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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.
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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

501868-L-sub01-bw-Mondal

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
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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.
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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.

14
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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
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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,

19

501868-L-sub01-bw-Mondal

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.

20

501868-L-sub01-bw-Mondal

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
28

501868-L-sub01-bw-Mondal

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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