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Chapter 1

Dynamic Combinatorial Chemistry: a Tool to
Facilitate the Identification of Inhibitors for
Protein Targets

Dynamic combinatorial chemistry (DCC) has emerged as a powerful strategy to
identify ligands for biological targets given that it enables the target to direct the
synthesis and amplification of its strongest binder(s) from the library of
interconverting compounds. Since the first report of DCC applied to the discovery
of binders for a protein, this elegant tool has been employed on a range of protein
targets at various stages of medicinal-chemistry projects. A series of suitable,
reversible reactions that are biocompatible have been established and the
portfolio of analytical techniques is growing. Despite progress, in most cases, the
libraries employed remain of moderate size. We present here the most recent
advances in the field of DCC applied to protein targets, paying particular
attention to the experimental conditions and analytical methods chosen.

This chapter is adapted from the original paper:
M. Mondal and A. K. H. Hirsch, Chem. Soc. Rev., 2015, 44, 2455–2488.
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1.1

Structure-based drug design

Over the past decades, structure-based drug design (SBDD) has become an
established lead-optimization tool, which has the potential to accelerate the drugdiscovery process and reduce drug-development costs.1–11 The time required to
develop a drug, generally ranges from six to twelve years and development costs
typically exceed $2 billion,12 which calls for new approaches that reduce both
time and costs. Even though significant progress has been achieved using librarybased screening, SBDD has revolutionized the drug-discovery process. 13 Today,
SBDD is part of most industrial and academic projects that are geared towards
the development of new drugs.

Figure 1. Structure-based design cycle.

SBDD relies on the understanding of the molecular recognition between protein
and ligand in protein–ligand complexes. If the 3D structure of the protein is
available in the form of an X-ray or NMR structure, the new ligands can be
designed using SBDD. In recent years, SBDD has been used successfully to
identify new hits/leads for many targets. The potential hits/leads can be obtained
in fast modeling and docking studies, starting from the known ligands for a
specific target.14 In parallel, hits/leads can also be obtained by de novo design,
taking advantage of the structural features of the binding site of the protein target
in question.

2
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SBDD is an iterative process (Figure 1). It starts with the thorough analysis of
active/binding site of the protein or protein–ligand complexes. Information about
potential, favorable non-covalent interactions to be exploited to achieve
satisfactory binding affinity and selectivity is extracted. New hit/lead compounds
are then designed to improve the existing ligands or to introduce novel scaffolds
with the help of computational methods. Software is available to investigate the
binding site of the protein target or to analyze the structural similarities of the
known ligands. These processes generate a library of new compounds based on
existing ligands or obtained by de novo design. In the next step, the designed
molecules are synthesized chemically and tested for the biochemical activity.
Subsequently, the binding modes of the promising hits/leads are analyzed using
X-ray crystallography or spectroscopic methods. In the next cycle, the crystal
structures obtained are carefully analyzed to guide the design of the next
generation of inhibitors with improved potency.

Figure 2. Structure of the first example of the SBDD and the marketed drug.

SBDD was first reported by the group of Beddel and Goodford in 1973.15,16
Hemoglobin was chosen as the target protein, as it was the only known
pharmacologically relevant crystal structure available at the time. The goal of the
project was to design a ligand that acts similarly to that of naturally occurring
effector 1 (Figure 2). Based on this compound, the group at Wellcome designed
a library of dialdehydes 2 and corresponding bisulfite derivatives 3. In next few
years, captopril 4, which inhibits angiotensin-converting enzyme, was brought to
the market and represents the first example of a drug to be developed using SBDD
as a lead optimization tool.
Over the past four decades, SBDD has afforded tremendous achievements and a
vast number of important targets have been characterized structurally, which has
3
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enabled the discovery of new drugs using SBDD. The number of 3D structures
of protein and protein–ligand complexes has been increasing exponentially
(Figure 3),17 which should accelerate hit/lead discovery in the early stages of drug
discovery.

Figure 3. Total number of PDB structures throughout the years until 2014. 17

The fundamental assumption of SBDD is that a ligand should bind its target
strongly. Thus, the basic rule for SBDD is to model and calculate the binding
affinity of a new ligand to its target protein and use it as the essential selection
criterion.
Nevertheless, there are some limitations. The actual binding mode of the smallmolecule inhibitor and the structure of the target in solution is often not directly
comparable with the protein–ligand crystal structure. When the protein is in
solution, it is more flexible and can adopt more conformations than in the solid
state where the protein is conformationally restricted. Crystal-packing effects can
cause different binding modes, which has already been shown in the literature.
The Diederich group found two different binding modes for the same HIV
protease–ligand complex during co-crystallization studies.18 The Klebe group
also demonstrated that due to different soaking- and co-crystallization conditions,
different binding modes were observed. 19

4
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1.2

Fragment-based drug design

Over the past decades, fragment-based drug design (FBDD) has emerged as a
novel paradigm in lead discovery.20–22 FBDD has higher hit rates than highthroughput screening (HTS), with a better coverage of the chemical space. 21 Even
though the origin of FBDD dates back some 30 years, it has been actively used
only since the mid-1990s.23 Since then, FBDD has expanded very rapidly and
nowadays most pharmaceutical companies use FBDD, which has enabled the
development of more than 18 drug candidates that have entered clinical trials.24
FBDD consists of two steps, the identification of fragment hits followed by the
optimization of fragment hits to lead compounds. Construction of the fragment
library is a key step for the identification of fragment hits. Several factors should
be considered when designing the fragment library. Congreve and co-worker at
Astex introduced the “rule of three,”25 which was derived from the “rule of five”,
consists of a set of criteria to be fulfilled by the fragment:
x
x
x
x
x

molecular weight < 300
cLogP ≤ 3
number of H-bond donors ≤ 3
number of H-bond acceptors ≤ 3
number of rotatable bonds ≤ 3

This rule has been acknowledged by many medicinal chemists and could be used
to design the fragment library.26 The fragment library should be structurally
diverse so as to cover a large area of the chemical space. As the fragments bind
weakly to the protein target, the binding affinity measurement is generally
performed at higher concentration of the fragments, which requires highly soluble
fragments in the fragment library.
In the second step of FBDD, the best fragments are chosen for optimization into
lead compounds. The optimization of fragments is done in mainly two ways,
fragment growing and fragment linking. In fragment growing, one fragment is
grown towards an adjacent pocket to afford a lead-like compound.27–31 In
fragment linking, two (or more) fragments, which bind to adjacent pockets of the
active site, are linked together to generate a larger compound with a higher
affinity (Figure 4).32

5
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Figure 4. Fragment linking and fragment growing in FBDD.

Nevertheless, there are some challenges. Preserving the binding modes of the two
fragments bound to adjacent pockets, as required in fragment linking, is
considered attractive given the potential for super-additivity (an improvement of
ligand efficiency (LE) rather than just maintenance of LE), but at the same time
very challenging.32 On the other hand, fragment growing is time-consuming as it
requires synthesis of derivatives and validation of their binding mode at each step
of the fragment-optimization cycle.
To overcome these hurdles in SBDD and FBDD, we developed several strategies
in which we combine SBDD and FBDD with dynamic combinatorial chemistry
(DCC) for the identification and optimization of hit/lead compounds.

1.3

Dynamic combinatorial chemistry

Dynamic combinatorial chemistry (DCC) allows for the reversible combination
of molecular building blocks via covalent or non-covalent bonds,33–36 affording
dynamic combinatorial libraries (DCLs) of potentially complex and
interchanging products in an efficient manner. Given that the reaction between
the building blocks is reversible, the product distribution is dictated by the
thermodynamic stability of the compounds formed. A DCL has the advantage
over a classical combinatorial library that it is responsive to external stimuli such
as the addition of a target, which causes the composition of the library to reequilibrate upon selection and binding of the library members with the strongest
affinity for the target. 34 Ultimately, this leads to amplification of the best binders,
which can be identified circumventing the need for synthesis, purification and
characterization of every individual library member. Protein-templated DCC was
used for the first time in the late 1990’s, leading to the identification of its own
6
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inhibitors.37 Protein-templated DCC thus offers an efficient and powerful
approach for the acceleration of the identification and optimization of novel
ligands for biological targets, and therefore holds an enormous potential for drug
discovery (Scheme 1).38–43 In short, protein-templated DCC combines the
synthesis of inhibitors and screening for affinity for the drug target in a single
operation where the target selects its own inhibitors. We will discuss one recent
application of each type of reversible reactions used for the identification of
protein ligands over the past decade.

Scheme 1. Schematic representation of the fundamental concept of protein-templated DCC.

1.3.1

General features of DCC applied to protein targets

Several reversible reactions have been used in protein-templated DCC where the
target is a protein (Scheme 2).44–51 Most of these reversible reactions can be
carried out in aqueous media, which makes them biocompatible. The reversible
reaction chosen for DCL formation should equilibrate fast enough under the
conditions where the protein is stable, usually an aqueous medium in a certain pH
and temperature window. In case of sluggish reactions, use of a catalyst such as
aniline might be required, which can be used as a nucleophilic catalyst for
acylhydrazone formation.52,53 The reactions should be chemoselective to avoid
cross-reactivity with functional groups of the building blocks or the target. 37,54
DCL formation can be carried out in presence (adaptive DCC) or absence (preequilibrated DCC) of the target. The former set-up is certainly preferred as it
endows the system with true adaptability. In the latter case, the protein is added
to the pre-equilibrated DCL, which is necessary for targets that are unstable under
the conditions required for DCL generation. 54 To ensure formation of an unbiased
DCL, building blocks of comparable reactivity and energy should be used. If
mass spectrometry (MS) is to be used as an analytical tool, selection of building
blocks should avoid having products or building blocks of similar or identical
molecular weight. Furthermore, all building blocks and products need to be
soluble to preclude that the DCL is biased by precipitation of some of its
7
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members. Solubility of organic ligands is usually ensured by the use of an organic
co-solvent such as DMSO. The concentration of organic co-solvent needs to be
chosen such that it maximizes solubility of the organic components whilst not
affecting the protein target. A DCL should be “frozen” in the presence of the
target protein for convenient analysis and to ensure its composition is fixed. There
are multiple ways of achieving this: subsequent irreversible functionalization
such as reduction of the reversible imines to amines,37 pH change from basic to
acidic pH for disulfide exchange or removal or inactivation of the catalyst. 54 It is
important to note that the parameters used for DCL generation will also affect the
equilibrium composition and amplification factors (e.g., building-block and
target concentration, respectively). Finally, the protocol and analytical method
need to be chosen based on how readily available the protein is. Saturationtransfer difference (STD)-NMR spectroscopy, for instance, only works if the
ligand is used in excess, therefore requiring significantly less protein than liquid
chromatography – mass spectrometry (LC-MS).

Scheme 2. Reversible reactions used in protein-templated DCC to generate bioactive compounds.
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1.3.2

Reversible covalent bond formation for protein targets

1.3.2.1 C=N bond formation
1.3.2.1.1

Imine formation

In 1997, the group of Lehn first applied DCC to a protein target using imine
formation/exchange.37 Since then, imine-based DCC has been used by several
groups for proof-of-concept studies using biological targets. 50,55–60
In 2009, the groups of Barboiu and Supuran have exploited DCC based on imine
interconversion for the identification of inhibitors of human carbonic anhydrase
(hCA II).58 Carbonic anhydrases are zinc metalloenzymes, which are responsible
for numerous physiological and pathological processes, by catalyzing the
hydration of carbondioxide to bicarbonate. 61 To demonstrate the use of reversible
imine formation, it was applied for the DCC-mediated identification of isozymespecific inhibitors of the pharmacologically most relevant isoform hCA II. A
library of 20 imines that should have affinity for the hCA II isozyme, were
selected. To generate the imine-based DCL, a set of four aldehydes 5a–d and a
ten-fold excess of five amines 6a–e was employed to ensure full conversion to
the corresponding imines (Scheme 3). Aromatic amines and aldehydes were used
given that they form stable Schiff’s bases at pH 6.5, which are able to interact
with different CAs, affording access to potentially effective inhibitors. The
aromatic amines were selected so as to contain a sulfonamide, a carboxylic and a
carboxymethyl group, which are able to bind zinc strongly, weakly or not at all,
respectively.
Various aromatic aldehydes were chosen to explore the hydrophobic pocket
adjacent to the active site of hCA II. Addition of protein altered the initial
equilibrium distribution of the DCL, which was analyzed in the absence and
presence of protein by HPLC. Having frozen the equilibrium by reducing the
imines to the corresponding amines with NaBH 3 CN, the reduced amines were
subsequently identified by comparing the retention time with pure compounds.
Some of the imines were not formed, which might be ascribed to the weak
reactivity of the aromatic amines with electron-withdrawing substituents in the
para-position.62 All possible 20 amines were synthesized and inhibition constants
were determined against hCA II (Table 1). Generally speaking, the DCL
screening results correlate with the inhibition studies. Five amines (5a-6c, 5a-6d,
5a-6e, 5b-6d and 5d-6e) were amplified in presence of hCA II and three of them
9
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(5a-6c, 5a-6d and 5b-6d) showed amplification factors of more than 1.4 and very
good inhibitory potency confirming the importance of the sulfonamide moiety of
6c and 6d in combination with hydrophobic aldehydes 5a and 5b. The poor
correlation observed for the significantly longer ethylamine 5a–6e, which
displayed weak inhibition but strong amplification in the DCL screening, might
be due to the strong affinity of the sulfonamide group for the zinc cation. Amine
5d-6e, which showed strong amplification in the DCL screening as well as good
inhibition of hCA II, seems to constitute a good balance of unfavorable entropic
loss and favorable enthalpic gain imparted by the longer ethylamine chain of 6e
and the hydrophobic and hydrogen-bonding interactions of aldehyde 5d,
respectively. This study illustrates the power of imine-based DCC for the
identification of enzyme inhibitors and sets the stage for subsequent optimization
of isozyme-specific inhibitors.
Table 1. Ki values against human carbonic anhydrase II and the relative HPLC-UV peak areas of
the identified amines (reduction of imines) formed in DCLs. 58
Inhibitor
5a-6c
5a-6d
5a-6e
5b-6d
5d-6e

Ki (n M)
21.4
38.5
160.0
24.0
51.5

a

Relative peak areaa
1.6
1.5
2.3
1.4
2.3

relative peak area was calculated using ratio of HPLC-UV peak area in presence and in absence
of protein.

10
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Scheme 3. a) Reversible formation DCLs based on imine formation followed by reduction to the
corresponding amines. b) Initial aldehydes 5a–d and amine building blocks 6a–e. c) Inhibitors (56) identified from screening experiments with human carbonic anhydrase II. 58

1.3.2.1.2

Hydrazone formation

Hydrazone chemistry has first been used by the group of Sanders and Fischer and
proved to be highly suitable for DCL synthesis. 63,64 Since then, hydrazone-based
DCC has been used by several groups for proof-of-concept studies using
biological targets.
In 2003, Congreve and co-workers at Astex demonstrated for the first time that
X-ray crystallography can be used to detect binders directly from a DCL by
exposing protein crystals to the library. 49 The cyclin-dependent kinase 2 (CDK2),
which is involved in a number of human cancers, was used for this proof-ofconcept study.36,37 A library of potential hydrazone inhibitors that would display
a variety of functional groups in the hydrophobic regions of the ATP-binding site
11
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was chosen taking inspiration from the known oxindole inhibitor series for
CDK2. Based on these hydrazones, a range of hydrazines 7a–f and isatins 8a–e
were selected as the building blocks for the DCL (Table 2), giving rise to
potentially 30 hydrazones. Having established the hydrazone chemistry in
aqueous media, the reactions were performed in presence of protein crystals.
Soaking experiments with CDK2 crystals and mixtures of the hydrazine 7e and
each of the isatins (8a–e), led to electron density in the ATP-binding pocket
implying that the corresponding hydrazones had bound to the protein crystal
except for one combination (7e + 8d). Biochemical evaluation of these bound
hydrazones showed that all of them are potent inhibitors of CDK2 with IC 50
values of 30 nM except for 7e-8d, which was not observed by protein
crystallography and was found to be inactive against CDK2 (Table 3).
Table 2. Generation of hydrazine-based dynamic combinatorial libraries of hydrazines 7a–f and
isatins 8a–e for screening by X-ray crystallography for binding to cyclin-dependent kinase 2a .49

8a
8b
8c
8d
8e

7x8

7a

R5
R5
R5
R7
R5

10–25
60–95
10–25
30–50
30–50

= NO2
= Cl
= SO3 H
= CF3
= OCF3

[b]

7b
R1 = Cl
60–95
60–95
60–95
60–95
60–95

7c
R2 = Cl
60–95
60–95
30–50
60–95
60–95

7d
R3 = Cl
30–50
60–95
10–25
60–95
60–95

7e
R3 = SO2 NH2
60–95
60–95
60–95
60–95
60–95

7f
R1 = Cl; R3 = SO2 NH2
30–50
30–50
30–50
30–50
10–25

[a]

Values indicate the extent to which the reaction occurred in aqueous solution after 2 days at
room temperature as measured by percentage purity using peak area of the product by LC-M S (10–
25%, 30–50%, or 60–95% of total peaks excluding solvent front). [b] R groups = H, unless indicated
otherwise.

Increasing the level of complexity, this method was used to analyze the ligands
from DCLs. Soaking experiments of two DCLs containing 7a–d + 8b and 7a–f +
8b and CDK2 crystals only led to electron density in the ATP-binding pocket for
the latter case corresponding to the potent hydrazone 7e-8b, as expected. Finally,
12
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the full DCL consisting of 7a–f and 8a–e was exposed to CDK2 crystals, and 7e8b was again observed in the ATP-binding pocket, which clearly indicates that
X-ray crystallography is an efficient and powerful technique to detect binders
form DCLs whilst also providing information on the binding mode. This method
also has several advantages over conventional DCC analytical protocols: it is less
time-consuming, requires small amounts of protein, circumvents the need for
conventional synthesis, purification, and analysis of DCL members and provides
the binding mode of the ligands identified. Despite these unique advantages, this
method has not been followed up on, which is most likely due to the fact that
protein X-ray crystallography requires a specific expertise and infrastructure that
is not immediately available in an organic chemistry laboratory.
Table 3. Summary of X-ray crystallography experiments and biochemical-assay results of
hydrazone-based dynamic combinatorial libraries exposed to crystals of cyclin-dependent
kinase 2.49
Mixture composition
7e + 8a
7e + 8b
7e + 8c
7e + 8d
7e + 8e
7a–d + 8b
7a–f + 8b
7a–f + 8a–e

1.3.2.1.3

Product
YES
YES
YES
NO
YES
NO
YES (7e -8b)
YES (7e -8b)

IC50 (nM)
30
30
30
inactive
30
-

Acylhydrazone formation

Acylhydrazone formation, which was first introduced by Sanders as a powerful
reversible system for abiological DCC. 65–67 Since then, acylhydrazone-based
DCC has been used by several groups for proof-of-concept studies using
biological targets.44,53,68,69
Nucleophilic catalysis of acylhydrazone equilibration was first demonstrated by
the group of Greaney in 2010. 53 Until this report, acylhydrazone chemistry was
considered to be only of limited use for protein-templated DCC given the
requirement for acidic pH, which is incompatible with most protein targets. This
study has shown that in presence of target protein, the reversible formation of
acylhydrazones can be achieved by using aniline as a nucleophilic catalyst at
relatively less acidic pH. In the presence of aniline, DCLs are fully reversible and
equilibrate in 6 hours at pH 6.2 instead of 5 days without aniline. The equilibrium
of the DCLs can be switched on and off by changing the pH. These DCLs were
13

501868-L-sub01-bw-Mondal

templated with two isozymes of glutathione S-transferase (GST), which play an
important role in cell detoxification and are emerging targets for the treatment of
drug resistance in chemotherapy and tropical diseases, and different amplification
effects were observed.
DCLs were composed of one aldehyde 9, derived from the known GST substrate
chloro-2,4-dinitrobenzene, and a 2.5-fold excess of each of the ten hydrazides
10a–j (eight acyl and two sulfonyl hydrazides) in presence of 10 mM aniline at
pH 6.2 (Scheme 4a). The large excess of hydrazides ensures pseudo first-order
behavior and also faster equilibration rates with respect to the aldehyde. Two
recombinant GST isozymes were exposed to the pre-equilibrated DCLs, and
amplification was analyzed. LC-MS analysis showed that in each of the DCLs a
different acylhydrazone was amplified: thiophene acylhydrazone 9-10g was
amplified in presence of SjGST and t-butylphenyl hydrazone 9-10c in presence
of hGST (Scheme 4b).
Owing to the poor solubility of the acylhydrazones 9-10g and 9-10c, their
accurate IC50 values could not be determined. To overcome this problem and at
the same time anchor the compounds at the active site, the DCLs were
regenerated in presence of glutathione (11, GSH)-conjugated aldehyde 12 and the
same ten hydrazides 10a–j (Scheme 4a). As before, similar amplification was
observed for both GST targets: thiophene acylhydrazone 12-10g was selected by
SjGST and t-butylphenyl acylhydrazone 12-10c by hGST (Scheme 4b). To
confirm that the amplification effects are not due to target-accelerated synthesis,
SjGST was added to the pre-equilibrated DCC, and the same equilibrium
distribution was achieved. Compound 12-10g and 12-10c were found to have IC50
values of 22 and 57 μM against SjGST and hGST, respectively.
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Scheme 4. Aniline-catalyzed generation of acylhydrazone-based dynamic combinatorial libraries
of a) aldehydes 9 or 12 and ten hydrazides 10a–j. b) Structures of GSH (11) and 12. c)
Acylhydrazones amplified in the presence of GST isozymes. 53
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1.3.2.2 C–C bond formation: Alkene cross metathesis
Cross metathesis (CM) was first introduced by the group of Nicolaou, employing
a biphasic reaction medium to connect vancomycin monomers in the presence of
dipeptides of the type D-Ala-D-Ala.70
In 2006, the group of Poulsen first introduced CM to protein-templated DCC,
constituting the first report with a protein target. 45 They used an FBDD approach
exploiting DCC to identify small-molecule inhibitors for bovine carbonic
anhydrase II (bCA II). bCA II is an attractive drug target as it is responsible for
glaucoma, epilepsy, gastric ulcers and cancer tumor progression. To facilitate the
proof-of-principle studies, an allylic ester benzene sulfonamide 13 was used as
an anchor. The bifunctional building block 13 was designed so as to contain both
an aromatic sulfonamide moiety and a terminal alkene substituent for recognition
of bCA II and to enable CM, respectively. Ten diverse terminal alkenes 14a–j
(Figure 5a) were chosen for CM with the anchor building block 13 to explore
additional favorable interactions, which might complement the established
binding of an aromatic sulfonamide fragment by bCA II.

Figure 5. a) Building blocks 13 and 14a–j used for generation of dynamic combinatorial chemistry
using alkene cross metathesis for templating by bovine carbonic anhydrase II. b) Structure of 15
used in competitive fluorescence assay.45

A total of ten DCLs were designed, each containing scaffold building block 13
and each individual terminal alkene (14a–j), resulting in the formation of threecomponent DCLs, consisting of homodimers 13-13 – 14j-14j, etc. individually
and heterodimer 13-14a, 13-14b, etc. (Scheme 5). To facilitate the formation of
heterodimers, a ten-fold excess of each terminal alkene (14a–j) was used with
respect to compound 13 in each DCL. The CM was done in presence of 20%
Grubbs first-generation catalyst immobilized on a polystyrene support in
dichloroethane as a solvent. For analysis by ESI-MS and a competitive
fluorescence-based
assay
with
the
ligand
5-(dimethylamino)-116
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naphthalenesulfonamide 15 (dissociation constant Kd (15) = 0.3 μM , Figure 5b),
samples of the pre-equilibrated DCLs54,68 were diluted with acetonitrile and
water, respectively.

Scheme 5. Generation of pre-equilibrated dynamic combinatorial libraries using alkene cross
metathesis of building blocks 13 and each of 14a–j individually for templating by bovine carbonic
anhydrase II.45

Screening of the DCLs using the competitive binding assay, revealed that the CM
product with the highest affinity is 13-14h with a terminal acetate group, which
displaces 15 by 77%. Less strong binders 13-14i and 13-14j displace 15 by 45%
and 37%, respectively. Next to the heterodimers, only one binding homodimer
13-13 was detected with 88% displacement of 15 (Figure 5b).
Table 4. Bovine carbonic anhydrase II enzyme binding assay for 13-13, 13-14h–j.45
Compounds

a

Ki (n M)a

structures

13-13

5.1

13-14h

4.9

13-14i

6.6

13-14j

8.5

bCA II binding data using competitive displacement of 15 from bCA II, Kd (15) = 0.3 μM.

To validate the screening results obtained from crude DCLs, dimers 13-13 and
13-14h–j were synthesized and tested for bCA II binding. They were found to
display Ki values of 5.1, 4.9, 6.6 and 8.5 nM , respectively (Table 4). These results
are in good agreement with the screening results. This report represents the first
application of both heterogeneous catalysis and CM as a reversible reaction in
17
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protein-templated DCC. The approach proved to be very efficient in identifying
inhibitors of bCA II and has two main advantages: firstly, the good agreement
between the affinities for the target obtained from the screen of the DCL without
and with prior purification indicates that synthesis and purification of individual
CM products can be avoided. Secondly, use of a heterogeneous rather than a
homogeneous catalyst enables straightforward control over the reaction by simple
filtration and re-addition of the catalyst. Use of a water-soluble Grubb’s catalyst
should circumvent the requirement for the less elegant pre-equilibrated DCC
strategy when using CM as a reversible reaction.71
1.3.2.3 C–S bond formation
1.3.2.3.1

Hemithioacetal formation

In 2010, the group of Ramstrӧm demonstrated that reversible hemithioacetal
formation in aqueous media can be used for protein-templated DCC.48 βGalactosidase, a hydrolase that catalyzes the hydrolysis of O-glycosidic linkages
of β-galactosides, was used as a target protein for the proof-of-concept study. The
addition of thiols to aldehydes leads to the fast and reversible formation of
hemithioacetals, which are in equilibrium with the starting materials.
For their proof-of-concept study, Ramstrӧm and co-workers used a selection of
five thiols 16a–e and two aldehydes 17a and 17b based on the known substrate
o-nitrophenyl-β-galactopyranoside (18) and the inhibitor isopropyl-1-thio-β-Dgalactopyranoside (19) of β-galactosidase (Scheme 6) to construct a DCL of
potentially ten hemithioacetals (20 stereoisomers). Both aldehydes are in
equilibrium with their hydrates 20a and 20b (Scheme 6). 1 H-STD-NMR
spectroscopy was used to identify the binders from the DCL, which we already
introduced in the section on acylhydrazone-based DCC. Given that
hemithioacetal formation and dissociation are fast with respect to the NMR
relaxation time at pH = 7.2, required for protein stability, these conditions lead to
virtual DCL formation; only in presence of enzyme, those hemithioacetal
products that also bind to the target are formed, leading to a substantial reduction
in the signal-to-noise ratio. 1 H-STD-NMR analysis of the DCL supported the
hypothesis that only hemithioacetals containing galactose would be selected by
the protein: the proton signal from compound 16a and both of the aldehydes 17a
and 17b and their hydrates 20a and 20b are clearly visible. Competition
experiment showed that only the first compound binds specifically to the target.
Comparison of 1 H-STD-NMR spectra of the full DCL with subsequent reference
18
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experiments suggested that hemithioacetals 16a-17a and 16a-17b, containing
galactose, are interacting with β-galactosidase.

Scheme 6. a) Generation of hemithioacetal-based virtual dynamic combinatorial libraries of thiols
16a–e and aldehydes 17a and 17b for analysis by 1H-STD-NM R spectroscopy for binding to βgalactosidase. b) Known substrate 18 and inhibitor 19 of β-galactosidase.48

To confirm the 1 H-STD-NMR results, inhibition assays were performed for each
combination of thiol and aldehyde using the substrate 18. The hydrolysis of
substrate 18 by β-galactosidase to o-nitrophenol was monitored in presence and
absence of each dynamic system. The hemithioacetals 16a-17a, 16a-17b and
thiol 16a were confirmed as the most potent inhibitors, decreasing the rates of
substrate hydrolysis by 12-, 4- and 2-fold, respectively. The combined results of
1
H-STD NMR spectroscopy, enabling in situ identification of the binders, and the
inhibition assay confirmed the first successful application of hemithioacetal
formation in protein-templated DCC for the discovery of β-galactosidase
inhibitors. The rapidly equilibrating system gives rise to virtual DCLs, which
enable a rapid and efficient analysis. Given the labile nature of hemithioacetals,
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however, transformation into stable analogues is an absolute requirement for this
reversible system.
1.3.2.3.2

Thioether formation

The group of Greaney demonstrated for the first time in 2006 that the reversible
conjugate addition of thiols to enones can be used in protein-templated DCC.51
This reaction is particularly suitable for protein-templated DCC given that
thioether formation and exchange are fast, freely reversible responsive to pH
changes and take place in aqueous media.72 To demonstrate the proof-ofprinciple, GST was used as the protein target, which has already been introduced
in the section on acylhydrazone-based DCC. Initially, a biased DCL was
generated to establish equilibration times. Using GSH (11, endogenous substrate
of GSTs) and three GSH analogues 21a–c as the thiol building blocks and
ethacrynic acid (EA, 22) as the enone (Scheme 7). These three GSH analogues
were designed to be weak binders of the GSH-binding site as they differ from
GSH at the γ-glutamyl residue, which is crucial for binding. 73 The enone 22 was
selected as it is a known inhibitor of GSTs.
The thiols 11, 21a–c and the enone 22 afforded four thioethers 22-11 and 22-21a–
c, which reached equilibrium in 1 hour and re-equilibrated upon addition of
SjGST, collapsing to only one thioether 22-11 in 10 minutes, indicating that the
enzyme accelerates the conjugate addition. Addition of the enzyme to the preequilibrated DCL, led to the same result but at a substantially slower rate (6 days),
which suggests that the catalytic effect of SjGST on the conjugate addition does
not affect the equilibrium distribution of the DCL. These experiments indicate
that the amplified product 22-11 is a good binder of SjGST. To confirm that the
binding affinity and amplification correlate with each other, the only amplified
compound 22-11 and a non-amplified compound 22-21c were synthesized and
subjected to the standard GST inhibition assay. 74 Inhibition results showed IC50
values of 0.32 μM and 88 μM for 22-11 and 22-21c, respectively, demonstrating
that the observed amplification is clearly related to the binding affinity.
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Scheme 7. Generation of thioether-based dynamic combinatorial libraries of thiols 11 and 21a–c
and enone 22 for templating by GST.51

GSTs contain two binding sites, a GSH-binding site, which is highly conserved
and a hydrophobic binding site, called H-site. To explore the H-site of GSTs, 14
enones 23a–n and 11 as a thiol building block were selected to construct DCLs
(Scheme 8). The DCLs were analyzed in the same way, and three amplified
products 11-23a–c emerged. To investigate the binding affinity of these amplified
products, compounds 11-23a and 11-23c, a non-amplified product 11-23d and a
depleted adduct 11-23e were synthesized and their IC50 values determined to be
0.61 μM and 1.40 μM for 11-23a and 11-23c, respectively. Compounds 11-23d
and 11-23e show IC50 values of 8.2 μM and 4.3 μM , which are ten- and seven-fold
lower than compound 11-23a (Table 5). These results show that the extent of
amplification correlates with the relative binding affinities of the DCL members
and that the system is capable of differentiating between compounds differing in
21
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IC50 value by one order of magnitude. This study has established a novel
reversible system for protein-templated DCC, namely the conjugate addition
reaction of thiols to enones.

Scheme 8. Generation of thioether-based dynamic combinatorial libraries of GSH (11) and fourteen
enones 23a–n for templating by GST.51
Table 5. IC50 values of the amplified (11-23a and 11-23c), non-amplified (11-23d) as well as
depleted adduct (11-23e) upon templating by GST.51
Inhibitor

Structure

IC50 (μM)

11-23a

0.61

11-23c

1.40

11-23d

4.30

11-23e

8.2
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1.3.2.4 S–S bond formation: Disulfide-bond formation
Reversible disulfide-bond formation was first introduced in DCC by the groups
of Still,75 Sanders76 and Lehn54 in the late 1990’s. The first example of disulfidebased DCC applied to drug discovery was reported by the group of Lehn in
2000.54 Since then, disulfide-based, protein-templated DCC has been used by
several groups.47,54,77–81
In 2008, the group of Schofield demonstrated that dynamic combinatorial mass
spectroscopy (DCMS) analysis can be used to analyze DCLs of thiols/disulfides
under non-denaturing conditions.47 DCMS had been introduced by Poulsen for
the identification of bCAII inhibitors. 52 BcII metallo-β-lactamase (BcII MBL)
was used as a target for the proof-of-principle study. The MBL family of enzymes
are clinically important as they catalyze the hydrolysis of almost all clinically
used β-lactam antibiotics, therefore playing an important role in the development
of resistance against this class of antibiotics. 82 Dithiol 24, which is an analogue
of a known inhibitor of the MBL family,80 was selected as a “support ligand”. In
DCMS, the support ligand is anchored reversibly to the protein’s active site using
one thiol, leaving the second thiol free for disulfide-bond formation with a
suitable fragment. In the case of BcII MBL, the support ligand is anchored to the
protein through complexation to the active-site zinc cation using one of the thiols.
Initially, it was shown, using an ESI-MS binding assay, that compound 24 binds
to BcII:Zn2 ; it is likely that only one thiol chelates the Zn (II) cation, leaving the
other available for disulfide-bond formation, which confirms that compound 24
is a suitable support ligand.
The first DCL was generated using a set of 19 thiols 25a–s and the support ligand
24 in presence of BcII (Scheme 9a). Analysis of the library using DCMS, showed
the formation of BcII:Zn-disulfide complexes after 30 minutes of exposure to air.
Thiophenols 25a–f had reacted with the support ligand 24 to form disulfide
complexes BcII:Zn2 -24-25a–f. To replace the labile disulfide bond of the
compounds identified by a stable linker, a series of cysteine-based analogues
were prepared and tested. Despite not being perfect bioisosteres (the amide linker
used merely mimics the length and stereochemistry), the stable analogue 26
emerged as the most potent inhibitor with a Ki value of 740 nM , that is a 170-fold
increase in inhibitory potency with respect to the anchor 24 (Scheme 9b).
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Scheme 9. . a) Generation of disulfide-based dynamic combinatorial libraries of support ligand 24
and thiols 25a–s for templating by BcII. b) Cysteine-based stable analogue 26 of disulfide 24-25h.47

As the first DCC revealed that the support-ligand 24 specifically forms disulfide
bonds with thiophenols 25a–f to afford BcII:Zn-disulfide complexes, a second
DCL was generated using a set of thiol-derivatives based on thiophenols 25a–f
from the first DCL and the new thiophenols 26a–m as well as the support ligand
24 (Figure 6). DCMS analysis and deconvolution experiments to distinguish
between disulfides of identical/similar mass of the DCL indicated the formation
of four disulfide complexes BcII:Zn2 -24-25a–c, BcII:Zn2 -24-25d–f, BcII:Zn2 -2426i and BcII:Zn2 -24-26k. To validate the DCMS results, amide analogues 27 and
28 of disulfides 24-26k and 24-26m (the latter was included as a control given
that it was not observed to bind) respectively, were synthesized and tested for
inhibition of BcII. Despite remaining relatively potent, compounds 27 (Ki =
13.5 μM ) and 28 (Ki = 8.4 μM ) did not show any improvement in inhibitory
potency, although MS binding affinity of 27 was significantly stronger than 28
for BcII:Zn2 ,which validated the DCMS results. Overall, this report demonstrates
the efficiency of the DCMS technique for rapid identification of inhibitors,
which, unlike most other analytical techniques enables direct anaylsis of the
24
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protein–ligand complexes. DCMS provides both the stoichiometry and binding
strength of the protein–ligand interaction and can be applied even for protein
targets for which the substrate is unknown, a clear advantage over an enzyme
activity assay.
The main drawbacks of this method are that not all proteins can be used for nondenaturing MS analysis and that not all of the noncovalent interactions might be
translated during the transition from solution to gas phase in the same manner. 83
Up until now, multiple reports have shown reasonable agreement between the
MS binding results and solution-phase data.47,52,78

Figure 6. a) Thiols used for generation of disulfide-based dynamic combinatorial libraries for
templating by BcII. b) Amide analogues 27 and 28 of disulfides 24-26k,m, respectively based on
the second DCM S results.47

1.3.2.5 B–O bond formation: Boronate ester formation
Boronate ester formation between boronic acids and diols is attractive for DCL
formation given that it is reversible in aqueous solution at slightly basic, neutral
and slightly acidic pH depending on the pKa of the boronic acid and alcohol,
makeing it amenable to a large number of targets for protein-templated DCC.46
In 2011, the group of Claridge pioneered reversible boronate ester formation for
use in protein-templated DCC. The serine protease α-chymotrypsin (αCT) was
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chosen as a model enzyme for this proof-of-principle study.46 11 B-NMR and 1 HwaterLOGSY spectroscopy were used to monitor the ternary complexes of
enzyme, boronic acids and sugars (diols in a syn-periplanar arrangement such as
in furanoses afford more stable complexes) in the DCLs. 11 B-NMR spectroscopy
has the advantage of not having any protein background signals and is very
efficient for differentiating enzyme-bound from free ligands. The quadrupolar
nature of the 11 B nucleus (I = 3/2) is used to probe the hybridization state of the
boron atom: broad or sharper peaks are observed for a 11 B nucleus in an sp2 hybridized trigonal planar or highly symmetrical sp3 -hybridized tetrahedral
environment, respectively.84 Based on known serine-protease inhibitors, 29a–e
(IC50 of 5 μM and 14 μM for 29a and 29b, respectively) were selected as model
boronic acid fragments, and D-fructose (30a) and L-fructose (30b)85 were selected
as the alcohol fragments for use in DCC (Figure 7). Given that the pKa of most
boronic acids is around 7–9, the DCC experiments were conducted at pH 5.8 to
ensure the free boronic acid is present in its sp2 -hybridized form.

Figure 7. Boronic acids 29a–e and sugars 30a and 30b used to generate boronate ester-based
dynamic combinatorial libraries for templating by αCT. 46

Initial experiments were carried out using boronic acids 29a and 29b, 30b and
αCT, showing that both 29a and 29b are equally reactive to boronate ester
formation in solution. 11 B-NMR spectroscopy was used to monitor the interaction
of boronic acids 29a and 29b with the enzyme αCT in presence and absence of
sugars. Upon addition of 30a, ternary complex αCT-29a-30a formed
preferentially over αCT-29b-30a, which demonstrates the subtle active-site
selectivity (Scheme 10a). Subsequent experiments using 29a, 30a, 30b and αCT
revealed that 30a readily forms a ternary fructose complex αCT-29a-30a whereas
30 times more 30b is required to fully form αCT-29a-30b (Scheme 10b). To
demonstrate the pKa dependency of boronate ester formation, boronic acids 29a
and 29c–29e were selected, and cocktails of boronic acids were treated with αCT
in presence of 30a and 30b separately and the formation of enzyme–boronic acid–
sugar complexes was monitored by 11 B-NMR spectroscopy at pH 5.8. It was
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found that upon addition of αCT to the boronic acid cocktail, only boronic acid
29a formed a complex with αCT. Addition of D-fructose led to quantitative
formation of αCT-29a-30a, whereas addition of 30b only afforded 50% of αCT29a-30b (Scheme 10c). These results suggest that αCT preferentially forms the
complex with 29a out of the cocktail of boronic acids and that 29a and 30a are
preferentially bound. 11 B-NMR and waterLOGSY spectroscopy have been used
for the first time to analyze DCLs, employing high or low protein concentrations,
respectively. Even though the latter technique is more sensitive, it is prone to
signal overlap for larger DCLs. This study establishes reversible boronate ester
formation as a potentially useful reversible reaction for protein-templated DCC,
extending the palette of reactions compatible with biomacromolecules, as long as
a more suitable analytical technique is found that enables the analysis of the labile
ternary complexes.

Scheme 10. Generation of boronate ester-based dynamic combinatorial libraries for templating by
αCT using building blocks a) 29a, 29b, αCT and 30a; b) 29a, αCT, 30a and 30b; c) 29a, 29c–e,
αCT, 30a and 30b.46
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1.4

Aspartic proteases

Aspartic proteases are a class of enzymes widely found in fungi, plants,
vertebrates as well as HIV retro-viruses. These enzymes play a causative role in
several diseases, such as hypertension, amyloid disease, malaria, fungal
infections and AIDS.86 In HIV, the aspartic protease has an essential role in
maturation of the HIV-virus, making it a validated target for the treatment of
AIDS. In eukaryotes, the aspartic protease renin has a role in hypertensive action,
cathepsin D in tumorigenesis, and pepsin in the hydrolysis of acid-denatured
proteins. Therefore, the enzymes of this class of aspartic proteases are considered
as a rich source of therapeutic targets.
Most eukaryotic aspartic proteases are monomeric and comprise ~300 amino
acids. In contrast, HIV retro-viruses are dimer, comprising of two similar subunits, which are roughly equivalent to one sub-unit of eukaryotic aspartic
proteases. Each eukaryotic aspartic proteases has two structurally similar
domains, each of which donates an aspartic acid residue to form the catalytic
dyad, which cleaves the peptide bond of the substrate. The two catalytic aspartate
residues are held in a coplanar arrangement through an H-bonding network with
the surrounding amino acid residues. Because of the low pH optimum of the
aspartic proteases87 and very close proximity of the two aspartates in the active
site, it is very likely that only one of the two carboxylates is protonated. 88 A water
molecule is generally tightly bound to the two aspartates and nucleophilically
attacks the scissile amide bond of the substrate. The newly formed tetrahedral
intermediate is stabilized by H-bonds with the negatively charged D35. Cleavage
of the scissile C-N bond followed by proton transfer either from D219 (inversion
of nitrogen) or from the solvent affords the free amine (Scheme 11).88

Scheme 11. Catalytic mechanism of substrate hydrolysis by aspartic proteases (residue numbering
based on endothiapepsin).

In order to investigate the size of the active site of the aspartic proteases, several
peptidic substrates were tested against papain, and the rate of hydrolysis of
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several peptides suggests that aspartic proteases have large active site with
several sub-pockets, which extends over about 25 Å and each sub-pocket
accommodates one amino acid side chain.89 N-terminal residues of the peptide
are assigned as P1, P2, P3, etc. and C-terminal residues are assigned as P1’, P2’,
P3’, etc. and the corresponding sub-pockets are assigned as S1, S2, S3, etc. and
S1’, S2’, S3’, etc., respectively (Figure 8a). The positions, P, on the peptide
substrate are numbered starting from the scissile bond. The sub-pockets of the
active site of the aspartic protease endothiapepsin in complex with pepstatin
which inhibits all the members of aspartic protease family, is shown in Figure 8b.

Figure 8. a) Schemetic representation of the peptidic substrate and the corresponding sub-pockets,
b) X-ray crystal structure of endothiapepsin co-crystallized with pepstatin, and the assigned subpockets. Color code: protein surface: gray; pepstatin skeleton: C: green, N: dark blue, O: red.

1.4.1

Endothiapepsin

Endothiapepsin is a member of aspartic proteases and derived from the fungus
Endothia parasitica. Several crystal structures of this enzyme in complex with a
number of renin inhibitors have been characterized to develop improved
inhibitors by SBDD.90 Endothiapepsin has been used as a model enzyme for
mechanistic studies88,91,92 as well as for the development of renin93 and βsecretase 94 inhibitors. Endothiapepsin is very robust enzyme and active at room
temperature for more than 20 days,44 while available in large quantity and
crystallizes very easily, which make this enzyme an appropriate model enzyme
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for aspartic proteases. The enzyme is very cheap and has been used in cheese
production for many years.95 Like other aspartic proteases, endothiapepsin has its
pH optimum at 4.5.

1.5

Strategic combinations

Protein-templated DCC combines the synthesis of inhibitors and screening for
affinity for the drug target in a single operation where the target selects its own
inhibitors. Several reversible reactions have been used in protein-templated DCC
over last few years.
Imine-type bond formation has been applied to medicinal-chemistry-based DCC
projects.65 In aqueous solution, required for any biological application, imines
themselves are inherently unstable. Acylhydrazones, on the other hand, offer the
right kinetic and thermodynamic balance. 96 Despite its pH-dependence, this type
of reversible linkage has started to attract attention. It requires the target protein
to be stable at room temperature for one week (pH 7.2),53 the use of aniline as a
nucleophilic catalyst (pH 6.2)97 or an acidic buffer system (pH < 6).
Acylhydrazones are attractive for biological DCC given that the building blocks
are readily available, afford an amide-type linkage offering both hydrogen-bond
donor and acceptor sites for molecular recognition by the target and are
sufficiently stable both at acidic and physiological pH to enable direct analysis of
the DCL (Figure 9).44 As the pH optimum of endothiapepsin is 4.5 and we have
shown that the enzyme is stable under the same conditions at room temperature
for more than 20 days, making it an ideal target enzyme for a SBDD/FBDD
projects exploiting acylhydrazone-based DCC.
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Figure 9. 1H NM R spectra (S)-H4-A4 at pH 4.2 in different time intervals. We monitored the
stability of an acylhydrazone 31 in aqueous medium at pH 4.2 and pH 7 by 1H NM R studies. At pH
4.2, even after 24 hours the acylhydrazone was only hydrolyzed by 7%. At pH 7, even after 24
hours we did not observe any hydrolyzed product (aldehyde).

In FBDD, once a fragment has been identified, it has to be optimized to a lead
compound by fragment growing or linking. Although, fragment growing has
become the optimization strategy of choice,28–30,98 at the same time it is more
time-consuming as it involves synthesis and validation of the binding mode of
each derivative in the fragment-optimization cycle. Fragment linking, on the
other hand, is very attractive because of its potential for super-additivity, but at
the same time very challenging as it requires the preservation of the binding
modes of the individual fragments in adjacent pockets and identification of the
best linker with an optimal fit.32 It is presumably due to these challenges that there
are only few reports of fragment linking. In SBDD, most reports deal with the
optimization of an initial hit discovered by other means, whereas de novo SBDD
is rarely used. To overcome these hurdles, we combined several
FBDD/de novo SBDD projects with DCC and protein-templated click chemistry
(PTCC, this is introduced in detail in Chapter 6) for the
identification/optimization of hits/leads for the aspartic protease endothiapepsin.
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1.5.1

Overview

In Chapter 2, we will discuss the development of a powerful technique that
combines de novo SBDD and DCC for the rapid identification of novel hits.
Chapter 3 will demonstrate the development of an efficient approach that
combines fragment linking and DCC to accelerate hit-to-lead optimization. In
Chapter 4, we will discuss the optimization of an initial hit. In Chapter 5, we will
discuss the development of a technique that combines fragment growing and
DCC for the rapid optimization of a fragment. Finally, in Chapter 6, we1 will
demonstrate the development of a method that combines fragment
linking/optimization and PTCC to accelerate the hit-identification process for the
aspartic protease endothiapepsin.
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Chapter 2

Structure-Based Drug Design of Inhibitors of
the Aspartic Protease Endothiapepsin by
Exploiting Dynamic Combinatorial Chemistry
Structure-based drug design (SBDD) can be used for the design and/or
optimization of new inhibitors for a biological target. Whereas de novo SBDD is
rarely used, most reports on SBDD are dealing with the optimization of an initial
hit. Dynamic combinatorial chemistry (DCC) has emerged as a powerful strategy
to identify bioactive ligands given that it enables the target to direct the synthesis
of its strongest binder. We have designed a library of potential inhibitors
(acylhydrazones) generated from five aldehydes and five hydrazides and used
DCC to identify the best binder(s). After addition of the aspartic protease
endothiapepsin, we characterized the protein-bound library member(s) by
saturation-transfer difference NMR spectroscopy. Cocrystallization experiments
validated the predicted binding mode of the two most potent inhibitors, thus
demonstrating that the combination of de novo SBDD and DCC constitutes an
efficient strategy for hit identification and optimization.

This chapter is adapted from the original paper:
M. Mondal, N. Radeva, H. Köster, A. Park, C. Potamitis, M. Zervou, G. Klebe
and A. K. H. Hirsch, Angew. Chem. Int. Ed., 2014, 53, 3259–3263.
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2.1

Introduction

Structure-based drug design (SBDD) is a powerful strategy to design and/or
optimize bioactive compounds.1–3 Whereas de novo SBDD is rarely used,4,5 most
reports on SBDD deal with the optimization of an initial hit discovered by other
means. Therefore, the combination of SBDD and DCC would represent a highly
efficient hit-identification strategy in a range of medicinal-chemistry projects. In
the present study, we have used de novo SBDD in combination with
acylhydrazone-based DCC and 1 H-STD-NMR spectroscopy to identify a new
family of potent hits for endothiapepsin, which belongs to the notoriously
challenging class of aspartic proteases.6 Saturation-transfer difference (STD)
NMR spectroscopy, which enables the direct characterization of target–ligand
interactions in solution,7–12 has been applied to identify DCL members bound to
the target.13 Finally, we have validated the proposed binding mode of the
inhibitors by X-ray crystallography.

2.2

Results and Discussion

2.2.1

De novo structure-based design

We have used two crystal structures of endothiapepsin (PDB: 3PBD and 3PI0)
that represent two alternative binding modes: with and without a
crystallographically localized water molecule. We did not use the fragments as a
starting point but only the structure of the enzyme. 14 We designed a series of
acylhydrazones to address the catalytic dyad through hydrogen-bonding
interactions, by using the molecular-modeling software MOLOC15 and the FlexX
docking module in the LeadIT suite. 16 The acylhydrazone moiety appeared to be
a suitable central scaffold, as modeling suggested it was anchored to the active
site through a strong hydrogen-bond network with the catalytic dyad. We
introduced an α-amino group that can form charge-assisted hydrogen bonds to
the catalytic dyad as well as to amino acid residues D81, D33, D221, or D222.
We modeled two alternative binding poses, in which the acylhydrazone addresses
the catalytic dyad either directly or via the catalytic water molecule (Figure 1).
During the modeling study, the E isomers emerged as the most suitable scaffolds,
displaying two vectors pointing towards the S2, S1, S1’, and S2’ pockets.
Inspection of the cocrystal structures of endothiapepsin with 11 fragments,14 as
well as hot-spot17 analyses of the active site of endothiapepsin showed that both
aromatic and aliphatic substituents can be accommodated in the S2, S1, S1’, and
S2’ pockets surrounding the catalytic dyad. According to our modeling study,
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both mono- and bicyclic aromatic moieties can be accommodated by the S1’/S2’
pocket, whereas the hydrophobic S2 pocket is best occupied by a mesityl
substituent. The S1/S1’ pocket can host an indolyl, isobutyl, or phenyl moiety.
We selected a series of acylhydrazone-based inhibitors (Figure 2), retrosynthesis
of which led to five hydrazides H1–H5 and five aldehydes A1–A5 (Scheme 1).

Figure 1. Superposition of M OLOC-generated molecular models of potential inhibitors featuring
a) direct hydrogen bonding with the catalytic dyad in the active sit e of endothiapepsin (PDB code:
3PBD) and b) hydrogen bonding with the catalytic dyad in the active site of endothiapepsin through
the catalytic water molecule (PDB code: 3PI0). Color code: protein backbone: gray; inhibitor
skeletons: C: green, violet, purp le, blue; N: dark blue; F: cyan; O: red; crystallographically localized
water molecule: red sphere.

Scheme 1. Retrosynthesis of designed acylhydrazones and the structures of corresponding
hydrazide and aldehyde building blocks.
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Figure 2. Schematic representation of the predicted binding modes of acylhydrazone-based
inhibitors (S)-H1-A1, H5-A1, (R)-H3-A1, (R)-H3-A4, (R)-H3-A5, (S)-H4-A4 in the active site of
the endothiapepsin. These binding modes are the result of a docking run using the FlexX docking
module with 30 poses and represent the top -scoring pose after HYDE scoring and careful visual
inspection to exclude poses with significant inter- or intra-molecular clash terms or unfavorable
conformations. The Figure was generated with PoseView as implemented in the LeadIT suite.

2.2.2

Synthesis of building blocks

Whereas all the aldehydes as well as hydrazide H5 are commercially available,
hydrazides H1, H3 and H4 were obtained in 80–90% yield from their
corresponding enantiomerically pure methyl esters by treatment with hydrazine
monohydrate (Scheme 2a). For the synthesis of hydrazide H2, we took advantage
of an asymmetric Strecker reaction18 starting from commercially available parafluorobenzaldehyde 1 (Scheme 2b). α-Aminonitrile 2 (34% yield, 98% de) was
formed from aldehyde 1 and chiral auxiliary 3 using the diastereoselective threecomponent Strecker reaction reported by James and co-workers. Hydrolysis of αaminonitrile 2 afforded α-arylglycine (4) (78% yield, 81% ee), which was
esterified with saturated methanolic-HCl to the corresponding methyl ester
hydrochloride 5 (68% yield) followed by treatment with hydrazine monohydrate
to afford the hydrazide building block H2 in 89% yield.
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Scheme 2. a) Synthesis of hydrazide H1, H3 and H4, b) H2 was synthesized starting from parafluorobenzaldehyde 1 using asymmetric Strecker reaction.18

2.2.3 Formation and analysis of DCLs using 1 H-STD-NMR
Initially, we wanted to use size exclusion spin filter to separate out protein-ligand
complexes from non-bound ligands as this method has only been used once and
we wanted to explore it. 19 Later, the non-binders containing filtrate would be
easily analyzed by LC-MS which is a widely used analytical technique to analyze
the DCLs. To separate out non-binders from the protein–ligand complexes, we
used several size exclusion spin filters. It appeared that acylhydrazones show
affinity for the filter materials and stick to the filter, which prompted us to look
for an alternative analytical method to analyze the DCLs.
We used 1 H-STD-NMR experiments to identify the best binder from the whole
library of possible component associations, as this approach enables bound
ligands to be monitored and requires only small amounts of unlabeled protein. 7–
12
To facilitate the analysis, we divided the whole library into five sublibraries,
each consisting of five hydrazides and one aldehyde, thus resulting in the
formation of five potential acylhydrazones (ten isomers, including E/Z isomers)
in equilibrium with the initial building blocks (one example is given in Scheme 3)
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The potential formation of imine products with the free amino group of the
hydrazides H1–H4 or a surface exposed Lys side chain can be ruled out because
of the use of acidic conditions. After addition of the target enzyme to the preequilibrated libraries, we identified bound acylhydrazones by analyzing the
imine-type (see Figure 3 of the corresponding reaction in Scheme 3) and α-carbon
proton signals of acylhydrazones in the 1 H-STD-NMR spectra.

Scheme 3. Formation of DCL using five hydrazides H1‒5 and aldehyde A4 and identification of
the binders by 1H-STD-NM R spectroscopy.

We identified eight binders from the five sublibraries (Figure 4). To differentiate
specific from nonspecific binding, we added the potent inhibitor saquinavir (Ki =
48 nM ) to the H1–5+A4 sublibrary, thereby leading to the appearance of its
signals at the expense of the acylhydrazones signals in the 1 H-STD-NMR
spectrum, thus confirming specific binding of the acylhydrazones H3-A4 and
H4-A4 (Figure 5).
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7)

6)
5)
4)
3)

2)
1)

Figure 3. DCL generated from H1–5 + A4: (aromatic region) 1) 1H-STD-NM R spectrum of H1–5
+ A4, 2) 1H-NM R spectrum of H1–5 + A4, 3) 1H-NM R spectrum of H3+A4, 4) H4+A4 (2 singlets
correspond to the E/Z isomers), 5) H1+A4, 6) H2+A4 and 7) H5+A4.

Figure 4. Enzymatic selection of the best inhibitors by 1H-STD-NM R analysis.

45

501868-L-sub01-bw-Mondal

Figure 5. DCL generated from H1–5 + A4 in the presence of saquinavir: (aromatic region) 1) 1HNM R spectrum of H1–5 + A4, 2) 1H-STD-NM R spectrum of H1–5 + A4, 3) 1H-STD-NM R
spectrum of H1–5 + A4 + saquinavir, 4) 1H-NM R spectrum of saquinavir.

2.2.4

Synthesis of identified acylhydrazones

To investigate the biochemical activity of the hits identified by 1 H-STD-NMR,
we performed inhibition studies using the acylhydrazones (S)-H1-A1, (S)-H1-A3,
(S)-H2-A1, (R)-H3-A1, (R)-H3-A4, (R)-H3-A5, (S)-H4-A4, and H5-A1
synthesized from their corresponding aldehyde and hydrazide precursors
(Scheme 4).

Scheme 4. General synthesis of acylhydrazones Hx-Ay starting from hydrazides Hx and aldehydes
Ay.
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2.2.5

Biochemical evaluation

We determined inhibitory potency of the identified acylhydrazones using the
mixture of E/Z isomers by applying a fluorescence-based assay adapted from the
HIV-protease assay. 20 The enzyme-activity assay confirmed the result of the 1 HSTD-NMR experiments.
Table 1. Experiemntal IC50 values, Ki values, ∆G EXPT values, LEs and calculated ΔG HYDE values of
eight acylhydrazones identified as inhibitors of endothiapepsin.
Inhibitors

IC 50 (μM)

Ki[a] (μM)

ΔG EXPT[a]
(kJ.mol -1)

LE[a]

ΔGHYDE[b]
(kJ.mol -1)

(S)-H4-A4

12.8 ± 0.4

6 ± 0.2

–30

0.27

–32[c]

(R)-H3-A5

14.5 ± 0.5

7 ± 0.2

–30

0.29

–26[d]

(S)-H1-A1

150 ± 17

71 ± 8

–24

0.27

–28[c]

(S)-H2-A1

177 ± 13

83 ± 6

–23

0.23

–23[c]

(R)-H3-A4

206 ± 19

97 ± 9

–23

0.25

–25[c]

(R)-H3-A1

352 ± 13

166 ± 6

–22

0.22

–26[d]

(S)-H1-A3

365 ± 95

172 ± 45

–22

0.30

–17[c]

H5-A1

insoluble

–

–

–

[a] Values indicate the inhibition constant (Ki), the Gibbs free energy of binding (ΔG) and ligand
efficiency (LE) derived from IC50 values using the Cheng-Prusoff equation; [b] Values indicate the
calculated Gibbs free energy of binding (ΔG HYDE; calculated by the HYDE scoring function in the
LeadIT suite); [c] Result of the docking run without catalytic water molecule (PDB code: 3PBD),
[d] Result of the docking run with catalytic-water molecule (PDB code: 3PI0).

Seven of the eight acylhydrazones indeed inhibit endothiapepsin with IC 50 values
in the range of 13 to 365 μM . We could not measure the IC50 of H5-A1 as it was
insoluble under the assay conditions. The most potent inhibitors, acylhydrazones
(S)-H4-A4 and (R)-H3-A5, feature IC50 values of 12.8 μM and 14.5 μM ,
respectively (Table 1 and Figure 6). The experimental free energies of binding
(ΔG) and ligand efficiencies (LEs), obtained from the IC 50 values using the
Cheng–Prusoff Equation,21 correlate with the calculated values from the scoring
function HYDE in the LeadIT suite (∆GHYDE ((S)-H4-A4) = 32 kJ.mol–1 , ∆GHYDE
((R)-H3-A5) = 26 kJ.mol–1 ; see Table 1).22,23
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Figure 6. IC50 inhibition curves of (S)-H4-A4 (IC50 = 12.8 ± 0.4 μM) and (R)-H3-A5 (IC50 = 14.5
± 0.5 μM). Each inhibitor was measured in duplicate and the errors are given in standard deviations
(SD), 26 experiments were performed for each measurement and only six experiments were
considered to calculate the initial slope (n = 6), 11 different concentrations of inhibitor were used
starting at 1 mM.

2.2.6

X-ray crystallography

To validate the predicted binding mode from SBDD, we soaked crystals of
endothiapepsin with the two most potent inhibitors and were able to determine
crystal structures of (R)-H3-A5 (PDB code: 3T7P) and (S)-H4-A4 (PDB code:
4KUP) in complex with endothiapepsin at 1.25 Å and 1.31 Å resolution,
respectively (Figure 7). During the soaking experiments, the enzyme selects the
E isomer from the mixture of E/Z isomers, which was also suggested by the
modeling and docking studies. This phenomenon is known in literature.24
The cocrystal structure of (R,E)-H3-A5 shows two ligands in the active site: one
binds to the catalytic dyad, whereas the second is oriented towards the solvent.
As a result of solvent exposure and lack of protein contacts, the portion of this
ligand molecule not visible in the electron density map is most likely highly
mobile and scattered over various conformational states. The (S,E)-H4-A4
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complex also exhibits two ligand molecules in the binding pocket. Of these, only
the first binds to the catalytic dyad, whereas the second ligand molecule is
solvent-exposed and, by analogy to the previous case, only fractionally visible in
the electron density and partially occupied (63%; Figure 7).

Figure 7. X-ray crystal structures of endothiapepsin co-crystallized with ligands: a) Overview of
the two molecules of (R,E)-H3-A5 (C: green, water molecules: green spheres) bound in the active
site (PDB code: 3T7P). The central ligand binds via the catalytic water molecule to Asp35 and
Asp219. b) Overview of both molecules of (S,E)-H4-A4 (C: yellow, water molecule: yellow sphere,
PDB code: 4KUP). The central ligand addresses Asp35 and Asp219 directly through its α-amino
group.

To clarify whether the additional ligands observed are only present because of
the high ligand concentrations applied during the soaking, we prepared crystals
at different concentrations (2 mM , 20 mM , and 100 mM ) and collected separate
datasets (PDB codes: 4LHH, 4KUP, and 4LBT). Remarkably, at the lowest
concentration, only the binding mode engaging the catalytic dyad is observed. At
the highest concentration, population of a third binding pose is apparent. We
therefore believe that only the binding poses of (R,E)-H3-A5 and (S,E)-H4-A4
next to the catalytic dyad are relevant for our considerations.
The detailed binding modes of both ligands are shown in Figure 8. The amide NH
group of (R,E)-H3-A5 forms a hydrogen bond to the dyad, mediated by the
catalytic water molecule (Figure 8a). The imine-type N atom of the
acylhydrazone linker forms a hydrogen bond with the backbone amide NH group
of Gly80 (2.9 Å). Another hydrogen bond is observed between the carbonyl group
of the acylhydrazone and the backbone amide NH group of Asp81 (3.0 Å). The
hydroxyl group of the naphtholyl portion of the second ligand donates a hydrogen
bond via its hydrogen atom to the outer O atom of the side chain of Asp219
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(2.8 Å). Furthermore, the α-amino group of the ligand forms a weak hydrogen
bond to an adjacent water molecule, with the remainder of the ligand being bound
in the S1’ and S2 pockets and oriented towards the solvent.

Figure 8. Full binding mode of a) H3-A5 and b) H4-A4 in the catalytic active site. Color code:
inhibitor skeleton: C: green, yellow; N: blue; O: red; enzyme skeleton: C: gray. Hydrogen bonds
are shown as dashed lines (PDB code: 3T7P).

(S,E)-H4-A4 interacts differently with the catalytic dyad (Figure 8b) as it uses its
a-amino group to form direct hydrogen bonds to Asp35 (2.8 Å, 3.2 Å) and Asp219
(2.9 Å); the α-amino group occupies virtually the same position as the catalytic
water molecule in the complex with (R,E)-H3-A5. While the amide-type NH
group of the acylhydrazone linker forms a hydrogen bond to the hydroxy group
of the Thr222 side chain (2.8 Å), the indolic NH group donates its proton to form
a hydrogen bond to the carboxylate group of Asp81 (3.0 Å).
(R,E)-H3-A5 and (S,E)-H4-A4 occupy different regions of the binding pocket of
endothiapepsin. Clearly, the different binding poses are provoked by the inverted
stereochemistry at Cα. This allows (S,E)-H4-A4 to address the S1 pocket with its
indolyl moiety benefiting from CH–π interactions with Phe116 and Leu125 and
to form a salt bridge with the catalytic dyad. Furthermore, (R,E)-H3-A5 places
its hydrophobic phenyl group in the S1 pocket and is engaged in CH–π and π–π
interactions with Leu125 and Phe116, but its stereochemistry does not allow an
interaction with the dyad. Instead, the water-mediated contact through its
acylhydrazone linker is achieved. This ligand benefits from CH–π interactions
with Ile77 and Leu133 through its naphtholyl moiety in the S2’ pocket, whereas
(S,E)-H4-A4 experiences some hydrophobic contacts with Ile300 and Ile304 in
the S2 pocket. The binding poses indicated by the additional ligand molecules
soaked into the crystals at higher concentrations map out secondary interaction
sites most likely experiencing minor affinity contributions.
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2.3

Conclusions

We have demonstrated for the first time that the combination of de novo SBDD
and DCC is a powerful technique for the rapid identification of novel hits that
inhibit the aspartic protease endothiapepsin. We have exploited 1 H-STD-NMR
spectroscopy to identify the binders directly from the DCL. Among the hits
identified, the best ones exhibit IC50 values in the low micromolar range.
Subsequent cocrystal-structure determination confirmed our in silico prediction
that either direct or water-mediated interactions with the catalytic dyad can be
achieved. We have reported the first example of acylhydrazone-based inhibitors
of endothiapepsin and aspartic proteases in general. Our synergistic combination
of methods holds great promise for the acceleration of the drug-discovery
process, not only for the notoriously challenging class of aspartic proteases but
for a wide range of drug targets. By enabling the identification and concomitant
optimization of novel inhibitors, its potential would appear to be greatest when
applied during the early stages of the drug discovery process.

2.4

Experimental Section

2.4.1

General procedure for the formation and analysis of the DCLs

H1–5 + An (n=1, 2, 3, 4, 5): The five hydrazides H1–5 (5 × 3 μL, stock solution
200 mM in DMSO) and one aldehyde An (1.2 μL, stock solution 200 mM in
DMSO) were added to ammonium acetate buffer in D 2 O (570 μL, 0.1 M , pH 4.6).
The DCL was left to stand at room temperature with occasional shaking, and was
monitored periodically by 1 H-NMR spectroscopy to establish the time required
to consume all the aldehyde and form all possible acylhydrazones. After 24 hours,
endothiapepsin (0.42 μL, stock solution 5.61 mM in ammonium acetate buffer,
0.1 M , pH 4.6) was added to the pre-equilibrated DCL. Subsequently, 1 H-STDNMR spectra were recorded with 10000 scans. The bound acylhydrazones were
identified by analyzing the imine-type proton or the Cα-proton signals of
acylhydrazones in the 1 H-STD-NMR spectra. To identify which
acylhydrazone(s) appear(s) in the 1 H-STD-NMR spectra, five control
experiments were set up with each of the five hydrazides and the corresponding
aldehyde in ammonium acetate buffer.
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1

H-STD-NMR

All 1 H-STD-NMR experiments were performed at 25 ºC on a Varian 600 MHz
spectrometer. The on-resonan ce irradiation on endothiapepsin was set at ‒0.35
ppm. In each sub-library, there were one aldehyde and five hydrazides. The final
concentrations of aldehyde and each hydrazide in the DCL were 0.4 mM and 1
mM , respectively. Equilibrium was reached after 24 hours. Endothiapepsin was
added to the equilibrated DCL. The final concentration of endothiapepsin in the
DCL was 4 μM ([endothiapepsin] : [aldehyde] = 1:100). 1 H-STD-NMR spectra
were recorded with 10000 scans.

2.4.2

Fluorescence-based inhibition assay

Endothiapepsin was purified from Suparen® (kindly provided by DSM Food
Specialties) by exchanging the buffer to sodium acetate buffer (0.1 M , pH 4.6)
using a Vivaspin 500 with a molecular weight cutoff at 10,000 Da. The
measurement of the absorption at 280 nm, as suming an extinction coefficient of
1.15 for 1 mg/mL solutions, afforded the protein concentration. 29
Stock solutions (50 mM in DMSO) were prepared for all acylhydrazones (mixture
of E/Z isomers). As substrate, Abz-Thr-Ile-Nle-p-nitro-Phe-Gln-Arg-NH2
(purchased from Bachem) was used for the inhibition studies. The assay was
performed with flat bottom 96-well microplates (purchased from Greiner BioOne) using a Synergy Mx microplate reader at an excitation wavelength of 337
nm and an emission wavelength of 414 nm. The Km of the substrate toward
endothiapepsin was known, 1.6 μM .14 The assay buffer (0.1 M sodium acetate
buffer, pH 4.6, containing 0.001% Tween 20) was premixed with the substrate
and the acylhydrazones identified by 1 H-STD-NMR; endothiapepsin was added
directly before the measurement. The final reaction volume was 200 μL
containing 0.4 nM endothiapepsin, 1.8 μM substrate and 500 μM acylhydrazone
(except acylhydrazone H5-A1, which was insoluble in the assay buffer even at
125 μM concentration). In the same way, blanks were prepared using DMSO
instead of the acylhydrazone stock solution. As the substrate is a fluorogenic
substrate, during measurement the fluorescence increased because of substrate
hydrolysis by endothiapepsin. The initial slopes of the fluorescence in the
acylhydrazone-containing wells were compared to the initial slope of the blanks
for data analysis. Each compound was measured in duplicate. The final result
represents the average of both measurements.
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2.4.3

Modeling and Docking

Two X-ray crystal structures of complexes of endothiapepsin (PDB codes: 3PBD
and 3PI0) were used for our modeling. 14 Several acylhydrazones were designed
using the three-dimensional structure generator software CORINA 30 and
protonated with FCONV31 . The energy of the system was minimized using the
MAB force field as implemented in the computer program MOLOC,15 whilst
keeping the protein coordinates fixed for the PDB code: 3PBD and keeping the
protein coordinates and crystallographically localized water molecule
(HOH6160) fixed for the PDB code: 3PI0. After energy minimization of all
designed acylhydrazones, two alternative binding poses were obtained. In one
case, the acylhydrazone addresses the catalytic dyad directly via hydrogenbonding interaction (PDB code: 3PBD) and in the other, the acylhydrazone
addresses the catalytic dyad via the catalytic water molecule. Taking inspiration
from the co-crystal structures of endothiapepsin with eleven fragments,14 as well
as from hot-spot17 analysis of the active site of endothiapepsin, several
acylhydrazones with different aliphatic and aromatic substituents were designed
and subsequent energy minimization (MAB force field) was done using MOLOC.
All types of interactions (hydrogen bonds and lipophilic interactions) between
designed acylhydrazones and protein were measured in MOLOC. All the
designed acylhydrazones were subsequently docked into the active site of
endothiapepsin by using the FlexX docking module in the LeadIT suite. 16 During
the docking, the binding site in the protein was restricted to 12 Å around the cocrystallized ligand and the 30 top (FlexX)-scored solutions were retained, and
subsequently post-scored with the HYDE22 module in LeadIT v.2.1.3. After
careful visualization to exclude poses with significant inter- or intramolecular
clash terms or unfavorable conformations, the resulting solutions were
subsequently ranked according to their binding energies. The top-ranked
solutions identified in this way were included in the DCL.

2.4.4

Crystallization, data collection and processing

Endothiapepsin was purified from Suparen® (kindly provided by DSM Food
Specialties) by exchanging the buffer to sodium acetate buffer (0.1 M , pH 4.6)
using a Vivaspin 20 with a molecular weight cutoff at 10,000 Da. The protein
concentration was measured by absorbance at 280 nM assuming an extinction
coefficient of 1.15 for 1 mg/mL solutions. 32
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Endothiapepsin crystals were grown at 17 °C under the following conditions:
2 μL of protein solution (5 mg/mL) and 2 μL of mother liquor (0.1 M NH4 OAc,
0.1 M NaOAc, pH 4.6, and 26% PEG 4000) using the sitting drop vapor diffusion
method. The crystals were soaked for 48 h in a mixture of 25% glycerol, 75%
mother liquor and the ligand at a final concentration of 20 mM. For data collection
at low temperature, the crystals were flash-frozen with liquid nitrogen.
The data sets were collected at HZB Synchrotron BESSY beamline 14.2 in
Berlin. Data processing was performed with HKL2000. 33 The program Phaser34
was used to determine the crystal structure by molecular replacement (PDB code:
3PCW). Refinement of the coordinates, TLS parameters, individual B-factors and
occupancies has been performed with PHENIX. 35 During the last refinement
cycles, the atoms have been refined anisotropically. After each cycle, the models
were visually inspected and subsequently improved using Coot. 36

2.4.5

General Experimental Details

Starting materials and reagents were purchased from Aldrich or Acros. Yields
refer to analytically pure compounds and have not been optimized. All solvents
were reagent-grade and if necessary, dried and distilled prior to use. Column
chromatography was performed on silica gel (Silicycle ® SiliaSep TM 40–63 μM
60 Å). TLC was performed with silica gel 60/Kieselguhr F254. Solvents used for
the column chromatography were dichloromethane and methanol. 1 H-,13 C- and
19
F-NMR spectra were recorded at 400 MHz on a Varian AMX400 spectrometer
(400 MHz for 1 H, 101 MHz for 13 C and 376 MHz for 19 F) and at 500 MHz on
JNM-ECA500 spectrometer (500 MHz for 1 H and 125 MHz for 13 C) at 25 o C.
Acylhydrazone NMR spectra consist of E/Z isomers as well as rotamers.
Chemical shifts (δ) are reported relative to the residual solvent peak. Splitting
patterns are indicated as (s) singlet, (d) doublet, (t) triplet, (q) quarted, (m)
multiplet, (br) broad, (sep) septet. Optical rotations were measured in MeOH on
a Schmidt & Haensch polarimeter (Polartronic MH8) with a 10 cm cell (c given
in g/100 mL). High-resolution mass spectra were recorded with a FTMS orbitrap
(Thermo Fisher Scientific) mass spectrometer. FT-IR spectra were measured on
PerkinElmer FT-IR spectrometer. (HPLC conditions: column, CHIRALPAK®
AD-RH 5 μm, 150 mm × 4.6 mm; flow rate, 0.4 mL min−1 ; wavelength, 254 nm;
temperature, 23 °C; isocratic method, water/acetonitrile 70:30 (0.1% TFA) for 30
minutes.
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2.4.6

Synthesis of the monomers:

2.4.6.1 General procedure for hydrazide
corresponding methyl ester (GP1):

formation to form the

To a solution of the methyl ester hydrochloride (1 eq.) in ethanol (4 mL) was
added hydrazine monohydrate (8 eq.). The reaction mixture was heated to reflux
for 20 h. The reaction mixture was concentrated in vacuo, and the residue was
taken up in dichloromethane/iso-propanol (3:1, 10 mL). The resulting suspension
was filtered and dried to afford the corresponding hydrazide as a solid in 80–90%
yield. H1 25 and H4 26 were synthesized according to GP1 and their spectral data
correspond to those reported in the literature.
(R)-2-Amino-2-phenylacetohydrazide (H3): The title compound was
synthesized according to GP1 using (R)-methyl 2-amino-2phenylacetate hydrochloride (100 mg, 0.496 mmol) in
ethanol (4 mL) and hydrazine monohydrate (0.192 mL, 3.97
mmol). The hydrazide H3 was obtained as a colorless sticky
solid (70 mg, 85%).

>D @D = ‒93.33 (c=0.36 in MeOH); 1H NMR (400 MHz,
20

(CD3 )2 SO): δ=9.21 (br. s, 1H, H-N(9)), 7.38 (d, J = 8 Hz, 2H, H-C(4) & H-C(6)),
7.27–7.31 (t, 3 J(H,H)=8 Hz, 2H, H-C(1) & H-C(3)), 7.22 (dd, 3 J(H,H)=8 Hz,
3
J(H,H)=4 Hz 1H, H-C(2)), 4.30 (s, 1H, H-C(7)), 2.95 (br. s, 4H, H-N(11) & HN(12)), 1.04(iso-propanol); 13 C NMR (101 MHz, (CD3 )2 SO): δ=172.96, 143.32,
128.39, 127.29, 127.03, 57.93; HRMS (ESI) calcd for C 8 H12 N3 O [M+H]+:
166.0980, found: 166.0981.
(S)-2-(4-Fluorophenyl)-2-(((S)-1-(4methoxyphenyl)ethyl)amino)acetonitrile hydrochloride (2): The title
compound was synthesized according to a literature
procedure using 4-fluorobenzaldehyde (1) (0.64 mL,
6.00
mmol,
(S)-1-(4-methoxyphenyl)-ethylamine
hydrochloride (3) (1.126 g, 6.00 mmol) and NaCN (308
mg, 6.30 mmol). The aminonitrile hydrochloride 2 was
obtained as a white crystalline solid (670 mg, 34%) in >98% de. The spectral data
correspond to those reported in the literature.18
(S)-2-Amino-2-(4-fluorophenyl)acetic acid hydrochloride (4):
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The title compound was synthesized according to a literature
procedure using 2 (616 mg, 1.92 mmol) and aqueous HCl (6 M ).
4 was obtained as a white solid (308 mg, 78%) in 81% ee. The
spectral data correspond to those reported in the literature. 18

(S)-Methyl 2-amino-2-(4-fluorophenyl)acetate hydrochloride (5):
To a solution of 4 (150 mg, 0.73 mmol) in anhydrous
methanol (7 mL), was added saturated methanolic-HCl (7
mL), and the reaction mixture was heated to reflux
overnight. The reaction mixture was concentrated in vacuo
and purified by CC (SiO2 ; 5% methanol in
dichloromethane) afforded 5 as a white solid (110 mg, 68% yield).

>D @D = +35
20

(c=0.16 in MeOH); 1 H NMR (400 MHz, CD3 OD): δ=7.55 (dd, 3 J(H,H)=8 Hz,
4
J(F,H)=8 Hz, H-C(6) & H-C(10)), 7.24 (dd, 3 J(F,H)=12 Hz, 3 J(H,H)=8 Hz, 2H,
H-C(7) & H-C(9)), 5.27 (s, 1H, H-C(2)), 3.82 (s, 3H, H-C(13)). 13 C NMR (101
MHz, CD3 OD): δ=170.09, 165.16 (d, 1 J(C,F)=248 Hz), 131.86 (d, 3 J(C,F)=9 Hz),
129.59, 117.62 (d, 2 J(C,F)=22 Hz), 56.98, 54.26; 19 F NMR (376 MHz, CDCl3 ):
δ=‒112.74, ‒113.24; ); IR (cm−1 ): 2920 (br), 2616, 2337, 1747, 1604, 1513, 1440,
1235; HRMS (ESI) calcd for C9 H11 FNO2 [M+H]+: 184.0774, found: 184.0753.
(S)-2-Amino-2-(4-fluorophenyl)acetohydrazide (H2): To a solution of 5 (90
mg, 0.41 mmol) in ethanol (4 mL) was added hydrazine
monohydrate (0.16 mL, 3.3 mmol). The reaction mixture
was heated to reflux for 20 h. The reaction mixture was
concentrated in vacuo, and the residue was taken up in
DCM/iPrOH (3:1, 10 mL). The resulting suspension was
filtered and dried to afford a colorless sticky solid (67 mg, 89%).

>D @D = +30
20

(c=0.16 in MeOH); 1 H NMR (400 MHz, CDCl3 ): δ=8.27 (br. s, 1H, H-N(4)), 7.25
(dd, 4 J(F,H)=4 Hz, 3 J(H,H)=8 Hz, H-C(6) & H-C(10)), 6.915 (dd, 3 J(F,H)=12 Hz,
3
J(H,H)=8 Hz, 2H, H-C(7) & H-C(9)), 4.43 (s, 1H, H-C(2)), 2.75 (br. s, 4H, HN(12) & H-N(14)); 13 C NMR (101 MHz, CDCl3 ): δ=173.16, 162.42 (d,
1
J(C,F)=248 Hz), 136.32, 128.46 (d, 3 J(C,F)=32 Hz), 115.56 (d, 2 J(C,F)=88 Hz),
58.28; 19 F NMR (376 MHz, CDCl3 ): δ=‒113.57(m), ‒113.84(m); IR (cm−1 ): 3290
(br), 2358, 2341, 1659 (br), 1602, 1505, 1222; HRMS (ESI) calcd for C 8 H11 FN3 O
[M+H]+: 184.0880, found: 184.0866.
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Methyl (2R)-2-{[(tert-butoxy)carbonyl]amino}-2-phenylacetate (7): To a
solution of (R)-(–)-2-phenylglycine-methylester-hydrochloride
(6) (10.08 g, 50.0 mmol) and triethylamine (12.65 g, 125.0
mmol, 2.5 eq.), in a mixture of dioxane and H 2 O (1:1, 500 mL),
Boc2 O (13.10 g, 60.0 mmol, 1.2 eq.) was gradually added at 20
°C. After strirring for 15 h at rt, the mixture was concentrated
in vacuo to a volume of about 150 mL. After addition of ethyl acetate (500 mL),
the separated organic layer was washed with aqueous HCl (1 M , 400mL), water
(400 mL), and saturated aqueous NaCl solution (200 mL), dried over MgSO 4 ,
filtered and concentrated in vacuo to afford 7 as a white solid (12.87 g, 97%). The
spectral data correspond to those reported in the literature.27
Tert-butyl N-[(R)-phenyl(hydrazinecarbonyl)methyl]carbamate (8): To a
solution of 7 (6.63 g, 25.0 mmol) in methanol (50 mL),
hydrazine-hydrate 80% (7.82 g, 125.0 mmol, 5 eq.) was added,
and the mixture heated to reflux for 3 h. After concentration in
vacuo to a volume of about 10 mL, the mixture was acidified
with acetic acid 100% (~ pH 3-4), and saturated aqueous NaCl
solution (20 mL) was added. The mixture was extracted with ethyl acetate (3 x
50 mL), the organic layer dried over MgSO 4 , filtered, and concentrated in vacuo.
8 was obtained as a white solid (5.44 g, 82%). The spectral data correspond to
those reported in the literature.28
2.4.6.2 General procedure for acylhydrazone formation (GP2):
The hydrazide (1 eq.) was dissolved in methanol, treated with the corresponding
aldehyde (1.2 eq.), and the mixture was heated to reflux for 10 ̶ 16 h. The reaction
mixture was allowed to cool to room temperature and concentrated in vacuo.
Purification by column chromatography (SiO 2 ; methanol/dichloromethane 0:10
→ 1:9) afforded the corresponding acylhydrazone in 30 ̶ 70% yield.
(S,E)-2-Amino-4-methyl-N'-(3(trifluoromethyl)benzylidene)pentanehydrazide
(H1-A1): The title
compound was synthesized according to GP2
using H1 (200 mg, 1.377 mmol) and mtrifluoromethyl benzaldehyde (A1) (0.221 mL,
1.653
mmol).
After
purification,
the
acylhydrazone H1-A1 was obtained as a mixture of E and Z isomers (E:Z=43:57)
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as a white, sticky solid (200 mg, 40%).

>D @D = +1.32 (c=0.152 in MeOH); 1H
20

NMR (400 MHz, CDCl3 ): δ=8.23 (s, 1H, E, H-C(11)), 7.95 (s, 1H, Z, H-C(11)),
7.86 (s, 1H, H-C(17)), 7.81 (d, 3 J(H,H)=8 Hz, 1H, E, H-C(13)), 7.71 (d,
3
J(H,H)=8 Hz, 1H, Z, H-C(13)), 7.55 (dd, 4 J(F,H)=8 Hz, 3 J(H,H)=8 Hz, 1H, HC(15)), 7.37−7.46 (m, 1H, H-C(14)), 4.39−4.43 (m, 1H, Z, H-C(2)), 3.59−3.62
(m, 1H, E, H-C(2)), 1.43−1.88 (m, 3H, H-C(1) & H-C(8)), 0.99 (ddd, 3 J(H,H)=8
Hz, 3 J(H,H)=4 Hz, 3 J(H,H)=4 Hz, 6H, H-C(9) & H-C(10)); 13 C NMR (101 MHz,
CDCl3 ): δ=179.16, 172.23, 146.98, 143.24, 134.82, 134.75, 131.07‒131.60 (m),
130.70, 130.39, 129.43, 129.29, 126.73 (d, 3 J(C,F)=27 Hz), 125.28, 123.98 (d,
2
J(C,F)=74 Hz), 122.55, 53.25, 49.92, 44.10, 43.99, 25.00, 24.95, 23.60, 23.38,
21.60, 21.57; 19 F NMR (376 MHz, CDCl3 ): δ=‒62.85, ‒63.09; IR (cm−1 ): 2958,
1673, 1326, 1124, 1164, 1070, 801, 696; HRMS (ESI) calcd for C14 H19 F3 N3 O
[M+H]+: 302.1480, found: 302.1471.
(S,E)-2-Amino-4-methyl-N'-(pyridin-2-ylmethylene)pentanehydrazide (H1A3): The title compound was synthesized according to
GP2 using H1 (200 mg, 1.377 mmol) and 2pyridinecarboxaldehyde (A3) (0.157 mL, 1.653
mmol). After purification, the acylhydrazone H1-A3
was obtained as a mixture of E and Z isomers
(E:Z=48:52) as yellowish, sticky solid (160 mg, 50%).

>D @D = ‒2.63 (c=0.152 in
20

MeOH); 1 H NMR (400 MHz, (CD3 )2 SO): δ=8.58 (t, 3 J(H,H)=4 Hz, 1H, HC(14)), 8.30 (s, 1H, E, H-C(11)), 7.85 (s, 1H, Z, H-C(11)), 7.80‒7.91 (m, 2H, HC(16) & H-C(17)), 7.34‒7.39 (m, 1H, H-C(15)), 4.17 (dd, 3 J(H,H)=9 Hz,
3
J(H,H)=5 Hz, 1H, E, H-C(2)), 3.27 (dd, 3 J(H,H)=9 Hz, 3 J(H,H)=6 Hz, 1H, Z, HC(2)), 1.56−1.92 (m, 1H, H-C(8)), 1.16−1.51 (m, 2H, H-C(1)), 0.77−0.99 (m, 6H,
H-C(9) & H-C(10)); additional peaks in the 1 H-NMR spectrum correspond to the
hemiaminal (7%); 13 C NMR (101 MHz, CD3 OD) δ=154.34, 149.89, 148.78,
147.68, 145.08, 138.34, 126.27, 122.53, 121.28, 53.84, 50.22, 45.07, 25.84,
23.64, 23.31, 22.45, 21.79, Extra peaks in the 13 C NMR spectrum correspond to
hemiaminal; IR (cm−1 ): 2955, 2869, 1680, 1585, 1465, 1434, 1233, 1150, 993,
881, 777, 744, 619, 581, 520. HRMS (ESI) calcd for C12 H19 N4 O [M+H]+:
235.1559, found: 235.1550
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(S,E)-2-Amino-2-(4-fluorophenyl)-N'-(3(trifluoromethyl)benzylidene)acetohydrazide (H2-A1): The title compound
was synthesized according to GP2 using H2
(50 mg, 0.273 mmol) and m-trifluoromethyl
benzaldehyde (A1) (0.251 mL, 0.327 mmol).
After purification, the acylhydrazone H2-A1
was obtained as a mixture of E and Z isomers
(E:Z=52:48) as yellowish, sticky solid (30 mg, 32%).

>D @D = –3.33 (c=0.24 in
20

MeOH); 1 H NMR (400 MHz, CD3 OD): δ=8.21 (s, 1H, E, H-C(14)), 8.13 (s, 1H,
Z, H-C(14)), 7.99 (d, 3 J(H,H)=8 Hz, 1H, E, H-C(16)), 7.90 (s, 1H, H-C(20)), 7.85
(d, 3 J(H,H)=8 Hz, 1H, Z, H-C(16)), 7.69 (d, 3 J(H,H)=8 Hz, 1H, H-C(18)), 7.58
(t, 3 J(H,H)=8 Hz, 1H, H-C(17)), 7.53 (d, 3 J(H,H)=13 Hz, 4 J(F,H)=5 Hz, 2H, HC(4) & H-C(6)), 7.10 (dd, 2 J(F,H)=8 Hz, 3 J(H,H)=8 Hz, 2H, H-C(1) & H-C(3)),
5.55 (s, 1H, Z, H-C(7)), 4.60 (s, 1H, E, H-C(7)); 13 C NMR (101 MHz, CD3 OD):
δ=171.81 (d, 1 J(C,F)=233 Hz), 147.15, 143.02, 135.08, 130.83, 130.25, 129.35,
128.79 (3 J(C,F)=8 Hz), 126.22 (d, 2 J(C,F)=31 Hz), 123.67, 123.12, 115.29 (dd,
2
J(C,F)=22 Hz, 3 J(C,F)=8 Hz), 57.06, 54.67; 19 F NMR (376 MHz, CD3 OD): δ=‒
64.12, ‒64.18, ‒64.20, ‒64.40, ‒64.42, ‒64.48, ‒64.52, ‒115.63 (sep), ‒116.1
(heptet); IR (cm−1 ): 2961 (br), 2922 (br), 1722, 1688, 1506, 1330, 1276, 1170,
1129, 1070, 694; HRMS (ESI) calcd for C16 H14 F4 N3 O [M+H]+: 340.1068, found:
340.1064.
(R,E)-2-Amino-2-phenyl-N'-(3(trifluoromethyl)benzylidene)acetohydrazide (H3-A1): The title compound
was synthesized according to GP2 using H3 (200
mg, 1.21 mmol) and m-trifluoromethyl
benzaldehyde (A1) (0.165 mL, 1.45 mmol). After
purification, the acylhydrazone H3-A1 was
obtained as a mixture of E and Z isomers
(E:Z=56:44) as a white, sticky solid (210 mg, 54%).

>D @D = +3.66 (c=0.164 in
20

MeOH); 1 H NMR (400 MHz, (CD3 OD): δ=8.21 (s, 1H, E, H-C(13)), 8.12 (s, 1H,
E, H-C(19)), 7.99 (d, 3 J(H,H)=8 Hz, 1H, E, H-C(15)), 7.90 (s, 1H, Z, H-C(13)),
7.89 (s, 1H, Z, H-C(19)), 7.82 (d, 3 J(H,H)=8 Hz, 1H, Z, H-C(15)), 7.69 (t,
3
J(H,H)=7 Hz, 1H, H-C(17)), 7.60 (t, 3 J(H,H)=8 Hz, 1H, H-C(16)), 7.52 (dd,
3
J(H,H)=8 Hz, 3 J(H,H)=12 Hz, 2H, H-C(1) & H-C(3)), 7.34−7.42 (m, 3H, HC(2), H-C(4) & H-C(6)), 5.63 (s, 1H, Z, H-C(7)), 4.66 (s, 1H, E, H-C(7)); 13 C
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NMR (101 MHz, (CD3 )2 SO): δ=175.64, 170.61, 145.98, (d, 2 J(C,F)=99 Hz),
142.32, 141.41, 135.83 (d, 3 J(C,F)=10 Hz), 131.36, 130.42, 128.63, 127.64,
127.39, 127.20, 125.80, 123.40, 58.72, 55.35; 19 F NMR (376 MHz, (CD3 )2 SO):
δ=
–61.01, ‒61.08, ‒61.19, ‒61.37, ‒61.42, ‒61.52, ‒61.57; IR (cm−1 ): 2922
(br), 1684, 1550, 1380, 1279, 1321, 1167, 1118, 1070, 917, 803, 776, 691, 556;
HRMS (ESI) calcd for C16 H15 F3 N3 O [M+H]+: 322.1167, found: 322.1158.
(R,E)-2-Amino-2-phenyl-N'-(2,4,6-trimethylbenzylidene)acetohydrazide
(H3-A4): The title compound was synthesized
according to GP2 using H3 (100 mg, 0.606 mmol)
and mesitaldehyde (A4) (0.107 mL, 0.727 mmol).
After purification, the acylhydrazone H3-A4 was
obtained as a mixture of E and Z isomers
(E:Z=30:70) as a white solid (80 mg, 45%). m.p. 136‒142 °C;

>D @D = +3.66
20

(c=0.164 in MeOH); 1 H NMR (400 MHz, CDCl3 ): δ=8.54 (s, 1H, E, H-C(13)),
8.03 (s, 1H, Z, H-C(13)), 7.42 (dd, 3 J(H,H)=7 Hz, 3 J(H,H)=7 Hz, 2H, H-C(1) &
H-C(3)), 7.20−7.31 (m, 3H, H-C(2), H-C(4) & H-C(6)), 6.84 (s, 2H, H-C(16) &
H-C(18)), 5.39 (s, 1H, E, H-C(7)), 4.73 (s, 1H, Z, H-C(7)), 2.41 (s, 2H, E, HC(20) & H-C(21)), 2.31 (s, 4H, Z, H-C(20) & H-C(21)), 2.26 (s, 3H, H-C(22));
13
C NMR (101 MHz, CDCl3 ): δ=144.32, 138.06, 137.88, 129.72, 129.53, 128.97,
128.28, 127.73, 127.18, 127.00, 55.82, 21.45, 21.35, 21.10; IR (cm−1 ): 2970 (br),
1661, 1426, 1243, 1243, 700, 570, 518, 456; HRMS (ESI) calcd for C 18 H22 N3 O
[M+H]+: 296.1763, found: 296.1753; Anal. Calcd for C18 H21 N3 O (%): C 72.94,
H 7.48, N 14.18. Found: C 72.57, H 7.16, N 13.84.
(R,E)-Tert-butyl (2-(2-((4-hydroxynaphthalen-1-yl)methylene)hydrazinyl)2-oxo-1-phenylethyl)carbamate (H3-A5):
A mixture of 8 (398 mg, 1.5 mmol) and 4hydroxy-1-naphthaldehyde (258 mg, 1.5 mmol) in
methanol (10 mL) was refluxed until thin-layer
chromatography indicated complete consumption
of the starting material (~ 4 h). The solvent was
removed in vacuo leaving the crude product 9 as
an orange solid (630 mg, quant.), which was directly used in the following step.
9 (0.571 g, 1.36 mmol) was dissolved in dichloromethane (7 mL) and HCl/diethyl
ether (2 M , 6.8 mL, 13.6 mmol, 10 eq.) was added under an argon atmosphere.
The mixture was stirred for 15 h at 20 °C. The resulting precipitate was triturated
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under an argon atmosphere with a 1:1 mixture of dichloromethane/diethyl ether
(20 mL) and subsequently with diethyl ether (3 x 20 mL). Complete removal of
the solvent in vacuo afforded H3-A5 as a mixture of E and Z isomers (E:Z=40:60)

> @

= +61.4 (c=0.8 in
as light-orange solid (0.463 g, 96%). m.p. 190–196 °C; D 20
D
1
MeOH); H NMR (500 MHz, (CD3 )2 SO): δ=12.73 (s, 1H, E, H-O(23)), 11.87 (s,
1H, Z, H-O(23)), 10.95 (br. s, 1H, H-N(9)), 8.95 (d, 3 J(H,H)=5 Hz, 1H, H-C(18)),
8.85 (s, 1H, E, H-C(12)), 8.80 (dd, 3 J(H,H)=5 Hz, 3 J(H,H)=5 Hz, 2H, H-C(22)
& H-C(23)), 8.52 (s, 1H, Z, H-C(12)), 8.46 (d, 3 J(H,H)=10 Hz, 1H, H-C(21)),
8.22 (t, 3 J(H,H)=10 Hz, 1H, H-C(20)), 7.38−7.72 (m, 8H, H-C(1), H-C(2), HC(3), H-C(4), H-C(6) & H-N(24)), 7.02 (t, 3 J(H,H)=7.5 Hz, 1H, H-C(17)), 5.77
(q, 3 J(H,H)=5 Hz, 1H, Z, H-C(7)), 5.20 (q, 3 J(H,H)=5 Hz, 1H, E, H-C(7)); 13 C
NMR (125 MHz, CDCl3 ): δ=167.9, 163.4, 156.2, 156.1, 149.5, 146.3, 133.3,
129.2, 128.8, 128.7, 128.6, 127.8, 127.5, 124.9, 122.7, 119.5, 108.2, 108.1, 54.6,
54.1; HRMS (ESI) calcd for C19 H18 N3 O2 [M+H]+: 320.1399, found: 320.1404.
(S,E)-2-Amino-3-(1H-indol-3-yl)-N'-(2,4,6trimethylbenzylidene)propanehydrazide (H4-A4): The title compound was
synthesized according to GP2 using H4 (100
mg, 0.46 mmol) and mesitaldehyde (A4)
(0.081 mL, 0.55 mmol). After purification,
the acylhydrazone H4-A4 was obtained as a
mixture of E and Z isomers (E:Z=57:43) as a
white solid (90 mg, 56%). m.p. 115‒119 °C;

>D @D = +48 (c=0.1 in MeOH); 1H
20

NMR (400 MHz, CDCl3 ): δ=8.54 (s, 1H, E, H-C(6)), 8.34 (s, 1H, H-N(3)), 8.08
(s, 1H, Z, H-C(6)), 7.66 (d, 3 J(H,H)=8 Hz, 1H, E, H-C(14)), 7.58 (d, J = 8 Hz,
1H, Z, H-C(14)), 7.35 (d, 3 J(H,H)=8 Hz, 1H, E, H-C(17)), 7.28 (d, 3 J(H,H)=8 Hz,
1H, Z, H-C(17)), 7.16 (t, 3 J(H,H)=8 Hz, 1H, E, H-C(16)), 7.10 (t, 3 J(H,H)=8 Hz,
1H, H-C(15)), 7.02 ((d, 3 J(H,H)=8 Hz, 1H, H-C(13)), 6.98 (t, 3 J(H,H)=8 Hz, 1H,
Z, H-C(16)), 6.86 (s, 1H, Z, H-C(20) & H-C(22)), 6.89 (s, 1H, E, H-C(20) & HC(22)), 4.59 (dd, 3 J(H,H)=8 Hz, 3 J(H,H)=5 Hz, 1H, Z, H-C(1)), 3.88 (dd,
3
J(H,H)=9 Hz, 3 J(H,H)=4 Hz, 1H, E, H-C(1)), 3.44 (dd, 3 J(H,H)=12 Hz,
3
J(H,H)=4 Hz, 1H, E, H-C(7)), 3.31 (dd, 3 J(H,H)=12 Hz, 3 J(H,H)=4 Hz, 1H, Z,
H-C(7)), 3.01–3.10 (m, 1H, H´-C(7)), 2.42 (s, 4H, E, H-C(24) & H-C(25)), 2.40
(s, 2H, Z, H-C(24) & H-C(25)), 2.31 (s, 1H, Z, H-C(26)), 2.28 (s, 2H, E, HC(26)); 13 C NMR (101 MHz, CDCl3 ): δ=177.11, 170.88, 148.39, 144.52, 139.42,
139.32, 138.15, 137.93, 136.61, 136.42, 129.93, 129.67, 128.08, 127.92, 127.70,
127.61, 123.70, 123.22, 122.36, 122.09, 119.80, 119.41, 119.08, 118.98, 111.68,
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111.58, 111.37, 111.30, 55.54, 52.41, 30.86, 21.64, 21.44, 21.33; IR (cm−1 ): 3265
(br), 2917, 1667, 1613, 1456, 1100, 848, 740; HRMS (ESI) calcd for C 21 H25 N4 O
[M+H]+: 349.2028, found: 349.2020.
(E)-N'-(3-(Trifluoromethyl)benzylidene)butyrohydrazide (H5-A1): The title
compound was synthesized according to GP2 using
H5 (200 mg, 1.96 mmol) and mesitaldehyde (A1)
(0.314 mL, 2.35 mmol). After purification, the
acylhydrazone H5-A1 (350 mg, 69%) was obtained
as a mixture of E and Z isomers (E:Z=20:80) as a white solid. m.p. 105–109 °C;
1
H NMR (400 MHz, CDCl3 ): δ=9.55 (s, 1H, H-N(6)), 8.67 (s, 1H, E, H-C(8)),
8.28 (s, 1H, E, H-C(10)), 7.88 (s, 1H, Z, H-C(8)), 7.82 (d, 3 J(H,H)=8 Hz, 1H, HC(14)), 8.80 (s, 1H, Z, H-C(10)), 7.62 (d, 3 J(H,H)=8 Hz, 1H, H-C(12)), 7.51 (t,
3
J(H,H)=8 Hz, 1H, H-C(13)), 2.74 (t, 3 J(H,H)=8 Hz, 1H, Z, H-C(3)), 2.24 (t,
3
J(H,H)=8 Hz, 1H, E, H-C(3)), 1.66‒1.81 (m, 1H, H-C(2)), 1.03 (t, 3 J(H,H)=8
Hz, 1H, Z, H-C(1)), 0.95 (t, 3 J(H,H)=8 Hz, 1H, E, H-C(1)); 13 C NMR (101 MHz,
CDCl3 ): δ=177.06, 142.01, 134.85, 131.42, 130.09, 129.22, 126.36 (d,
3
J(C,F)=3 Hz), 123.66 (d, 3 J(C,F)=3 Hz), 53.40, 35.86, 34.52, 18.92, 18.22,
13.93, 13.63; IR (cm−1 ): 3197, 2965 (br), 1664, 1572, 1329, 1165, 1116, 799, 693;
HRMS (ESI) calcd for C12 H14 F3 N2 O [M+H]+: 259.1058, found: 259.1049; Anal.
Calcd for C12 H13 F3 N2 O (%): C 55.81, H 5.07, N 10.85. Found: C 55.73, H 5.38,
N 11.02.
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Chapter 3

Fragment Linking and Optimization of
Inhibitors
of
the
Aspartic
Protease
Endothiapepsin: Fragment-Based Drug Design
Facilitated
by
Dynamic
Combinatorial
Chemistry
Fragment-based drug design (FBDD) enables the efficient design of active
compounds for biological targets. While there are a numerous reports on FBDD
of an initial hit by fragment growing/optimization, fragment linking has rarely
been reported. Dynamic combinatorial chemistry (DCC) has become a powerful
strategy to identify hits/leads for a wide range of biological targets. Here, we
report the synergistic combination of fragment linking and DCC and use it to
identify inhibitors of the aspartic protease endothiapepsin in a highly efficient
manner. Using co-crystal structures of endothiapepsin in complex with
fragments, we have designed a library of bis-acylhydrazone-based inhibitors and
used DCC to identify potent inhibitors. Among the lead compounds identified, the
best one exhibits an IC50 value of 54 n M, which is 240-fold more potent than its
parent fragments and subsequent co-crystallization experiments validated the
predicted binding mode, thus demonstrating that the combination of fragment
linking and DCC constitutes an efficient lead-identification or -optimization
approach, which should find application on a whole range of biological targets.

Milon Mondal, Nedyalka Radeva, Hugo Fanlo-Virgós, Sijbren Otto, Gerhard
Klebe and Anna K. H. Hirsch
Manuscript submitted
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3.1

Introduction

Over the past decade, fragment-based drug design (FBDD) has emerged as a
novel paradigm in drug discovery and has been applied to a large number of
biological targets.1–3 FBDD has higher hit rates and enables coverage of the
chemical space using smaller libraries than high-throughput screening (HTS). 2
Although the first report on FBDD dates some 30 years back, it became more
widely used in the mid-1990s.4 Since then, FBDD has expanded tremendously
and over the past couple of decades, various pharmaceutical companies have
developed more than 18 drug candidates that have entered clinical trials using
FBDD.5
After identification of fragments by fragment screening, the hit has to be
optimized to a lead compound and eventually drug candidate by fragment
growing, linking, merging, and/or optimization. Even though, fragment growing
has become the favorite optimization strategy,6–11 it is rather time-consuming as
it involves synthesis and validation of the binding mode of each derivative during
the fragment-optimization cycle. To overcome this hurdle, we have developed a
strategy in which we combine fragment growing and dynamic combinatorial
chemistry (DCC) to accelerate the drug-discovery process.12 Fragment linking,
on the other hand, is very attractive because of the potential for super-additivity
(an improvement of ligand efficiency (LE) rather than just maintenance of LE).
The first successful example of fragment linking was reported by the group of
Fesik,13,4 and since then a limited number of studies that demonstrate the
efficiency of fragment linking of low affinity fragments to produce higheraffinity ligands has been reported. 14–21 The main challenge consists in preserving
the binding modes of the individual fragments in adjacent pockets whilst
identifying the best linker with an optimal fit. 22,23
Therefore, we have envisaged that the potentially synergistic combination of
fragment linking and DCC would represent a highly efficient hit/lead
identification strategy. Here, we have combined fragment linking and bisacylhydrazone-based DCC to identify promising lead compounds for
endothiapepsin, which belongs to the family of notoriously challenging pepsinlike aspartic proteases. 24
Although, bis-acylhydrazone-based DCC has been reported,25 to the best of our
knowledge, there is no report of fragment linking using DCC. Herein, we describe
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how we combined fragment linking/optimization and DCC to accelerate hit-tolead optimization of inhibitors of the aspartic protease endothiapepsin.

3.2

Results and Discussion

3.2.1

Fragment-based drug design

We chose two co-crystal structures of endothiapepsin with acylhydrazone-based
hits 1 and 2 (PDB: 4KUP and 3T7P, respectively) as the starting point of
fragment linking. We had previously identified hits 1 and 2 from an
acylhydrazone-based DCL using the synergistic combination of de novo SBDD
and DCC which we have discussed in chapter 2.26 Our hits 1 and 2 display
IC50 values of 12.8 μM and 14.5 μM and ligand efficiencies (LEs) of 0.27 and
0.29, respectively, against endothiapepsin. Both hits bind at the active site of the
enzyme and adopt two alternative binding modes: without and with a
crystallographically localized water molecule, respectively. Whereas hit 1
occupies the S1 and S2 pockets of endothiapepsin, hit 2 occupies the S1 and S2’
pockets (Figure 1).

Figure 1. a) X-ray crystal structure of endothiapepsin in complex with hits 1 and 2 bound in the
active site (PDB codes: 4KUP and 3T7P, respectively).26 Color code: protein skeleton: C: gray, O:
red and N: blue; hit skeletons: C: orange (1) and green (2), N: blue and O: red. Hydrogen bonds
below 3.2 Å are shown as black, dashed lines. b) Structures of hits 1 and 2.

We envisaged to link hits 1 and 2 to afford a lead compound that should occupy
the S1, S1’, S2 and S2’ pockets of endothiapepsin and benefit from numerous
favorable of protein–ligand interactions, while maintaining/improving the LE.
With the help of the molecular-modeling software Moloc 27 we linked the mesityl
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moiety of 1 to the naphthyl moiety of 2 using an acylhydrazone linker, which
resides at the junction of the S2 and S2′ pockets and appeared to be a suitable
linker for our purposes. Acylhydrazone-based DCC has proven to be very
attractive in medicinal chemistry-based projects given that the resulting products
provide both H-bond donor and -acceptor sites and are stable enough as a drug
candidate under acidic and physiological conditions which we have discussed in
chapter 1.

Figure 2. a) Superimposition of the binding modes of co-crystal structures of 1 and 2 (PDB: 4KUP
and 3T7P, respectively ) with a modeled potential bis-acylhydrazone inhibitor in the active site of
endothiapepsin. Color code: protein skeleton: C: gray, O: red and N: blue; hit skeletons: C: orange
(1) and green (2), N: blue, O: red; lead skeleton: C: yellow, N: blue, O: red. Hydrogen bonds bellow
3.2 Å are shown as black, dashed lines.30 b) Structure of one of the modeled bis-acylhydrazones
shown in Figure 1a.

In chapter 2 studies, we demonstrated that acylhydrazone-based DCC is
compatible with the target endothiapepsin. 26 Careful investigation of known cocrystal structures of endothiapepsin28 and hotspot analysis29 of the active site of
endothiapepsin suggested that both aromatic and aliphatic moieties can be hosted
in the S2′ pocket, which can benefit from hydrophobic contacts with residues
G37, L133 and F194. On the basis of molecular modeling and synthetic
accessibility, we designed and optimized a series of bis-acylhydrazone-based
inhibitors of endothiapepsin. A superimposition of a modeled potential bisacylhydrazone-based lead and the two hits is shown in Figure 2. All of the
designed bis-acylhydrazones are involved in H-bonding interactions with the
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catalytic dyad and most of them occupy the S1, S2, S1′ and S2′ pockets, and
maintain the binding mode of fragments 1 and 2.

3.2.2

Synthesis of building blocks

Synthesis of all designed bis-acylhydrazone derivatives can be envisaged starting
from isophthalaldehyde (3) and nine hydrazides 4–12 (Scheme 1). Whereas, the
bis-aldehyde 3 as well as hydrazides 10–12 are commercially available, we
synthesized hydrazides 4–9 in 60–90% yield from their corresponding methyl
esters by treatment with hydrazine monohydrate (Scheme 2).

Scheme 1. Structures and retrosynthetic analysis of the designed bis-acylhydrazone inhibitors and
their corresponding aldehyde 3 and hydrazides 4–12.

Scheme 2. Synthesis of hydrazides from the corresponding methyl esters.

3.2.3

Formation and analysis of DCLs using LC-MS

To facilitate the analysis, we divided the whole library into two sub-libraries. We
used reversed phase HPLC and LC-MS to analyze and identify the best binders
from the DCLs and employed aniline as a nucleophilic catalyst to reach the
equilibrium faster. The first library DCL-1 consists of four hydrazides 5, 6, 10
and 12 as well as bis-aldehyde 3 in presence of 10 mM aniline and 2% DMSO in
0.1 M sodium acetate buffer at pH 4.6, thus resulting in the formation of ten
potential homo- and hetero-bis-acylhydrazones (20 isomers, including E/Z
isomers) and four mono-acylhydrazones in equilibrium with the initial building
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blocks. We were able to detect all of the homo- and hetero-bis-acylhydrazones
using LC-MS analysis. Upon addition of endothiapepsin, we observed
amplification of bis-acylhydrazones 13 and 14 over three times compared to the
blank reaction (Figure 3 and Figure 4).

Figure 3. Structures of the bis-acylhydrazones identified from three DCLs using LC-M S analysis.

Figure 4. HPLC chromatogram of aniline-catalyzed bis-acylhydrazone formation (DCL-1) using
hydrazides 5, 6, 10 and 12 and bis-aldehyde 3 in absence of enzyme (blank, top chromatogram) and
in presence of 1 eq. of endothiapepsin (bottom chromatogram). DCL established in the presence of
10 mM aniline. Bis-acylhydrazones 13 and 14 are clearly amplified.
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Similarly, we set up the second library DCL-2 using five hydrazides 4, 7, 8, 9 and
11 as well as bis-aldehyde 3 under the same conditions, giving rise to the
formation of 15 potential homo- and hetero-bis-acylhydrazones (30 isomers,
including E/Z isomers) and five mono-acylhydrazones in equilibrium with the
initial building blocks. Similarly, addition of protein amplified bisacylhydrazones 15 and 16 over two times compared to the blank equilibrium
(Figure 3 and Figure 5).

Figure 5. HPLC chromatogram of aniline-catalyzed bis-acylhydrazone formation using hydrazides
4, 7, 8, 9 and 11 and bis-aldehyde 3 in absence of enzyme (blank, top chromatogram) and in
presence of 1 eq. of endothiapepsin (bottom chromatogram). DCL established in the presence of 10
mM aniline. Bis-acylhydrazones 15 and 16 are clearly amplified.

We also constructed a large library DCL-3 using all nine hydrazides 4–12 and
bis-aldehyde 3 and observed amplification of previously observed bisacylhydrazones 13, 14 and 15 along with two new bis-acylhydrazones 17 and 18
(Figure 3 and Figure 6). We identified a total two homo- (13 and 16) and four
hetero- (14, 15, 17 and 18) bis-acylhydrazones from two sub-libraries DCL-1 and
DCl-2 and the large library DCL-3 (Figure 3).
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Figure 6. HPLC chromatogram of aniline-catalyzed bis-acylhydrazone formation using hydrazides
4–12 and bis-aldehyde 3 in absence of enzyme (blank, top chromatogram) and in presence of 1 eq.
f endothiapepsin (bottom chromatogram). DCL established in the presence of 10 m M aniline. Bisacylhydrazones 13, 14, 16, 17 and 18 are clearly amplified.

3.2.4

Synthesis of identified bis-acylhydrazones

To investigate the biochemical activity of the bis-acylhydrazones identified from
the DCLs, we synthesized two symmetric bis-acylhydrazones 13 and 16 from
their corresponding hydrazides 5 and 8 and the bis-aldehyde 3 precursor (Scheme
3). We protected the free amines of the amino acid esters using Boc anhydride
followed by hydrazide formation by treatment with hydrazine monohydrate. In
the following steps, we condensed the hydrazides 5 and 8 with bis-aldehyde 3 to
obtain Boc-protected bisacylhydrazones 22 and 26, which were then treated with
trifluoroacetic acid to afford the corresponding bisacylhydrazones 13 and 16 after
HPLC purification.
Similarly, we attempted to synthesize asymmetric bis-acylhydrazones, but always
obtained a mixture of two symmetric and an asymmetric bisacylhydrazones,
which we were unable to separate using HPLC.
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Scheme 3. Synthesis of bis-acylhydrazone 13 and 16.

3.2.5

Biochemical evaluation

We determined their inhibitory potency using the mixture of E/Z isomers of
symmetric bis-acylhydrazones by applying a fluorescence-based assay adapted
from the assay for HIV-protease.31 Both of the bis-acylhydrazones indeed inhibit
the enzyme with IC50 values of 54 nM and 2.1 μM for 13 and 16, respectively
(Figure 7). The best lead compound displays a 240-fold increase in potency
compared to its parent hits. The experimental Gibbs free energies of binding (ΔG)
and LE, derived from the experimental IC50 values using the Cheng-Prusoff
equation,32 are ΔG(13) = –49 kJ mol–1 , ΔG(16) = –34 kJ mol–1 and LE(13) = 0.29,
LE(16) = 0.25, with an improvement in ΔG values while preserving the LEs.
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Figure 7. IC50 inhibition curves of a) 13 (IC50 = 54.5 ± 0.5 nM) and b) 16 (IC50 = 2.1 ± 0.1 μM).
Each inhibitor was measured in duplicate and the errors are given in standard deviations (SD), 26
experiments were performed for each measurement and only six experiments were considered to
calculate the initial slope (n = 6), 11 different concentrations of inhibitor were used starting at
2.5 μM (13) and 250 μM (16).

3.2.6

X-ray crystallography

To validate the predicted binding mode of the linked fragments, we soaked
crystals of endothiapepsin with the most potent inhibitor 13 and were able to
determine a crystal structure of 13 (PDB code: 5HCT) in complex with
endothiapepsin at 1.36 Å resolution. 13 binds to the S1, S1′ and S2 pockets of
endothiapepsin and addresses the catalytic dyad through its α-C amino group
(Figure 8). A part of this bis-acylhydrazone is not visible in the electron density
map, which implies that this substituent is most likely scattered over various
conformational states. According to the modeling studies, we indeed identified
two plausible poses in which the invisible portion of bis-acylhydrazone 13 is
oriented towards the S2′ and S6 pockets of the enzyme, or solvent-exposed
(Figure 8b). The detailed binding mode of the bis-acylhydrazone is shown in
Figure 8a. The visible portion of 13 preserves the binding mode of hit 1 and forms
four charged H bonds with the catalytic dyad through its α-C amino group as
well as an H bond to the carboxylate group of D81 through the NH of the
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indolyl moiety. The indolyl moiety of 13 is accommodated in the S1 pocket
and engaged in offset π–π stacking and CH–π interactions with F116 and L125,
respectively. The phenyl group of 13 binds to the S2 pocket and is involved in
hydrophobic interactions with I300 and I304. Like the mesityl group of 1, the
phenyl group of 13 is also engaged in an amide–π interaction with the peptide
bond connecting residues G80 and D81. Moreover, the phenyl moiety in 13 is
connected with two imine functionalities which make the aromatic ring
electron-deficient, presumably strengthening the amide–π interactions
compared to the electron-rich mesityl group in 1.33

Figure 8. a) X-ray crystal structure of endothiapepsin co-crystallized with bis-acylhydrazone 13
(PDB code: 5HCT). b) Superimposition of crystal structure (violet) and modeled structures (yellow
and cyan) of 13. Color code: protein skeleton: C: gray, O: red and N: blue; inhibitor skeleton: C:
violet, yellow, cyan, N: blue, O: red; Hydrogen bonds below 3.2 Å are shown as black, dashed
lines.30

3.3

Conclusions

We have demonstrated for the first time that the synergistic combination of
fragment linking and DCC is a powerful and efficient strategy to accelerate hitto-lead optimization of inhibitors of the aspartic protease endothiapepsin. We
have exploited LC-MS analysis to identify the best binders directly from the
DCLs. The best binder exhibits an IC50 value of 54 nM , representing a 240-fold
improvement in potency compared to its parent hits. Subsequent cocrystallization studies validated our in silico fragment linking. Our strategic
combination of computational and analytical methods holds great promise to
accelerate drug development for the notoriously challenging class of aspartic
proteases and could also be extended to a large number of other protein targets.
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3.4

Experimental Section

3.4.1

General procedure for the formation and analysis of the DCLs

Hydrazides (2 μL each, 50 mM in DMSO (4, 7, 8, 9 and 11 for DCL-1; 5, 6, 10
and 12 for DCL-2 and 4–12 for DCL-3)), bis-aldehyde 3 (1 μL, 50 mM in DMSO),
aniline (10 μL, 1 M in DMSO) were added to sodium acetate buffer (980 μL, 0.1
M , pH 4.6). The DCL was allowed to stand at room temperature with occasional
shaking and the progress of the reaction was monitored by RP-HPLC to establish
the blank composition until the relative concentrations of acylhydrazones became
constant. After 20 h, the pH of the DCLs (500 μL) was raised to 8 by the addition
of NaOH (20 μL, 2 M in water) and acetonitrile (500 μL) was added. LC-MS
analysis of the DCL verified the formation of all of the homo-, hetero-bisacylhydrazones and mono- acylhydrazones.
1 eq. of endothiapepsin (14 μL, 0.88 mM in 0.1 M sodium acetate buffer, pH 4.6)
was added to DCLs (236 μL). After 20 h, the pH of the DCL was raised to 8 by
the addition of NaOH (10 μL, 2 M in water) and acetonitrile (250 μL) was added
followed by vortexing and centrifugation (10000 g, 3 min) to denature and
separate the enzyme from the DCLs. HPLC analysis of the supernatants were
performed, and the traces were compared with that of the blank reactions.
HPLC conditions
DCL-1 and DCL-2: Column, Waters symmetry C8, 3.5 μm, 150 mm × 4.6 mm;
flow rate, 0.5 mL min–1 ; wavelength, 254 nm; temperature, 23 o C; injection
volume, 10 μL; gradient, H2 O/MeCN (0.1% formic acid (FA)) at 95% for 10 min
followed by 95% to 5% over 50 min.
DCL-3: Column, Waters symmetry C8, 3.5 μm, 150 mm × 4.6 mm; flow rate,
0.5 mL min–1 ; wavelength 254 nm; temperature, 23 o C; injection volume, 10 μL;
gradient, H2 O/MeCN (0.1% FA) at 95% for 10 min followed by 95% to 5% over
70 min).
LC-MS conditions: A Shimadzu LC-system (Shimadzu-SIL-20AC) was
coupled to a Sciex API 3000 triple quadrupole mass spectrometer equipped with
an ion spray source (Applied Biosystems, MDS-SCIEX, Toronto, Canada) was
used. Mass spectra (positive mode) were obtained in profile scan mode from mass
100 till 800 using the following conditions: DP=46V; FP=160V; TEM=450 0 C.
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3.4.2

Fluorescence-based inhibition assay

For inhibition assay, see Chapter 2, Section 2.4.2.
In addition, stock solutions (250 μM and 20 mM in DMSO for 13 and 16,
respectively) were prepared. The final reaction volume was 200 μL containing
0.4 nM endothiapepsin, 1.8 μM substrate and 2.5 μM (13) and 200 μM (16) bisacylhydrazones.

3.4.3

Modeling studies

Two X-ray crystal structures of complexes of endothiapepsin (PDB codes: 4KUP
and 3T7P) were used for our modeling.26 Several bis-acylhydrazones were
designed using fragment linking. The energy of the system was minimized using
the MAB force field as implemented in the computer program MOLOC,34 whilst
keeping the protein coordinates fixed for the PDB code: 4KUP. In all cases, the
bis-acylhydrazones address the catalytic dyad directly via hydrogen-bonding
interactions.
For rest of the modeling studies, see Chapter 2, Section 2.4.3.

3.4.4

Experimental Procedures

3.4.4.1 General Experimental Details
For general experimental conditions, see Chapter 2, Section 2.4.5.
3.4.4.2 Synthesis of the hydrazides
General procedure for hydrazide formation from the corresponding
methyl/ethyl ester (GP1):
To a solution of the methyl/ethyl ester hydrochloride (1 eq.) in ethanol (4 mL)
was added hydrazine monohydrate (8 eq.). The reaction mixture was heated to
reflux for 5 h. The reaction mixture was concentrated in vacuo, and the residue
was taken up in dichloromethane/iso-propanol (3:1, 10 mL). The resulting
suspension was filtered and the filtrate was concentrated in vacuo to afford the
corresponding hydrazide as a solid in 60–90% yield. 4–9 were synthesized
according to GP1 and their spectral data correspond to those reported in the
literature.35–37
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General procedure for Boc protected amino ester formation (GP2):
A solution of amino acid ester HCl and Et3 N in dry CH2 Cl2 (45 mL) was added
to a solution of di-tert-butyldicarbonate in CH2 Cl2 . The reaction mixture was
stirred for 2–3 h at r.t. The organic solution was washed with saturated aqueous
NaCl solution, dried over Na 2 SO4 and filtered. The solvent was removed, and the
crude was purified by flash chromatography (pentane/EtOAc) to afford the
desired product in 52–81% yield as a white solid. 24 was synthesized according
to GP2 and its spectral data correspond to those reported in the literature. 38
General procedure for Boc protected amino hydrazide formation (GP3):
Hydrazine monohydrate was added to a solution of Boc protected amino ester in
10 mL of EtOH. The reaction mixture was heated to reflux for 5 h. the reaction
mixture was concentrated and water was poured onto the residue. After filtration,
the solid was dried in vacuo to afford pure product as 70–98% yield.
General procedure for bis -acylhydrazone formation (GP4):
The hydrazide (1 eq.) was dissolved in dry methanol, treated with
isophthalaldehyde (3, 2 eq.), and the mixture was heated to reflux for 3 h. The
reaction mixture was allowed to cool to r.t. and concentrated in vacuo. The
resulting product was directly used in the following step. The residue was
dissolved in dichloromethane (10 mL) and 2 M HCl/diethyl ether (10 eq.) was
added. The mixture was stirred for 3 h at room temperature. The resulting
precipitate was filtered and purified by reversed phase Prep HPLC (HPLC
conditions: column, XTerra® Prep MS C18, 10 μ, 150 mm × 7.8 mm; flow rate,
1 mL min−1 ; wavelength, 254 nm; temperature, 23 °C; gradient method,
water/acetonitrile (0.1% TFA) 95:5 → 5:95 in 15 min (13) and 25 min (16).
(R/S)-Ethyl 2-(tert-butoxycarbonylamino)-3-(1H-indol-3-yl)propanoate (20)
The title compound was synthesized according to GP2
using 19 (3.0 g, 11.2 mmol), Et3 N (1.56 mL, 11.2 mmol)
and di-tert-butyldicarbonate (2.3 g, 13.4 mmol). After
purification, the product 20 was obtained as a white solid
(3.0 g, 81% yield). m.p. 153–158 °C; 1 H NMR (400 MHz; CDCl3 ) δ=8.17 (s, 1H),
7.57 (d, J=8.0, 1H), 7.34 (d, J=8.0, 1H), 7.19 (t, J=8.0, 1H), 7.11 (t, J= 8.0, 1H),
6.99 (s, 1H), 5.09 (d, J=8.0, 1H), 4.63 (dt, J= 8.0, 5.4, 1H), 4.12 (q, J=6.9, 2H),
3.29 (t, J=4, 2H), 1.43 (s, 9H), 1.19 (t, J= 7.1, 3H); 13 C NMR (101 MHz, CDCl3 )
δ=172.4, 155.4, 136.2, 122.8, 122.3, 119.7 (2C), 118.9, 111.2, 110.4, 79.9, 61.4,
54.4, 28.4 (3C), 28.1, 14.2; IR (cm−1 ): 3319 (br), 2975, 1728, 1681, 1515, 1222,
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1157, 735; HRMS (ESI) calcd for C18 H25 N2 O4 + [M+H]+: 333.1809, found:
333.1806.
(R/S)-Tert-butyl
ylcarbamate (21)

1-hydrazinyl-3-(1H-indol-3-yl)-1-oxopropan-2-

The title compound was synthesized according to GP3
using 20 (2.8 g, 8.42 mmol) and N2 H4 . H2 O (3.27 mL,
67 mmol). After purification, the product 21 was
obtained as a white solid in 98% yield. m.p. 200 – 203
1
°C; H NMR (400 MHz, (CD3 )2 SO) δ=10.79 (1 H, s), 9.13 (s, 1H), 7.59 (d, J=8.0,
1H), 7.31 (d, J=8.0, 1H), 7.12 (s, 1H), 7.05 (t, J=8.0, 1H), 6.97 (t, J=8.0, 1H),
6.76 (d, J=8.0, 1H), 4.30–3.95 (m, 3H), 3.07–2.77 (m, 2H), 1.31 (s, 9H); 13 C
NMR (101 MHz, (CD3 )2 SO) δ=171.4, 155.1, 136.0, 127.3, 123.7, 120.8, 118.5,
118.2, 111.2, 110.2, 77.9, 53.7, 28.2(3C), 28.1; IR (cm−1 ): 3335 (br), 2975, 2908,
1659, 1680, 1524, 1248, 1053, 736, 631; HRMS (ESI) calcd for C 16 H23 N4 O3 +
[M+H]+: 319.1765, found: 319.1763.
(S)-Tert-butyl 1-hydrazinyl-1-oxo-3-phenylpropan-2-ylcarbamate (25)
The title compound was synthesized according to GP3
using 24 (1.80 g, 6.44 mmol) and N2 H4 . H2 O (2.5 mL, 51.6
mmol). After purification, the product 25 was obtained as
a white solid in 70% yield. The spectral data correspond to
those reported in the literature. 38
N',N''E,N',N''E)-N',N''-(1,3-phenylenebis(methan-1-yl-1-ylidene))bis(2amino-3-(1H-indol-3-yl)propanehydrazide (13)
The title compound was
synthesized according to
GP4 using 21 (405 mg,
1.27
mmol)
and
isophthalaldehyde (3, 85
mg, 0.64 mmol). After purification, the product 13 was obtained as bistrifluoroacetate salt as a white solid. m.p. > 165 °C (decomposition); 1 H NMR
(400 MHz, CD3 OD) δ=8.06 – 7.91 (m, 2H), 7.87 – 7.77 (m, 1H), 7.73 – 7.64 (m,
3H), 7.49 (dt, J=10, 8, 1H), 7.38 (d, J=8, 1H), 7.33 – 7.17 (m, 3H), 7.16 – 6.95
(m, 5H), 5.12 (dt, J=9, 6, 1H) ,5.03 (dt, J=9, 6, 1H), 4.31 – 3.97 (m, 1H), 3.60 –
3.03 (m, 4H). 13 C NMR (101 MHz, CD3 OD) δ=171.6, 167.5, 163.0, 162.5, 150.6,
147.0, 146.9, 146.8 (2C), 138.4, 138.3, 138.2, 135.8, 135.7, 135.7 (2C), 130.8,
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130.3, 130.0, 129.7, 128.4, 128.3 (2C), 128.2, 127.7, 127.5, 127.2, 125.7, 125.5
(2C), 122.9 (2C), 120.3, 120.2 (2C), 119.1, 119.0, 112.7 (2C), 112.6, 108.3 (2C),
107.7, 54.4, 52.8, 52.7, 29.0, 28.4, 28.2. 19 F NMR (376 MHz, CD3 OD) δ=–76.9.
IR (cm−1 ): 3404 (br), 3224 (br), 3062 (br), 1670, 1199, 1134; HRMS (ESI) calcd
for C30 H31 N8 O2 + [M+H]+: 535.2564, found: 535.2556.
(2S,2'S,N',N''E,N',N''E)-N',N''-1,3-phenylenebis(methan-1-yl-1ylidene))bis(2-amino-3-phenylpropanehydrazide (16)
The title compound was
synthesized according to GP4
using 25 (1.0 g, 3.6 mmol) and
isophthalaldehyde (3, 240 mg,
1.8 mmol). After purification,
the product 16 was obtained as bis-trifluoroacetate salt as a white solid. m.p. 148
– 155 °C; 1 H NMR (400 MHz, (CD3 OD) δ=8.13 (s, 1H), 8.08 (s, 1H), 7.92 (s,
1H), 7.90 (s, 1H), 7.82 – 7.69 (m, 2H), 7.58 – 7.45 (m, 1H), 7.42 – 7.23 (m, 9H),
7.23 – 7.13 (m, 1H), 5.15 (t, J=8, 1H), 5.08 (t, J=8, 1H), 4.24 – 4.10 (m, 1H),
3.38 – 3.13 (m, 4H); 13 C NMR (101 MHz, CD3 OD) δ=171.2, 167.1, 163.0 (q,
J=35), 151.5, 150.1, 147.4, 145.8, 136.0, 135.9, 135.8, 135.4, 131.4, 131.1, 130.9
(2C), 129.9, 129.5, 129.3, 128.3, 128.0, 119.8, 116.8, 113.9, 56.0, 54.5, 54.4,
53.0, 52.9, 40.1, 39.5, 38.8, 38.2. 19 F NMR (376 MHz, CD3 OD) δ=–76.9.9; IR
(cm−1 ): 3439 (br), 3039 (br), 2919 (br), 1669, 1199, 1131; HRMS (ESI) calcd for
C26 H29 N6 O2 + [M+H]+: 457.2346, found: 457.2341.
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Chapter 4

Structure-Based Optimization of Inhibitors of
the Aspartic Protease Endothiapepsin

In this chapter, we have optimized a hit, identified by de novo structure-based
drug design (SBDD) and dynamic combinatorial chemistry (DCC), by using
SBDD approaches focusing on the optimization of an amide–π interaction.
Biochemical results are in agreement with SBDD. These results will provide
useful insights for future structure-based optimization of inhibitors for the real
drug targets as well as insights into molecular recognition of this enzyme family.

This chapter is adapted from the original paper:
A. Hartman*, M. Mondal*, N. Radeva, G. Klebe and A. K. H. Hirsch, Int. J. Mol.
Sci., 2015, 16, 19184–19194.
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4.1

Introduction

Structure-based drug design (SBDD) is a powerful strategy to design and/or
optimize bioactive compounds.1–3 In our previous studies, we have shown that a
combination of SBDD and acylhydrazone-based DCC represents a highly
efficient hit-identification strategy for the aspartic protease endothiapepsin.4
Among the hits identified, the best acylhydrazone exhibits an IC50 value in the
low micromolar range (12.8 μM ). Subsequent cocrystal-structure determination
also confirmed our in silico prediction of the binding mode of the acylhydrazone
inhibitor. We have reported the first example of acylhydrazone-based inhibitors
of endothiapepsin and aspartic proteases in general which we have discussed in
Chapter 2. In the present chapter, we have chosen this acylhydrazone hit and used
SBDD to identify a new series of potent inhibitors of endothiapepsin by focusing
on the optimization of an amide–π interaction.5

4.2

Results and Discussion

4.2.1

Structure-based drug design

We chose the acylhydrazone-based hit 1 as a starting point. We had previously
identified hit 1 from a dynamic combinatorial library of acylhydrazones using the
novel combination of de novo SBDD and DCC. Our hit 1 binds in the active site
of the enzyme (Figure 1a). Acylhydrazone 1 forms four charged H bonds with
the catalytic dyad (D35 and D219) through its α-C amino group. The carbonyl
oxygen atom of the acylhydrazone linker accepts two H bonds from two cocrystallized water molecules (Figure 1b). Furthermore, the NH of the indolyl
moiety donates an H bond to the carboxylate group of residue D81. Hit 1
addresses the S1 pocket of endothiapepsin with its indolyl moiety and benefits
from offset π–π stacking and CH–π interactions with F116 and L125,
respectively. Furthermore, 1 experiences several hydrophobic interactions with
I300 and I304 in the S2 pocket of endothiapepsin. Moreover, the mesityl group
is involved in an amide–π interaction with the peptide bond connecting G80 and
D81.
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Figure 1. a) X-ray crystal structure of endothiapepsin co-crystallized with 1; b) full binding mode
of 1 in the active site. Color code: inhibitor skeleton: C: green, N: blue, O: red; enzyme skeleton:
C: gray; water molecules: red sphere. H bonds below 3.2 Å are shown as black, dashed lines (PDB
code: 4KUP).4

We focused our efforts on optimizing this amide–π interaction.5 Generally
speaking, electron-deficient rings, which have their dipole moment aligned in an
antiparallel manner with the peptide bond should strengthen the amide–π stacking
interaction. Furthermore, an increase in dipole moment should also increase the
strength of the amide–π stacking interaction. 5 With these considerations in mind,
we embarked on the optimization of this interaction by varying the aromatic ring
derived from the aldehyde building block. Based on molecular modeling using
the software Moloc 6 and the FlexX docking module in the LeadIT suite 7 as well
as commercial availability, we have designed and selected a library of eight
acylhydrazone-based potential hits 2–9 (Scheme 1). We have introduced various
electron-withdrawing group such as –F, –CF3 , and –Br as well as the electrondonating group –OH to investigate the effect of varying the electron density in
the aromatic ring to improve the amide–π interaction between the aromatic ring
and the peptide bond connecting G80 and D81 as well as to improve the offset π–
π stacking, CH–π interaction and several hydrophobic interactions. The binding
modes of all designed acylhydrazone analogues are shown in Figure 2.
Substituting the methyl by a trifluoromethyl group might have several beneficial
effects. One of the most common reasons to incorporate fluorine in an inhibitor
is that the rate of oxidative metabolism is reduced. Furthermore, the fluorine atom
(van der Waals radius, 1.47 Å) is able to mimic a hydrogen atom (1.20 Å) or a
hydroxyl group (1.40 Å) in a bioactive compound because it is of comparable
size. The stability towards biological oxidation is strongly determined by the
bond energies and heats of formation of F–O relative to C–O and H–O bonds.
The stronger C–F bond, compared to C–H, does not influence the biological
oxidative stability, due to the fact that homolysis of C–H or C–F bonds is not
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involved.8 Due to the potentially higher stability towards oxidative metabolism,
replacing the mesityl by a trifluoromethylphenyl substituent should decrease the
risk for toxicity. Moreover, the presence of fluorine atoms can enhance the
lipophilicity and therefore the in vivo uptake and transport of biologically active
compounds.

Figure 2. Schematic representation of the predicted binding modes of acylhydrazone-based
inhibitors 1–9 in the active site of the endothiapepsin. These binding modes are the result of a
docking run using the FlexX docking module with 30 poses and represent the top -scoring pose after
HYDE scoring and careful visual inspection to exclude poses with significant inter- or intramolecular clash terms or unfavorable conformations. The Figure was generated with PoseView 9 as
implemented in the LeadIT suite.
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Scheme 1. a) Structures and retrosynthetic analysis of designed acylhydrazone inhibitors 2–9
starting from hit 1; b) structures of hydrazide 10 and the aldehydes 11–18.

4.2.2

Synthesize of Acylhydrazone derivatives

All the acylhydrazone derivatives can be synthesized by treating L-tryptophan
hydrazide (10) with eight aldehydes 11–18 to afford the corresponding
acylhydrazones 2–9 (Scheme 1). Whereas, all the aldehydes are commercially
available, we have synthesized the hydrazide 10 starting from L-tryptophan methyl
ester hydrochloride (19) by treatment with hydrazine monohydrate as reported
previously (Scheme 2a).4 We accessed all acylhydrazones 2–9 (Figure 3) by
reacting hydrazide 10 with the individual aldehydes 11–18 and isolated the
acylhydrazones as mixtures of E and Z isomers in 30–50% yield.4

Scheme 2. Synthesis of a) hydrazide 10, and b) achylhydrazones 2–9.

4.2.3

Biochemical evaluation

To determine their inhibitory potency against endothiapepsin, we subjected these
acylhydrazone derivatives to a fluorescence-based enzymatic inhibition assay,
adapted from the HIV protease assay.10 All eight acylhydrazones indeed showed
inhibition of endothiapepsin with IC50 values in the range of 7‒59 μM except for
9, which showed an IC50 value of 244 μM . The most potent inhibitor 2 displays
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an IC50 value of 7.0 μM . The experimental Gibbs free energies of binding (ΔGEXP T
(2) = –31.3 kJ·mol–1 ) and ligand efficiencies (LE (2) = 0.28), obtained from the
IC50 values using the Cheng–Prusoff equation,11 correlate with the calculated
value using the scoring function HYDE in the LeadIT suite (ΔGHYDE (2) = –32.0
kJ·mol–1 .12,13 This correlation is also valid for other acylhydrazones, except for 3,
6 and 7 (Table 1).

Figure 3. Structures of a series of acylhydrazone-based inhibitors 2–9.
Table 1. The IC50 values, ligand efficiency (LE), calculated and experimental Gibbs free energy of
binding (ΔG) of acylhydrazone inhibitors.

a

Inhibitors E:Z a
1
57:43
2
64:36
8
45:55
5
93:7
4
58:42
9
60:40
6
48:52
7
60:40
3
38:62

IC50 (μ M) b
12.8 ± 0.4
7.0 ± 0.5
30.0 ± 5.0
36.0 ± 11.0
38.0 ± 7.0
49.0 ± 2.0
54.5 ± 0.5
59.0 ± 4.0
244.0 ± 32.0

ΔGEXPTc
−30.0
−31.3
−27.7
−27.2
−27.1
−26.4
−26.2
−26.0
−22.5

LE
0.27
0.28
0.26
0.26
0.27
0.27
0.26
0.26
0.20

ΔGHYDEd
−32
−32
−32
−30
−31
−31
−33
−38
−33

E/Z ratios were calculated based on integration of the peak corresponding to the imine-type proton
in the 1H-NM R spectrum; b 26 experiments were performed and only six experiments were
considered to calculate the initial slope (n = 6), 11 different concentrations of inhibitor were used
starting at 1 mm; each experiment was carried out in duplicate and the errors are given in standard
deviations (SD); c The Gibbs free energy of binding (ΔG EXPT (kJ.mol–1); derived from the
experimentally determined IC50 values); d Values indicate the calculated Gibbs free energy of
binding (ΔGHYDE (kJ.mol–1); calculated by the HYDE scoring function in the LeadIT suite).
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4.2.4

Discussion

When the para-methyl group of the mesityl substituent of 1 is removed, the IC50
value increases to 30.0 μM (8), which suggests that the para-methyl group was
involved in lipophilic interactions with I300. Removal of a second methyl group
(7) leads to another two-fold increase in IC50 to 59.0 μM . When the last methyl
group (ortho) is removed, i.e., the unsubstituted phenyl derivative 9, the IC50 value
(49.0 μM ) is in the same range as for the aromatic ring with one methyl group (7),
which indicates that one of the ortho methyl groups was not involved in any
lipophilic interactions. Upon introduction of a trifluoromethyl group in the para
position of the phenyl ring (2), the IC50 value, decreases two-fold to 7.0 μM with
respect to the initial hit 1, which could be due to the better liphophilic interactions
and stronger amide–π interactions. However, the IC50 value increases to 244.0
μM in case of the meta-trifluoromethyl-substituted derivative 3. This observation
suggests that the para trifluoromethyl group is involved in more lipophilic
interaction than the meta trifluoromethyl group. In case of ortho-fluorophenyl (4)
and -bromophenyl (6) substituents, the IC50 values are in the same range as the
unsubstituted phenyl derivative (9), which indicates that fluoro and bromo
substituents in the ortho position do not have a strong influence on the binding
event. Introduction of a hydroxyl group in the ortho position along with a methyl
group in the meta position (5) leads to an IC50 value of 36.0 μM , which suggests
that the hydroxyl group in the ortho position might be involved in H bonding.
Therefore, the highest potency observed for 2 might be ascribed to the strongly
electron-withdrawing properties of the trifluoromethyl substituent in para
position, which makes the aromatic ring electron-deficient, which, in turn, should
strengthen the amide–π interaction. The alignment of dipole moments of the
amide bond and the aromatic ring is not ideal (i.e., antiparallel) as observed from
dipole-moment calculations using molecular modeling using the software Moloc
(Figure 4).6 Lipophilic interactions between the fluorine atoms and nearby
lipophilic residue I300 certainly also contribute to the potency. A superimposition
of hit 1 and the modeled binding pose of the most potent inhibitor 2 is shown in
Figure 5. Moreover, because of the higher stability towards oxidative
metabolism, trifluoromethylphenyl should reduce the risk for toxicity compared
to mesityl. At the same time, the presence of fluorine atoms can enhance the
lipophilicity and consequently the in vivo uptake and transport of biologically
active compounds.
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Figure 4. M oloc-generated dipole moments (μ) of aromatic rings of the original hit 1 and designed
acylhdrazone inhibitors 2–9.

Figure 5. Comparison of the binding mode of crystal structure of 1 and modeled structure of 2 in
the active site of endothispepsinendothiapepsin. Color code: inhibitor skeleton: C: green, purple,
N: blue, O: red, F: light cyan; enzyme skeleton: C: gray. H bonds below 3.2 Å are shown as black
dashed lines (PDB code: 4KUP).4
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4.3

Conclusions

By using SBDD, in particular optimizing an amide–π interaction, we designed a
library of eight acylhydrazone-based inhibitors starting from hit 1. These
compounds inhibit the aspartic protease endothiapepsin with IC50 values in the
low micromolar region. The best compound 2 displays an IC50 value of 7.0 μM ,
which is two-fold more potent than the original hit 1. The increase in potency
could be due to the strengthened amide–π interaction compared to the original hit
1, owing to the more strongly electron-withdrawing nature of the trifluoromethyl
group as well as better lipophilic interactions. Furthermore, 2 also has the
potential to have increased metabolic stability than the original hit 1 because of
the presence of a trifluoromethyl instead of three methyl groups. The observed
structure–activity relationships provide evidence that the inhibitors indeed adopt
the predicted binding mode. We will validate this by co-crystallization studies,
which will provide useful insights for future structure-based optimization of
inhibitors for the real drug targets and insights into molecular recognition.

4.4

Experimental Section

4.4.1

Fluorescence-based inhibition assay

For fluorescence-based inhibition assay, see Chapter 2, Section 2.4.2.

4.4.2

Modeling and Docking

One X-ray crystal structure of a complex of endothiapepsin (PDB codes: 4KUP )
was used for our modeling.4
For rest of the modeling and docking studies, see Chapter 2, Section 2.4.3.

4.4.3

General experimental details

For general experimental details, see Chapter 2, Section 2.4.5.

4.4.4

Synthesis

(S)-2-Amino-3-(1H-indol-3-yl)propanehydrazide (10)
Hydrazine monohydrate (7.6 mL, 0.16 mol) was added to
a
solution
of
(S)-2-amino-3-(1H-indol-3yl)propanehydrazide hydrochloride 19 (5.0 g, 19.6 mmol)
in methanol (100 mL). The reaction mixture was stirred at
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reflux for 12 h. The solvent was evaporated under reduced pressure, and DCM/
PrOH (3:1, 50 mL) was added to the residue. The resulting suspension was
triturated by placing the mixture in an ultrasound bath for five minutes, filtered
and again placed in the ultrasound bath for another five minutes and filtered. The
solvent was removed to yield the product as light brown, sticky solid 10 (98%).
The spectral data correspond to those reported in the literature. 4
i

General procedure (GP) for acylhydrazone formation:
GP:
To
(S)-2-amino-3-(1H-indol-3yl)propanehydrazide (10) (1 eq.) was added a small
amount of methanol, the corresponding aldehyde (1.2
equivalent), and the resulting mixture was heated at
reflux. Upon heating, the starting materials were completely dissolved,
subsequently the mixture was heated to reflux overnight. After letting the reaction
mixture cool to room temperature, the solvent was evaporated in vacuo. The
crude product was purified by column chromatography (SiO2 ; MeOH/DCM 0:10
Æ 1:9), and the corresponding acylhydrazone was obtained in 30–50% yield.4
(S,E)-2-Amino-3-(1H-indol-3-yl)-N’-(4(trifluoromethyl)benzylidene)propanehydrazide (2)
The acylhydrazone 2 was synthesized according
to GP by using (S)-2-amino-3-(1H-indol-3yl)propanehydrazide (10) (408 mg, 1.87 mmol)
and 4-trifluoromethyl-benzaldehyde 11 (306 μL,
2.24 mmol). After purification, the acylhydrazone 2 was obtained as a mixture of
E and Z isomers (E:Z = 64:36) as a white solid (365 mg, 52%). m.p. 187–190 °C;

>D @D = + 53.7 (c = 0.114 in MeOH); 1H NMR (400 MHz, CD3OD) δ=8.03 (s,
20

1H, E), 7.92 (d, J=8.2, 1H), 7.86 (s, 1H, Z), 7.70 (d, J=8.2, 1H), 7.67–7.63 (m,
2H), 7.62 (s, 1H), 7.34 (d, J=8.1, 1H, E), 7.24 (d, J=8.1, 1H, Z), 7.15–7.06 (m,
2H), 7.05–6.97 (m, 1H), 4.74 (t, J=6.7, 1H, Z), 3.73 (t, J=6.7, 1H, E), 3.29–3.22
(m, 1H), 3.17–3.07 (m, 1H); 13 C NMR (101 MHz, CD3 OD) δ=178.5, 174.5,
148.2, 144.1, 139.3, 138.2, 136.3, 129.2, 128.8, 124.7 (d, J=25.9), 124.86,
124.61, 122.50 (d, J=5.5), 119.8 (d, J=17.7), 119.5 (d, J=9.2), 112.4, 111.3,
111.0, 56.4, 52.7, 32.5 (d, J=13.5); IR (cm–1 ): 3283 (br), 3058, 2920, 1671, 1455,
743; 19 F NMR (376 MHz, CD3 OD) δ=–64.31, –64.39; HRMS (ESI) calcd for
C19 H17 F3 N4 O [M+H]+: 375.1427, found: 375.1431; Anal. Calcd for C19 H17 F3 N4 O
(%): C 60.96, H 4.58, N 14.97. found: C 60.45, H 4.54, N 14.64.
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(S,E)-2-Amino-3-(1H-indol-3-yl)-N’-(3(trifluoromethyl)benzylidene)propanehydrazide (3)
The acylhydrazone 3 was synthesized according
to GP by using (S)-2-amino-3-(1H-indol-3yl)propanehydrazide (10) (403 mg, 1.85 mmol)
and 3-trifluoromethyl-benzaldehyde 12 (297 μL, 2.22 mmol). After purification,
the acylhydrazone 3 was obtained as a mixture of E and Z isomers (E:Z = 60:40)
as a white solid (332 mg, 48%). m.p. 67–71 °C;

>D @D = + 39.1 (c = 0.097 in
20

MeOH); 1 H NMR (400 MHz, CD3 OD): δ=8.08 (s, 1H, E), 8.00 (s, 1H, E), 7.91
(s, 1H, Z), 7.89 (d, J=4.1, 1H, E), 7.88 (s, 1H, Z), 7.71 (d, J=7.7, 1H, Z), 7.68–
7.47 (m, 3H), 7.31 (d, J=8.1, 1H, E), 7.25 (d, J=8.1, 1H, Z), 7.12 (s, 1H, Z), 7.11
(s, 1H, E), 7.05 (dd, J=15.1, 8.0, 1H), 7.01–6.95 (m, 1H), 3.76 (t, J=6.8, 1H, E),
3.38–3.22 (m, 1H), 3.16–3.06 (m, 1H); 13 C NMR (101 MHz, CD3 OD): δ=176.0,
173.8, 148.4, 144.9, 138.2 (d, J=8.5), 136.5 (d, J=15.1), 133.8, 132.3, 130.7,
130.7 (d, J=210.9), 130.7, 128.7, 128.6, 127.7 (dd, J=9.5, 5.8), 127.5 (dd, J=7.8,
4.0), 125.1 (dd, J=7.8, 3.8), 124.4, 122.6, 122.5, 120.0, 119.9, 119.4, 119.1,
112.4, 112.3, 110.7, 110.2, 56.2, 52.5, 32.1, 31.1, 25.3; 19 F NMR (376 MHz,
CDCl3 ): δ=–62.82; IR (cm–1 ): 3332 (br), 2497 (br), 1668, 1326, 1120; HRMS
(ESI) calcd for C19 H17 F3 N4 O [M+H]+: 375.1427, found: 375.1429.
(S,E)-2-Amino-N’-(2-fluorobenzylidene)-3-(1H-indol-3yl)propanehydrazide 4
The acylhydrazone 4 was synthesized according to
GP
by
using
(S)-2-amino-3-(1H-indol-3yl)propanehydrazide (10) (363 mg, 1.66 mmol) and 2fluorobenzaldehyde 13 (210 μL, 1.99 mmol). After purification, the
acylhydrazone 4 was obtained as a mixture of E and Z isomers (E:Z = 58:42) as
a white solid (237 mg, 44%). m.p. 175–176 °C;

>D @D = + 75.5 (c = 0.200 in
20

MeOH); 1 H NMR (400 MHz, CD3 OD) δ=8.27 (s, 1H, E), 8.17–8.08 (m, 1H), 7.71
(d, J=7.5, 1H), 7.68 (d, J=3.4, 1H), 7.67–7.60 (m, 1H), 7.49–7.39 (m, 1H), 7.34
(d, J=8.0, 1H), 7.31–6.94 (m, 9H), 4.73 (t, J=6.6, 1H, Z), 3.72 (t, J=6.6, 1H, E),
3.26 (m, 1H), 3.17–3.00 (m, 1H); 13 C NMR (101 MHz, CD3 OD) δ=178.1, 174.2,
164.2, 161.7, 142.7, 139.1, 139.0, 138.2, 133.4 (d, J=8.6), 132.8 (d, J=8.5), 128.8
(d, J=9.5), 128.7, 128.1, 125.7, 124.7 (d, J=16.2), 123.0, 122.5, 119.8 (d, J=15.3),
119.5, 116.7 (dd, J=21.2, 8.6), 112.4, 111.2, 110.9, 56.3, 52.6, 32.3; 19 F NMR
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(376 MHz, CD3 OD) δ=–123.17 (m), –123.34 (m); IR (cm–1 ): 3286 (br), 3056,
2921, 1673, 1615, 1455, 1357, 1238, 743; HRMS (ESI) calcd for C 18 H17 FN4 O
[M+H]+: 325.1459, found: 325.1465.
(S,Z)-2-Amino-N’-(2-hydroxy-3-methylbenzylidene)-3-(1H-indol-3yl)propanehydrazide (5)
The acylhydrazone 5 was synthesized according to GP
by
using
(S)-2-amino-3-(1H-indol-3yl)propanehydrazide (10) (410 mg, 1.88 mmol) and 2hydroxy-3-methylbenzaldehyde 14 (273 μL, 2.25
mmol). After purification, the acylhydrazone 5 was obtained as a mixture of E
and Z isomers (E:Z = 93:7) as a yellow solid (246 mg, 39%). m.p. 86–90 °C;

>D @D = + 103.0 (c = 0.146 in MeOH); 1H NMR (400 MHz, CD3OD) δ=8.28 (s,
20

1H, E), 8.11 (s, 1H, Z), 7.97 (s, 1H, E), 7.63 (d, J=8.0, 1H), 7.34 (d, J=8.0, 1H),
7.19 (d, J=7.3, 1H), 7.13 (s, 1H), 7.11–7.05 (m, 2H), 7.04–6.98 (m, 1H), 6.81 (dd,
J=10.0, 5.1, 1H), 3.72 (t, J=6.7, 1H, Z), 3.27 (dd, J=14.2, 6.8, 1H), 3.12 (dd,
J=14.2, 6.8, 1H), 2.26 (s, 3H); 13 C NMR (101 MHz, CD3 OD) δ=173.3, 157.6,
152.6, 149.6, 138.1, 134.0, 130.0, 128.7, 126.9, 124.8, 122.5, 120.1, 119.9, 119.4,
118.2, 112.3, 111.0, 56.3, 32.4, 15.7; IR (cm–1 ): 3351 (br), 2475 (br), 2216, 2071,
1120, 972; HRMS (ESI) calcd for C19 H20 N4 O2 [M+H]+: 337.1659, found:
337.1664.
(S,E)-2-Amino-N’-(2-bromobenzylidene)-3-(1H-indol-3yl)propanehydrazide (6)
The acylhydrazone 6 was synthesized according to
GP
by
using
(S)-2-amino-3-(1H-indol-3yl)propanehydrazide (10) (345 mg, 1.58 mmol) and
2-bromobenzaldehyde 15 (220 μL, 1.89 mmol). After
purification, the acylhydrazone 6 was obtained as a mixture of E and Z isomers
(E:Z = 55:45) as a white solid (315 mg, 52%). m.p. 80–86 °C;

>D @D = + 54.8 (c
20

= 0.091 in MeOH); 1 H NMR (400 MHz, CD3 OD) δ=7.98 (s, 1H, E), 7.92 (s, 1H,
E), 7.83 (s, 1H, Z), 7.82 (s, 1H, Z), 7.68 (d, J=6.0, 1H, E), 7.66–7.61 (m, 1H),
7.56 (ddd, J=7.9, 2.8, 1.8, 1H), 7.49 (d, J=7.9, 1H, Z), 7.37–7.31 (m, 1H), 7.31–
7.26 (m, 1H), 7.13 (d, J=4.3, 1H), 7.10–7.05 (m, 1H), 7.01 (t, J=7.4, 1H), 4.77 (t,
J=7.7, 1H, Z), 3.73 (t, J=6.7, 1H, E), 3.31–3.24 (m, 1H), 3.17–3.00 (m, 1H); 13 C
NMR (101 MHz, CD3 OD) δ=177.4, 174.1, 148.3, 144.6, 138.2, 138.1, 137.7,
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134.2, 134.0, 133.4, 131.6, 131.5, 131.1, 130.3, 128.7, 127.7, 127.4, 124.8, 123.8,
123.5, 122.5, 122.5, 120.1, 119.9, 119.4, 119.3, 112.4, 112.3, 110.9, 110.8, 56.3,
52.5, 32.3, 32.0; IR (cm–1 ): 3287 (br), 3056, 2920, 1673, 1561, 744; HRMS (ESI)
calcd for C18 H17 BrN4 O [M+H]+: 387.0638, found: 387.0639.
(S,E)-2-Amino-3-(1H-indol-3-yl)-N’-(2methylbenzylidene)propanehydrazide (7)
The acylhydrazone 7 was synthesized according to
GP
by
using
(S)-2-amino-3-(1H-indol-3yl)propanehydrazide (10) (200 mg, 0.92 mmol) and otolualdehyde 16 (160 μL, 1.38 mmol). After purification, the acylhydrazone 7
was obtained as a mixture of E and Z isomers (E:Z = 60:40) as a white solid (130
mg, 44%). m.p. 96–98 °C;

>D @D = + 38.4 (c = 0.208 in MeOH); 1H NMR (400
20

MHz, CD3 OD) δ=8.29 (s, 1H, E), 8.23 (s, 1H, Z), 7.95 (d, J=7.5, 1H, E), 7.70 (d,
J=7.6, 1H, Z), 7.68–7.59 (m, 1H), 7.37–7.25 (m, 2H), 7.25–7.15 (m, 2H), 7.13
(d, J=5.7, 1H), 7.11–7.05 (m, 1H), 7.05–6.94 (m, 1H), 4.73 (dd, J=7.7, 5.5, 1H,
Z), 3.71 (t, J=6.8, 1H, E), 3.31–3.21 (m, 1H), 3.16–3.01 (m, 1H), 2.44 (s, 1H),
2.38 (s, 2H); 13 C NMR (101 MHz, CDCl3 ) δ=171.0, 147.0, 137.3, 136.5, 136.4,
131.8, 131.1, 130.8, 130.3, 130.1, 127.6, 127.1, 126.4, 123.7, 123.5, 122.1, 122.1,
119.7, 119.4, 119.1, 118.9, 111.5, 55.3, 52.1, 30.7, 25.4, 19.9, 19.5; IR (cm–1 ):
3300 (br), 3057, 2923, 2461 (br), 1667, 1455, 744; HRMS (ESI) calcd for
C19 H20 N4 O [M+H]+: 321.1710, found: 321.1714.
(S,E)-2-Amino-N’-(2,6-dimethylbenzylidene)-3-(1H-indol-3yl)propanehydrazide (8)
The acylhydrazone 8 was synthesized according to GP
by
using
(S)-2-amino-3-(1H-indol-3yl)propanehydrazide (10) (136 mg, 0.62 mmol) and
2,6-dimethylbenzaldehyde 17 (114 mg, 0.85 mmol). After purification, the
acylhydrazone 8 was obtained as a mixture of E and Z isomers (E:Z = 42:50) as
a white solid (76 mg, 37%). m.p. 90–97 °C;

>D @D = + 28.6 (c = 0.084 in MeOH);
20

H NMR (400 MHz, CD3 OD) δ=8.35 (s, 1H, E), 8.30 (s, 1H, Z), 7.64 (d, J=8.0,
1H, Z), 7.52 (d, J=8.1, 1H, E), 7.35 (d, J=8.0, 1H, Z), 7.30 (d, J=8.1, 1H, E), 7.23–
6.99 (m, 6H), 6.89–6.82 (m, 1H, E), 4.65 (dd, J=7.6, 5.3, 1H, E), 3.72 (t, J=6.8,
1H, Z), 3.30–3.21 (m, 1H), 3.18–3.04 (m, 1H), 2.43 (s, 3H), 2.37 (s, 3H); 13 C
NMR (101 MHz, CD3 OD) δ=177.1, 173.6, 150.2, 146.6, 138.9, 138.8, 138.2,
1
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132.4, 132.2, 130.2, 130.1, 129.8, 129.5, 128.8, 128.8, 124.9, 124.7, 122.5, 122.4,
119.9, 119.7, 119.5, 112.3, 110.9, 110.8, 56.3, 52.9, 32.5, 31.5, 21.5, 21.1; IR
(cm–1 ): 3283 (br), 3058, 2971, 2922, 1672, 1334, 1237, 742; HRMS (ESI) calcd
for C20 H22 N4 O [M+H]+: 335.1866, found: 335.1870.
(S,E)-2-Amino-N’-benzylidene-3-(1H-indol-3-yl)propanehydrazide (9)
The acylhydrazone 9 was synthesized according to
GP
by
using
(S)-2-amino-3-(1H-indol-3yl)propanehydrazide 10 (213 mg, 0.98 mmol) and
benzaldehyde 18 (120 μL, 1.18 mmol). After purification, the acylhydrazone 9
was obtained as a mixture of E and Z isomers (E:Z = 52:48) as a white solid (117
mg, 39%). m.p. 146–149 °C;

>D @D = + 62.3 (c = 0.132 in MeOH); 1H NMR (400
20

MHz, CD3 OD) δ=7.92 (s, 1H, E), 7.86 (s, 1H, Z), 7.69–7.55 (m, 3H), 7.38–7.26
(m, 4H), 7.11–6.95 (m, 3H), 4.76–4.69 (m, 1H, Z), 3.71 (t, J=6.8, 1H, E), 3.29–
3.21 (m, 1H), 3.11–2.98 (m, 1H); 13 C NMR (101 MHz, CD3 OD) δ=177.3, 173.8,
150.3, 146.5, 138.0, 135.3, 135.2, 131.5, 131.1, 129.7, 128.7, 128.2, 124.8, 122.5,
119.9, 119.8, 119.4, 56.1, 52.5, 32.2, 31.8; IR (cm–1 ): 3280 (br), 3058, 2922,
1670, 1455, 743, 692; HRMS (ESI) calcd for C18 H18 N4 O [M+H]+: 307.1553,
found: 307.1557.
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Chapter 5

Fragment
Growing
Exploiting
Dynamic
Combinatorial Chemistry of Inhibitors of the
Aspartic Protease Endothiapepsin

Here, we have demonstrated that the novel combination of fragment-growing
and dynamic combinatorial chemistry (DCC) is a highly powerful strategy to
grow a fragment into a more potent, non-covalent inhibitor of the aspartic
protease endothiapepsin. We have designed a library of acylhydrazones using
fragment-growing starting from a known fragment in complex with
endothiapepsin. We have used DCC and a fluorescence-based enzymatic assay
to identify the best hit(s) from the dynamic combinatorial libraries, disp laying
double-digit micromolar inhibition of endothiapepsin. In addition, each DCC
experiment requires only very small amounts of protein compared with
established analytical methods and the protein needs to be in the assay mixture
only for a short period of time, making this protocol ideal for precious and
unstable proteins. These results constitute a proof of concept that the
combination of fragment growing and DCC is a powerful and efficient strategy
to convert a fragment into a hit.

This chapter is adapted from the original paper:
M. Mondal, D. E. Groothuis, A. K. H. Hirsch, MedChemComm., 2015, 6, 1267–
1271.
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5.1

Introduction

In fragment-based drug design (FBDD), once a fragment has been identified, it
has to be optimized to a lead compound by fragment growing or linking. On the
one hand, fragment growing has become the preferred fragment-optimization
strategy.1–6 Preserving the binding modes of two fragments bound to adjacent
pockets, as required in fragment linking, is considered attractive given the
potential for super-additivity but at the same time very challenging. 7 On the
other hand, fragment growing is time-consuming as it requires synthesis of
derivatives and validation of their binding mode at each step of the fragmentoptimization cycle. To overcome this hurdle, we developed a strategy in which
we combine fragment growing with dynamic combinatorial chemistry (DCC)
for the efficient optimization of a fragment to a hit. There are numerous reports
of DCC to facilitate hit/lead-identification or -optimization.8 A proof of concept
for fragment linking facilitated by DCC has been provided retrospectively when
letting disconnected known hydrazine inhibitors reassemble in the presence of
crystals of the protein target.9 Furthermore, linking of an intermediate derived
from biosynthesis to fragments designed to occupy adjacent pockets by
disulfide-based DCC10 as well as covalent tethering have been reported over the
past decade.11,12,13 FBDD in combination with DCC has, however, never been
explicitly reported for conventional fragment growing in a strict FBDD context.
We report here a fluorescence-based enzymatic assay to conveniently screen a
dynamic combinatorial library (DCL) for active inhibitors, which requires small
amounts of the protein target for a short period of time, making it ideally suited
for precious and unstable proteins.14 We will employ the combination of FBDD
and acylhydrazone-based DCC for the efficient fragment-to-hit optimization of
inhibitors of the aspartic protease endothiapepsin.

5.2

Results and Discussion

5.2.1

FBDD: fragment growing

For our studies, we used the crystal structure of endothiapepsin in complex with
fragment 1 (Protein Data Bank (PDB) code: 3PCW). 15 Fragment 1 was found to
inhibit endothiapepsin during a fragment-based screening campaign. 15 As
shown in Figure 1, 1 is engaged in three charged H bonds with the catalytic
dyad consisting of residues D35 and D219 by using its amidine group. Except
for the clogP value (3.3), 1 obeys the “rule of three”, having a molecular weight
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(M w ) of 261 Da, three H-bond donors, two H-bond acceptors, one freely
rotatable bond and a total polar surface area (TPSA) of 49.9 Å 2 . The fact that 1
shows 45% inhibition of endothiapepsin at a concentration of 1 mM , combined
with its promising physicochemical properties, and that it only has 13 heavy
atoms encouraged us to choose it as a starting point for optimization into an
inhibitor of endothiapepsin. Fragment 1 occupies the S2 and part of the S1 and
S1' pockets of endothiapepsin and addresses the catalytic dyad through charged
H-bonding interactions (Figure 1a).

Figure 1. a) X-ray crystal structure of endothiapepsin in complex with fragment 1 bound in the
active site (PDB code: 3PCW).15 Color code: (protein surface) C: gray, O: red and N: blue;
(fragment skeleton) C: green, N: blue and F: cyan. b) Superimposition of M OLOC-generated
molecular models of potential acylhydrazone inhibitors featuring direct H-bonding interactions
with the catalytic dyad (D35 and D219) in the active site of endothiapepsin (PDB code: 3PCW).
Color code: (protein skeleton) C: gray; (inhibitor skeletons) C: green, violet, purple, orange, and
yellow, N: blue, F: cyan, and O: red. Hydrogen bonds below 3.4 Å are shown as black, dashed
lines.

By using the molecular-modeling software Moloc 16 and the FlexX docking
module in the LeadIT suite,17 we designed a derivative of 1, in which the
amidine group is replaced with an α-amino group to address both D35 and D219
of the catalytic dyad through H-bonding interactions. As we have already shown
that the acylhydrazone moiety is a suitable central scaffold to address the
catalytic dyad of endothiapepsin,18 we decided to use an acylhydrazone moiety
to grow 1 towards the S1 and S3 pockets. We introduced an acylhydrazone
linker pointing towards the S1 & S3 pockets. According to our modeling, the
NH group of the newly designed acylhydrazone moiety is engaged in an Hbonding interaction with D35, while the carbonyl group of the acylhydrazone
linker accepts an H bond from the backbone of G80. Careful investigation of
known co-crystal structures of endothiapepsin15 and hotspot analysis19 of the
active site of endothiapepsin suggested that both aliphatic and aromatic
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substituents can be introduced through the aldehyde of the acylhydrazone
linker, which can be involved in hydrophobic interactions with L125, I122,
F116 and Y79 in the S1 & S3 pockets (Figure 1b). Based on molecular
modeling and docking studies, we selected a series of nine acylhydrazone-based
inhibitors. All the derivatives can be conveniently synthesized starting from
hydrazide 2 by reacting it with nine aldehydes (3a–11a).

5.2.2

Synthesis of building block

While all aldehydes are commercially available, we synthesized 2 via an
asymmetric Strecker reaction starting from commercially available paratrifluoromethylbenzaldehyde (11a, Scheme 1). α-Aminonitrile 16 was formed
from aldehyde 11a and chiral auxiliary 15 in 48% yield and 97% de.20
Hydrolysis of α-aminonitrile 16 afforded α-arylglycine 17 in 92% yield, which
was esterified with saturated methanolic-HCl to the corresponding methyl ester
hydrochloride 18 in 43% yield followed by treatment with hydrazine
monohydrate to afford the hydrazide building block 2 in 80% yield.

Scheme 1. Synthesis of hydrazide 2 using the asymmetric Strecker reaction starting from paratrifluorobenzaldehyde 11a.

5.2.3

Formation and analysis of DCL

We set up nine DCLs, each containing hydrazide 2 (Scheme 2a) and one of the
nine aldehydes 3a–11a to form the corresponding acylhydrazones 3h–11h
(Scheme 2b). We used a fluorescence-based enzymatic activity assay to
conveniently screen the DCLs for active inhibitors as this method requires very
small amounts of protein.14 In the assay, we used the fluorogenic substrate of
HIV protease (2-aminobenzoyl-Thr-Ile-Nle-Ph(p-NO2 )-Gln-Arg-NH2 , 12),
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which is hydrolyzed by endothiapepsin and generates two fluorescent
fragments, namely 13 and 14, enabling convenient spectrophotometric
monitoring (Scheme 3).

Scheme 2. (a) Generation of acylhydrazone-based inhibitors 3h–11h from fragment 1. (b)
Generation of acylhydrazone-based DCLs from hydrazide 2 and structures of the individual
aldehydes 3a–11a for screening by a fluorescence-based activity assay.

Scheme 3. Hydrolysis of fluorogenic HIV-protease substrate 12 (2-aminobenzoyl-Thr-Ile-NlePhe(p-NO 2)-Gln-Arg-NH 2) by endothiapepsin to produce fluorescent fragments 13 and 14.
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Having investigated the DCLs using the fluorescence-based assay, we identified
a total of two DCLs out of nine displaying considerably higher inhibition of
endothiapepsin than 1, showing 75% (IC50 = 407 μM ) and 79% (IC50 = 252 μM )
inhibition at an inhibitor concentration of 1 mM (based on the acylhydrazones
formed in situ) for the DCLs 3a + 2 and 9a + 2, respectively (Figure 2). In the
DCLs, three components (aldehyde, hydrazide and acylhydrazone) are in
equilibrium. As a result, full conversion to the corresponding acylhydrazones is
not ensured. In addition, the excess hydrazide building blocks might compete
for binding. As a result, the IC50 values determined this way are expected to be
higher than those for isolated and purified compounds.

Figure 2. a) Bar graph of fluorescence-based assay results of all nine DCLs as well as fragments 1
and 2. The % inhibition (mM) is plotted for each DCL as well as fragments 1 and 2. b) IC50
inhibition curves of DCLs 3a + 2 and 9a + 2 identified by the fluorescence-based screening of
DCLs. 26 experiments were performed for each measurement and only six experiments were
considered to calculate the initial slope (n = 6), 11 different concentrations of inhibitor were used
starting at 1 mM.

104

501868-L-sub01-bw-Mondal

5.2.4 Synthesis
acylhydrazones

and

biological

evaluation

of

identified

To determine the accurate IC50 values of the hit compounds identified from
screening the DCLs, we synthesized the corresponding acylhydrazones 3h and
9h individually (Scheme 4). By adopting the same fluorescence-based enzyme
activity assay, we confirmed the results from screening of the DCLs and
established that acylhydrazones 3h and 9h display IC50 values of 210 μM and
85 μM , respectively (Figure 3). We calculated the experimental Gibbs free
energies of binding (ΔGEXP T (3h) = −23 kJ mol−1 , ΔGEXP T (9h) = −25 kJ mol−1 )
and ligand efficiencies (LE (3h) = 0.24, LE (9h) = 0.27) from the IC50 values
using the Cheng–Prusoff equation,21 which correlate with the calculated values
from the scoring function HYDE in the LeadIT suite (∆GHYDE (3h) = −23 kJ
mol−1 , ∆GHYDE (9h) = –30 kJ.mol–1 .

Scheme 4. Synthesis of acylhydrazones (a) 3h and (b) 9h, identified by fluorescence-based
screening of DCLs.

As shown in Figure 4, we designed 3h and 9h so as to bind in a similar way,
addressing the catalytic dyad using their α-amino group to form direct H-bonds
with D35 and D219. The amide groups of both compounds donate an H bond to
D35. The carbonyl groups of the acylhydrazone moieties also accept an H bond
from the backbone amide of G80. The para-trifluoromethylphenyl group of both
acylhydrazones occupies the S2 and part of the S1' pockets of endothiapepsin
and is involved in several hydrophobic interactions with I300, I302, I304, I217
and F194, maintaining the binding mode of the fragment. The phenyl and
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cyclopentyl groups of the acylhydrazones, in turn, fill the S3 pocket and are
engaged in hydrophobic contacts with L125, I122, F116 and Y79.

Figure 3. IC50 inhibition curves of 3h (IC50 = 210 ± 32 μM) and 9h (IC50 = 85 ± 8 μM). Each
inhibitor was measured in duplicate and the errors are given in standard deviations (SD), 26
experiments were performed for each measurement and only six experiments were considered to
calculate the initial slope (n = 6), 11 different concentrations of inhibitor were used start ing at
1 mM.

Figure 4. Predicted full binding modes of (a) 3h and (b) 9h in the catalytically active site of
endothiapepsin (PDB code: 3PCW).15 Color code: (enzyme skeleton) C: gray; (inhibitor skeleton)
C: yellow and violet, N: blue, O: red and F: cyan. Hydrogen bonds below 3.4 Å are shown as
black, dashed lines.
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5.3

Conclusions

In conclusion, we have demonstrated for the first time that the combination of
fragment growing and DCC is a powerful technique for the rapid optimization
of initial fragment to hits for the aspartic protease endothiapepsin. Moreover, by
using a fluorescence-based assay, we could directly screen the DCLs for active
inhibitors. The advantages of this approach are that only very small amounts of
protein are required compared with established analytical methods and that the
protein only needs to be in the assay mixture for a short period of time, making
this protocol ideal for precious and unstable proteins. Among the
acylhydrazones identified, the most potent inhibitor 9h displays an IC50 value of
85 μM . This synergistic combination of computational and analytical
methodologies proved to be successful for the efficient development of
inhibitors of the aspartic protease endothiapepsin and could be applied to a wide
range of targets.

5.4

Experimental Section

5.4.1

Fluorescence-based assay for DCL screening

Stock solutions of each aldehyde 3a–11a and hydrazide 2 were prepared. Nine
DCLs were synthesized, each containing one aldehyde (2 μL, stock solution
200 mM in DMSO) and one hydrazide (2.2 μL, stock solution 200 mM in
DMSO) and sodium acetate buffer (47 μL, 0.1 M , pH 4.6, containing 0.001%
Tween 20). All nine DCLs were left to stand at room temperature for 24 h with
occasional shaking. As substrate, Abz-Thr-Ile-Nle-p-nitro-Phe-Gln-Arg-NH2
(12, purchased from Bachem) was used for the fluorescence screening assay.
The assay was performed with flat bottom 96-well microplates (purchased from
Greiner Bio-One) using a Synergy Mx microplate reader at an excitation
wavelength of 337 nm and an emission wavelength of 414 nm. The Km of the
substrate toward endothiapepsin was known, 1.6 μ M .15 The assay buffer (0.1 M
sodium acetate buffer, pH 4.6, containing 0.001% Tween 20) was premixed
with the substrate and each of the DCLs individually; endothiapepsin was added
directly before the measurement. The final reaction volume was 200 μL
containing 0.4 nM endothiapepsin, 1.8 μM substrate, 1.05 mM of acylhydrazone
(based on full conversion) and 2.1% DMSO. In the same way, blanks were
prepared using DMSO instead of the DCL stock solutions. As the substrate is a
fluorogenic substrate, during measurement the fluorescence increased because
of substrate hydrolysis by endothiapepsin. The initial slopes of the fluorescence
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in the DCLs-containing wells were compared to the initial slope of the blanks
for data analysis.

5.4.2

Fluorescence-based inhibition assay

Stock solutions (100 mM in DMSO) were prepared for both acylhydrazones 3h
and 9h (mixture of E/Z isomers).
For rest of the inhibition assay, see Chapter 2, Section 2.4.2.

5.4.3

Modeling and Docking

One X-ray crystal structure of complexe of endothiapepsin (PDB codes: 3PCW)
was used for our modeling.15
For rest of the modeling and docking studies, see Chapter 2, Section 2.4.3.

4.4.4

General experimental details

For general experimental details, see Chapter 2, Section 2.4.5.

5.4.5

Synthesis

(S,S)-α-(4-Trifluorophenyl)-α-[1-(4-methoxyphenyl)ethylamino]acetonitrile
hydrochloride (16):
In an adaptation of a literature procedure,20 15
(893 mg, 4.76 mmol) and NaCN (245 mg,
5 mmol) were dissolved in H2 O (8.3 mL). To the
mixture, aldehyde 11a (829 mg, 4.76 mmol) and
MeOH (8.3 mL) were added. The reaction mixture
was stirred for 19 h and diluted with H 2 O (20 mL). The mixture was extracted
with CH2 Cl2 (5 x 10 mL) and the combined CH 2 Cl2 extracts were dried over
Na2 SO4 , filtered and concentrated in vacuo. After concentration in vacuo, the
mixture was dissolved in Et2 O and by addition of saturated Et2 O.HCl, a white
crystalline solid was obtained. The solid was collected via filtration and washed
with n-hexane. The solid corresponded mainly to the diastereomer 16 (97% de
(signals from minor diastereomer were not reported), 839 mg, 48% yield).
m.p. 144‒147 °C; δH (400 MHz; CD3 OD) 7.87 (2 H, d, J = 8.4, ArH), 7.77 (2 H,
d, J = 8.3, ArH), 7.48 (2 H, d, J = 8.8, ArH), 7.08 (2 H, d, J = 8.8, ArH), 5.39
(1 H, s, CHCN), 4.63 (1 H, q, J = 6.8, CHCH3 ), 3.85 (3 H, s, OCH3 ), 1.75 (3 H,
d, J = 6.8, CHCH3 ); δC(101 MHz; CD3 OD) 162.6, 133.9, 131.3, 131.2, 130.7,
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130.4, 127.9, 127.8 (q, J = 4), 116.2, 115.2, 60.1, 56.0, 50.8, 20.2; δF(376 MHz;
CD3 OD) –64.64, –64.63; IR (cm−1 ): 2943 (br), 2563 (br), 1517, 1323, 1131,
1022, 836; Anal. Calcd for C18 H18 ClF3 N2 O (%): C 58.30, H 4.89, N 7.55.
Found: C 58.01, H 4.85, N 7.49.
(S)-2-Amino-2-(4-(trifluoromethyl)phenyl)acetic acid hydrochloride (17):
Compound 16 (789 mg, 2.12 mmol) was treated with HCl
(6 M , 30 mL), and the mixture was stirred under reflux for
17 h. The reaction mixture was cooled to room
temperature and extracted with Et2 O (5 x 15 mL). The
aqueous layer was concentrated in vacuo and a white solid appeared. The solid
was suspended in CHCl3 using a sonicator and filtered to afford 17 (500 mg,
92% yield) as a white solid. m.p. > 245 °C (decomposition); δH (400 MHz;
CD3 OD) 7.81 (2 H, d, J = 8.2, ArH), 7.72 (2 H, d, J = 8.2, ArH), 5.26 (1 H, s,
CHNH2 ); δC(101 MHz; CD3 OD) 170.0, 138.1, 132.8 (q, J = 3.73), 130.0, 127.3
(q, J = 3.77), 126.6, 57.0; δF(376 MHz; CD3 OD) –61.25; IR (cm−1 ): 3338 (br),
1627 (br), 1088, 543; HRMS (ESI) calcd for C9 H9 F3 NO2 + [M+H]+: 220.0585,
found: 220.0580.
(S)-Methyl 2-amino-2-(4-(trifluoromethyl)phenyl)acetate hydrochloride
(18):
Compound 17 (450 mg, 1.96 mmol) was converted to a
methyl ester under reflux conditions in saturated
MeOH.HCl (10 mL) and dry MeOH (20 mL) overnight.
Concentrated the reaction mixture in vacuo, purified by
CC (SiO2 ; 5% MeOH in CH2 Cl2 afforded 18 (230 mg, 43% yield) as white
solid. m.p. 163‒167 °C; δH (400 MHz; (CD3 )2 SO) 9.26 (3 H, br. s, +NH3 ), 7.86
(2 H, d, J = 8.1, ArH), 7.77 (2 H, d, J = 8.1, ArH), 5.46 (1 H, s, CHNH2 ), 3.72
(3 H, s, OCH3 ); δC(400 MHz; (CD3 )2 SO) 168.3, 137.1, 129.8 (d, J = 32), 123.0,
129.6, 129.3, 125.8 (q, J = 3.64), 123.9 (d, J = 272), 54.8, 53.3; δF(376 MHz;
(CD3 )2 SO) –61.09; IR (cm−1 ): 2849 (br), 2628 (br), 1747, 1326, 1129, 1070,
1018, 520; HRMS (ESI) calcd for C10 H11 F3 O2 + [M+H]+: 234.0742, found:
234.0736.
(S)-2-Amino-2-(4-(trifluoromethyl)phenyl)acetohydrazide (2):
The title compound 2 was synthesized by adding
N2 H4 .H2 O (0.287 mL, 5.9 mmol) to 18 (200 mg,
0.74 mmol) in Et2 O. The reaction mixture was stirred
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overnight at 85 °C. The reaction mixture was concentrated in vacuo, and the
residue was taken up in CH 2 Cl2 /i-PrOH (3:1) and placed in sonicator. The
resulting suspension was filtered and dried to afford 2 (142 mg, 82% yield) as a
light, pinkish solid. m.p. 130–132 °C; δH (400MHz; CD3 OD) 7.69–7.61 (4 H, m,
ArH), 4.52 (1 H, s, CHNH2 ); δC(101 MHz; CD3 OD) 174.2, 146.8, 131.3, 131.0,
128.8, 127.1, 126.6 (q, J = 3.84), 124.4, 58.8; δF(376 MHz; CD3 OD) –64.08; IR
(cm−1 ): 3291 (br), 2469 (br), 1627, 1613, 1322, 1173, 1075; HRMS (ESI) calcd
for C9 H11 F3 NO2 + [M+H]+: 234.0854, found: 234.0848.
(S)-2-Amino-N’-benzylidene-2-(4-(trifluoromethyl)phenyl)acetohydrazide
(3h):
The hydrazide 2 (50 mg, 0.215 mmol) was
dissolved in MeOH, treated with benzaldehyde
3a (28 mg, 0.258 mmol, 1.2 eq.), and the
mixture was heated to reflux for 10 h. The
reaction mixture was allowed to cool to room temperature and concentrated in
vacuo. Purification by column chromatography (SiO 2 ; MeOH/DCM 0:10→1:9)
afforded the acylhydrazone 3h (27 mg, 40%) as a mixture of E and Z isomers
(E:Z=55:45) as a white solid (purity by HPLC > 99%). m.p. 144–147 °C;
δH (400 MHz; CD3 OD) 8.16 (1 H, s, N=CH(E)), 7.86 (1 H, s, N=CH(Z)), 7.75
(1 H, dd, J = 6.6, 3.1, ArH), 7.70–7.68 (3 H, m, ArH), 7.65–7.61 (2 H, m, ArH),
7.43–7.37 (3 H, m, ArH), 5.56 (1 H, s, CHNH 2 (Z)), 4.64 (1 H, s, CHNH2 (E));
δC(101 MHz; CD3 OD) 175.7, 171.7, 150.7, 146.6, 146.4, 135.4, 135.2, 131.7,
131.3, 129.9, 129.8, 129.2, 128.8, 128.8, 128.2, 126.7 (q, J = 3.83, E), 126.5 (q,
J = 3.81, Z), 124.2, 59.0, 56.2; δF(376 MHz; CD3 OD) –64.05, –64.09; IR
(cm−1 ): 3204 (br), 3067 (br), 1661, 1324, 1112, 1067; HRMS (ESI) calcd for
C16 H15 F3 N3 O+ [M+H]+: 322.1161, found: 322.1166.
(S)-Methyl
2-((tert-butoxycarbonyl)amino)-2-(4(trifluoromethyl)phenyl)acetate (19):
To
a
solution
of
(S)-methyl 2-amino-2-(4(trifluoromethyl)phenyl)acetate-hydrochloride (18) (3.00
g, 12.84 mmol) and triethylamine (3.25 g, 32.1 mmol,
2.5 eq.), in a mixture of dioxane and H2 O (1:1, 120 mL),
Boc2 O (3.36 g, 15.4 mmol, 1.2 eq.) was gradually added at 20 °C. After stirring
at rt for 15 h, the mixture was concentrated in vacuo to a volume of about
40 mL. After addition of EtOAc (120 mL), the organic layer was separated and
washed with aqueous HCl (1 M , 100 mL), water (100 mL), and saturated
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aqueous NaCl solution (50 mL), dried over MgSO 4 , filtered and concentrated in
vacuo to afford 19 as a white solid (2.10 g, 70%). m.p. 80‒85 °C; δH (400 MHz;
CDCl3 ) 7.61 (2 H, d, J = 8.0, ArH), 7.50 (2 H, d, J = 8.0, ArH), 5.69 (1 H, br. s,
CH), 5.39 (1 H, d, J = 6.6, NH), 3.73 (3 H, s, OCH 3 ), 1.43 (9 H, s, (CH3 )3 );
δC(101 MHz; CDCl3 ) 171.0, 154.9, 141.3, 131.0, 130.7, 127.7, 126.0 (q, J =
3.36 ), 125.48, 122.8, 80.7, 57.4, 53.2, 28.5; δF(376 MHz; CDCl3 ) –62.72; IR
(cm−1 ): 3375 (br), 2923 (br), 1746, 1684, 1520, 1329, 1160, 1110, 1069, 1020,
842; HRMS (ESI) calcd for C15 H19 F3 NO4 + [M+H]+: 334.1260, found: 334.1257.
(S)-2-Amino-2-(4-(trifluoromethyl)phenyl)acetohydrazide (20):
To a solution of 19 (2.00 g, 5.98 mmol) in ethanol
(10 mL), hydrazine-monohydrate (2.39 g, 47.8 mmol,
8 eq.) was added, and the mixture heated to reflux for
2 h. After concentration in vacuo, water was poured
onto the residue. After filtration, the white solid was dried in vacuo to obtain the
product as a white solid (2 g, quant.). m.p. 70‒73 °C; δH (400 MHz; CD3 OD)
7.65 (2 H, d, J = 8.3, ArH), 7.60 (2 H, d, J = 8.3, ArH), 5.24 (1 H, s, CH), 1.44
(9 H, s, (CH3 )3 ); δC(101 MHz; CD3 OD) 171.6, 157.4, 143.9, 131.4 (dd, J = 32.3,
64.8), 129.2, 127.0, 126.7 (dd, J = 3.7, 7.5), 124.4, 81.2, 58.3, 28.8; δF(376
MHz; CD3 OD) –64.14; IR (cm−1 ): 3297 (br), 2977, 1663, 1325, 1122, 1068;
HRMS (ESI) calcd for C14 H19 F3 N3 O3 + [M+H]+: 334.1373, found: 334.1377.
(S)-2-Amino-N’-(cyclopentylmethylene)-2-(4(trifluoromethyl)phenyl)acetohydrazide trifluoro acetic acid (9h):
To a solution of 20 (40 mg, 0.12 mmol) in
MeOH (1 mL), cyclopentanecarboxaldehyde 9a
(13 mg, 0.13 mmol, 1.1 eq.) was added, and the
mixture heated to reflux for 20 min. The solvent
was removed in vacuo affording the crude product 21 as a white solid, which
was directly used for deprotection of the Boc group. The crude compound 21
was dissolved in CH2 Cl2 (2 mL), and HCl/Et2 O (1 M , 1.2 mL, 1.2 mmol, 10 eq.)
was added. The mixture was stirred at 20 °C for 15 h. The solvent was removed
in vacuo and used the crude purified by HPLC (HPLC conditions: column,
XTerra® Prep MS C18 10 μm, 150 mm × 7.8 mm; flow rate, 1 mL min−1 ;
wavelength, 230 nm; temperature, 23 °C; method: water/acetonitrile 95:5
→5:95 (0.1% TFA) for 25 min), which afforded 9h (5 mg) as a mixture of E
and Z isomers (E:Z=23:77) as a white solid (purity by HPLC: 98%). m.p. 95–
100 °C; δH (400 MHz; CD3 OD) 7.83–7.70 (4 H, m, ArH), 7.39 (1 H, d, J = 6.9,
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N=CH(E)), 7.19 (1 H, d, J = 6.0, N=CH(Z)), 5.74 (1 H, s, CHNH2 (Z)), 5.09
(1 H, s, CHNH2 (E)), 2.76–2.68 (1 H, m, CH(CH2 )2 (E)), 2.65–2.56 (1 H, m,
CH(CH2 )2 (Z)), 1.91–1.29 (8 H, m, (CH2 )4 ); δC(101 MHz; CD3 OD) 168.8, 160.0,
155.1, 138.5, 138.0, 132.9, 132.6, 130.6, 130.30, 130.0, 127.5 (q, J = 3.93, E),
127.1 (q, J = 3.77, Z), 126.6, 123.9, 56.4, 56.1, 43.8, 43.5, 31.4, 31.0, 30.6,
26.4, 26.1; δF(376 MHz; CD3 OD) –64.43, –64.50, –64.51, –77.02; IR (cm−1 ):
3284 (br), 2955 (br), 2471, 1627, 1325, 1128; HRMS (ESI) calcd for
C15 H19 F3 N3 O+ [M+H]+: 314.1474, found: 314.1479.

5.5
1

2

3
4
5

6
7
8
9
10

References
S. J. Taylor, A. Abeywardane, S. Liang, I. Muegge, A. K. Padyana, Z.
Xiong, M. Hill-Drzewi, B. Farmer, X. Li, B. Collins, J. X. Li, A. HeimRiether, J. Proudfoot, Q. Zhang, D. Goldberg, L. Zuvela-Jelaska, H.
Zaher, J. Li and N. A. Farrow, J. Med. Chem., 2011, 54, 8174–8187.
Y. Cheng, T. C. Judd, M. D. Bartberger, J. Brown, K. Chen, R. T.
Fremeau, D. Hickman, S. A. Hitchcock, B. Jordan, V. Li, P. Lopez, S.
W. Louie, Y. Luo, K. Michelsen, T. Nixey, T. S. Powers, C. Rattan, E.
A. Sickmier, D. J. St. Jean, R. C. Wahl, P. H. Wen and S. Wood, J. Med.
Chem., 2011, 54, 5836–5857.
M. Congreve, G. Chessari, D. Tisi and A. J. Woodhead, J. Med. Chem.,
2008, 51, 3661–3680.
G. Chessari and A. J. Woodhead, Drug Discov. Today, 2009, 14, 668–
675.
E. Edink, P. Rucktooa, K. Retra, A. Akdemir, T. Nahar, O. Zuiderveld,
R. Van Elk, E. Janssen, P. Van Nierop, J. Van Muijlwijk-Koezen, A. B.
Smit, T. K. Sixma, R. Leurs and I. J. P. De Esch, J. Am. Chem. Soc.,
2011, 133, 5363–5371.
G. E. de Kloe, D. Bailey, R. Leurs and I. J. P. de Esch, Drug Discov.
Today, 2009, 14, 630–646.
S. Chung, J. B. Parker, M. Bianchet, L. M. Amzel and J. T. Stivers, Nat.
Chem. Biol., 2009, 5, 407–413.
M. Mondal and A. K. H. Hirsch, Chem. Soc. Rev., 2015, 44, 2455–2488.
M. S. Congreve, D. J. Davis, L. Devine, C. Granata, M. O'Reilly, P. G.
Wyatt and H. Jhoti, Angew. Chemie - Int. Ed., 2003, 42, 4479–4482.
D. E. Scott, G. J. Dawes, M. Ando, C. Abell and A. Ciulli,
ChemBioChem, 2009, 10, 2772–2779.
112

501868-L-sub01-bw-Mondal

11
12

13

14
15
16
17
18

19
20
21

B. M. R. Liénard, R. Hüting, P. Lassaux, M. Galleni, J.-M. Frère and C.
J. Schofield, J. Med. Chem., 2008, 51, 684–688.
N. R. Rose, E. C. Y. Woon, G. L. Kingham, O. N. F. King, J. Mecinović,
I. J. Clifton, S. S. Ng, J. Talib-Hardy, U. Oppermann, M. A. McDonough
and C. J. Schofield, J. Med. Chem., 2010, 53, 1810–1818.
M. T. Cancilla, M. M. He, N. Viswanathan, R. L. Simmons, M. Taylor,
A. D. Fung, K. Cao and D. A. Erlanson, Bioorg. Med. Chem. Lett., 2008,
18, 3978–3981.
M. V. Toth and G. R. Marshall, Int. J. Pept. Protein Res., 1990, 36, 544–
550.
H. Köster, T. Craan, S. Brass, C. Herhaus, M. Zentgraf, L. Neumann, A.
Heine and G. Klebe, J. Med. Chem., 2011, 54, 7784–7796.
P. R. Gerber and K. Müller, J. Comput. Aided. Mol. Des., 1995, 9, 251–
268.
BioSolveIT GmbH, Sankt Augustin. http://www.biosolveit.de, LeadIT,
version 2.1.3.
M. Mondal, N. Radeva, H. Köster, A. Park, C. Potamitis, M. Zervou, G.
Klebe and A. K. H. Hirsch, Angew. Chem. Int. Ed., 2014, 53, 3259–
3263.
H. Gohlke, M. Hendlich and G. Klebe, Perspect. Drug Discov. Des.,
2000, 20, 115–144.
Y. Pérez-Fuertes, J. E. Taylor, D. A. Tickell, M. F. Mahon, S. D. Bull
and T. D. James, J. Org. Chem., 2011, 76, 6038–6047.
H. C. Cheng, J. Pharmacol. Toxicol. Methods, 2001, 46, 61–71.

113

501868-L-sub01-bw-Mondal

114

501868-L-sub01-bw-Mondal

Chapter 6

Fragment-Based Drug Design Facilitated by
Protein-Templated Click Chemistry: Fragment
Linking and Optimization of Inhibitors of the
Aspartic Protease Endothiapepsin
Fragment-based drug design (FBDD) enables the efficient design of bioactive
compounds. While there are numerous reports on FBDD using optimization of a
hit by fragment growing/optimization, fragment linking has rarely been used.
Protein-catalyzed click chemistry is a hit-identification strategy, in which azides
and alkynes are assembled irreversibly to afford the corresponding triazoles. We
have demonstrated that fragment linking in combination with protein-templated
click chemistry (PTCC) constitutes an efficient hit-identification strategy. Using
co-crystal structures of the aspartic protease endothiapepsin in complex with
fragments, we have designed a library of triazole-based inhibitors generated
from alkynes and azides and used PTCC to identify potent inhibitors, which were
characterized by the UPLC-TOF-SIM method (SIM: selective ion monitoring).
Among the hits identified, the best one exhibits an IC 50 value of 43 μM,
demonstrating feasibility of the synergistic combination of fragment linking and
PTCC, which should find application in hit identification or optimization for a
whole range of biological targets.

M. Mondal, M. Y. Unver, A. Pal, M. Bakker, S. Berrier and A. K. H. Hirsch
Manuscript submitted.
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6.1

Introduction

Despite recent developments in medicinal chemistry, there is a continuous need
for the development of more efficient, rapid, and facile strategies to accelerate
the drug-discovery process. Over the past decades, fragment-based drug design
(FBDD) has emerged as an effective and novel paradigm in drug discovery for
numerous biological targets.1–3 In comparison to high-throughput screening
(HTS), FBDD has higher hit rates and better coverage of the chemical space,
enabling the use of smaller libraries. Even though the first report of FBDD dates
some 30 years back, it only started to be more widely used in the mid-1990s.4
Since then FBDD has expanded very rapidly and over the course of the past two
decades, various pharmaceutical and biotechnology companies have used FBDD
and developed more than 18 drugs that are currently in clinical trials. 5
As soon as a fragment has been identified by fragment screening,6 it has to be
optimized to a hit/lead compound and eventually to a drug candidate by fragment
growing, linking, merging and/or optimization. Although, fragment growing has
become the optimization strategy of choice,7–12 at the same time it is more timeconsuming as it involves synthesis and validation of the binding mode of each
derivative in the fragment-optimization cycle. To overcome this hurdle, we have
previously developed a strategy in which we combined fragment growing and
dynamic combinatorial chemistry (DCC) to render the initial stage of the drugdiscovery process more effective. 13 Fragment linking, on the other hand, is very
attractive because of its potential for super-additivity (an improvement of ligand
efficiency (LE) rather than just maintenance of LE), but at the same time very
challenging as it requires the preservation of the binding modes of the individual
fragments in adjacent pockets and identification of the best linker with an optimal
fit.14,15 It is presumably due to these challenges that there are only few reports of
fragment linking. The first successful example of fragment linking was reported
by the group of Fesik,16,4 and since then a limited number studies that demonstrate
the efficiency of linking low-affinity fragments to produce higher-affinity binders
have been reported.17–24
In addition to FBDD, protein-templated click chemistry (PTCC) has emerged as
a powerful strategy to design/optimize a hit/lead for biological targets. 25–27 PTCC
relies on the bio-orthogonal 1,3-dipolar cycloaddition of azide and alkyne
building blocks facilitated by the protein target. 28 This highly exothermic reaction
produces 1,4- and 1,5-triazoles, which are extremely stable under acidic/basic pH
as well as in harsh oxidative/reductive conditions. Also, triazoles can participate
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in H-bonding, π–π stacking and dipole–dipole interactions with the target protein
and are a bioisostere of amide bonds. In PTCC, the individual azide and alkyne
fragments bind to adjacent pockets of the protein and if the functional groups are
oriented in the proper manner, the protein “clicks” them together to afford its own
triazole inhibitor (Figure 1).

Figure 1. Schematic representation of protein-templated click chemistry leading to a triazole-based
inhibitor starting from a library of azides and alkynes.

We have therefore envisaged that the potentially synergistic combination of
fragment linking and -optimization and PTCC would represent an efficient hit
identification approach in medicinal chemistry. An advantage of the combination
of techniques is that we can introduce some flexibility into the linker and let the
protein select the best combination of building blocks to identify a new class of
potent hits for endothiapepsin, which belongs to the family of pepsin-like aspartic
proteases.
Although, the linkage of two known inhibitors of acetylcholinesterase via a
triazole linker using PTCC has been reported, the inhibitors that are linked do not
qualify as fragments. 27 To the best of our knowledge, there is no report of
fragment linking using PTCC. Herein, we describe how we combined fragment
linking/optimization and PTCC for the efficient fragment-to-hit optimization of
inhibitors of the aspartic protease endothiapepsin.
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6.2

Results and discussion

6.2.1

Fragment-based drug design

In our studies, we used X-ray crystal structures of endothiapepsin in complex
with fragments 1 and 2 (Protein Data Bank (PDB) codes: 3PBZ and 3PLD,
respectively, Figure 2), which were identified as inhibitors of endothiapepsin by
Klebe and co-workers during a screening campaign of a small fragment library
designed so as to include 61% of fragments violating Astex’s “rule of three”30 to
probe the validity of this rule of thumb. 29 Both 1 and 2 are engaged in strong Hbonding interactions with the catalytic dyad consisting of amino acid residues
D35 and D219, using their hydrazide and amidine groups, respectively (Figure
2). Except for the number of hydrogen-bond acceptors (four) for 1, both of the
fragments 1 and 2 obey the “rule of three”, with a molecular weight (M w ) of 207
and 201 Da, three H-bond donors, four and two H-bond acceptors, two freely
rotatable bonds and total polar surface areas (TPSA) of 58.4 Å 2 and 49.9 Å2 ,
respectively. At a concentration of 1 mM , fragments 1 and 2 show 89% and 84%
inhibition of endothiapepsin, respectively. Considering their promising
physicochemical properties, inhibitory potency, their small size (15 & 12 heavy
atoms, respectively) and the fact that they bind to adjacent pockets of
endothiapepsin, we chose them as a starting point for fragment
linking/optimization into an inhibitor of endothiapepsin.

Figure 2. X-ray crystal structure of endothiapepsin in complex with fragments 1 and 2 bound in the
active site (PDB code: 3PBZ and 3PLD, respectively).29 Color code: protein skeleton: C: gray, O:
red and N: blue; fragment skeleton: C: purple and yellow, N: blue, O: red, Cl: green. Hydrogen
bonds below 3.0 Å are shown as black, dashed lines.31

Fragments 1 and 2 occupy the S3 and S1 and the S2 and S1’ pockets, respectively
and address the catalytic dyad using an H-bonding network (Figure 2). With the
help of the molecular-modeling software Moloc31 and the FlexX docking module
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in the LeadIT suite,32 we linked these two fragments using a triazole linker. The
newly introduced triazole moiety resides at the junction of the S1 and S1’ pockets,
where hydrazide and amidine groups of fragment 1 and 2, respectively, were
positioned. The triazole linker appeared to be a suitable central scaffold to address
the catalytic dyad via an H-bonding network. Under acidic conditions, optimal
for endothiapepsin, one of the N atoms of the triazole is likely protonated and
engaged in an H-bonding interaction with residue D35. Careful analysis of known
co-crystal structures of endothiapepsin29,33 as well as hotspot analysis 34 of the
active site of endothiapepsin suggested that aromatic moieties with varying chain
length can be hosted by the S2 pocket, while being engaged in hydrophobic
interactions with residues F194, I217, I304, I302 and I300. The S3 pocket could
accommodate a piperazine ring instead of the tertiary amine, which can be
involved in an additional H-bonding interaction with residue D119. On the basis
of molecular modeling and docking studies, we designed and optimized a series
of triazole-based inhibitors. A superimposition of a designed potential triazole
inhibitor and the two fragments is shown in Figure 3. All of the triazoles are
engaged in H-bonding interactions with D35 and occupy the S3, S1, S1’ and S2
pockets, the binding sites of fragments 1 and 2.

Figure 3. Comparison of the binding mode of crystal structures of 1 and 2 with a modeled potential
triazole inhibitor in the active site of endothiapepsin. Color code: protein skeleton: C: gray, O: red
and N: blue; fragment skeleton: C: purple, yellow and green, N: blue, O: red, Cl: green. Hydrogen
bonds below 3.0 Å are shown as black, dashed lines (PDB code: 3PBZ and 3PLD). 31

6.2.2

Synthesis of building blocks (azides and alkynes)

Synthesis of all designed triazole derivatives can be envisaged starting from nine
azides (3–11) and the alkyne 12, (Scheme 1). We also included alkynes 13–15 in
our library, which were available in our laboratory or kindly provided by the
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company Syncom. All azides were obtained from their corresponding bromides
by treatment with sodium azide in 40–80% yield (Scheme 2).35,36

Scheme 1. (a) Structures and retrosynthetic analysis of the designed triazole inhibitors starting from
fragments 1 and 2; (b) structures of the azides 3–11 and the alkynes 12–15.

Scheme 2. Synthesis of azides (3–11) starting from their corresponding bromides.

We synthesized alkyne 12 and 13 using a Sonogashira cross-coupling reaction
starting from the corresponding halides 16 and 17 in 30–40% overall yield
(Scheme 3a,b). We synthesized alkyne 14 starting from benzaldehyde (18) and
propargyl bromide (19) in presence of HgCl2 to afford alcohol 20 in 60% yield,
which was converted to the corresponding azide 21 using a Mitsunobu reaction
in 75% yield. The azide was then reduced to amine 14 in 85% yield (Scheme 3c).
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Scheme 3. Synthesis of alkyne a) 12, b) 13 using a Sonogashira cross-coupling reaction and alkyne
14 using Grignard reaction followed by M itsunobu reaction and reduction.

6.2.3

Generation of library

We set up a library, consisting of four alkynes 12–15 (100 μM each) and nine
azides 3–11 (100 μM each), in presence of a catalytic amount of protein (26 μM )
to investigate whether the protein would select a pair of fragments from a library
to template the formation of a triazole binder with high affinity (Scheme 4). The
advantage of PTCC is that it accelerates the screening time to 2 weeks by
avoiding the synthesis of all individual triazoles and reduces the amount of
protein required in each individual analysis. We used UPLC-TOF-SIM (selective
ion monitoring) to analyze the formation of triazoles in the reaction mixture. SIM
measurements are highly sensitive, where a minute amount of compound can be
detected by a mass spectrometer. We monitored for [M+H]+ of all potential
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triazole products present in the library. After incubation of the protein at room
temperature for two weeks (endothiapepsin is stable and active during this time
period),33 the library was analyzed using UPLC-TOF-SIM. To differentiate
between the two regioisomers of triazoles (1,4- and 1,5-triazole), we set up two
libraries using the same azide and alkyne building blocks, once in the presence
of the Cu (I)-catalyst to selectively afford the 1,4-triazoles and once under
Huisgen cycloaddition conditions to obtain both 1,4- and 1,5-triazoles. We also
compared the PTCC reaction with the blank reaction (without protein) as well as
the protein control (pure protein in the absence of azides and alkynes). We
identified a total of four 1,4-triazoles (22–25), which are forming only in the
presence of protein (Figure 4). A representative UPLC-TOF-SIM analysis of
triazole 24 ([M+H]+ = 368) is shown in Figure 5.

Scheme 4. From bottom to top; Protein-templated triazole formation, blank reaction, Cu (I)catalyzed 1,4-triazole formation, Huisgen cycloaddition to afford 1,4- and 1,5-triazoles.
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Figure 4. Structure of the triazoles (22–25) identified using PTCC and inactive triazole 26.

Figure 5. UPLC-TOF-SIM analysis of triazole 24 (M+H]+ = 368). Formation of 24 by PTCC was
compared with the blank reaction, Cu (I)-catalyzed 1,4-triazole formation, Huisgen cycloaddition
affording both 1,4- and 1,5-triazoles and potential protein fragmentation.

6.2.4

Synthesis of identified triazoles

To investigate the biochemical activity of the triazole binders identified by PTCC,
we synthesized all four triazoles. We synthesized triazole 22 starting from Bocprotected 27 using the Ohira-Bestmann reaction to afford corresponding alkyne
28, followed by Cu(I)-catalyzed 1,3-cycloaddition with azide 7 and deprotection
of the Boc-protected piperazine (Scheme 5). We synthesized the remaining
triazoles 23–25 using the Cu(I)-catalyzed 1,3-cycloaddition from their
corresponding azide and alkyne precursors (Scheme 6a,b,c). In addition, we also
synthesized an inactive triazole 26 to demonstrate the efficiency of PTCC
(Scheme 6d). Their inhibitory activity was determined using a fluorescence-based
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assay adapted from the assay for HIV-protease.37

Scheme 5. Synthesis of triazole 22, identified by PTCC.

Scheme 6. Synthesis of triazole 23–26.
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6.2.5

Biochemical evaluation

The enzyme activity assay confirmed the result of the PTCC experiment. Three
out of the four triazoles indeed inhibit endothiapepsin with IC50 values in the
range of 43–121 μM (Figure 6 for inhibitor 22). We were unable to determine the
IC50 value of 25 because of its poor solubility even at 250 μM using the maximum
possible DMSO concentration for the assay. The inactive triazole 26 did not show
any activity in the enzyme-activity assay. The most potent triazole inhibitor 22
displays an IC50 value of 43 μM (Table 1).

Figure 6. IC50 inhibition curves of 22 (IC50 = 43 ± 0 μM). The inhibitor was measured in duplicate
and the error is given in standard deviations (SD), 26 experiments were performed for each
measurement and only six experiments were considered to calculate the initial slope (n = 6), 11
different concentrations of inhibitor were used starting at 1 mM.
Table 1. The IC50 values, ligand efficiency (LE), calculated and experimental Gibbs free energy of
binding (ΔG) of triazole inhibitors.

Inhibitors IC50 [a] (μ M) ΔGEXPT[b] (kJmol–1) LE[b] ΔGHYDE[c] (kJmol–1)
22

43 ± 0

–27

0.25

–25

23

94 ± 18

–25

0.26

–19

24

121 ± 3

–24

0.22

–25

25

insoluble

–

–

–23

a

26 experiments were performed and only six experiments were considered to calculate the initial
slope (n = 6), 11 different concentrations of inhibitor were used starting at 1 mM ; each experiment
was carried out in duplicate and the errors are given in standard deviations (SD) based on two
values,b The Gibbs free energy of binding (ΔGEXPT) and the ligand efficiencies (LEs) derived from
the experimentally determined IC50 values, c Values indicate the calculated Gibbs free energy of
binding (ΔG HYDE; calculated by the HYDE scoring function in the LeadIT suite).
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The experimental Gibbs free energies of binding (ΔG) and ligand efficiencies
(LE), derived from the experimental IC50 values using the Cheng-Prusoff
equation,5 correlate with the calculated values using the scoring function HYDE
in the LeadIT suite (ΔGHYDE (22) = –25 kJ mol–1 ,Table 1).7 This correlation is also
valid for the other triazole inhibitors (Table 1).

6.2.6

Discussion

To validate the predicted binding mode from fragment linking, we tried to soak
crystals of endothiapepsin with the most potent triazole inhibitor 22. However,
due to limited solubility, we were not able to obtain crystals of 22 in complex
with endothiapepsin. Based on the inhibitory potencies, replacement of –Cl in 24
by a –OH group in 22, leads to a decrease in IC50 value from 121 μM to 43 μM .
This result indicates that the –OH group is involved in more favorable
interactions than –Cl, which could be due to the H-bonding interaction with I300
in the S2 pocket, as illustrated by modeling studies (Figure 7a, and Fig. S1 in
ESI).

Figure 7. M oloc-generated modeled structures of a) 17 and b) (S)-18 in the active site of
endothiapepsin. Color code: inhibitor skeleton: C: green, pink, N: blue, O: red, F: cyan; enzyme
skeleton: C: gray. H bonds below 3.2 Å are shown as black, dashed lines.

According to modeling and docking, as shown in Figure 7a, and Figure 8 in the
ESI, respectively, both 22 and 24 address the catalytic dyad using their triazole
linker to form direct H-bonds with D35. The NH group of both compounds is
involved in an H-bonding interaction with D119 in the S3 pocket. The piperazine
group of both triazoles occupies the S3 and part of the S1 pockets of
endothiapepsin and is engaged in several hydrophobic interactions with F116,
I122 and L125, maintaining the binding mode of fragment 1. The –Cl and –OH
substituted phenyl groups of triazoles 22 and 24 occupy the S2 and part of
S1’pockets and are involved in several hydrophobic contacts with I300, I302,
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I304, F194 and I217, presumably helping to maintain the binding mode of
fragment 2 .

Figure 8. Schematic representation of the predicted binding modes of triazole-based inhibitors 22–
25 in the active site of endothiapepsin. These binding modes are the result of a docking run using
the FlexX docking module with 30 poses and represent the top -scoring pose after HYDE scoring
and careful visual inspection to exclude poses with significant inter- or intra-molecular clash terms
or unfavorable conformations. The figures were generated with PoseView 1 as implemented in the
LeadIT suite.

Triazole 23 shows an IC50 value of 94 μM . Modeling and docking studies
indicated that (S)-23 addresses the catalytic dyad using its triazole linker to form
a direct H bond with D35 (Figure 7b). The –NH2 group of the triazole is also
engaged in H-bonding interactions with D33 and G221. Both phenyl substituents
of the triazole (S)-23 occupy the S3 and S2 pockets and are involved in several
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hydrophobic interactions with F116, I122, L125 in the S3 pocket, and I300, I302,
I304, F194, I217 in the S2 pocket, which preserve the binding mode of fragments
1 and 2, respectively.

6.3

Conclusions

In conclusion, for the first time, we have demonstrated that the strategic
combination of fragment linking/optimization and PTCC is an efficient and
powerful method that accelerates the hit-identification process for the aspartic
protease endothiapepsin. We have exploited the highly sensitive UPLC-TOFSIM method to identify the triazole binders templated by the protein. The best
binder inhibits endothiapepsin with an IC50 value of 43 μM . Due to the limited
solubility of the triazoles identified, we were not able to obtain any crystals of
any triazole in complex with endothiapepsin. We have reported the first example
of triazole-based inhibitors for endothiapepsin. The great advantage of this
approach is that, a catalytic amount of protein is sufficient to initiate and
accelerate triazole formation from a sufficiently large library. Our strategic
combination of methodologies proved to be very successful for hit identification
for the aspartic protease endothiapepsin and could be applied to a wide range of
biological targets. It could be used in the early stages of the drug development
and holds the potential to greatly accelerate the drug-discovery process.

6.4

Experimental Section

6.4.1

PTCC experiments

Protein-templated triazole formation: Endothiapepsin (25 μL, 1.052 mM in
sodium acetate buffer 0.1 M , pH 4.6), the nine azides 3–11 (1 μL each, 100 mM
in DMSO), alkynes 12–15 (1 μL each, 100 mM in DMSO) were added to a
mixture of DMSO (62 μL) and sodium acetate buffer (900 μL, 0.1 M , pH 4.6).
The reaction mixture was shortly vortexed and was allowed to stand at room
temperature with occasional shaking. After 14 d, the library was analyzed by
UPLC-TOF-SIM (electro-spray ionization, (ESI+)) measurement because of its
higher sensitivity and greater reliability for product identification.
Blank reaction, negative control: The nine azides 3–11 (1 μL each, 100 mM in
DMSO), alkynes 12–15 (1 μL each, 100 mM in DMSO) were added to a mixture
of DMSO (62 μL) and sodium acetate buffer (925 μL, 0.1 M , pH 4.6). The
reaction mixture was shortly vortexed and was allowed to stand at room
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temperature with occasional shaking. After 14 d, the library was analyzed by
UPLC-TOF-SIM (ES+) measurement for the positive hits and compared it with
protein-templated triazole formation.
Cu(I)-catalyzed 1,4-triazole formation, positive control: The nine azides 3–11
(4 μL each, 100 mM in DMSO), alkynes 12–15 (9 μL each, 100 mM in DMSO)
were added to a mixture of DMSO (3 μL), aqueous copper sulfate (36 μL, stock
solution 0.05 M ), aqueous sodium ascorbate (360 μL, 100 mM ) and sodium
acetate buffer (529 μL, 0.1 M , pH 4.6). The reaction mixture was shortly vortexed
and allowed to stand at room temperature with occasional shaking. After 1 d, the
reaction was diluted with sodium acetate buffer (4x) and analyzed by UPLC-TOF
(ES+) measurement and compared with the positive hits identified from proteintemplated triazole formation.
Huisgen cycloaddition reaction, affording both 1,4- and 1,5-triazoles,
positive control: The nine azides 3–11 (4 μL each, 100 mM in DMSO) and
alkynes 12–15 (9 μL each, 100 mM in DMSO) were mixed. The reaction mixture
was shortly vortexed and allowed to heat at 100 o C for 2 d with occasional
shaking. After 2 d, the reaction was diluted with of sodium acetate buffer (5 mL,
0.1 M , pH 4.6) and analyzed by UPLC-TOF (ESI+) measurement and compared
with the positive hits identified from protein-templated triazole formation.
Protein: Endothiapepsin (25 μL, stock solution 1.052 mM in sodium acetate
buffer 0.1 M , pH 4.6) was added to 75 μL of DMSO and 900 μL sodium acetate
buffer 0.1 M , pH 4.6. After 14 days, the enzyme solution was analyzed by UPLCTOF-SIM (ES+) measurements and compared with the positive hits identified
from protein-templated triazole formation.
UPLC-TOF-SIM method
UPLC-TOF was performed using a Waters Acquity UPLC H-class system
coupled to a Waters Xevo-G2 TOF. All analyses were performed using a reversed
phase UPLC column (ACQUITY BEH C8 Column, 130 Å, 1.7 μm, 2.1 mm x
150 mm). Positive-ion mass spectra were acquired using ES ionization, injecting
3 μL of sample; column temperature 35 °C; flow rate 0.3 mL/min. The eluents,
acetonitrile and water contained 0.1% of formic acid. The library components
were eluted with a gradient from 95% → 59% over 20 min, then at 5% over 1
min, followed by 5% for 2 min.
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The UPLC-TOF-SIM method was used to analyze the formation of triazoles in
PTCC and blank reactions. SIM measurements are highly sensitive, where a
minute amount of compound can be detected by the mass spectrometer.
[M+H]+ were monitored using the (M → M+4) mass range to ensure correct
isotope patterns for all possible potential triazole products both in PTCC and
blank reactions. The 1,3-cycloaddition products in the protein-templated reaction
were identified by comparison of their retention time with those formed by the
Cu(I)-catalyzed reaction, Huisgen cycloaddition reaction and by their molecular
weight.

6.4.2

Fluorescence-based inhibition assay

For inhibition assay, see Chapter 2, Section 2.4.2.

6.4.3

Modeling and Docking

Two X-ray crystal structures of complexes of endothiapepsin (PDB codes: 3PBZ
and 3PLD) were used for our modeling. 29 Several triazoles were designed using
fragment linking. The energy of the system was minimized using the MAB force
field as implemented in the computer program MOLOC,31 whilst keeping the
protein coordinates fixed for the PDB code: 3PBZ. In all cases, the triazole
addresses the catalytic dyad directly via hydrogen-bonding interactions.
For rest of the modeling studies, see Chapter 2, Section 2.4.3.

6.4.4

General experimental details

For general experimental details, see Chapter 2, Section 2.4.5.

6.4.5

Synthesis of azides, alkynes and triazoles

6.4.6

General procedure for azide synthesis

To a 5-mL flask under a nitrogen atmosphere, the corresponding bromide
(0.7 mmol, 1 eq) was added, followed by addition of dry DMF (2 mL) and NaN 3
(228 mg, 3.5 mmol). The reaction was stirred at 45 °C overnight. The reaction
mixture was dissolved in water (10 mL) and extracted with dichloromethane (3 x
5 mL). The organic layers were combined, dried over Na 2 SO4 , filtered and
evaporated. The remaining liquid was dissolved in diethyl ether and extracted
with aqueous HCl solution (2–3 x 0.5 M ) to remove residual dimethylformamide.
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This provided the pure products in 40–80% yield. All azides are commercially
available or known in the literature. 35,36
1-(4-Ethynylphenyl)piperazine (12)
To a–100 mL Schlenk flask charged with 1-(4iodophenyl)piperazine (16, 100 mg, 0.35 mmol),
[Pd(PPh)3 Cl2 ] (0.1 eq), CuI (0.2 eq), distilled and
degassed Et3 N (30 mL) and trimethylsilylacetylene (0.25 mL, 1.75 mmol) were
added. The resulting reaction mixture was heated for 24 h at 70 °C. The resulting
mixture was concentrated in vacuo. A quick purification with silica gel using
DCM/MeOH (85:15) as an eluent, afforded the crude product, which was used for
the following deprotection step. A 50 mL flask charged with the crude product and
a saturated solution of potassium carbonate in MeOH (10 mL) was left to stir at 0
°C for 3 h. To the reaction mixture, water (20 mL) was added and extracted with
DCM (2 x 20 mL). The combined organic phases were dried over Mg2 SO4 , filtered
and concentrated in vacuo to afford the desired compound 12 as a brown solid in
30% yield.38 The spectral data correspond to those reported in the literature.39
5-Ethynyl-1H-pyrrolo[2,3-b]pyridine (13)
To a 25 mL Schlenk flask charged with 5-bromo-1H-pyrrolo[2,3b]pyridine (17, 250 mg, 1.26 mmol), [Pd(PPh)3 Cl2 ] (0.1 eq), CuI
(0.2 eq), distilled and degassed Et3 N (10 mL) and
trimethylsilylacetylene (1.3 ml, 8.90 mmol) were added. The
resulting reaction mixture was heated to 80 °C for 48 h, and concentrated in vacuo.
Purification with silica gel using mixture of ethyl acetate/pentane (1:4) as an eluent
afforded the crude product, which was directly used in the following step without
any further purification. A flask charged with a crude and a saturated solution of
potassium carbonate (20 mL) was left to stir at 0 °C for 3 h. To the reaction mixture,
water (20 mL) was added and then extracted with DCM (2 x 20 mL). The combined
organic phases were dried over Mg2 SO4, filtered and concentrated in vacuo to
afford desired compound 13 as brown solid in 42% yield. 38 The spectral data
correspond to those reported in the literature. 40
1-Phenylbut-3-yn-1-amine (14)
1,3-Propanedithiol (11.70 mmol was added to a solution of (1azidobut-3-yn-1-yl)benzene 21 (400 mg, 2.35 mmol) and TEA
((11.70 mmol) in MeOH (3 mL). The solution was stirred at room
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temperature for 48 h, after which the reaction mixture was diluted with water and
MeOH, acidified with 1 M HCl and washed with DCM. Thereafter, the water phase
was made basic with 1 M NaOH and extracted with DCM. The combined organic
extracts were dried, filtered and concentrated to give desired product 14 as a
colorless oil in 85% yield. 41 The spectral data correspond to those reported in the
literature.41
1-Phenylbut-3-yn-1-ol (20)
To a stirred suspension of Mg turnings (720 mg, 30 mmol), iodine
(two crystals) and HgCl2 (10 mg) in anhyrous Et2 O (10 mL) at 25
°C, equipped with a reflux condenser, was added dropwise a
mixture of propargyl bromide (19, 1.7 mL, 22 mmol) in anhydrous Et2 O (5 mL).
The mixture was heated to reflux for 30 min. The mixture was cooled down to 0
°C and then benzaldehyde (18, 2 mL, 20 mmol) in anhydrous diethylether (3 mL)
was added dropwise. The resultant mixture was stirred for 5 h at room temperature.
The reaction mixture was hydrolyzed with saturated ammonium chloride solution
(10 mL) and with 1 N HCl (2 mL). The resultant mixture was extracted with diethyl
ether (3 x 30 mL). The combined organic phase was washed with brine (20 mL),
dried over MgSO4 , and evaporated in vacuo. The crude product was purified by
flash column chromatography using mixture of ethyl acetate/pentane (1:5) as an
eluent, the desired compound was obtained as a light yellow oil in 60% yield. 42 The
spectral data correspond to those reported in the literature. 41
(1-Azidobut-3-yn-1-yl)benzene (21)
Compound 1-phenylbut-3-yn-1-ol 20 (350 mg, 2.4 mmol and PPh3
(945 mg, 3.6 mmol) were dissolved in THF (10 mL) and the
mixture was cooled to –12 °C. DIAD (0.7 mL, 3.6 mmol) was
added and the mixture was stirred at –12 °C for 10 min. DPPA
(0.75 ml, 3.6 mmol) was added and the solution was left to slowly reach room
temperature for 25 h. The solution was then concentrated and purified using flash
column chromatography (hexane/EtOAc, 39:1). Product 21 was collected as
colorless oil in 75% yield. 41 The spectral data correspond to those reported in the
literature.41
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4-(2-(4-(4-(Piperazin-1-yl)phenyl)-1H-1,2,3-triazol-1-yl)ethyl)phenol (22)
To a solution of tert-butyl 4-(4ethynylphenyl)piperazine-1-carboxylate
28 (60 mg, 0.21 mmol) and 4-(2azidoethyl)phenol 7 (29 mg, 0.17 mmol)
in 3 mL H2 O/MeOH (1:1) mixture, CuSO4 .5H2 O (0.2 eq) and Na/Ascorbate (0.5
eq) were added. After stirring for 24 h at room temperature, the reaction mixture
was diluted with water (10 mL) and extracted with DCM (3 x 10 mL). The
separated organic layer was dried over MgSO 4 , filtered and concentrated in
vacuo. A quick purification with column chromatography using mixture of
MeOH/DCM (1:9) as an eluent, afforded N-boc protected triazole, which was
directly dissolved in dichloromethane (2 mL) and HCl/diethyl ether (1 M , 4 mL)
was added under an argon atmosphere. The mixture was stirred for 15 h at 20 °C.
The resulting light–brown precipitate was collected and washed with Et 2 O.
Complete removal of the solvent afforded the HCl salt of the desired compound
22 as a pale brown solid in 70% yield. mp: > 230 °C (decomposition). 1 H NMR
(400 MHz, CD3 OD) δ 8.52 (s, 1H), 7.69 (d, J = 8.4 Hz, 2H), 7.17 (d, J = 8.4 Hz,
2H), 6.99 (d, J = 8.2 Hz, 2H), 6.69 (d, J = 8.2 Hz, 2H), 4.76 (t, J = 7.1 Hz, 2H),
3.56 (t, J = 5.2 Hz, 4H), 3.39 (t, J = 5.2 Hz, 4H), 3.21 (t, J = 7.1 Hz, 2H). 13 C
NMR (101 MHz, CD3 OD) δ 157.7, 152.6, 145.5, 130.9, 128.7, 128.3, 124.5,
118.5, 117.8, 116.6, 55.3, 46.8, 44.6, 36.1. IR (cm–1 ): 2929, 1743, 1459, 1240,
1164, 1031. HRMS (ESI) calcd for C20 H24 N5 O [M+H]+: 350.1975, found:
350.1977.
2-(1-(2-Fluorophenethyl)-1H-1,2,3-triazol-4-yl)-1-phenylethan-1-amine (23)
To a solution of 1-phenylbut-3-yn-1-amine (14, 50 mg,
0.34 mmol) and 1-(2-azidoethyl)-2-fluorobenzene (9,
47 mg, 0.28 mmol) in water/methanol (4 ml, 1:1)
mixture, CuSO4 .5H2 O (1.2 eq) and Sodium ascorbate (2.5 eq) were added. After
stirring for 24 h at room temperature, the reaction mixture was diluted with water
(10 mL) and extracted with DCM (3 x 10 mL). The separated organic layer was
dried over MgSO4 , filtered, and concentrated in vacuo. After purification with
column chromatography using mixture of MeOH/DCM (1:9) as an eluent, the
desired compound 23 was obtained as an off-white solid in 58% yield. mp: 56–
57 °C. 1 H NMR (400 MHz, CDCl3 ) δ 7.37–7.18 (m, 6H), 7.06 – 6.90 (m, 4H),
4.52 (t, J = 7.2, 2H), 4.32 (t, J = 6.7, 1H), 3.19 (t, J = 7.1, 2H), 3.10-2.92 (m, 2H),
2.63 (br s, 3H). 13 C NMR (101 MHz, CDCl3 ) δ 161.1 (d, 1 J(C,F) = 245.6), 131.1
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(d, 3 J(C-F)= 4.6), 129.0 (d, 3 J (C-F) =), 128.5 (2C), 127.3, 126.5, 124.3 (d, 4 J (CF)= 3.6), 123.9 (d, 2 J (C-F)= 15.6), 122.2 , 115.4 (d, 2 J (C-F) = 21.7), 113.7, 55.5,
49.8, 35.3, 30.5. 19 F NMR (376 MHz, CDCl3 ) δ –119.06. IR (cm–1 ) 3365, 1933,
1589, 1493, 1451, 1363, 1229, 1052, 759, 702. HRMS (ESI) calcd for C18 H19 FN4
[M+H]+: 311.1666, found: 311.1668.

1-(4-(1-(4-Chlorophenethyl)-1H-1,2,3-triazol-4-yl)phenyl)piperazine
(24)
A 10 mL flask charged with compound 1-(2azidoethyl)-4-chlorobenzene (3, 58 mg, 0.32
mmol),
compound
1-(4ethynylphenyl)piperazine (12, 50 mg, 0.27 mmol), H2 O (3 mL) and MeOH (3 mL)
were added. Then CuSO4 .5H2 O (147.6 mg, 0.59 mmol, 220 mol%) and sodium
ascorbate (292.7 mg, 1.48 mmol, 550 mol%) were added. The reaction was stirred
at room temperature for 24 h. During the reaction, the color changed from yellow
to deep red. The reaction mixture was then transferred to a 2 mL Eppendorf vial
and centrifuged at 15000 rpm. The liquid was then pipetted off, and distilled water
was then added to the supernatant. After vortexing and treatment in an ultrasound
bath, the vials were again centrifuged. This process was repeated three times and
finally a red solid was obtained. The red solid was treated with concentrated
ammonia (20 mL) for 2 h, in which the color changed from deep red to blue. The
solid in the suspension was obtained by filtration on a glass filter and was washed
with pentane (3 x 20 mL), affording desired compound 24 as a brown solid in 80%
yield. mp: 110–111 °C. 1 H NMR (400 MHz, (CD3 )2 SO) δ 8.33 (s, 1H), 7.62 (d, J
= 8.5, 2H), 7.33 (d, J = 8.5, 2H), 7.23 (d, J = 8.5, 2H), 6.96 (d, J = 8.5, 2H), 4.61
(t, J = 7.2, 2H), 3.20 (t, J = 7.2, 2H), 3.07 (br s, 4H), 2.83 (bs, 4H). 13 C NMR (101
MHz, CDCl3 ) δ 152.9 (d, J = 10), 152.8, 144.3, 131.2, 129.3 (4C), 128.5, 123.1
(4C), 122.3, 120.2, 71.9, 54.74 (2C), 48.8 (2C), 23.4 (d, J = 28). IR (cm–1 ): 3104,
2929, 2858, 1620, 1504, 1457, 1244, 824. HRMS (ESI) calcd for C20 H22 ClN5
[M+H]+: 368.1636, found: 368.1637.
5-(1-(3-Methylphenethyl)-1H-1,2,3-triazol-4-yl)-1H-pyrrolo[2,3-b]pyridine
(25)
To a solution of tert-butyl 5-ethynyl-1H-pyrrolo[2,3b]pyridine
(13, 28 mg, 0.24 mmol and 1-(2azidoethyl)-3-methylbenzene (6, 35 mg, 0.2 mmol) in a water/methanol (4mL,
1:1) mixture, CuSO4 .5H2 O (0.2 eq) and sodium ascorbate (0.5 eq) were added.
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After stirring for 24 h at room temperature, the reaction mixture was diluted with
water (10 mL) and extracted with DCM (3 x 10 mL). The separated organic layer
was dried over MgSO4 , filtered and concentrated in vacuo. After purification with
column chromatography using mixture of MeOH/DCM (1:9) as an eluent, the
desired compound 25 was obtained as a brown solid in 50% yield. mp: 70–72 °C.
1
H NMR (400 MHz, (CD3 )2 SO) δ 11.73 (s, 1H), 8.68 (s, 1H), 8.54 (s, 1H), 8.34 (d,
J = 1.9 Hz, 1H), 7.57 – 7.48 (m, 1H), 7.18 (t, J = 7.5 Hz, 1H), 7.09 (s, 1H), 7.067.01 (m, 2H), 6.52 (dd, J = 3.5, 1.6 Hz, 1H), 4.66 (t, J = 7.4 Hz, 2H), 3.20 (t, J =
7.4 Hz, 2H), 2.27 (s, 3H) . 13 C NMR (101 MHz, (CD3 )2 SO) δ 148.1, 145.1, 140.2,
137.4, 137.4, 129.3 (2C), 128.3, 127.2, 127.0, 125.7 (2C), 124.4, 120.5, 100.1,
50.6, 35.5, 20.9. IR (cm–1 ) 3661, 2980, 2886, 1383, 1256, 1158, 1072, 957. HRMS
(ESI) calcd for C18 H17 N5 [M+H]+: 304.1556, found: 304.1558.
1-Benzyl-1H-1,2,3-triazole-4-carboxamide (26)
To a solution of propiolamide (15, 40 mg, 0.58 mmol) and
(azidomethyl)benzene (4, 64 mg, 0.48) in a water/methanol
(4 mL, 1:1) mixture, CuSO4 .5H2 O (0.2 eq) and sodium
ascorbate (0.5 eq) were added. After stirring for 24 h at room
temperature, the reaction mixture was diluted with water
(10 mL) and extracted with DCM (3 x 10mL). The separated organic layer was
dried over MgSO4 , filtered and concentrated in vacuo. After purification with
column chromatography using mixture of MeOH/DCM (1:9) as an eluent, the
desired compound 26 was obtained as yellow solid in 61% yield. mp > 225 °C
(decomposition). 1 H NMR (400 MHz, (CD3 )2 SO) δ 8.59 (s, 1H), 7.85 (s, 1H), 7.46
(s, 1H), 7.42 – 7.28 (m, 5H), 5.64 (s, 2H).13 C NMR (101 MHz, (CD3 )2 SO) δ 161.4,
143.1, 135.6, 128.8 (2C), 128.2, 127.9(2C), 126.6, 53.0. IR(cm–1 ): 3406, 3093,
1649, 1404, 723. HRMS (ESI) calcd for C10 H10 N4 O [M+H]+: 203.0927, found:
203.0928.
Tert-butyl 4-(4-ethynylphenyl)piperazine-1-carboxylate (28)
To
a
solution
of
1ǦbocǦ4Ǧ(4Ǧ
formylphenyl)piperazine 27 (200 mg, 0.69 mmol) in
MeOH (10 mL), K2 CO3 (285 mg, 2.07 mmol) and
dimethyl(1ǦdiazoǦ2Ǧoxopropyl)phosphonate (185 μL, 1.72 mmol) were added.
After stirring for 24 h at room temperature, reaction mixture was diluted with
water (30 mL) and extracted was done with DCM (3 x 30 mL). The separated
organic layer was dried over MgSO 4 , filtered and concentrated in vacuo. After
purification with column chromatography using ethyl acetate/pentane (1:4)
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mixture as an eluent, the desired compound 28 was obtained as a white solid in
35% yield.43 The spectral data correspond to those reported in the literature.44
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Conclusions and Perspectives

This chapter summarizes the key findings of the research presented in this thesis,
followed by future perspectives for the broader field of medicinal chemistry and,
in particular, the early stages of the drug-discovery process.
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7.1

Introduction

Aspartic proteases are a class of enzymes widely found in fungi, plants,
vertebrates as well as HIV retro-viruses. These enzymes play a causative role in
several diseases such as hypertension, amyloid disease, malaria, fungal infections
and AIDS. In HIV, the aspartic protease has an essential role in maturation of the
HIV-virus, making it a validated target for the treatment of AIDS. In eukaryotes,
the aspartic protease renin has a role in hypertensive action, cathepsin D in
tumorigenesis, and pepsin in the hydrolysis of acid-denatured proteins. Therefore,
the enzymes of this class of aspartic proteases are considered as a rich source of
therapeutic targets.
We have highlighted throughout this thesis that fragment-based drug design
(FBDD) and structure-based drug design (SBDD) still constitute a number of
challenges such as the risk associated with de novo SBDD and are timeconsuming as they involve synthesis and validation of the binding mode of each
derivative in the fragment/hit-optimization cycle. To overcome these hurdles, we
combined FBDD or de novo SBDD projects with dynamic combinatorial
chemistry (DCC) or protein-templated click chemistry (PTCC) to render the
identification/optimization of hits/leads more efficient, using the aspartic
protease endothiapepsin as a model system.
The main achievements described in this thesis are: 1) the development of a
powerful technique that combines de novo SBDD and DCC for the rapid
identification of novel hits, 2) the development of an efficient approach that
combines fragment linking and DCC to accelerate hit-to-lead optimization, 3)
optimization of an initial hit, 4) development of a technique that combines
fragment growing and DCC for the rapid optimization of a fragment, and 5) the
development of a method that combines fragment linking/optimization and PTCC
to accelerate the hit-identification process using the aspartic protease
endothiapepsin as a model enzyme.
Based on these accomplishments, it can be concluded that several combinations
of computational and analytical techniques are synergistic and facilitate the
identification/optimization of hits/leads for the aspartic protease endothiapepsin.
In this chapter, we present a brief overview of the key findings reported in this
thesis as well as future prospects.
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7.2

Research overview

In Chapter 1 of this thesis, we discussed the application of DCC in the discovery
of binders of a range of protein targets. Since the first report of DCC applied to
the discovery of binders for a protein, this elegant tool has been employed on a
range of protein targets at various stages of medicinal-chemistry projects. A series
of suitable, reversible reactions that are biocompatible have been established and
the portfolio of analytical techniques is growing. Despite progress, in most cases,
the libraries employed remain of moderate size. In Chapter 1, we discussed the
most recent advances in the field of DCC applied to protein targets, paying
particular attention to the experimental conditions and analytical methods chosen.
We gave an overview of SBDD and FBDD and also discussed their limitations.
We gave a brief introduction of a class of aspartic proteases and why it is
considered as a rich source of drug targets that are notoriously difficult. Finally,
we discussed the strategic combinations of computational studies and analytical
techniques that accelerate the identification/optimization of hits/leads for the
aspartic protease endothiapepsin.
In Chapter 2, we demonstrated for the first time that the combination of de novo
SBDD and DCC is a powerful technique for the rapid identification of novel hits
that inhibit the aspartic protease endothiapepsin. We exploited 1H-STD-NMR
spectroscopy to identify the binders directly from the dynamic combinatorial
library (DCL). Among the hits identified, the best ones exhibit IC50 values in the
low micromolar range. Subsequent cocrystal-structure determination confirmed
our in silico prediction that either direct or water-mediated interactions with the
catalytic dyad can be achieved. We reported the first example of acylhydrazonebased inhibitors of endothiapepsin and aspartic proteases in general.
In Chapter 3, we described that the synergistic combination of fragment linking
and DCC is a powerful and efficient strategy to accelerate hit-to-lead
optimization of the aspartic protease endothiapepsin. We chose two co-crystal
structures of endothiapepsin with acylhydrazone-based hits as the starting
point of fragment linking. We had previously identified these hits from an
acylhydrazone-based DCL using the synergistic combination of de novo SBDD
and DCC, reported in Chapter 2. We exploited LC-MS analysis to identify the
best binders directly from the DCLs. The best binder exhibits an IC50 value of
54 nM, representing a 240-fold improvement in potency compared to its parent
hits. Subsequent co-crystallization studies validated our in silico prediction.
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In Chapter 4, we designed a library of eight acylhydrazone-based inhibitors
starting from a hit, which was reported in Chapter 2, by using SBDD, in
particular, focusing on optimizing an amide–π interaction. These compounds
inhibit the aspartic protease endothiapepsin with IC50 values in the low
micromolar region. The best compound displays an IC50 value of 7.0 μM, which
is two-fold more potent than the original hit. The increase in potency could be
due to the strengthened amide–π interaction compared to the original hit, owing
to the more strongly electron-withdrawing nature of the trifluoromethyl group as
well as better lipophilic interactions. Furthermore, it has the potential to have
increased metabolic stability compared to the original hit because of the presence
of a trifluoromethyl instead of three methyl groups.
In Chapter 5, we demonstrated for the first time that the combination of fragment
growing and DCC is a powerful technique for the rapid optimization of initial
fragments for the aspartic protease endothiapepsin. Moreover, by using a
fluorescence-based assay, we could directly screen the DCLs for active inhibitors.
The advantages of this approach are that only very small amounts of protein are
required compared with established analytical methods and that the protein only
needs to be in the assay mixture for a short period of time, making this protocol
ideal for precious and unstable proteins. Among the acylhydrazones identified,
the most potent inhibitor displays an IC50 value of 85 μM.
In Chapter 6, we demonstrated that the strategic combination of fragment
linking/optimization and PTCC is an efficient and powerful method that
accelerates the hit-identification process for the aspartic protease endothiapepsin.
We exploited the highly sensitive UPLC-TOF-SIM method to identify the
triazole binders templated by the protein. The best binder inhibits endothiapepsin
with an IC50 value of 43 μM. Due to the limited solubility of the triazoles
identified, we were not able to obtain any crystals of any triazole in complex with
endothiapepsin. We reported the first example of triazole-based inhibitors for
endothiapepsin. The great advantage of this approach is that, a catalytic amount
of protein is sufficient to initiate and accelerate triazole formation from a
sufficiently large library. Whereas this is an important consideration for precious
proteins, a disadvantage is that the protein needs to be stable at room temperature
for prolonged periods of time, greatly limiting the number of compatible targets.
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7.3

Perspectives

The concept of developing several strategic combinations of computational and
analytical techniques for the identification/optimization of hits/leads using the
aspartic protease endothiapepsin as a model enzyme holds the potential to greatly
influence the initial stages of the drug-discovery process. In this thesis, we were
able to show that the synergistic combinations work well for endothiapepsin.
Now all our strategies need to be applied to real drug targets of this class of
enzymes such as HIV-protease, plasmepsin etc. as well as unrelated target
classes.
In Chapter 2, we developed an efficient strategy for the rapid identification of
novel hits for endothiapepsin that makes de novo SBDD less risky and therefore
more widely applicable. To analyze the DCLs, we used 1H-STD-NMR
spectroscopy, which has the advantage that it can directly detect the binders in
solution. The application of this analytical method, however, is limited to weak
to strong binders (Kd > 10 nM). Therefore, 1H STD NMR spectroscopy is ideally
suited for hit identification. Hit optimization tshould rely on a different analytical
technique such as LC-MS or a fluorescence-based assay, which we have
employed in Chapters 3 and 5, respectively. 1H-STD-NMR spectroscopy is also
limited to small libraris. In case of larger libraries, it would be difficult to analyze
the individual components from the library due to signal overlap in the STDNMR spectra. 19F-STD-NMR spectroscopy should solve this problem. Although
acylhydrazones are attractive for protein-templated DCC and our best hits exhibit
IC50 values in the low micromolar range, synthesis of bioisosteres might be
required to develop a lead- or drug-like molecule. Acylhydrazones and the
hydrazide building blocks represent potential toxicity issues.
In Chapter 3, we demonstrated a powerful approach for the rapid optimization of
the initial hits to a lead using the combination of fragment linking and DCC. We
also validated the binding mode of the lead by X-ray crystallography. Although
our best lead exhibits an IC50 value of 54 nM, with a 240-fold improvement in
potency compared to its parent hits, we do not know the exact nature and bound
conformation of the lead compound as the X-ray co-crystallization studies were
done using a mixture of three diastereoisomers and the X-ray crystal structure
was not fully resolved. Synthesis of all three diastereoisomers for biochemical
evaluation and co-crystallization experiments of the best inhibitor with
endothiapepsin are now required. Bioisosteres of the best lead should also be
synthesized and tested against endothiapepsin.
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In Chapter 4, we designed eight acylhydrazone-based inhibitors using SBDD
starting from an initial hit reported in Chapter 2. In the optimization process, we
modified only the aldehydic part of the acylhydrazone, which provided only twofold increase in potency. The other moiety (hydrazide part) of the acylhydrazone
should also be optimized using SBDD to get a lead-like compound, which might
also require the growing of the compound. Subsequently, the acylhydrazone
linker should be replaced with a suitable bioisostere to afford a drug-like
compound.
In Chapter 5, we developed a strategic approach for the rapid optimization of
initial fragment to hit for endothiapepsin. Although this technique accelerates the
optimization of an initial fragment to a hit, the best compound shows an IC50
value the upper double-digit micromolar range. Therefore, the best approach to
optimize an initial fragment into a hit would be to grow the initial fragment and
apply DCC to identify a hit with an IC50 value in the upper micromolar range,
followed by SBDD and DCC to get an improved hit with an IC50 value in the
lower micromolar range. Moreover, the binding mode of the hit identified should
also be validated by X-ray crystallography.
In Chapter 6, we developed a method that combines fragment
linking/optimization and PTCC to identify a triazole-based hit of endothiapepsin.
Although our approach accelerates the hit-identification process, the best hit only
displays an IC50 value of 43 μM. In a second stage, a new library should be
designed based on the best triazole hit identified, exploiting a combination of
SBDD and PTCC to identify an optimized hit in lower micromolar to subnanomolar range. Due to the limited solubility of the triazoles identified, we could
not obtain any crystals of any triazole in complex with endothiapepsin. So a
second generation of triazoles should be designed containing more hydrophilic
groups to increase their solubility in order to be able to validate the binding mode
using protein X-ray crystallography. This approach would also represent a novel
application of DCC, namely for the optimization of physicochemical properties
rather than potency.
All hits/leads identified in this thesis should be tested against the real drug targets
of the class of aspartic proteases such as HIV protease, plasmepsin, etc. Based on
the literature, the structures of active compounds should be translated in a
straightforward manner into inhibitors of the drug targets. Bioisosteres of the best
hits/leads featuring the reversible acylhydrazone linker should also be
synthesized and tested against these enzymes, affording more drug-like
144

501868-L-sub01-bw-Mondal

compounds for further development.
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Samenvatting
Aspartaatproteasen zijn een klasse van enzymen die veelvuldig gevonden worden
in schimmels, planten, gewervelden, alsmede in hiv retro-virussen. Deze
enzymen hebben een oorzakelijke rol in verscheidene ziekten zoals hypertensie,
amyloïdose, malaria, schimmelinfecties en aids. In hiv heeft het aspartaatprotease
een essentiële rol in de maturatie van het hiv-virus, waardoor het een belangrijk
doelwit is voor de behandeling van aids. In eukaryoten speelt het
aspartaatprotease renine een rol in hypertensie, kathepsine D in tumorgenese, en
pepsine in de hydrolyse van zuur-gedenatureerde eiwitten. Derhalve worden de
enzymen van deze klasse van aspartaatproteasen gezien als een rijke bron voor
therapeutische doelwitten.
We hebben in dit proefschrift uiteengezet dat fragment-gebaseerd medicijn
ontwerp (FGMO) en structuur-gebaseerd medicijn ontwerp (SGMO) nog een
aantal uitdagingen kennen, zoals het risico gerelateerd aan de novo SGMO.
Daarnaast zijn ze tijdsintensief aangezien ze de synthese en validatie van de
bindingswijze van ieder derivaat in de fragment/hit-optimalisatie cyclus met zich
meebrengen. Om deze belemmeringen te overwinnen hebben we FGMO en de
novo SGMO projecten gecombineerd met dynamische combinatorische chemie
(DCC) of eiwit-gerichte klikchemie (EGKC) om identificatie/optimalisatie van
hits/leads meer efficiënt te maken, waarbij we gebruik hebben gemaakt van het
aspartaatprotease endothiapepsin als een model systeem.
De belangrijkste resultaten beschreven in dit proefschrift zijn: 1) de ontwikkeling
van een krachtige techniek die de novo SGMO en DCC combineert om snel
nieuwe hits te identificeren, 2) de ontwikkeling van een efficiënte aanpak die
fragment-linken en DCC combineert om hit-to-lead optimalisatie te versnellen,
3) optimalisatie van een eerste hit, 4) de ontwikkeling van een techniek die
fragment-groeien combineert met DCC voor een snelle optimalisatie van een
fragment, en 5) de ontwikkeling van een methode die fragmentlinken/optimalisatie en EGKC combineert om het hit-identificatie proces te
versnellen waarbij gebruik werd gemaakt van het aspartaatprotease
endothiapepsin als model enzym.
In Hoofdstuk 1 van dit proefschrift, discussiëren we de toepassing van DCC in
de ontdekking van binders van een reeks aan eiwitdoelwitten. Sinds het eerste
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verslag van DCC toegepast op de ontdekking van binders voor een eiwit, is deze
elegante toepassing gebruikt voor een reeks van eiwitdoelwitten in verschillende
stadia van medicinale-chemie projecten. Een serie van geschikte, reversibele
reacties die biocompatibel zijn, zijn ontwikkeld en het portfolio van analytische
technieken is groeiende. Ondanks deze vooruitgang zijn de gebruikte
bibliotheken, in de meeste gevallen, van beperkte grootte gebleven. In Hoofdstuk
1, bespreken we de meest recente vooruitgang op het gebied van DCC toegepast
op eiwitdoelwitten, waarbij speciaal wordt gelet op de experimentele condities en
de gekozen analytische methoden. We geven een overzicht van SGMO en FGMO
en ook hun beperkingen worden besproken. We geven een bondige introductie
van een klasse van aspartaatproteasen en waarom deze eiwitten gezien worden
als een rijke bron voor therapeutische doelwitten die, als algemeen bekend,
moeilijk zijn. Tenslotte discussiëren we de strategische combinaties van
computationele
studies
en
analytische
technieken,
die
de
identificatie/optimalisatie van hits/lead van het aspartaatprotease endothiapepsin
zouden kunnen versnellen.
In Hoofdstuk 2, demonstreren we voor de eerste keer dat de combinatie van de
novo SGMO en DCC een krachtige techniek is voor een snelle identificatie van
nieuwe hits die het aspartaatprotease endothiapepsin remmen. We maken gebruik
van 1 H-STD-NMR spectroscopie om binders direct uit de dynamische
combinatorische bibliotheek (DCB) te kunnen identificeren. Van de
geïdentificeerde hits hebben de beste hits IC50 waarden in het laag micromolaire
bereik. Daarnaast bevestigde een bepaling van de co-kristalstructuur onze in
silico voorspelling dat of direct of water-gemedieerde interacties met de
katalytische dyad bereikt kunnen worden. We hebben een eerste voorbeeld
beschreven van acylhydrazon-gebaseerde remmers van endothiapepsin en van
aspartaatproteasen in het algemeen.
In Hoofdstuk 3, beschrijven we dat de synergistische combinatie van fragmentlinken en DCC een krachtige en efficiënte strategie is om hit-to-lead optimalisatie
te versnellen van het aspartaatprotease endothiapepsin. We hebben ervoor
gekozen om twee co-kristalstructuren van endothiapepsin met acylhydrazongebaseerde hits als startpunt voor fragment-linken te gebruiken. Voorafgaand
hieraan hebben we deze hits geïdentificeerd via een acylhydrazon-gebaseerde
DCB, waarbij gebruik werd gemaakt van de synergistische combinatie van de
novo SGMO en DCC zoals gerapporteerd in Hoofdstuk 2. We maken gebruik van
LC-MS analyse om de beste binders direct uit de DCB’s te identificeren. De beste
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binder heeft een IC50 waarde van 54 nM , dit betekent een 240-voudige verbetering
in potentie ten opzichte van de oorspronkelijke hits. Vervolgens hebben cokristallisatie studies onze in silico voorspellingen bevestigd.
In Hoofdstuk 4, ontwerpen we een bibliotheek van acht acylhydrazon-gebaseerde
inhibitoren uitgaande van een hit, die gerapporteerd werd in Hoofdstuk 2, door
gebruik te maken van SGMO. In het bijzonder hebben we onze aandacht gericht
op het optimaliseren van een amide–π interactie. Deze verbindingen remmen het
aspartaatprotease endothiapepsin met IC50 waarden in het laag micromolaire
bereik. De beste verbinding laat een IC50 waarde van 7.0 μM zien, met een
tweevoudig hogere potentie dan de originele hit. Deze toename in potentie zou
zijn oorzaak kunnen vinden in een versterkte amide–π interactie vergeleken met
de originele hit, die kan worden veroorzaakt door de sterkere elektron-zuigende
eigenschappen van de trifluoromethylgroep alsmede betere lipofiele interacties.
Voorts zou het een betere metabolische stabiliteit kunnen hebben vergeleken met
de originele hit door de aanwezigheid van een trifluoromethylgroep in plaats van
drie methylgroepen.
In Hoofdstuk 5, laten we voor het eerst zien dat de combinatie van fragment
groeien en DCC een krachtige techniek is voor een snelle optimalisatie van
initiële fragmenten voor het aspartaatprotease endothiapepsin. Bovendien, door
gebruik te maken van een op fluorescentie-gebaseerd assay, kunnen we direct de
DCB’s screenen voor actieve remmers. De voordelen van deze aanpak zijn dat
slechts zeer kleine hoeveelheden eiwit nodig zijn in vergelijking met de bestaande
analytische methoden en dat het eiwit alleen gedurende een korte periode in het
assay mengsel aanwezig hoeft te zijn, wat dit protocol ideaal maakt voor kostbare
en onstabiele eiwitten. Van de geïdentificeerde acylhydrazonen heeft de meest
potente inhibitor een IC50 waarde van 85 μM .
In Hoofdstuk 6, laten we zien dat de strategische combinatie van fragment
linken/optimalisatie en EGKC een efficiënte en krachtige methode is die het hitidentificatie proces versnelt voor het aspartaatprotease endothiapepsin. We
maken gebruik van de zeer gevoelige UPLC-TOF-SIM methode om de triazol
verbindingen, gefaciliteerd door het eiwit, te kunnen identificeren. De beste
binder remt endothiapepsin met een IC50 waarde van 43 μM . Als gevolg van de
beperkte oplosbaarheid van de geïdentificeerde triazolen waren we niet in staat
om kristallen te verkrijgen van een triazol in het complex met endothiapepsin.
Voorts beschrijven we het eerste voorbeeld van triazol-gebaseerde inhibitoren
van endothiapepsin. Het grote voordeel van deze aanpak is dat een katalytische
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hoeveelheid van het eiwit voldoende is om de vorming van triazolen te initiëren
en te versnellen uit een voldoend grote bibliotheek. Terwijl daarentegen dit een
belangrijke overweging is voor kostbare eiwitten, is het een nadeel dat het eiwit
stabiel dient te zijn op kamertemperatuur voor langere periodes, waardoor het
aantal compatibele doelwitten aanzienlijk wordt verminderd.
Gebaseerd op deze resultaten kan geconcludeerd worden dat verscheidene
combinaties van computationele en analytische technieken synergetisch zijn en
de identificatie/optimalisatie van hits/leads voor het aspartaatprotease
endothiapepsin faciliteren.
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