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Protein-templated hit-identification strategies in drug discovery

Today’s drug discovery mainly relies on the synthesis of large numbers of compounds
and testing with a variety of targets. Target-guided-synthesis (TGS) has emerged as a powerful
alternative technique to current drug-discovery methods, which can accelerate the hitidentification process, and thus this long-term trajectory. In this chapter, we firstly discuss the
drug-discovery process and fragment-based drug design (FBDD) briefly. Secondly, we introduce
TGS in a broad context and discuss kinetic target-guided synthesis (KTGS) in more detail.

M. Y. Unver, A.K.H. Hirsch, in preparation
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1.1

Drug discovery and development process
The drug-discovery process, from identification of a new active compound until gaining

the regulatory approval, is a long and expensive path. This process takes approximately 10–15
years, sometimes even longer due to the complexity of drug development as well as the capital
required to fund each phase of the process.[1]
There are no simple solutions to shorten this lengthy process; however, methods used in
each phase can improve the efficiency of the individual steps, and resulting in a significant
acceleration of the overall process.

Drug discovery

Preclinical

Clinical trials

10,000 compounds

250 compounds

5 compounds

6–7 years

~7 years

FDA Review

FDA approved drug

1–2 years

Figure 1. Drug discovery timeline.

A general drug-discovery process includes the following steps (Figure 1):
o Identification and validation of the target, assay development
o Hit identification

o Lead identification and –optimization
o Non-clinical safety

o Scale-up and production
o Clinical trials

o FDA approval
The first step, target identification, is the understanding of the disease and choosing a
valid target molecule. Nowadays, in contrast to old drug discovery, it is very important to start
with a clear understanding of the disease and the biological target itself. [2] After selection of the
biological target, which are mostly biomacromolecules such as DNA or a protein, hit compounds
are identified by using various hit-identification techniques. There are several approaches at this
stage such as high throughput screening (HTS), structure-based drug design (SBDD), fragmentbased drug design and target-guided synthesis (TGS) that will be the main focus of this thesis.
2
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Once the hit compound with desired inhibitory potency is identified, the next step is to explore
the chemical space around the hit compound by making its analogues for structure–activity
relationship (SAR) studies. Prior to human studies, lead compounds are tested on animal models.
After successful pre-clinical studies and toxicity assessments, scientists should also consider scaleup and manufacturing issues such as ease of synthesis, costs, stability, shelf life etc. The last step
are clinical studies on human for safety and efficacy of the drug and upon completion of clinical
trials, the drug is ready for marketing.

1.2

Fragment-based drug design
Fragment-based drug design (FBDD) has become a very promising alternative method to

current drug-discovery techniques.[2–7] FBDD has some great benefits that makes it very
successful compared to HTS, the most widely used method in pharmaceutical companies. Hit
rates are higher than HTS as the chemical space is covered more efficiently by screening small
molecules, in other words “fragments” instead of larger molecules.[5] The other benefits are
higher binding efficiency and more effective optimization capacity.
The first step in FBDD is the construction of fragment libraries. A suitable fragment
library should have specific properties and some points should be critically consired; (i) the
distinction between fragments and hits/leads. Congreve et al[5] introduced ‘Astex’s rule of three’,
a set of criteria for the design of fragment libraries. According to “rule of three”, a fragment
should fulfill:
o molecular weight < 300 Da
o cLogP ≤3

o number of H-bond donors ≤ 3

o number of H-bond acceptors ≤ 3

o number of rotatable bonds ≤ 3

The rules are accepted and widely used by many medicinal chemists as efficient criteria for the
selection of fragment libraries; (ii) the library should be structurally diverse enough to cover a
large area of chemical space; (iii) as the fragments are weak binders, their biochemical assays are
performed at high concentrations and therefore they should have good solubility. [5,8]
Fragments are screened by using several techniques such as direct binding assays with
higher concentrations,[9–11] NMR-based screening,[12,13]mass-spectrometry-based techniques[14–18] or
crystallographic techniques. Identified fragments can then be optimized to lead compounds.[19]
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Fragments are optimized to lead-like compounds via two main ways. These are fragment
growing and fragment linking.[20] In fragment growing, an initial fragment is optimized by
introducing new functional groups to the fragment core to fill adjacent pockets of the active site,
affording a lead-like compound (Figure 2).

Figure 2. Fragment growing; a) fragment 1 binds to the target, b) fragment is grown to occupy adjacent
pockets.

On the other hand, in fragment linking, two or more fragments binding to the pockets in close
proximity are linked together via a linker with an optimal fit (Figure 3).

Figure 3. Fragment linking; a) fragment 1 binds to the one site of the target, b) fragment 2 binds to
another site of the target, which is in close proximity, c) fragment 1 and 2 are linked together via a linker
with optimal fit.

A theoretical benefit of fragment linking is the super additivity in ligand efficiency (LE) rather
than preservation of LE.[21] This advantage was also demonstrated experimentally,[22] scientists
were able to show the efficiency of fragment linking successfully for the first time. Although
fragment linking is attractive, it is very challenging owing to the difficulty in finding a linker with
optimal fit. On the other hand, fragment growing is time-consuming as it requires synthesis of
each modified fragment and verification of the binding mode after each modification. [4–8,19,20,23–26]
Therefore, to overcome the challenges in both linking and growing strategies in FBDD,
we developed new techniques[27] such as the use of protein-templated click reaction in fragment
linking, which will be described in detail in Chapter 2.[28]
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1.3

Target- guided synthesis
Target-guided synthesis (TGS) is a powerful strategy in which the biological target selects

its own inhibitors by assembling them from biocompatible reagents.[29] There are two main
strategies in this approach: dynamic combinatorial chemistry (DCC), in which the target selects
and amplifies its own ligands from a library of products formed from reversibly connected
building blocks and kinetic target-guided synthesis (KTGS) in which the assembly takes place in
an irreversible manner. Both techniques hold great potential, yet they are still unconventional and
remain relatively unexplored.[29] Although the distinction between those two techniques is
artificial in terms of application, in this thesis, we will categorize the methods according to the
reversibility of the reaction and focus on irreversible reactions in the KTGS context.
1.3.1

Dynamic combinatorial chemistry
DCC has emerged as a powerful tool to identify binders for biological targets. It

facilitates the reversible combination of building blocks by forming dynamic combinatorial
libraries (DCLs) of potential binders in an efficient manner. Since the reaction facilitating DCLs
is reversible, upon binding of the library members with the strongest affinity to the biological
target, the product composition re-equilibrates, resulting in a shift in the equilibrium. Ultimately,
the best binders are amplified, which circumvents the need for the synthesis and biochemical
evaluation of each library member (Figure 4).[30–34]

Figure 4. Schematic representation of the fundamental concept of DCC, adapted from Mondal et. al.[34]

Several reversible reactions were applied to protein targets in the DCC context as can be
seen in the Scheme 1.[34–41]A number of issues should be taken into consideration in the selection
of a compatible reaction for DCC; (i) the reaction must be carried out in aqueous media; (ii)
equilibration of the DCL should be fast enough at the desired pH and the temperature where the
protein is stable; (iii) the reaction should be chemoselective so that the cross-reactivity with
functional groups in the library or with the target is avoided. The other critical points for a DCC
5
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setup are: (i) selection of building blocks with comparable reactivity; (ii) in case mass
spectroscopy is the analytical technique, avoiding the use of building blocks with identical
molecular weights; (iii) high solubility of individual building blocks and the products to prevent
precipitation in the reaction mixture; (iv) freezing the equilibrium prior to analysis and (v)
selection of a proper analytical technique depending on the availability of the biological target.
In order to overcome the stringent requirements for DCC, dynamic ligation methods, in which
the fragment combinations are screened one by one coupled with bioactivity-based detection,
have been developed successfully.[53]

Scheme1. Reversible reactions used in DCC, adapted from Mondal et al.[34]

1.3.2

Kinetic target-guided synthesis
KTGS represents another type of target-guided approach, which enables the assembly of

the inhibitors in situ via an irreversible process. In this approach, the biological target accelerates
the reaction in between complementary building blocks by bringing them in close proximity and
proper orientation (Figure 5).[42]
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Figure 5. Schematic representation of the fundamental concept of KTGS.

The first step in KTGS is the selective binding of building blocks in the library mixture to
the specific pockets, which is mostly the active site/targeted site of the protein. Once two
building blocks or more (in Chapter 3, we will demonstrate the first example of using more than
two building blocks) are bound to the adjacent pockets of the target in the proper orientation and
in close proximity, an irreversible reaction takes place by assembling the best binder, leading to a
stable complex with the protein. This technique does not require prior synthesis, purification and
biochemical evaluation of the library members, enabling rapid and cheaper screening of large
number of compounds. Therefore, it has a great potential to decrease the costs and the time
needed to discover hits in the early phases of drug discovery.[29]
The irreversible reactions used to connect fragments in KTGS should also be biocompatible; products formed as well as individual bulding blocks in the mixture should be stable
and soluble under physiological conditions. In addition to this, a substantial rate difference
between biomolecule-templated and blank reactions is required. Because the protein-templated
reactions are only used for analytical purposes, the compounds formed in the reaction mixtures
are mostly in trace amount, follow-up synthesis is required to confirm their activity. Therefore,
the synthetic protocols to get the desired compounds should be readily available.[42]
1.3.2.1 Reactions used in KTGS
As the criteria for the reactions in this field are very stringent, only a couple of reactions
have been reported (Scheme 2).

7

7

Chapter 1

Scheme 2. Chemical reactions reported for KTGS in the literature.

The most widely used reaction in KTGS is the 1,3-dipolar cyloaddition of azides and
alkynes. Both azides and alkynes are biocompatible reagents, which makes this irreversible
reaction suitable for KTGS. It is the first reaction ever reported in this context

[43,44]

and allows

for the formation of syn- and anti-triazoles, expanding the number of compounds screened.[45–48]
Sharpless[49] and co-workers coined ‘in situ click reaction’ for the first time. The principle of this
reaction is that the 1,3-dipolar cycloaddition can be catalyzed under metal-free conditions by the
protein. The target binds to the initial blocks with the strongest affinity while giving them the
proper orientation and close proximity and finally ‘clicks’ them together to form the
corresponding triazoles. In Chapter 2, our recent contribution in this field will be discussed in
detail.
The second reaction reported in this field is the sulfo-click reaction between electron-deficient
sulfonyl azides or electron-rich azides such as alkyl or aryl azides and thioacids to form acyl
sulfonamides. [50,51]
Another reaction used in KTGS is the direct amidation reaction of a carboxylic acid with an
amine. Gelin et al.[52]observed the protein-templated amide formation without pre-activation of
the carboxylic acid although acylation usually requires pre-activated carboxylic acids. Very
8
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recently Rademann and co-workers[53] reported the amidation reaction by using a set of activated
carboxylic acid derivatives.
Protein-templated alkylation of thiols by halides was described by Chase et al., [54] demonstrating
C-S bond formation between bromoacteylcarnitine and coenzyme A (CoA).
The last two reactions used in this field are the thio-Michael addition reaction, which is used for
both DCC and KTGS[50] and SN2 ring opening of epoxides.[55]
To date all the reports use two complementary building blocks and the variety of the
reactions is limited. Therefore, expanding the toolbox of protein-templated reactions is timely
and will be the main goal of this thesis.
1.3.2.2 Practical aspects of KTGS
Protein-templated reactions are usually performed at 37 ºC. Reactions require a minimum
of 24 h, and some reactions take even more than seven days. The building block concentration is
usually high to overcome detection problems. All reported examples show that KTGS reactions
necessitate 3–320 μM concentration and nearly stoichiometric amount of the biological target
(0.37–320 μM).[29]
Another important aspect in KTGS is the choice of analytical techniques as the products
forming in the templated reactions are mostly in trace amounts. Therefore, selection of sensitive
techniques is very important to detect the ligands. The first reported detection technique was
MALDI-DIOS,[49] subsequently LC-MS-SIM (SIM: selective ion monitoring) was used and
improved the detection. Later, LC-HRMS-TOF was used to validate molecular formula of the
identified hits.[56] The last example of detection technique is X-ray crystallography reported by
Gelin et al.[52]to detect bound reagents.
The correlation between signal and affinity has been a debatable topic for a long time.
Although some authors previously reported the existence of a direct correlation between signal
intensity and affinity, recent reports indicate that inhibitory potency cannot directly be deduced
from the KTGS experiment as described in the templated synthesis of hIDE inhibitors.[56] The
protein templates the formation of syn- and anti-triazoles with the same LC-MS signal, however
1,4-tirazoles have the best activity.
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Table 1. Experimental conditions for kinetic target-guided synthesis in the literature, adapted from
Deprez and co-workers.[29]
Target

Time

Temp.

Analytics

Target

Reagent 1

Reagent 2

concentration

concentration

concentration

reagent 1: azides, reagent 2: alkynes (Huisgen 1,3 dipolar cycloaddition)
[49]eel

AChE

[58]eel

or

1w

r.t

MALDI-DIOS
LC-MS-ESI

1 μM

3 μM

66 μM

6–24 h

r.t or

LC-MS-SIM

1 μM

1–4.6 μM

6–24 μM

mAChE
[59]eel

or

37 ºC
6–24 h

37 ºC

LC-MS-SIM

1 μM

4.6 μM

24 μM

2–7 d

37 ºC

LC-MS-SIM

1 μM

4.6 μM

24 μM

mAChE
[45]mAChE

9–13 d
[60]bCA-II

40 h

37 ºC

LC-MS-SIM

30 μM

400 μM

60 μM

[61]bCA-II

36 h

37 ºC

LC-MS-SIM

29 μM

400 μM

60 μM

[56]HIV-1

24 h

23 ºC

LC-MS-SIM

15 μM

100 μM

500 μM

[62]LsAChBP

10 d

r.t.

LC-MS-SIM

1 mg/mL

100 μM

100 μM

[63]SmChi

20h

37 ºC

LC-MS-SIR

192 μg/mL

100 μM

300 μM

24–112h

37 ºC

LC-MS-SIM

5 μM

125 μM

40 μM

72h

37 ºC

LC-HRMS-

4.7 μM

100 μM

100 μM

A, B, C1
[64]TbEthR

[65]hIDE

TOF
[57]hBcr-Abl

[66]SaBPL

[67]hCOX-2

4d

37 ºC

LC-MS-ESI

0.37 μM

370 μM

370 μM

48 h

37 ºC

LC-MS-SIM

2 μM

370–500 μM

370–500 μM

18–20 h

37 ºC

LC-MS-SIM

7 μM

400 μM

60 μM

10

10

Chapter 1

Target

Time

Temp.

Analytics

Target

Reagent 1

Reagent 2

concentration

concentration

concentration

320 μM

320 μM–10 mM

320 μM

1 μM

4.6 μM

24 μM

4 μM

500 μM

600 μM

9 mg/mL

ND

ND

reagent 1: alkyl halides, reagent 2: α-mercaptotosylamine
[68]bCA-II

48 h

25 ºC

LC-MS-SIM

reagent 1: acrylamides, reagent 2: thiols (acylated or not)
[69]mAChE

6h

37 ºC

LC-MS-SIM

reagent 1: NAD+, reagent 2: malonamide ester
[70]hSIRT-1

ND

ND

MALDI-TOF

reagent 1: amine, reagent 2: carboxylic acid
[52]LmNADK

ND

ND

X-RAY

reagent 1: sulfonyl azides, reagent 2: thioacids (protected; sulfo-click reaction)
[51]hBcl-XL

6h

37 ºC

LC-MS-SIM

2 μM

20 μM

20 μM

reagent 1: amine, reagent 2: activated esters (amidation reaction)
[53]Factor

Xa

2h

20 ºC

HPLC/QTOF-MS

14.5 nM

0.285 mM

5 mM

Including the right control reactions is crucial in KTGS. The blank reaction in which the
reaction is performed in the absence of the biological target serves as a negative control. The
other control reaction to prove specificity of KTGS (positive control) is the use of another target
such as bovine serum albumin (BSA) although the use of BSA is risky as it can catalyze many
reactions itself.[71] In addition, several protein mutants such as Bcl-XL(F131A,

D133A)

for Bcl-XL,

H223E for LmNADK were used as a positive control for the corresponding templated reactions.
Besides biological controls, synthetic controls are also important even though MS-TOF
techniques can provide good information about the molecular formula of the compounds. In
order to be sure that the peaks identified correspond to the compounds hypothesized, scientists
compare their retention time by performing chemical synthesis in small quantities. Almost all
published examples have those synthetic controls, especially in in situ click reaction to
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differentiate the regioisomers. To differentiate between the syn- and anti-triazole, a copper
catalyzed and a Huisgen cycloaddition or Ru-catalyzed click reaction were used, respectively.
1.3.2.3 Therapeutic scope of KTGS
Pioneering works in KTGS were published using acetylcholine esterase (AChE) as the
biological target.[49] Until recently, KTGS found applications mainly in the discovery of enzyme
inhibitors. Nevertheless, recent studies revealed that KTGS is also applicable for the discovery of
ligands for neurotransmitter ligand-gated ion channel (Ach-binding protein), EthR, a receptor of
the TetR family as well as 14-3-3 protein-protein interactions (PPIs).[29]
Enzyme

7%

7%

Protein-protein
interactions

14%
72%

Receptor
Ligand-gated
channel

Figure 6. Classes of proteins used in KTGS.

Until now, 31 different KTGS experiments were performed by using 16 different targets,
and 11 experiments were carried out using AChE (Table 2).
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Table 2. Targets used in KTGS, adapted from Deprez and co-workers.[29]
Species
E. electricus
T.califomica
M. musculus
H. Sapiens
HIV-1
Endothia parasitica,
H. sapiens

Individual protein

Number of KTGS

Acetylcholine esterase

11

Aspartic protease
Endothiapepsin
Insulin-degrading enzyme

3

S. mercescens

Chitinase

2

S. aureus

Biotin-protein ligase

2

P. falciparum

Tryptophanyl tRNA synthetase

1

L. monocytogenese

NAD kinase

1

H. saphiens

Bcr-Abl

1

B. taurus

Carbonic anhydrase II

2

H. sapiens

Cyclooxygenase-2

1

L. stagnalis
A. californica
M. tuberculosis

Acetylcholine binding protein

1

EthR

1

H. sapiens

Bcl-XL

2

H. sapiens

14-3-3 protein

1

H. sapiens

Factor Xa, Serine protoease

1

1

Acetylcholine esterase (AChE)
AChE, a protein which plays a key role in nerve impulse propagation, has become the
most used protein in KTGS. This enzyme was validated as a drug target to cure Alzheimer’s
disease. It has a deep catalytic active site and large peripheral site on its surface, making it a
convenient enzyme for KTGS.
The first series of inhibitors feature tacrine (1) (active site inhibitor) and propidinium (2)
(peripheral site binder) moieties in their scaffolds (Figure 7).

Figure 7. Structures of tacrine and propidinium.

Tacrin strongly binds to the active site of AChE with a Kd of 16 nM and propidinium is
binding specifically to the peripheral site with moderate Kd value. Keeping those moieties
13
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constant, the authors designed a library of compounds bearing azide and alkyne functional
groups. By using in situ click chemistry approach they could screen more than 300 compounds
and identified a series of triazoles 3–10 with femtomolar activities (Scheme 3).[58]

Scheme 3. An example of KTGS using AChE.[58]
14
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HIV-I protease
HIV-I protease is another target used in KTGS and is a retroviral aspartic protease,
which has a crucial role in the life cycle of HIV.[72] It is an important target for inhibition of viral
replication. There are several inhibitors already available on the market such as indinavir. Being
inspired by this inhibitor, Fokin and co-workers[56]performed in situ click reaction using HIV-1,Pr SF-2-WTQ7K-Pr (SF-2-Pr) to illustrate the assembly of inhibitor 13 (IC50= 6 nM) from alkyne
11 and azide 12 in the presence of the target.

Scheme 4. HIV-I-templated in situ click chemistry.[56]

Insulin-degrading enzyme
Insulin-degrading enzyme (IDE) is a protease, which plays a role in the cleavage of
insulin or other bioactive peptides. It is in the M16 metalloenzyme family and has a large zinc
binding site. Deprez et al.[65] used KTGS to discover IDE inhibitors for the first time. They used
in situ click chemistry approach and designed a library of compounds comprising azide-bearing
hydroxoamides 14 and 15 for the zinc binding site and various alkynes. They performed SAR
studies and their best hit identified 16 displayed an IC50 value of 56 nM (Scheme 5).
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Scheme 5. Insulin-degrading enzyme-templated in situ click chemistry.[65]

Chitinase
Chitinases are enzymes responsible for hydrolysis of chitin, the second most abundant
polysaccharide in nature. They are biological targets for antifungals, antibacterial and antiparasitic
agents. Omura et al. discovered an inhibitor with low-nanomolar acivity by using Serratia
marcescens (SmChi, a chitinase from s. marcescens)-templated click chemistry.[63]

Scheme 6. Serratia marcescens-templated in situ click chemistry.[63]

Biotin-protein ligase
Since there is continuous need for novel antibiotics nowadays due to the increase in the
drug-resistant pathogenic bacteria, biotin-protein ligase represents an important and promising
drug target for new antibacterial research. Tieu et al. proved the applicability of KTGS by using a
known triazole using Streptococcus aureus biotin-protein ligase (BPL).[66]
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Scheme 7. Assembly of 23 from 22 and 21 with Streptococcus aureus biotin-protein ligase-templated in situ
click chemistry.[66]

NAD kinase
NAD kinase from Listeria monocytogeneses (LmNADK1) was another protein used in
KTGS, representing an important target for antibiotic research. Gelin et al. reported that
LmNADK1 templates the reaction between 5’amino-5’deoxyadenosine and carboxylic acids to
afford amide bonds without prior activation of carboxylic acids. [52] The active site of this enzyme
has two binding sites (subsites A and N), during X-ray studies they observed that two molecules
of adenosine derivatives are simultaneously binding to those two subpockets (Scheme 8a).

Scheme 8. a) Representative orientation of two bound ligands. b) Listeria monocytogeneses-templated
formation of 27.[52]

Upon those observations, the authors soaked two adenosine derivatives 25 and 26 in the
presence of the enzyme. Subsequent X-ray studies proved the templated formation of an amide
bond between those two derivatives to afford 27 (Scheme 8b).
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Bcr-Abl
Bcr-Abl (tyrosine kinase) is an important target to cure leukemic cancer. Passerella et al.[57]
confirmed the capacity of this target in KTGS, assembling its own inhibitor from a pool of
complementary building blocks derived from a known inhibitor reported with an IC50 of 0.9 μM.

Scheme 9. Bcr-Abl-templated synthesis of inhibitor 35.[57]

Carbonic anhydrase II
Carbonic anhydrase II (CA II) is a protein, which assists the interconversion between
CO2 and HCO3–, therefore it is responsible for the regulation of pH in the blood, renal
reabsorption of NaCl and bicarbonate in the proximal tubule. [29] Huc and co-workers disclosed
the first example of KTGS using CA II, showing the rate enhancement of the reaction in the
presence of the target[68] while Kolb and co-workers published the same strategy to discover more
potent inhibitors with improved affinity.[60]

Scheme 10. First example of Carbonic anhydrase II in KTGS, templated synthesis of 43.[68]

Acetylcholine binding protein
Acetylcholine binding protein (AChBP) is the homologous protein of nicotinic
acetylcholine receptors (nAChR), a ligand-gated ion channel, which is an important target to cure
Alzeimer`s disease. It is homologous to the extracellular domain of nAChR.[42] For the proof-of18
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principle work, the authors firstly screened a library of triazoles by traditional synthesis against
AChBP from Lymnaea (Ls), Aplysia californica (Ac) Y55W Aplysia mutant (AcY55W) and the best
hit 46 was identified. In order to prove the methodology, the fragments of the best hit were
incubated in the presence of Ls, Ac, AcY55W AChBP and they observed that Ls selectively
templated the formation of 46 from the corresponding azide 44 and alkyne 45.[62]

Scheme 11. The best hit 46 is selectively templated by acetylcholine-binding protein.[62]

EthR
EthR, a Mycobacterium tuberculosis gene (Rv3855), is responsible for the expression of EthA,
which is a mycobacterial monooxygenese that has a causative role in the treatment of multidrugresistant tuberculosis. Ethioneamide is a prodrug activated by EthA and its active form inhibits
InhA, which is actively involved in the biosynthesis of mycolic acid in the bacteria’s wall.
Accordingly, Deprez et al. proposed that inhibition of EthR would improve the efficacy of
Ethionamide by increasing the transcription of EthA.[64] Upon screening of the azide 47 with a
library of alkynes, they observed the formation of hit 49 with the help of the protein’s active site.

Scheme 12. M. tuberculosis gene-templated formation of 49.[64]
Bcl-XL

KTGS has also been applied to protein-protein interactions (PPIs). The first example is
the Bcl-XL-templated sulfo-click reaction.[73] PPIs are very important for many biological
processes and represent an important target for therapeutics. Manetsch and co-workers
performed a proof-of-principle work to demonstrate the compatibility of KTGS with PPIs. A
19
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library of sulfonazides 50–55, and thioacids 56–58, mimics of BcL-2 inhibitor, were designed and
the library mixture was incubated with Bcl-XL. Subsequently, they observed the assembly of
compound 59, which was then proven to disturb Bcl-XL/Bak-BH3 protein-protein
interactions.[73]

Scheme 13. Bcl-XL-templated amide formation to afford compound 59.[73]

14-3-3
14-3-3 is the other target in PPI family, which found an application in the KTGS
concept. It binds to key proteins involved in various roles such as apoptosis, transcription
regulation and intracellular signaling. Okhanda et al. reported the template effect of recombinant
human 14-3-3 protein for the in situ generation of inhibitors of PPIs.[74] Four epoxide derivatives
60–63 and the peptide 64 were incubated with 14-3-3. Although the background reaction was still
present, they could see a rate enhancement by almost 200% for compound 61. When the linker is
short (compound 60) the authors still observed the simultaneous binding of the building blocks
to the adjacent pockets (37% inhibition) but they were unable to react.[74]

20
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Scheme 14. 14-3-3-templated epoxide ring opening reaction for the formation of 65.[74]

Factor Xa
Factor Xa, a serine protoase of the blood co-agulation cascade and target of
antithrombotic drugs, has been used in the KTGS concept recently. Rademann and coworkers[53]
used factor Xa as a template for the formation of 68 from various activated carboxylic acid
derivatives 66 and amine 67 by using fragment ligation screening.

Scheme 15. Factor Xa-templated amide formation of 68.[53]
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1.4

Aspartic proteases
There are four main types of protease enzymes: aspartic, serine, cysteine and metallo

proteases which catalyze the hydrolysis of polypeptide bonds selectively.[75–77]
Aspartic proteases are mostly found in fungi, vertebrates, plants and viruses, and they are
involved in several diseases such as hypertension, amyloid disease, malaria and AIDS.[78] All
aspartic proteases have a catalytic dyad comprised of two structurally similar domains. Each
domain contributes an aspartic acid residue (D35 and D219) to form this catalytic dyad, which is
responsible for the cleavage of the substrate’s peptide bond via a bound water molecule
(Figure 8). [79,80]

Figure 8. Mechanism of the hydrolysis of peptide bonds by aspartic proteases.[79]

Most of the proteases are sequence-specific; they are capable of cleaving the peptide
bonds selectively. This is commonly accomplished by having an enzyme site(s), which is
complementary to substrate residue(s). The standard nomenclature is used to describe
substrate/inhibitor residues (P3, P2, P1, P1`, P2`, P3`), which correspond to the enzyme binding
site (S3, S2, S1, S1`, S2`, S3`).[77,81] Several experiments were performed using papain as a peptidic
substrate to investigate the size of the active site of aspartic proteases, revealing that aspartic
proteases have a large active site with several subpockets that accommodates one amino acid side
chain.[81] A representative example of subpockets in the aspartic protease, endothiapepsin in
complex with pepstatin, which inhibits all members of the aspartic protease family, is depicted in
Figure 9.
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a)

b)

Figure 9. a) Nomenclature of the corresponding subpockets, X-ray crystal structure of the aspartic
protease endothiapepsin cocrystallized with pepstatin, and the assigned subpockets. Color code: protein
surface: gray; pepstatin skeleton: C: green, N: dark blue, O: red.

1.5

Protein-protein interactions
Protein-protein interactions (PPIs) play a central role in many biological functions such as

intercellular communication and apoptosis, offering a new avenue for the discovery of new
therapeutics.[82] Targeting PPIs with small molecules is very challenging due to a number of
factors. Those factors are mainly the lack of small-molecule starting points for future design,
flatness of the interface, the problems in distinguishing real from artefactual bindings, and the
general problems with the small-molecule library.
Natural products are often good starting points for medicinal chemists to develop new
drugs. However, finding a small molecule bound to a protein-protein interface is very rare.
Therefore, scientists are still seeking new techniques, as presented in section 1.3.2, to tackle this
problem.
The shape of a typical protein-protein interface is the most challenging part in drug
discovery. X-ray studies show that in most cases no deep cavities are available which can be
23
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targeted by small molecules as in other targets.[83] In addition, the protein-protein interface has a
certain flexibility and adaptability which can cause overlooking the binding-site conformations
that are well-fitted with small molecules but not visible in a single crystal structure.[84–86]
Although artefacts are a general problem for all proteins, it is very difficult to exclude
them in the case of PPIs. These systems are mostly screened by inhibition assays that require high
compound/enzyme ratio. Another difficulty is the enzyme kinetic experiments to differentiate
competitive from allosteric inhibition due to the challenge in determining which one of the two
enzymes is binding to the substrate.[82]
Despite the multiple challenges in the field, PPIs remain a popular target family.
Developing technology as well as new screening techniques will allow scientists to have a deeper
understanding of the field and more accurate selection of potential molecules.
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1.6

Outline of this thesis
Despite advancements in technology in the medicinal chemistry field, drug discovery is

still often a lengthy, expensive and difficult process. Therefore, shortening the duration,
decreasing the costs and increasing the efficiency of the process are highly important goals.
The main aim of this thesis is to use modern and novel methodologies to access bioactive compounds in an efficient and fast way, and thus shortening the drug-discovery trajectory,
in particular hit-identification. In order to fulfil our aim, we used the target-guided synthesis
approach as well as combinations of methods.
In Chapter 2, we demonstrate the strategic combination of fragment-based drug design
and protein-templated click chemistry (PTTC) to facilitate hit-identification. By using PTTC, we
linked/optimized two fragments of endothiapepsin efficiently.

endothiapepsin

Figure 10. Protein-templated click reaction.

In Chapter 3, we introduce a novel protein-templated reaction to the toolbox of the
protein-templated reactions, in situ Ugi 4-component reaction. Use of four building blocks, for
the first time in this concept, enables rapid and efficient hit identification by opening up access to
new regions of the chemical space.

Figure 11. In situ Ugi 4-component reaction.
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In Chapter 4, we disclose the applicability of target-guided synthesis to a challenging
target, the Mdm2-p53 protein-protein interaction (PPI), by using a new protein-templated
reaction. By using Mdmd2 as a target, we screened a library of compounds via in situ reductive
amination in one week and identified one hit, demonstrating the efficiency of the approach in
targeting PPIs as well as flexible binding pockets.

Figure 12. In situ reductive amination.

In Chapter 5, we describe our attempts to discover a new protein-templated reaction,
namely in situ esterification. We performed optimization studies for the protein-templated
esterification reaction and generated a library of ester inhibitors of endothiapepsin.

Figure 13. In situ esterification.

In Chapter 6, we demonstrate the design, synthesis and biochemical evaluation of
bioisosteres of N-acylhydrazone which is published in our group previously. Replacement of the
hydrazone moiety with an amide and ester linker afforded comparable activity against
endothiapepsin.

Figure 14. Bioisosteres of acylhydrazone inhibitors.
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