a modeling study using MOLOC and
based on the cocrystal structure of TS, bound to 7cTR (PDB
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ID: 1BZL)."™ The ligand efficiency (LE) for 31 (LE
0.18 kcalmol '/non-hydrogen atom) decreased relative to 30
(LE 0.30 kcal mol '/non-hydrogen atom), which is a general
trend observed for larger molecules; this value should be
improved in future studies."'¥ Possibly even more important
for drug development is the recently introduced ligand-
lipophilicity efficiency (LLE;'! also known as lipophilic
efficiency (LipE)),"® which accounts for the efficiency of
lipophilic interactions and is often inversely proportional to
pharmacokinetic properties such as clearance, solubility,
toxicity, and side effects.

Our findings show that the possibility of various binding
modes of ligands in a large enzyme active site should be
considered carefully when structure-based design is applied.
It might be inevitable that the contact area between the
protein and ligand must be increased beyond the usual size of
small-molecule leads to enhance the binding affinity.

3.2.4. Deep and Rigid Pockets of Reduced Polarity—Factor Xa

The well-studied enzyme factor Xa is a serine protease
from the human blood coagulation cascade and the target of
several anticoagulants in therapeutic use or clinical trials."!”!
The key pockets at the active site of this enzyme are the two
orthogonally aligned S1 and S4 pockets, which are occupied
by all the potent ligands, such as (+)-32 (K;=280 nMm) and
(£)-33 (K;=9 nM, Figure 11), prepared in our laboratory.[''¥l
These pockets are highly shape-persistent and, therefore,
particularly well-suited for detailed molecular recognition
studies (Figure 11a). The S1 pocket is lined by two planar
peptide backbone segments (Trp215-Gly216 and GIn192-
Cys191-Alal90), thus providing space for sandwiching flat,
(hetero)aromatic ligand parts. The S4 pocket features an
aromatic box, which is shaped by the side chains of Tyr99,
Phel74, and Trp215; the fourth face of the box is open and
solvent-exposed. Our ligands feature a tricyclic core!®™! from
which orthogonal vectors depart towards the S1 and S4
pockets (Figure 11b).

A large contribution to the binding affinity is gained from
cation--7 interactions in the aromatic box of the S4 pock-
et 1241421801 Replacement of the quaternary trimethylammo-
nium cation in (£)-32 and (+)-33, which binds in the center of
the box (Figure 11a,c), by an isosteric tert-butyl group led to
a decrease in the binding free enthalpy of 2.5-2.8 kcalmol ™.
These results quantify the energetics of quaternary ammoni-
um cation---7 interactions as 0.8-0.9 kcalmol™ per aromatic
ring."® Stepwise demethylation of (4)-33 to the respective
protonated tertiary, secondary, and primary ammonium ions
results in the binding affinity being reduced by 1.2-1.8 kcal
mol~! in each demethylation step.®® %! Similar results have
been reported by Dougherty!' as well as Waters and co-
workers,"™ who investigated cation-m interactions using
cyclophanes and (-hairpin peptide model systems, respec-
tively.

The concave subpocket S1 is a deep and rigid protein
cavity and exhibits different surface polarities. The bottom of
the pocket is characterized by the polar side chains of Asp189
and Tyr228 and the lipophilic residues Ala190, Val213, and
Gly226 (Figure 11a,c). The phenylamidinium motif in (£)-32
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The ligand is L-shaped, occupies the S1 pocket with the phenylamidinium moiety, and binds with the ammonium ion in the aromatic box shaped
by Tyr99, Phe174, and Trp215 in the S4 pocket. Color code: Cey,yme gray, O red, N blue, S yellow, Cy,..4 green. b) Selected inhibitors of factor Xa
with different substituents for the deep and rigid ST pocket. c) Overlay of the X-ray cocrystal structures of inhibitor 32 and 33 in complex with
factor Xa (33: 1.25 A resolution, PDB ID: 2JKH).["® The chloro substituent of the heterobiaryl replaces the structural water at the bottom of the
S1 pocket and establishes an orthogonal dipolar interaction with Tyr228. Color code: Cygangs) hot pink, Cenzyme(ss) PINK, Ciigand2)rwatermolecute dark
blue, Cenzymegsz) Cyan. d) Means and standard deviation of a CSD search for the exit vectors of the most common five-membered heteroaromatic

rings.

was utilized in earlier drug discovery research for binding in
the S1 pocket through charged hydrogen-bonding interac-
tions with the carboxylate group of Asp189."%! It is now
frequently substituted by halogenated heteroarenes, the
hallmark of second-generation factor Xa inhibitors."!! We
observed a gain in the binding affinity of —AAG =2.0 kcal
mol~! upon replacement of the phenylamidinium substituent
of (£)-32 by the chloroheterobiaryl motif in (£)-33 (Fig-
ure 11b).1118]

The chloro substituent in (+)-33 makes a substantial
contribution to binding: the inhibitory potency is reduced by
a factor of 68 upon its removal.''*!?? Cocrystal structure
analysis revealed multiple origins for the role of the CI atom,
which adopts a similar position with respect to Tyr228 in all
the potent inhibitors with chloroheteroaryl substi-
tuents.1¥1) A comparison with the apo structure of factor
Xal'*! suggests that it replaces a water molecule to undergo
a favorable orthogonal dipolar interaction with the phenolic
C—O dipole of Tyr228 (Figure 11¢). It also features close
van der Waals contacts with the lipophilic amino acids
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Alal90, Val213, and Gly226 that line the bottom of the
pocket. The importance of the chloro substituent—similar in
size to a water molecule—was also investigated in a study by
Kuhn et al., who rationalized tight ligand binding through the
establishment of multidimensional interaction networks."?!
They implemented a “small world network” description**”
into an empirical scoring function to reveal the effect of the
local cooperativity of noncovalent interactions on the binding
and described the binding affinity as not being simply a sum of
single interactions. It was found that high network scores were
often obtained for deeply buried ligand atoms that undergo
several favorable interactions and that the omission or
replacement of these atoms leads to a substantial decrease
in ligand potency. Such a high network score was also
obtained for the chlorine atom in the S1 pocket of factor Xa
inhibitors, which emphasizes our experimental findings that
this chloro substituent contributes to binding through several
interactions with the protein.?¥

Furthermore, inhibitors (+)-33-35 gain binding energy by
stacking through their heterobiaryl systems with the planar
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peptide backbones segments Trp215- a
Gly216 and GIn192-Cys191-Alal90 in
the S1 pocket (Figure 11c¢).'"! Depend-
ing on the choice of the five-membered

heteroaromatic linker between the tri- N

cyclic core and the chlorothienyl ring, G/ -
N
H

K; values are spread over more than two

orders of magnitude. Different confor- Ié:,:[::m ?\n]
mational preferences of the two hetero- PM1 100
cyclic rings as a result of interactions of PMII 107
the lone pairs of electrons certainly need PMIV 11
to be taken into account.®'* In addi-
tion, however, we discovered a remark-
able difference in the angle between the
two exit vectors in the five-membered
heteroaromatic rings.'""”) A CSD search
unexpectedly revealed that the mean
values of the found exit vectors of the
most common five-membered heteroar-
omatic rings vary between 127 and 156°
(Figure 11d, see the Supporting Infor- P
mation, Figures S1-S7). Fujita and co-
workers showed that these differences in
exit vectors also have a considerable
effect on the structural preference in

metallosupramolecular self-assembly.['?”) @*ﬁ
In addition, the arrangement of the v
H

dipoles of the heteroarene and the
stacking peptide amide bonds is of
importance for binding strength. A com-
putational study found that an antipar-
allel orientation of the dipoles of heter-
oarenes and stacking peptide bonds is
clearly favored over a parallel arrange-
ment (see Section 4.3).'* Dipolar inter-
actions had previously been found to
influence the stacking of substituted
phenyl rings on flavins.'*’)

The investigation of the molecular
recognition at the active site of factor Xa, '™ with its two rigid
and concave S1 and S4 pockets of reduced polarity provides
good examples of how single-atom replacements can dramat-
ically affect binding affinity. Changing from Me;N"CH,- to
Me;CCH,- in the S4 pocket substituent reduces the affinity by
up to a factor of 100, while substitution of the ideally sized Cl
atom by a H atom on the thienyl ring filling the S1 pocket
leads to a reduction by up to a factor of 68. Furthermore, the
investigations with our ligands revealed a surprisingly large
difference in the exit vector angles of the five-membered
heteroaromatic rings and initiated a computational search for
the role of dipolar interactions in the m stacking between the
heteroarene and peptide bond, which is now being followed
up with experimental study.

3.2.5. Lipophilic Pockets in Aspartic Proteases—Plasmepsins
Aspartic proteases are key targets for the development of
drugs for various illnesses."* Inhibition of renin led to

antithrombotic drugs,"™ various HIV protease inhibitors are
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Figure 12. a) Binding mode of exo-3-amino-7-azabicyclo[2.2.1]heptane-based ligands of Pf PM Il
depicted with inhibitor 36, as modeled with MOLOC (1.56 A resolution, PDB ID: 2BJU).["" The
monoprotonated 7-azabicyclo[2.2.1]heptane is recognized by the catalytic dyad (Asp34, Asp214)
and offers three vectors to target the S1’, S1/S3, and the flap pocket. Color code: C.p,,me gray, O
red, N blue, S yellow, Cyg.ng green, Cpeipieioop Cyan. b) Selected “two vector ligands” of PM I, I,
and IV with different substituents on the flap pocket. The introduction of an ether O atom into
the alkyl chain decreases the binding affinity with a clear position dependency.

part of the multicomponent drug therapy against HIV
infections,'* and p-secretase inhibitors have moved to
clinical trials as anti-Alzheimer drugs.'® The aspartic pro-
teases plasmepsins I, II, and IV have been recognized as
potential drug targets in the fight against the malarial parasite
PfU

Together with cysteine proteases and the falcipains (see
Section 3.2.6), plasmepsins (PMs) are involved in the degra-
dation of human hemoglobin. As a result of overlapping
substrate specificity, it is presumed that all of them need to be
inhibited by a potential antimalarial drug.* Among these
aspartic proteases, PM II is the best studied enzyme by X-ray
crystallography.'® The active site is characterized by the
hydrophilic aspartic dyad Asp34-Asp214 and a rather large,
hydrophobic site expanding from the S1/S3 pocket to the S1’
pocket (Figure 12a). Commonly, inhibitors are anchored with
a transition-state analogue or a protonated ammonium ion to
the catalytic Asp dyad.">'¥ Bur and co-workers showed that
even two molecules with a C;; backbone can bind together to
the active site.™” Additionally, binding of appropriately
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functionalized inhibitors can lead to the opening of a so-called
flap pocket (Figure 12a).""-181 The ligands induce a substan-
tial movement of the long and flexible f-hairpin consisting of
Lys72-Phe85, and the rotation of Trp41 unlocks the entrance
to the lengthy, apolar pocket (Figure 12a).

Our group introduced protonated, mildly basic exo-3-
amino-4-endo-arylsulfonyl-7-azabicyclo[2.2.1]heptanes as the
anchoring group to the catalytic dyad (Figure 12).1%% This
central scaffold provides appropriate vectors for the attach-
ment of substituents that target the flap and S1/S3 pockets.
The resulting ligands show high potency in the nanomolar
ICs, range against PM I, PM II, and PM IV. Optical resolution
of one of the racemic ligands led to impressive chiral
recognition, with a difference in the ICs,values of up to
a factor of 3390, being observed for binding to PM IV.[3¥I
Whereas various aromatic residues can fill the spacious S1/S3
pocket (an ideal occupancy has not yet been worked out), we
focused our attention on the proper filling of the flap pocket.
Optimal filling of this pocket obeys the 55 % rule of Mecozzi
and Rebek,®** and n-pentyloxy, n-hexyl, or at best n-heptyl
chains in the para position of the sulfonylaryl ring of the
ligands give the highest binding affinity. These substituents
bind strain-free in the all-anti conformation and fill the
lipophilic pocket entirely.™ The search for the optimal
volume occupancy of the flap pocket by the fully buried alkyl
substituents and their conformation in the bound state was
discussed in detail in a previous review,”” and here we only
report new data obtained with ligands (+)-36 to (+)-42
(Figure 12).

Recently, we developed synthetic methods that enabled
the introduction of an additional vector in the 5-exo-position
of the azanorbornane scaffold to reach into the S1’ subpocket
of the active site."*] This is depicted in the binding model for
ligand (+)-36 developed on the basis of the X-ray cocrystal
structure of PM II bound to a nonpeptidic ligand (1.56 A
resolution, PDB ID: 2BJU; Figure 122).77 This smaller
pocket is lined by Phe294, Tyr92, 1le212, and 11e300. Most of
the members of the new “three-vector ligand” series, related
to (£)-36, inhibit the three PM enzymes with potencies in the
nanomolar range. The binding affinity to PM I and PM II was
generally unchanged or only weakly enhanced relative to the
“two-vector ligands” such as (+)-37 and (+£)-39 (Fig-
ure 12b).% In contrast, the inhibition of PM IV was
substantially boosted, as illustrated by the comparison of the
ICsy values of (+)-36 (11 nm) and (£)-39 (60 nm). S-exo-
Cycloalkylaminomethyl substituents, as in (+)-36, were found
to fill the S1” pocket best; X-ray structural information is,
however, not yet available.

In another study with ligands (£)-37 to (+)-42, we
investigated the effects of placing polar atoms into the n-
alkyl chains filling the lipophilic flap pocket.**! Filling this
pocket is essential for ligand potency. If the n-hexyl sub-
stituent of (+)-37 is replaced by a bromine atom in (+)-38,
binding affinity is decreased by a factor of about 110 for
PMII and 350 for PM IV, which corresponds to a loss in
binding free enthalpy of approximately 2.8 and 3.5 kcalmol ",
respectively.'® The insertion of an ether functionality at
different positions of the alkyl chain led to a large decrease in
activity in the series of ligands (£)-39 to (£)-42 and revealed
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a clear position dependency (Figure 12b).'*"! The reduced
affinity can be explained by conformational effects, higher
desolvation costs, and repulsion between the oxygen lone
pairs of electrons and the x surface of Trp41. A similarly large
decrease in affinity was observed when a hydroxy group was
introduced at the end of the chain.'*" Furthermore, the
introduction of a rigid linker segment led to a decreased
binding affinity; similar observations upon stiffening ligand
structures for biological complexation have been explained by
enthalpy—entropy compensation effects.!!]

Finally, in another approach, we showed that five- and six-
membered ring alicyclic a,a-difluoroketone hydrates, deco-
rated with flap and S1/S3 pocket-filling substituents similar to
those in (+)-37, are good transition-state-analogue motifs for
binding to the catalytic dyad of the plasmepsins, and
presumably other polar enzyme active sites.['*?!

The studies on the plasmepsins have further validated the
empirical rule by Mecozzi and Rebek for the optimal filling of
confined lipophilic pockets, such as the ligand-induced flap
pocket in these enzymes. The introduction of single ether
O atoms into the alkyl chains that fill this pocket leads to
a strong decrease in the inhibitory potency. The azanorbor-
nane needle for binding to the catalytic Asp dyad has been
further decorated by an additional vector to fill the S1
pocket, with substantial gain in the binding potency, in
particular for PM IV. Clearly, designing nonpeptidic ligands
based on crystal structures of PM II provides a valid route to
generate ligands for the entire family of vacuolar plasmepsins,
even for those where structural information in the flap-open
conformation is not yet available.

3.2.6. Reversible Covalently Bound Inhibitors of Cysteine
Proteases

The cysteine proteases rhodesain and falcipain-2 are
potential targets against neglected diseases.'*¥) Both proteins
belong to the Cathepsin L-like subfamily and are utilized
among others for degradation of the host protein by their
organisms, the pathogen of human African trypanosomiasis,
Th (rhodesain), and the malarial parasite Pf (falcipain-2).!*!
The enzymes are essential to the parasites, and cysteine
protease inhibitors have been shown to kill 7b both in cell
culture and in animal models."*! These findings open up the
possibility to develop chemotherapies for these parasitic
diseases with novel modes of action.

The active sites of the two enzymes (rhodesain and
falcipain-2) bear strong similarities, and most of our ligands
are potent against both to a similar extent.'** We mainly
report here our results for the inhibition of rhodesain. The
active site of rhodesain can be best described as a solvent-
exposed cleft with the three subpockets S1, S2, and S3
(Figure 13a). Most of the rhodesain inhibitors known from
the literature undergo a reversible or irreversible covalent
reaction with Cys25 of the catalytic dyad Cys25-His162 and
thereby inhibit the enzyme.'**! We decided to employ in our
ligands a nitrile group, which forms a reversible covalent
thioimidate with the side chain of Cys25, stabilized in the
oxyanion hole (GIn19; Figure 13 a). By utilizing a convenient
synthesis and starting from trichloro-1,3,5-triazene, we first
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Figure 13. a) Overlay of the X-ray cocrystal structure of triazine nitrile 47 bound to hCatL (2.80 A resolution, PDB ID: 4AXM)"l and the X-ray
crystal structure of Th rhodesain (1.16 A resolution, PDB ID: 2P86).""" The ligand forms a reversible thioimidate intermediate with Cys25 and
gains selectivity for rhodesain over hCatL mainly through the proper filling of the S2 pocket. Color code: Cepymepnca) gray, O red, N blue, S yellow,
Ciigand 8reen, Coymehodesain) Cyan. Amino acid labels: hCatL(rhodesain). b) Selected triazine nitrile inhibitors of Th rhodesain with various
substituents targeting the S2 pocket. c) Chemical structure of imidazopyridine nitrile inhibitor 48 and illustration of the thioimidate intermediate
stabilized by an intramolecular hydrogen bond. The lower reactivity of the nitrile group in 48 reduces toxicity and off-targets effects.

assembled a series of triazenenitrile ligands such as 43-47
(Figure 13b). Although their potencies were outstanding,
their cytotoxicity against human cell lines was significant,
which we assigned to the high cross-reactivity of the activated
nitrile group.** We subsequently conducted an experimen-
tal and computational investigation of a series of aryl and
heteroaryl nitrile ligands and observed a clear dependency
between the electrophilicity of the nitrile group and the
binding affinity towards rhodesain, which varied over four
orders of magnitude."**! The cytotoxicity increases as the
reactivity of the head group is enhanced, thus emphasizing the
importance of its fine-tuning for a potential drug and the
avoidance of over-activated head groups. A way to bypass
cytotoxicity problems was demonstrated by the introduction
of a 1-methyl-1H-imidazo[4,5-c]pyridine-4-carbonitrile head
group as in 48 (Figure 13¢). Its nitrile group is signifi-
cantly less reactive and the resultant covalent thioimidate is
stabilized by an intramolecular hydrogen bond. Most notably,
this head group is stable towards the unspecific test nucleo-
phile L-glutathione.'**¥ Nanomolar activity was retained for
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the resulting ligand 48 (K;=190nm), and the selectivity
against the structurally related human Cathepsin L (hCatL)
increased (selectivity ratios 19 (48) and 4 (44)). In addition,
a fourfold decrease in the cytotoxicity for 48 relative to
triazine 44 was observed in an assay with rat skeletal
myoblasts.

Based on MOLOC modeling studies with the cocrystal
structure of rhodesain and a vinyl sulfone inhibitor (PDB ID:
2P86),*""l the optimum filling of the subpockets was explored
to enhance the biological activity of the ligands. Although no
cocrystal structures of our inhibitors were obtained in
complex with rhodesain, the predicted binding mode was
confirmed by an X-ray cocrystal structure of 47 bound to
hCatL.l* The overlay of the cocrystal structure with the
crystal structure of rhodesain (PDB ID: 2P86)!“™! displays
the high structural similarity of rhodesain and hCatL (Fig-
ure 13a).

The flat, solvent-exposed S1 pocket of rhodesain tolerates
a variety of substituents without greatly affecting the binding
affinity."**Y The wider S3 pocket is characterized by the flat
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peptide segment of Gly65-Gly66 and shows a clear preference
for aromatic substituents that establish amide-n stacking
with this segment (see Section 4.3). The main contributions to
the binding and selectivity are gained in the apolar S2 pocket,
which is lined by Leu67, Met68, Alal138, Ile137, Leul60, and
Ala208 (Figure 13a).1! This highly conserved hydrophobic
cavity accommodates aromatic rings, as shown for ligand 46,
and cycloalkanes such as cyclohexyl (inhibitor 44). Only two
amino acids in the S2 pocket of rhodesain (Ile137, Leul60)
are mutated in hCatL (Val134, Met161) and are important for
gaining selectivity. An impressive example of the effect of
properly filling the S2 pocket on the selectivity is the
elongation of the 4-(n-ethyl) substituent of 45 to a 4-(n-
propyl) unit in ligand 43, which increased the binding affinity
by a factor of 4 and at the same time the selectivity towards
hCatL by a factor of 65 (Figure 13b).

Although the high affinity of the triazenenitrile ligands is
largely derived from the formation of the reversible covalent
thioimidate, additional proper filling of the S2 and S3 pockets
yields inhibitors of rhodesain with K; values in the single-digit
nanomolar range. Targeting the S1 pocket affords little
benefit. Imidazopyridine nitriles have been identified as
less-reactive electrophiles that show reduced off-target
effects. Combining the latter with optimized substituents for
the S2 and S3 pocket in future studies should afford potent
ligands with favorable physicochemical properties for further
testing in in vitro and in vivo studies.

4. Interactions between Dipoles: Orthogonal Inter-
actions, Halogen Bonding, and Amide---&
Stacking

Identifying and understanding weak intermolecular inter-
actions are key factors in successful structure-based drug
design. They are occasionally overseen, underestimated, or
simply not recognized in molecular modeling studies.*” The
fundamental physical principal behind several of these weak
interactions can be described by interactions between dipoles.
Although dipolar interactions may originate from pure
electrostatic attractive forces, complex quantum chemical
effects very often play an additional role on closer look at the
dipoles involved. Only through the combination of synthetic
models, computational methods, and confirmation in biolog-
ical case studies, can a comprehensive understanding of such
interactions be gained. In this way, they become important
and reliable tools for the design and optimization of leads in
medicinal chemistry and crop science.
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In this section, three types of interactions between dipoles
are reviewed: orthogonal dipolar interactions, halogen bond-
ing, and amide--m stacking (Figure 14). All of them appear in
different characteristic alignments, which make each of them
attractive and diverse subjects for detailed investigations.
Investigation of these interactions has been a major part of
our research program during the last decade.

4.1. Orthogonal Dipolar Interactions

Among the broad spectrum of intermolecular interac-
tions, it is the weak interactions that remain a challenge for
identification, quantification, and tailored applications.5!
As such, the interaction of two dipoles aligned with an angle
close to 90° has received detailed attention, as reviewed by us
in 2005 and 2008.%>% A survey of all the major interactions
between bond dipoles in the CSD revealed that at close
contact distances, in particular at or below van der Waals
contacts, the orthogonal arrangement is the most abundant
one, presumably for steric reasons.”® Two specific cases have
been of particular interest in our studies: orthogonal C=
O--C=0 interactions, and orthogonal C—X:+-C=0O interac-
tions, both of which are relevant in protein-ligand complex-
ation.

From a physical electrostatic point of view, no energetic
gain arising from the orthogonal alignment of the dipoles is
actually expected, as the potential energy for the interaction
between aligned electrostatic dipole moments is dependent
on the cosinus of their angle (see the Supporting Informa-
tion). Certainly, higher-order electrostatic and dispersion
terms, also of quantum chemical nature, must be responsible
for the attractiveness of the interaction.

Early small-molecule database searches!™™ provided clear
indications for orthogonal C=O--C=O interactions, which
were first identified in X-ray crystal structures by Bolton,!>”
and later reviewed by Bent in 1968.%Y Allen etal. re-
examined C=0--C=0 interactions in a CSD search in 1998
and suggested their significance for stabilizing protein secon-
dary structure motifs.'”*! Intermolecular perturbation theory
(IMPT) calculations led to the conclusion that the interaction
energy at optimal distances for the perpendicular C=0O---C=0O
motif is similar to that of a sheared antiparallel motif and
about a third of the interaction of the fully antiparallel
motif. 152"

Recent CSD analyses by Raines and co-workers uncov-
ered a small, but significant degree of pyrimidalization out of
the R,C=0O pseudotriangular plane when halide anions are

below the van der Waals distance with the C=O

a o b c carbonyl group (Figure 15).1" This change in geom-
C—F e g ND etry can be attributed to a Biirgi-Dunitz-type n —m*
_______________ as - interaction, where the lone pairs of electrons (n) of

2 GG the halide anions overlap with the m* orbital of the

oo A L carbonyl group.'*® Previously, the Raines research

orthogonal interactions

halogen bonding

Figure 14. Different types of interactions involving dipoles reviewed in this
section: a) orthogonal dipolar interactions, b) halogen bonding (XB), and

c) amide---7 stacking.
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group confirmed in experimental studies and through
databank searches the influence of such n—m*
interactions in amide C=0O--C=0 arrays, which are
omnipresent in protein secondary structures.!'”)
Here too, they observed a Biirgi-Dunitz-type pyr-
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Figure 15. a) Halide anions and R,C=O carbonyl fragments undergo
Biirgi-Dunitz-type n—mt* interactions below the sum of the van der
Waals radii, which induces pyramidalization towards the halide anion,
characterized by angles @ up to 5°.'*l b) Pyramidalization of the C=0
amide group in C=0--C=0 interactions as a result of n—m* inter-
actions, with pyramidalization angles © reaching up to 5°.'

amidalization of the carbonyl group when the distance of the
interacting atoms is less than the van der Waals distance.

Electrostatic dipolar and n—m* interactions are not
mutually exclusive, and their individual contribution to the
overall interaction energy is certainly a matter of interacting
distance and geometry. It can be expected that n—m*
interactions make important contributions at distances
below the sum of the van der Waals radii, whereas electro-
static dipolar contributions dominate at distances close to or
above the sum of the van der Waals radii. For orthogonal C—
F--C=0 interactions, we do not expect significant covalent
bonding contributions even at short distances.

The quantification of orthogonal C=0--C=0 and C—
F---C=0 interactions in solution was achieved by employing

tq

F
49-folded 49-unfolded
m CQNH
O
50-folded 50-unfolded

Figure 16. Wilcox-type torsion balances 49 and 50 used for the
quantification of a) orthogonal C—F---C=0O and b) C=0---C=0 interac-
tions by employing a double-mutant cycle.'**'¢2
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“chemical double-mutant cycles”!"™! with unimolecular syn-
thetic model systems. Molecular torsional balances developed
by Wilcox and co-workers and based on the Troger base
scaffold!™! were chosen as model systems, since they provide
the perpendicular arrangement of the functional groups in the
folded conformation, whereas their interaction is absent in
the unfolded state (Figure 16).'l The C,,,—F--C=0(amide)
interaction was quantified from a chemical double-mutant
cycle using torsion balance 49 in a variety of apolar solvents
(Figure 16a), and A(AG)c¢_r..c—o Was determined to be in the
range of —0.2 to —0.3 kcalmol ", in agreement with earlier
results."®" Quantification of the orthogonal amide C=0--C=
O interaction in benzene and halogenated solvents, such as
CHCI;, was achieved by a double-mutant cycle employing
balance 50 (Figure 16b).'21 The free enthalpy increment
A(AG) migec=0-c—=o Was experimentally determined as
—0.7 kcalmol ! (benzene, 298 K), well within the range of
aromatic stacking and edge-to-face interactions. The higher
interaction free enthalpy determined experimentally for
amide C=0O--C=0, compared to the C,,~F-+C=O(amide)
interaction, presumably originates from the higher polar-
izability of the amide C=O compared to the C—F moiety;
IMPT gas-phase calculations revealed a substantial contribu-
tion of dispersion forces to the orthogonal interaction
between amide carbonyl groups. Although the attractive
nature of orthogonal C—F---C=0 and C=0--C=0 interactions
was for the first time confirmed in four different “chemical
double-mutant cycle”, it should be kept in mind that the
molecular balances are not static and that the gains in free
energy (A(AG)) for the orthogonal interaction are in the
range of the thermal energy kT at room temperature.
Therefore, the measured free enthalpy increments do not
correspond to a single interaction geometry, but rather to an
ensemble in which the edge component wiggles on top of the
face component.'®

Two orthogonal C=0O--C=0O interactions are indeed
sufficient for defined self-association in the solid state and

CsHy4

J

= (£)-51-++(+)-51

Figure 17. a,0-Difluorocyclopentanone (+)-51 and its self-association
in the crystalline state by two orthogonal C=0---C=0 interactions of
the motif (R,N)C=0---C(CF,)=0. CSD code: 736727. Distances in A.
Self-dimerization of (£)-51 in solution (perdeuterated cyclohexane
(C4D12), 298 K) revealed a dimerization constant of Ky, =17.5m"' by
a 'H NMR dilution study. Color code: C gray, O red, N blue, F
turquoise.
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most probably also in an apolar solvent.'™ The crystal
structure of a,a-difluorocyclopentanone (+)-51 revealed
a dimer held together by two such interactions at short
contact (3.05A) and in a perpendicular arrangement (91°,
Figure 17). This self-association also occurs with a similar
geometry in solution, and the dimerization constant in
perdeuterated cyclohexane (CyDj,, 298 K) was estimated by
NMR dilution studies as Ky, =17.5M7".

Besides the fact that organofluorine in drug lead com-
pounds affects nearly all adsorption, distribution, metabolism,
and excretion (ADME) properties, its contribution to
enhanced affinity and selectivity through (ligand-
F)---enzyme interactions has recently also been recognized.!'*”!
The significance of such interactions for biological systems
was uncovered by a fluorine scan'* of inhibitors of thrombin,
to map the fluorophilicity/fluorophobicity of the active site of
this trypsin-like serine protease from the blood coagulation

Nilotinib

Glu286

- %
2 04,
adenine region E \ 6/00
/ \ i ] ¥
(o) < %

Gly383

Figure 18. a) Structure of nilotinib."”® b) Interactions of nilotinib with
the DFG loop.'®'7% Orthogonal dipolar C=0---C=0 (red) and C—
F---C=0 (green) interactions, concomitant with hydrogen bonds (blue),
build up the enzyme-ligand network for efficient binding. c) X-ray
cocrystal structure of inhibitor nilotinib with Bcr-Abl tyrosine kinase,
showing short contacts for the above discussed orthogonal dipolar
interactions. Distances in A. 2.21 A resolution, PDB ID: 3C€S9.1% Color
code: Cepyyme gray, O red, N blue, F turquoise, Cyg.qq green.
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cascade.” %7l Cocrystal structure analysis had shown that the
most potent ligands contained a 4-fluorphenyl ring to fill the
hydrophobic D pocket and that the C—F group interacted
with the backbone C=O group of Asn98 in a nearly orthog-
onal way, with an F--C=0 angle of 96° at a distance of 3.5 A.
The fluorine scan of thrombin inhibitors has been extensively
reviewed.>16%!

A nice biological example, illustrating both orthogonal C—
F--C=0 and C=0--C=0 interactions, is provided by com-
plexes of a second-generation type II kinase inhibitor, nilo-
tinib (trade name Tasigna, Figure 18a), which is applied to the
treatment of Philadelphia chromosome positive chronic
myeloid leukemia.'® ) This inhibitor binds to the Ber-Abl
tyrosine kinase and stabilizes its DFG (Asp381-Phe382-
Gly383) loop in its “out conformation” (“DFG-out”). The
cocrystal structure (2.21 A resolution, PDB ID: 3CS9)!'™
revealed three types of protein-ligand interactions involving
the DFG loop and its neighboring amino acid Ala380
(Figure 18b,c). The amide C=O group of the ligand under-
goes “classical” hydrogen bonding to the backbone N—H
group of Asp381. Two additional interactions are dipolar in
nature. The backbone C=O group of Asp381 engages in
a dipolar interaction (d(O--C) 3.4 A, angle (O--C=0) 85°)
with the amide C=0O group of the inhibitor. It can be assumed
that there is cooperativity between the two different inter-
actions (hydrogen bonding and dipolar), both involving the
ligand C=0O group. A third interaction is a short dipolar
interaction of a C—F bond from the CF; group of the ligand
with the backbone C=O group of Ala380 neighboring the
DFG loop (d(F--C) 2.9 A, angle (F--C=0) 85°). This example
illustrates once more the advantageous interplay of multiple
molecular recognition events, which form a cooperative
interaction network, as described by Kuhn et al."*! Given
the numerous kinase targets pursued in the pharmaceutical
industry, there is no doubt that many other examples exist in
which amide bonds in DFG loops, but also in triphosphate-
binding (of ATP) glycine-rich P loops,™ have been success-
fully addressed through orthogonal interactions with dipolar
groups, such as C—X (X =F, Cl), CN, amide-C=0, and others.

4.2. Halogen Bonding
4.2.1. A Short Introduction to Halogen Bonding

Scatter plots for C—X--C=0 interactions in the CSD are
quite revealing.””! When the angle X--C=0 is plotted against
the X--C distance, a clear preference for orthogonal inter-
actions at shorter contact distances is observed for X =F (see
Section 4.1), but increasingly less for X=Cl, Br, and L
Furthermore, the percentage of close C—X--C=0 interactions
below the sum of the van der Waals radii increases with the
increasing size of the halogen atom. Attractive interactions
between the electronegative oxygen atom and the halogen
atom come into play. The arrangement of C—X fragments
pointing to the oxygen atom in carbonyl groups represents an
important example of what has been called halogen bond-
ing.[m]

Halogen bonding, abbreviated as XB, describes the net
attractive interaction between an electrophilic region associ-
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Figure 19. a) Schematic halogen bonding (XB) interaction with electro-
static potential surface, showing the o-hole region at the outer cap of
the halogen atom X (blue: positive, red: negative). b) Typical XB donor
and XB acceptor motifs which have been investigated in solution
studies;'** ¥4 R: different electron-donating and accepting groups.
) Molecular electrostatic potential (MEP) surface of iodomethane,
iodobenzene, and iodoacetylene showing the increasing size of the
o hole by lowering the state of hybridization (scale in kcalmol™).
Plotted at 0.001 electrons Bohr™, calculated at the DFT:B3LYP/
DGDZVP level of theory.

e

ated with a halogen atom in a molecular entity and
a nucleophilic region in another, or the same, molecular
entity, as defined by TUPAC (International Union of Pure and
Applied Chemistry) in 2013."72) The halogenated part is
defined as the XB donor, whereas the electron-donating
molecule is referred to as the XB acceptor (in analogy to
“hydrogen-bond acceptor”). This counterintuitive interac-
tion, in which electron density approaches the electronegative
halogen atom, can be rationalized by the anisotropic charge-
density distribution around the higher halogen atom, with
a positive area (o hole) of electrostatic potential opposite the
C—X bond (Figure 19a).'" In a molecular orbital (MO)
approach, the electrophilic region at the outer cap of the
halogen atom corresponds to the antibonding o* orbital of the
C—X bond.'" TIn this context, halogen bonding can be
interpreted as an n—o0* MO interaction, in which the lone
pair of electrons (n) of a Lewis base interacts with the
antibonding o* orbital along the C—X bond axis. Such an
interpretation refers to the charge-transfer character of XB.
The origin of XB, to what extent it is of electrostatic nature or
orbital-driven, depends on the structures of the components
involved in XB and is still under debate.'’>17°!

Halogen bonding is enhanced for the heavier halogens in
the order Cl<Br<I, and is commonly not observed for
fluorine. That trend can be rationalized by the increasing
polarizability from F toward I within the periodic group.['*
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Electron-withdrawing substituents on the donor strengthen
the halogen bonds, and this can be rationalized by an increase
in the o-hole potential."”**<l Halogen bonding has been the
subject of many reviews in recent years, as detailed in the
following.

The first structural evidence for halogen bonding by X-ray
crystallography was obtained by Hassel and Hvoslef in 1954
when examining cocrystals of diatomic bromine and 1,4-
dioxane, which exhibit an unexpectedly short Br---O contact
of 2.71 A with a Br-Br-O angle of 178°.'" The significance
of XB for molecular recognition in the field of crystal
engineering was later systematically investigated by Metran-
golo and Resnati,'7'*"¥ and halogenated scaffolds with
higher halogen substituents, interacting with atoms possessing
lone pairs of electrons, were recognized by Desiraju as
reliable synthons for predictable solid-state structures.'”
Goroff et al. made use of the power of halogen bonding in
an exemplary manner by designing a cocrystal structure, in
which diiodobuta-1,3-diyne was aligned in a bis-
(nitrile)oxalamide XB acceptor matrix and shown to undergo
topochemical polymerization to form poly(diiododiacety-
lene) in a crystal-to-crystal transformation.'*” Priimagi et al.
demonstrated an application-oriented study on XB in amor-
phous solid-state materials by association of halogenated
azobenzenes to Lewis-basic spin-coated polymers, such as
poly(4-vinylpyridine).'s! Subsequent surface-relief grating of
these supramolecular polymer layers induces photorespon-
sive property changes, which correlates well with the XB
donor ability of the halogenated azobenzenes.

Detailed studies from the field of computational chemis-
try are available for models describing halogen bond-
ing 1717601821 and the parameterization of XB for force fields
is currently in development.!'**

The application of halogen bonding to complex supra-
molecular systems and architectures has been of particular
recent interest and has recently been reviewed.'* Rebek and
co-workers presented one of the first XB-based supramolec-
ular systems, consisting of a cleft-shaped receptor with
a perylenediimide platform, which directs a higher halogen
(Cl, Br) into the cleft. The system binds phenazine through
N---X halogen bonding and &t stacking, as monitored by UV/
Vis binding titrations.® The expected trend of the XB donor
ability of Br being stronger than that of Cl is obeyed, as
evidenced by a twofold increase in the association constant
(benzene, 298 K). Halogen bonding has been implemented as
an additional reliable recognition motif in the development of
anion receptors. The negative charge of the anions is typically
stabilized in proximity to multiple organohalogens, with their
o holes pointing towards the anion.'* Among supramolec-
ular architectures with higher complexity, rotaxanes, cate-
nanes, and macrocyclic hosts are the most elaborate structures
in which XB contributes to molecular recognition and adds
a templating effect to enhance synthesis,"”! A recent report
describes a selective fluorescence-quenching anion sensor,
based on all-XB-recognition processes, in aqueous media.'*’!
XB electrophilic catalysis, pioneered by Huber and co-
workers, is currently developing, and makes use of the o-
hole-assisted activation of substrates by a variety of halo-
genated catalysts.['**]
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XB strength has been quantified for several XB motifs in
solution."™1%2' However, systematic and comprehensive
investigations are still rare.'®<111%2l Among these efforts,
NMR binding titrations serve as a modern and precise
technique, besides the recently less applied IR and UV/Vis
spectroscopic methods. In 1983, Laurence et al. characterized
the binding strength of several iodoalkynes to a variety of XB
acceptors using IR spectroscopy and obtained good correla-
tion with the electronic properties of the substituents directly
attached to the C(2) atom on the 1-iodoethynyl moiety.'3<!
More-electron-withdrawing substituents resulted in higher
association constants. Taylor and co-workers as well as Cabot
and Hunter used NMR binding titrations to determine the
association constants to various XB acceptors (Figure 19b),
by employing perfluorinated iodoarenes and iodoalkanes as
XB donors."?'**! The binding free enthalpies for perfluori-
nated aromatic and aliphatic XB donorsIn apolar solvents,
such as cyclohexane, range from —0.2 to —2.1 kcalmol™,
depending on the XB acceptor ability. Figure 19b shows
typical examples of XB donors and acceptor, which were the
topic of these studies, with decreasing XB donor/acceptor
strength from top to the bottom. Moreover, Taylor and co-
workers gave valuable insight into the effect of competitive
solvent on XB. It turned out that protic polar solvents (such as
iPrOH) lowered the association by one magnitude relative to
apolar solvents (e.g. cyclohexane, benzene).!*'"!

In a recent solution study, we examined (iodoethynyl)-
benzenes as XB donors and revealed that their XB binding
strength is as high as measured for perfluorinated organo-
iodines (Figure 19b, top two XB pairs).*” Therefore, the o-
hole potential is tunable with the hybridization state of the C
atom of the XB donor. Lower hybridization states n in
C(sp")—X result in stronger XB, as supported by our
experimental findings and by modeling the electrostatic
surface potential (Figure 19c¢). In this context, we showed
that the formation of a halogen bond is enthalpy driven, with
a large unfavorable entropic term, which remains constant
when the XB donor strength is varied by different substitution
at the para position of the aromatic ring. The strength of XB
acceptors interacting with the (iodoethynyl)benzene deriva-
tives is in the order pyridine < GO0 < S=0 < P=0 <
quinuclidine.['*”

Efficient halogen bonding has several geometric
prerequisites. The rigorous criteria for XB that the C—
XY angle @ (see Figure19a) must be close to
linearity—ranging from 165° to ideally 180°—was dem-
onstrated by CSD and PDB database analyses.['’!#>17:1%
XB was found to be most effective if the distance
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4.2.2. Halogen Bonding in Biological Environments

The geometrical characteristics of XB in biological
systems were analyzed by Auffinger, Ho et al. in an extensive
PDB search, where they report the high abundance of C—
X-+O contacts of halogenated ligands to amide backbone
carbonyl groups.™! As expected, all XB interaction criteria
known from the field of organic crystal engineering, CSD
searches, and computational studies were met in biological
environments, although showing a slightly broader scattering.
The role of halogen bonding for structure-based drug design
was emphasized by additional systematic database searches,
including the analysis of halogenated approved drugs in their
binding modes, and accompanied with comprehensive theo-
retical descriptions for protein environments suitable for
XB.[l‘)S]

The first systematic investigation on halogen bonding in
protein-ligand complexes was achieved by our group in
cooperation with scientists from F. Hoffmann-la Roche.”! A
larger ligand library (over 65 compounds) was employed to
study the characteristics of halogen bonding to the backbone
C=0 group of Gly61 in the S3 pocket of human Cathepsin L
(hCatL, see also Section 3.2.6). These inhibitors undergo
reversible covalent binding to the catalytic Cys25 residue in
the S1 pocket under formation of thioimidates, which are
stabilized by the oxyanion hole of the protease (Figure 20a).
Hydrogen bonds to the backbone NH group of Gly68 and C=
O group of Asp162 are formed. Filling of the polar S3 pocket
is achieved by amide---m stacking of an aryl moiety on the flat
peptide backbone Gly67-Gly68 (see Section 4.3) and halogen
bonding to the backbone C=0 group of Gly61 (red dashed
line in Figure 20a). The biological affinity (ICs,) strongly
increased upon changing the 4-aryl substituent from H
(0.29 um) to CI (0.022 pm), Br (0.012 pm), and I (0.0065 um;
Table 1). In contrast, the ICs,value remained essentially
unchanged when moving from the unsubstituted inhibitor
(—)-52b (X=H, 0.29 um) to fluorine-substituted (—)-52a
(X=F, 0.34 um). In a control experiment with (—)-52¢ that
has a methyl substituent (X = CHj;), which is most similar in
size to Cl, binding affinity was not significantly enhanced.
When the Cl substituent was installed at the 2- or 3-position of
the aromatic ring or in a 2-thienyl ring ortho to the sulfur

Table 1: Inhibitors 52a—f of hCatL bearing different substituents at the 4-
position of the phenyl ring with measured inhibition (1Cs,) and partition
coefficient (logD). When X=Cl, Br, or |, XB increases the binding affinity to
the enzyme.®?

between the halogen atom X and the Lewis-basic
acceptor atom is below the sum of the van der Waals

radii.l'">*9 In the case of XB to carbonyl groups, the angle
¢ (X--O=C) (Figure 19a) can vary between 90 and
180°;117%=1%1 in other words, the carbonyl group interacts
with halogen donors in a similar way as in the interaction
with hydrogen-bond donors. In both cases, the approach
pathways of the XB or hydrogen bond donor to the
carbonyl oxygen atom define a cone shape pointing to the
C=0 bond and are not limited to an orientation towards

Compound X 1Cso logD PDB Res.
[1m] D [A]
on (-)52a F 034 236 2XU4 1.12
(-)52b  H 029 211 - -
o™ (-)52¢  CH, 013 257 2XU5 1.60
X Qi (-)-52d  Cl 0022 273 2Y|)C 1.14
N (+)-52e  Br 0012 296 2Y)2 1.15
(+)-52f 1 00065 3.23 2Y)8 130
SO,
Cl

the lone pairs of electrons.*!
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Figure 20. a) Binding mode of reversibly covalent inhibitors at the active site of
hCatL. Halogen bonding of the 4-substituent to the C=O group of Gly61 in the S3
pocket is highlighted in red. b) Halogen bond geometries seen in the cocrystal
structures of the | derivative (+)-52f, Cl derivative (—)-52d, and Br derivative
(+)-52e. Also shown is the binding mode of F derivative (—)-52a. Distances are
given in A, XB distances X--O=C and XB angles C—X---O(=C) in red. Color code:
Cenzyme gray, O red, N blue, | purple, Cl green, Br brown, F turquoise, Cy,.qq green.
c) Overlay of the four halogenated ligands (—)-52a, (—)-52d, (+)-52e, and
(+)-52 f from their X-ray cocrystal structures with hCatL. Slight changes in the 5-
ring pucker of the central pyrrolidine core (gray arrow) adjust the penetration of
the para-substituted phenyl ring into the S3 pocket. Color code: Cjy,q: depending
on ligand, O red, N blue, | purple, Cl green, Br brown, F turquoise.
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geometry within the S1 and S2 pockets. Such precise
adjustment of the halogenated phenyl ring into the
S3 pocket is realized by small changes in the pucker
of the pyrrolidine moiety at the center of the ligand
scaffold (Figure 20c¢).

Additional water molecules, solvating the C=0
group of Gly6l in the solvent-exposed S3 pocket,
with nearly orthogonal (H,0)--O(=C)--X angles of
75° and 77°, were observed in the complexes of the CI
((—)-52d) and Br ((4)-52e) derivatives, respectively.
In contrast, the I derivative (4)-52 f exhibits no water
molecules close to the XB motif, possibly because of
the size of the iodine atom (van der Waals radius:
1.98 A). It is remarkable that strong XB can be
established in the optimal geometry, while at the
same time the solvation of the XB-engaged amide C=
O moiety is maintained in a similar geometry to that
in the apo enzyme (1.92 A resolution, PDB ID:
4AXL).M Such geometrically favored arrange-
ments, with a hydrogen bond nearly perpendicular
to the halogen bond, were found to be abundant in X-
ray cocrystal structures of protein-ligand complexes,
as revealed in a database search by Ho and co-
workers."!  Protein-ligand structures, in which
hydrogen and halogen bonds share a common
oxygen atom contained in a peptide bond are
rather narrowly distributed around an average
D--O--X angle [D = electronegative hydrogen-bond
donor atom (O, N, S), X=Cl, Br, I] of 88° (range
ca. 75° to 90°, Figure 21). Moreover, ab initio calcu-
lations (B3LYP/6-31G) suggested that XB at amide
carbonyl groups is energetically independent of the
additional hydrogen bond at the shared carbonyl
oxygen acceptor. The carbonyl group enjoys both
interactions within the analogue classes of hydrogen
and halogen bonding.

Although the S3 pocket of hCatL is polar and
solvent-exposed, halogen bonding is also effective in
the apolar back pocket in the active site of MEK1

atom, the critical XB angle C—X--O (ideally 180°) was
reduced to much smaller values (139° in the cocrystal
structure of the thienyl ligand, 0.9 A resolution, PDB ID:
2XU3).%1 A large loss in affinity of up to a factor of 28 was
also evident.

X-ray cocrystal structures for the Cl- (—)-52d, Br-
(4+)-52e, and I-substituted ligand (+)-52f, all in the same
space group P2,2,2,, confirmed both the binding mode of
these inhibitors and the ranking of the measured ICy, values
(Table 1 and Figure 20b)."! A clear C=0---X XB interaction
is observed in all three cocrystals, as evidenced by short C=
O--X contacts between 3.0 and 3.1 A (89-92 % sum of the van
der Waals radii of O and X). The linear arrangement of the
halogen bond is reflected by the O--X—C angles in the range
171-176°. In sharp contrast, the F atom in (—)-52a bound to
hCatL is located at a F--O distance of 4.5 A and bridged by
a water molecule to the C=O group. This is indicative of an
unfavorable interaction when organofluorine points closely to
the O atom of a C=0O group. However, the rest of the ligand
skeleton of (—)-52a is maintained in a similar position and
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kinase.”®!l MEK1 kinase plays a major role in the
extracellular signal-regulated kinase (Ras-Raf-MEK-ERK1/
2) pathway of mutagen-activated protein (MAP) kinases,
which is among the most frequently deregulated signaling

Figure 21. Orthogonal orientation of halogen bonds and hydrogen
bonds to a peptide C=O moiety as observed in a PDB search for

carbonyl fragments with a shared interaction with D—H (hydrogen-

bond donor) and X (X=Cl, Br, I) range from 75 to 95°, with the
highest abundance at around 88°.'*l
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pathways in human cancer."® Therefore, MEK1 kinase is an
attractive target in cancer therapy, with inhibitors currently
being in phase III clinical trials.'””)

MEKI1 inhibitors with a substituted phenyl ring penetrate
deeply into the hydrophobic back pocket surrounded by
apolar residues (Met143, Leull8, Cys207, Phe209, Ile126,
Val127). Binding affinity is increased by substitution at the 4-
position in the sequence: H < Cl < Br <I (Table 2), similar to

Table 2: Inhibitors 53 a—e of MEK1 kinase with increasing affinity (ICs)
for the higher halogens."*’?

Compound X ICs [nM] (MEKT)
HO 53a F 120
\L 53b H 52
o 53c a2
H F 53d Br 7.7

N@ 53e I 2.0
F X

the hCatL inhibition discussed above. X-ray cocrystal
structures of halogen-substituted inhibitors 53c—e bound to
MEKI1 confirmed XB to the backbone carbonyl group of
Val127 (Figure 22, 2.7 A resolution, PDB ID: 3DY7), with

Y
lle126

Figure 22. X-ray cocrystal structure of 53 e with MEK1 (resolution

2.7 A, PDB ID: 3DY7).1"" One phenyl ring of the inhibitor (Table 2)
reaches into the highly apolar back pocket of MEK1, gaining binding
affinity from XB to the C=0O group of Val127. Halogen bond angles
and distances (in A) are depicted in red. Hydrophobic amino acids of
the MEK1 back pocket are labeled. Color code: Cq,ym gray, O red, S
yellow, N blue, | purple, F turquoise, Cjg,.4 green.

a short IO contact of 3.4 A with an C—I---O angle of 178°
(ICsy=2nmMm) seen for 53e. In another of the reported
cocrystal structures with a closely related ligand"’ (2.3 A
resolution, PDB ID: 3DV3, not shown), the XB distance I---O
is 3.1 A, the C—I---O angle is 175°, and the C=0O of Val127 is
additionally solvated by a water molecule. Again, the angle
(H,0)--O(=C)--1 is nearly orthogonal (98°, d(H,O--O(=
C))=27A).

Taken together, the investigations on XB in the polar,
solvent-exposed S3 pocket of hCatL and in the apolar back
pocket of MEK1 show that the interaction is effective in
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biological environments of different polarity. The studies with
both enzymes also confirm that the amide C=0O group can
maintain solvation while engaged in XB. Halogen bonding is
clearly an innovative opportunity for protein-ligand inter-
action that should not be overlooked in structure-based drug
design.

Halogen-bond donors can be viewed as hydrophobic
counterparts of hydrogen-bond donors, and less desolvation
costs have to be paid upon complexation through XB. Such an
example is discussed in the subsequent paragraph, where
rather hydrophobic XB donor ligands bind to the polar hinge
region in the ATP binding site of a kinase. Even moderately
active aromatic XB donors instead of more costly perfluori-
nated ones are sufficient to enhance the binding affinity and
selectivity in biological environment, in contrast to most 1:1
complexation events in solution. Ligand binding to the
protein also occurs in the absence of XB, although to
a weaker extent, but it pays most of the entropic penalty for
complexation. Therefore, in biological complexation, the
benefits of the enthalpically driven XB (down to AH=
—9 kcalmol )" are harvested to a large extent, in contrast
to solution studies with small XB donors and acceptors, where
strong enthalpy—entropy compensation is effective.

Kinase inhibition with ligands binding to the hinge at the
ATP site is commonly realized through polar ligands featur-
ing 1-3 hydrogen-bonding donor and acceptor groups.!*! The
alternative application of XB to establish binding to the polar
hinge region was first exemplified in 2003 for CDK?2 kinase
(phospho-CDK2-cyclin A).”* Simple perhalogenated ligand
scaffolds, such as 4,5,6,7-tetrabromobenzotriazole (54, IC5,=
1.6 um), form two C—Br--O=C halogen bonds to the back-
bone carbonyl groups of Leu83 and Glu81, but there is no
direct interaction with the NH group of Leu83, which usually
is addressed by hydrogen-bond acceptors (Figure 23a,b). A
third halogen bond, although at a less favorable angle (145°),
engages the C=0 group of Ile10, and the fourth Br interacts
favorably with the phenyl ring of Phe80.'*”!

In a more recent example by Johnson and co-workers, the
same strategy was applied to gain kinase selectivity for CDK9
over CDK1 in an extraordinary molecular recognition
process, all evidenced by X-ray cocrystal structures.”™!
CDKD9, the kinase of the positive transcription elongation
factor b, is required for processive transcription elongation by
RNA polymerase I1.»" As the inhibition of this kinase shows
high antitumor activity, there was interest in the development
of selective CDK9 inhibitors. Compared to the symmetric
CDK?2 inhibitor 54, the scaffold of CDKY inhibitor 55 (ICs, =
0.24 um) was changed from tetra- to dihalogenation, and
contains a ribose moiety attached to the central benzimida-
zole core (Figure 23¢). Again, XB to the convergent C=0
groups of the hinge region of the ATP site accounts for the
molecular recognition process in the binding mode of this
inhibitor, in which the C=0O group of Aspl04 maintains
solvation by a near perpendicular (104°) water molecule, in
addition to XB, as discussed above (Figure 23d). Part of the
inhibition mechanism involves a conformational change in
the glycine-rich P loop and the B3-aC loop induced by the
inhibitor. This provides better shielding from solvent, which
most probably adds to the stabilization of the CDK9 complex.
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Figure 23. Halogen bonding of different kinase ligands binding to the hinge region of the ATP site.

a) Schematic binding mode of 4,5,6,7-tetrabromobenzotriazole (54) to phospho-CDK2-cyclin A. b) X-ray
cocrystal structure of CDK2 with inhibitor 54 (2.22 A resolution, PDB ID: 1P5E).”*®! ¢) Schematic binding
mode of 5,6-dichlorobenzimidazole-1-B-p-ribofuranoside (55) to the hinge regions of d) CDK9 (2.80 A
resolution, PDB ID: 3MY1) and e) CDK1 (2.10 A resolution, PDB ID: 5MY1).”°" Halogen bond angles and
distances (in A) are depicted in red. Side chains of amino acids are omitted for clarity in (a) and (c). Color
code: Ceppyme gray, O red, S yellow, N blue, Br brown, Cl green, C;,..4 green (in b) or pink (in d and e).

In contrast, inhibition of CDK1 (ICs,=65 um) is 270-fold
weaker. A different binding mode of inhibitor 55 occurs in the
more restricted ATP binding site, and no significant ligand-
induced conformational changes are observed.

The interplay of XB and metal-chelating interactions at
the allosteric pocket of IspDM? (see Sections 2.3 and 3.2 as
well as Figure 7) was uncovered in a collaborative study from
a consortium of scientists from BASF and academia.™™ The
inhibition of enzymes from the non-mevalonate pathway of
isoprenoid biosynthesis is of interest to both the development
of new agents against infectious diseases (Section 3.2)"”! and
new herbicides.” To improve the development of active
compounds in both fields, lead compounds from agrochemical
research have been examined against infectious germs.”*!
Compound library screening at BASF (about 100000 com-
pounds) yielded 56¢ and 56d as hits against A¢IspD. These
lead compounds belong to the class of pseudilin alkaloids that
were isolated in the 1960s from the marine bacterium
Pseudomonas bromoutilis (Table 3).* These highly halo-
genated marine natural products and other derivatives, such
as 56a,b, showed inhibition of AtIspD with ICs, values around
50 um (Table 3). The addition of divalent metal cations (Ca*",
Cd**, Cu*", or Zn*") as assay buffer additives resulted in the
affinity being enhanced to ICs, values in the low micromolar
range. ICs, values around 50 um were also measured against
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Plasmodium  vivax (Pv)
IspD, but in this instance
were not influenced by
metal EC;, values
down to 1puM were mea-
sured in cell-based assays
against PfNF54 strains.
Cocrystal structures,
obtained by crystallization
from buffers containing
Cd*" ions, shed light on the
binding mode of the pseudi-
lins to AfspD (Figure 24).
The ligands complex in the
newly discovered allosteric
site of IspD™? but in a differ-
ent binding mode than the
previous ligands 1-3 (Sec-
tion2.3, Figure2). The
phenol and pyrrole rings of
bound 56d are in the syn
conformation and complex
a Cd?* ion, which is also
coordinated to the side
chain of GIn238 of IspD
and a water molecule.
Besides this chelation, XB
contributes to the binding
affinity: the complex of 56d
displays a short Br---O con-
tact of 325A with a C-
Br--O angle of 164° to the

ions.

ICs = 65 uM (CDK1)

Table 3: Inhibitors of the pseudilin family of IspD from Arabidopsis
thaliana (AtlspD). Increased enzyme affinity (ICyo) is gained by bromine
substitution at the R'- and R%-position. CdSO, was added to the assay
buffer, which was accompanied by up to a ninefold increase in
inhibition.?*!

Iy [m] (AtIspD)

Compound R' R* without 40 um

metal Ccd**

Br Br 56a H Br 52+6 19+2

/ \ 56b F F 79+6 13+2
Br N R! 56¢ cl cl 1241 22402
H 56d Br Br 13+2 1.4+0.2

HO
R2

backbone carbonyl oxygen atom of Val239 (Figure 24a). A
similar XB geometry was crystallographically confirmed for
the Cl-substituted inhibitor 56¢ (1.8 A resolution, PDB ID:
4NAL).

Ligand 56a lacks a bromine substituent para to the
phenolic OH group, and no XB was expected since metal-ion
chelation should overwhelm the binding strength of XB and
maintain the ligand in the Cd*"-coordinated syn conforma-
tion. In fact, 56a adopts two different conformations in the
allosteric pocket. Only 70% of 56a are in the expected syn
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Figure 24. a) X-ray cocrystal structure of AtlspD with inhibitor 56d (1.80 A resolution,
PDB ID: 4NAK).”! One Br atom of 56d is engaged in XB with the C=O group of
Val239. b) X-ray cocrystal structure of AtlspD with inhibitor 56a (1.80 A resolution, PDB
ID: 4NAN). Ligand 56a shows two (flipped) conformations in the X-ray structure: 70%
syn conformation (pink ligand) with coordination of the phenolic group to the Cd*" ion
(cyan) and no XB of the bromine atom; 30% anti conformation (green ligand),
exhibiting a preference for XB involving the Br atom ortho to the phenolic OH group
over chelation. Halogen bond angles and distances (in A) are depicted in red. Color
code: Cepyme gray, O red, N blue, Br brown, Cd turquoise, Cj,..q green (syn, chelating)

or pink (anti, XB).

conformation, whereas 30% are present as the anti confor-
mer. This conformational flip of the phenol ring directs the Br
atom ortho to the phenolic OH group toward the backbone
carbonyl group of Val239 to establish a strong XB interaction
[d(Br~0)=3.17 A, C-Br-O angle=170°, Figure 24b].
Clearly, the energetics of metal-ion chelation and XB in the
pseudilin complexes must be very similar.

Halogen bonding by the heavier organohalogen com-
pounds provides a powerful new tool to the repertoire of
intermolecular interactions for applications in supramolec-
ular chemistry, catalysis, crystal engineering, advanced mate-
rials, and, as highlighted in this section, to structure-based hit
generation and lead development. The criteria for efficient
XB interactions are now well established and are identical for
both synthetic and biological systems. Establishing a halogen
bond might enhance protein-ligand interactions by as much
as a factor of 74 which translates into a gain in free enthalpy of
AAG = —2.6 kcalmol~.¥ XB interactions can be favorably
established in both a polar and apolar biological environment,
and backbone amide C=O groups can maintain water
solvation while undergoing halogen bonding. New opportu-
nities for the design of innovative, active, and selective ATP-
competitive kinase inhibitors arise, as illustrated by the study
on CDK9 and CDK2.”"! Perfluorination of the XB donor
parts of the ligands is not necessary to harvest Gibbs energy
from protein-ligand interactions, which simplifies ligand
design and reduces costs. Enthalpically weaker XB interac-
tions, such as between aryl halides (Cl, Br, I) and peptide C=
O acceptors are sufficient, as the entropic costs of protein—
ligand binding are largely paid by the complexation of the
extended ligands, and the full additional enthalpic gains of XB
are harvested without much additional loss in entropy.!*?

4.3. Amide---7r Stacking

The dipolar interaction of flat amide groups with aromatic
n systems is closely related to the well-studied m-stacking
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interactions between aromatic rings, which are
of great importance in chemical and biomolec-
ular recognition.*!%< In our research pro-
gram toward the inhibition of factor Xa (see
Section 3.2.4), we found a large difference in
the affinity of ligands featuring constitutionally
isomeric oxazole moieties to stack on the flat
peptide bond Cys191-Gly192 lining the S1
pocket.") The X-ray cocrystal structures of
the two ligands (+)-34 (K;=1620 nm) and (+£)-
35 (K;=146 nM, Figure25a) showed nearly
identical binding modes, but an 11-fold differ-
ence in binding affinity. Besides differences in
the angle between the two exit vectors on the
oxazole rings (see Figure 11 in Section 3.2.4),
we considered the different orientation of the
dipole moments of the two oxazole rings as
a possible main reason for the measured differ-
ence in binding affinity. In the complex of the
better binder (+)-35, the local dipole moment
vectors of the heterocycle and peptide amide
bond are aligned in an antiparallel way, whereas they are
parallel in the less-stable complex of (4)-34. The observed
difference in binding affinity, depending on the relative
alignment of these two dipole moment vectors, either parallel
or antiparallel, raised the general question about the influ-
ence of dipolar interactions on the stacking of amide
7t systems with aromatic moieties possessing a distinct dipolar
moment.

The influence of dipole vector alignment on the energetics
of amide bond---heteroaromatic x stacking was subsequently
investigated in a computational study in collaboration with B.
Kuhn (F. Hoffmann-la Roche)'® at the SCS-MP2 (spin
component scaled Mgller-Plesset 2) level of theory.”"”!
Conducting a rotational scan with pyridine (g, =2.2 D),
stacked parallel-displaced on the amide fragment N-methyl-
acetamide (NMAC, ., =3.7 D), used as a model for the
amide backbone fragment, revealed a clear preference for an
antiparallel arrangement of the dipole moment vectors (a =
179°, AE = —2.5 kcalmol™") over the parallel arrangement
(a=2°, AE=—0.9 kcalmol !, Figure 25b).1%!

We subsequently investigated the parallel-displaced stack-
ing of a library of commonly used aromatic heterocycles
featuring significantly different dipole moments on top of the
flat NMAC amide fragment. In the optimized structures, the
median angle between the dipole moment vectors was close to
161°, thus approaching the ideal antiparallel alignment. A
linear trend of increased interaction energy —AE with
increasing dipole moment strength with a correlation coef-
ficient R*=0.84 was observed for 17 aromatic heterocycles
(Figure 25¢).0%

Three main conclusions, useful for structure-based design,
could be drawn from this theoretical study: 1) & stacking on
peptide amide bonds becomes energetically more favorable
as the m-electron density of the aromatic ring decreases (see
benzene, pyrazine, triazine in Figure 25¢), 2) the interaction
strength increases as the dipole moment of the aromatic
heterocycles increases, and 3) an antiparallel alignment of the
dipole moment vectors of the amide and heterocycle is highly
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Figure 25. a) Dipolar amide—n stacking between inhibitors (£)-34 and
(£)-35 and factor Xa (1.29 A resolution, PDB ID: 2Y5G, and 1.33 A
resolution, PDB ID: 2Y5H)."¥ Ligand (4)-35 (K;=146 nm) exhibits
favorable antiparallel dipolar stacking to the amide backbone, which
translates into an affinity gain of a factor of 11 relative to ligand (%)-
34 with parallel-aligned dipole moment vectors (K;=1620 nm). Color
code: Cepyme gray, O red, S yellow, N blue, Cl green, Cy,,,4 green.

b) Calculated energy profile for the rotational scan of the parallel-
displaced NMAC-pyridine dimer with an optimized stacking arrange-
ment of the two fragments. Antiparallel alignment (a=179°) of the
stacking dipole vectors is favored by 1.56 kcal mol™' compared to the
parallel arrangement (a=2°)."" Level of theory: SCS-MP2/aug-cc-
pVDZ//LMP2/cc-pVDZ.P ¢) Correlation between the calculated inter-
action energies AE of various NMAC-heteroarene dimers at the
optimized geometry and the dipole moment u of the heterocycle; level
of theory as in (c). R*: Correlation coefficient; median angle between
the dipole moment vectors o =161°.0'

preferred. We are currently validating these theoretical
predictions for amide---; stacking interactions both in model
systems and in protein environments.
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5. Summary and Conclusions

The various case studies presented in this Review on
complexation processes, involving synthetic receptors and
model systems as well as biological receptors, underline the
challenges and opportunities for structure-based ligand
design and optimization in medicinal chemistry and crop
science. It has become clear over the past decades that the
comprehensive study of an individual intermolecular inter-
action, separated from other influences, with biological
receptors is difficult, given the complexity of the protein
environment. It is a true “tour de force” to determine the role
of water in biological complexation in a multidimensional
approach including ITC, cryo-X-ray crystallography, high-
level computing and molecular simulations, mutational stud-
ies, and other methods, as different regions in the protein
binding site are characterized by different thermodynamic
profiles. Complexation liberates water molecules that solvate
the free binding partners, but this can occur in an entropically
driven way (e.g. in ion pairing or in ion—dipole complexation)
or with an enthalpic driving force (e.g. the displacement of
high-energy water from apolar binding pockets). Here, the
benefits of smaller, structurally more defined synthetic
models and receptors come into play. The nonclassical
enthalpically driven hydrophobic effect was discovered in
host-guest complexation studies with cyclophane receptors
featuring tight apolar binding sites and has now been fully
validated in an elegant study of cucurbituril complexation.
The quantification of individual intermolecular interactions,
such as orthogonal dipolar interactions and halogen bonding
would also not have been possible without model studies,
outside the more complex protein environment. It does not
come as a surprise that synthetic host—guest chemistry is
currently seeing a renaissance, in particular with the work on
cucurbituril receptors.

However, to push progress in small-molecule ligand
design aimed at new drugs and agrochemicals, the in-detail
exploration of biological complexation using today’s sophis-
ticated experimental—analytical and structural—and compu-
tational methods repertoire is even more in demand. It would
be impossible to investigate the role of water clusters seen in
protein active sites with synthetic model systems. Gratifyingly,
computational tools for identifying those individual water
molecules in a water cluster, which can be displaced with
energetic benefits by ligand parts, have been much refined. It
is also predictable that the different thermodynamic profiles
of different types of water molecules at active sites will
become understood in the future, thereby enhancing the
success probability of structure-based design, for which water
poses a great challenge.

High-resolution protein X-ray crystallography provides
the basis for structure-based ligand design. This is illustrated
in the various case studies described in the Review, which
address the diversity of biological receptor sites of different
size and shape, conformational dynamics, and polarity.
Enzyme active sites of low conformational dynamics and
deep pockets of reduced polarity are the most rewarding
targets, such as in Factor Xa, and biological activities in the
low nanomolar range (ICs,values) are usually reached in
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areasonable time frame. This contrasts with the difficulties to
develop potent inhibitors for very large pockets (such as in
trypanothione reductase), highly polar active sites (as in IspE
and IspF), or conformationally very flexible pockets (IspF).
Structure-based design is a superior approach to lead
generation and optimization, but it will not in the near
future replace experimental high-throughput screening
(HTS) or the increasingly applied virtual screening of large
compound libraries. Without HTS, the potent hits for IspD
would not have been found, as the allosteric pocket, which
hosts the hits and leads, had not been recognized on the
protein surface.

X-ray structure determination is almost “flooding” us
today with structural information that can be applied to a new
ligand-design process. A prerequisite to success, however, is
the intelligent use of the vast information in the PDB and in-
house databases, and that this knowledge is made available to
the scientists on projects without the need for demanding
computing. It is important to retrieve and analyze existing
knowledge and not to simply “consume” the structural
information that is abundantly collected around active
projects, often amounting to 100 or more cocrystal structures.
Being a more easily accessible database, the CSD has become
an essential tool for avoiding conformational errors in ligand
design. Furthermore, small-molecule networks in the crystal
provide an invaluable tool to identify new intermolecular
interactions. Examples are orthogonal dipolar C=0--C=0
interactions and halogen bonding, which were structurally
first discovered in crystal structures. It is certainly worthwhile
to continue exploring the CSD to identify short intermolec-
ular contacts that are statistically relevant and to try to
understand their origin.

A topic not covered in this Review is the physicochemical
and ADME/pharmacokinetik (pK) properties. As many of
the physicochemical properties can now be determined
in silico, such as solubility, metabolic stability, safety data,
pK,, logD, logP, or membrane permeability, it is desirable that
these data become immediately available during structure-
based design. This information can guide scientists on projects
in the multidimensional optimization required to prepare the
most promising leads for later development. User-friendly
computational organization and analysis of “big data” has the
highest potential to boost future drug discovery research.
Computational approaches will identify the most promising
hits from insilico libraries, provide improved automated
structure-based design software, and identify suitable protein
pockets for ligand binding. They will define conformational
preferences of ligands based on the wealth of information in
the CSD, recognize potential cross-reactivity based on protein
database comparisons, and implement tools that give facile
access to the existing structural, physicochemical, ADME
information. Intelligent user-friendly computing will enable
a true multidimensional approach to lead optimization
through structure-based design in the future.

However, here the circle closes again: until recently the
force fields in the computational design programs did not
“know” about aromatic—aromatic interactions and their
substituent effects, orthogonal dipolar interactions, halogen
bonding, amide--x stacking, or about the energetics of
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displacement of water molecules. The same holds on the
conformational side, where until recently the distinct geo-
metric preferences of sulfonamides and aryl sulfones were not
parameterized in the modeling software. The experimental
discovery and quantification of these processes were prereq-
uisites for implementing their parameters into computer
software. Molecular recognition studies with synthetic and
biological receptors are, therefore, not only expanding our
fundamental understanding of life and matter, but will
continue to make important contributions to speeding up
the successful generation and optimization of leads with
potential for development.
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