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Abstract 

Kinetic target-guided synthesis (KTGS) is an original discovery strategy allowing a target to 

catalyze the irreversible synthesis of its own ligands from a pool of reagents. Though pioneered 

almost two decades ago, it only recently proved its usefulness in medicinal chemistry, as 

exemplified by the increasing number of protein targets used, the wider range of target and 

pocket types, and the diversity of therapeutic areas explored. In recent years, two new leads 

for in vivo studies were released. Amidations and multicomponent reactions expanded the 

armamentarium of reactions beyond triazole formation and two new examples of in cellulo 

KTGS were also disclosed. Herein, we analyze the origins and the chemical space of both 

KTGS ligands and warhead-bearing reagents. We review the KTGS timeline focusing on 

recent cases in order to give medicinal chemists the full scope of this strategy which has great 

potential for hit discovery and hit or lead optimization.  
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INTRODUCTION 

Definitions and terminology 

Protein-templated synthesis (PTS) or Target-guided synthesis (TGS) of ligands use the 

protein of interest as a template to form its own ligands (Figure 1)1-2. Although protein-

templated synthesis of a ligand has been unexpectedly observed by some biochemists in the 

past, it is a rather novel concept that has gained a real interest in drug discovery labs in the 

past decade. As a consequence, it has been highlighted as part of bioorthogonal chemistry-

inspired advances in medicinal chemistry.3 Prior to analyzing the recent achievements in the 

field of Kinetic-Target Guided Synthesis (KTGS), one of the protein-templated strategies for 

ligand discovery, the terminology for these strategies will briefly be reviewed.  

 
Figure 1: Principles and terminology for target-guided synthesis.a 
a preferred terms are checked. (A) i. Principle of Dynamic Combinatorial Chemistry (DCC) where the target shifts 
the equilibrium towards the most affine ligand. ii. Principle of Kinetic Target Guided synthesis (KTGS) where the 
target brings in close proximity the affine reagents so that they can irreversibly react to form the final ligand. (B) 
Wording for KTGS experiments in the literature and proposed terminology (checkbox). 

 

The different approaches for PTS are classified as thermodynamically or kinetically 

controlled synthesis.4 Kinetic target guided synthesis (KTGS) and dynamic combinatorial 
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chemistry (DCC) (Figure 1A) stand respectively for the protein-templated synthesis of ligands 

by irreversible or reversible reactions. In DCC, there is a continuous interconversion between 

the reagents and the final products (dynamic combinatorial library, Figure 1A). The target shifts 

the thermodynamic equilibrium between products and reagents towards ligands that have the 

highest affinity for the target.5,6 These ligands are produced in significantly high amounts in the 

presence of the protein. In KTGS, the targets bring in close proximity with theright orientation, 

affine reagents, so that they react irreversibly.2,7-8 In situ click chemistry, first disclosed for the 

discovery of acetylcholinesterase (AChE) inhibitors, is the most popular kinetic target-guided 

synthesis. It allows protein-templated triazole synthesis from biocompatible alkynes and 

azides.9  

A review of the literature shows that the term “target-guided synthesis” (TGS) has 

sometimes been replaced with synonyms like “receptor-based”-, “receptor-assisted”- or 

“protein-templated”-synthesis (Figure 1B). Several groups used “combinatorial chemistry”, in 

the original sense of mixing arrays of reagents with the same reactivity, without mentioning the 

type of protein-templated reaction. We recommend using “combinatorial chemistry” along with 

“kinetic” or “dynamic” terms where appropriate. Three different set ups for KTGS reactions are 

reported and have been defined earlier2: a binary format, a multicomponent format where 

clusters of reagents are used as mixtures or an orthogonal multicomponent format.  

Recent discussions question whether target-guided strategies belong to fragment-

based drug discovery (FBDD) techniques. Indeed, the term “fragment” is sometimes used to 

describe biocompatible reagents for protein-templated reactions (Figure 1B). Fragments were 

initially defined as small compounds that comply to the rule-of-three (Ro3).10 This Ro3 was 

later adjusted. Some reports showed that it should be applied in a context-dependent manner, 

more specifically according to to hydrogen bond donors and acceptors thresholds.11 FBDD is 

based on the identification of weakly bound fragments which are further optimized into final 

ligands upon linking or growing. Conversely, TGS is based on the identification of high-affinity-

ligands (ie final compounds) from in situ ligations. We thus recommend to use “fragment” when 

reagents for KTGS are discovered by fragment screening. The term “reagents” can be used to 
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describe the chemical precursors for KTGS and “warhead-bearing reagents” can be used for 

precursors that help to drive the final ligand within a protein pocket (either previously known or 

new). 

Several teams have paved the way to target-guided synthesis in cells. To include these, 

we propose to add the “in cellulo” prefix to target-guided or to protein templated synthesis, and 

to avoid the phrase “in cellulo click chemistry” that cannot sufficiently distinguish between the 

protein labelling using click chemistry for chemical biology purposes, and the genuine KTGS 

in cells. 

 
 

History and recent achievements 

 
Figure 2 : Timeline for KTGS and in situ click chemistry development & use. 

 

The main events in the timeline of Kinetic Target-Guided Synthesis strategies are 

presented in Figure 2. The first, although unexpected, example of a KTGS reaction was 

disclosed in 1991 by Inglese et al: an inhibitor of glycinamide ribonucleotide transformylase 

(GARTfase) was templated from β-glycinamide ribonucleotide substrate and N10-

(bromoacetyl)-DDF an affinity label inspired by the enzyme cofactor. 12  Similarly, several drugs 

can be considered as KTGS precursors as they react with co-factors within their target enzyme 

to provide an adduct that is the active species. Examples include: carbidopa, that reacts with 
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pyridoxal phosphate to inhibit DOPA decarboxylase and selegilin that reacts with FAD to block 

MAO-B and isoniazid reacts with NAD to inhibit MtB catalase.13 Ataluren (PTC-124), a recent 

drug used for its nonsense codon suppression activity in the treatment of Duchenne’s disease, 

was initially a false positive in a reporter gene assay that used firefly luciferase (FLuc). It was 

shown later that FLuc acts as a template for the formation of its own strong inhibitor PTC124-

AMP (IC50 = 10 nM) from ataluren and ATP.14  

The first use of KTGS for medicinal chemistry was disclosed by Huc et al in 2001. They 

describe the thiol alkylation using various halides in the presence of human carbonic 

anhydrase II (hCAII).15 In 2002, following the disclosure of copper catalyzed click reactions by 

both Sharpless’ and Meldal’s teams 16-17, “in situ click-chemistry” was coined and was applied 

for the first time to the model protein acetylcholinesterase.9 Since then, enzymes but also other 

target families like transcriptional factors18-19, channels20 or protein-protein interactions21, have 

been explored using KTGS (Suppl. Table 1). The drugability of the KTGS protein pockets has 

also been recently studied.22  

The format of KTGS experiments itself evolved from binary to multicomponent approaches 

that were further completed within the orthogonal multicomponent setting2. As well, the set of 

KTGS compatible chemical reactions has been greatly expanded with the identification of 

reactions like the sulfoclick reaction by Manetsch’s team21, the hydrolysis/thio-Michael coupling 

by Renard’s team23, the amidation reaction24 and the Mannich reaction19 both by Rademann’s 

team (Suppl. Table 2). In 2017, Wang et al. combined the covalent binding of a KTGS 

bifunctional precursor to the target with subsequent in situ click chemistry to discover new 

ligands for transferase25. Besides the increasing diversity of reactions, targeted protein types 

and KTGS formats, the biological characterization of templated ligands has also evolved. It 

now includes not only the in vitro activity on isolated targets but also cellular activities and more 

recently in vivo pharmacodynamics for imaging or therapy.  

Efficient medicinal chemistry requires an optimal interplay between diversity generation 

and selection of structures with the best properties. KTGS has demonstrated in the past few 

years its potential to combine both. We review here the recent development and successful 
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case studies, and provide an analysis of KTGS warhead-bearing reagents and ligands, to bring 

the medicinal chemists the full view of this promising drug discovery strategy and its added 

value over other diversity/selection methods. 

 

KTGS DESIGN AND PRACTICAL ASPECTS  

Our analysis of the literature points out that the main practical issues for KTGS, are the 

type of reactions, the detection methods and the choice of a good warhead-bearing reagent 

(Suppl. Table 2).2  

Chemical reactions 

 
Figure 3 : KTGS reactions. a 
a From published examples 

 

Most KTGS reactions are Huisgen 1,3-dipolar cycloaddition between azides and 

alkynes, i.e. in situ click-chemistry. This reaction accounts for 76% of the target-guided 

synthesis experiments (Figure 3) and the proportion of KTGS ligands obtained by in situ click-

chemistry is 81% of all templated ligands. This high proportion is directly linked to the 

biocompatibility of alkynes and azides and their commercial and synthetic availability. 
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Figure 4 : Kinetic Target-guided Amide formation.a 
a (A) KTGS amidation using activated carboxylic acid reagents produced factor Xa inhibitor 1.26 ; (B) KTGS 
amidation in LmNADK and subsequent synthetic optimization of ligand; (C) Binding of 2 (blue) in NAD pocket 
(orange) of LmNADK (PDB: 3v8p). Key warheads are highlighted in salmon. 

 

Some other templated reactions involve nucleophilic attack of epoxides or Michael 

acceptors. Rademann et al recently published the first amidation KTGS reaction to obtain a 

Factor Xa inhibitor.24 An activated carboxylic acid promotes the templated reaction (Figure 4A). 

In particular, a -OCH2CF3 ester seems a better activated species as it does not produce any 

adduct with the amine in the absence of Factor Xa, even with increased temperature or 

reaction time.24  This reaction could be widely used, as amide formation is still the most popular 

reaction in drug discovery27. Earlier, Gelin et al. had also described the KTGS templated 

formation of a dinucleoside inhibitor of the NADkinase from L.monocytogenes (LmNADK1), via 

an amide bond formation observed directly in X-ray co-crystals (Figure 4B and 4C).28 

 

The first example of multicomponent reaction (MCR), previously published by Weber 

et al., used the Ugi reaction to identify inhibitors of thrombin (Figure 5A).29 Another published 

example of KTGS using MCR is the Mannich ligation between formaldehyde, an amine and 

some aza-heterocycles, which led to the discovery of STAT5 inhibitors (Figure 5B).19  



 
 

8 
 

 

Figure 5 : Multicomponent reactions in KTGS.a 
a (A) First example of an Ugi templated reaction by thrombin; (B) Mannich templated reaction by STAT5b from an 
amine fragment containing an amidine warhead. Warheads are highlighted in salmon. CLEC: crosslinked enzyme 
crystals. 

 
Noteworthy, Renard et al reported in 2014 an elegant strategy that uses the enzymatic 

activity of the target itself to generate at the catalytic site, thiol reagents from S-acylated 

precursors that further react in a KTGS “in situ thio-Michael reaction” with acrylamides.23  

 

Warhead-bearing reagents 

 
Figure 6 : Origin and nature of warhead-bearing reagents.a 
a (A) Previous SAR account for 62.5 % of warhead-bearing reagents origins; (B) More than 75% of warhead-bearing 
reagents are synthetic compounds. (C) Almost 5% of warhead-bearing reagents are bifunctional and thus lead to 
covalent KTGS ligands. 

 

The selection and/or design of warhead-bearing reagents is crucial for the success of 

KTGS. An analysis of the published warhead-bearing reagents that led to KTGS ligands (Supp 

Table 1, Figure 6) shows that the main source of inspiration is known SAR or previously 

described inhibitors or modulators (62.5%). For example, KTGS use a benzylsulfonamide 

warhead to target COX-2,30 a hydroxamate warhead to target metalloproteases,31  a guanidine 
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warhead to target Factor Xa24. Two different cognate ligands can also be used to produce 

bivalent ligands. For example, AChE inhibitors were discovered from derivatives of tacrine or 

huprine, that are catalytic site ligands, coupled to derivatives of phenanthridinium and 1,2,3,4-

tetrahydroisoquinolines, that are peripheral site ligands.32-33 

More than 12% of warhead-bearing reagents for enzyme-templated KTGS are inspired 

by the substrate or co-factor, like biotin34,35 or NAD28. A few warhead-bearing reagents were 

directly derived from drugs (9.4%) that are exclusively natural compounds: kanamycin36 and 

solithromycin37. Among the reagents inspired by previous SAR (62.5%) some were highly 

inspired by drugs or clinical candidates like celecoxib30 for COX2 inhibitors, rupintrivir 

(AG7088) 38  for enteroviral protease inhibitors or navitoclax (ABT-263)21 for Bcl inhibitors. More 

than 15% of KTGS ligands come from reagents that were identified by fragment screening, 

such as endothiapepsin inhibitors,39 O-GlcNAc transferase inhibitors,25 myelin-associated 

glycoprotein ligands40 or STAT5 inhibitors19. Out of all templated ligands, 23.5% derive from 

nature-inspired warhead-bearing reagents (Figure 6B). A few teams designed genuine 

covalent inhibitors (4.8%, Figure 6C) by targeting cysteines during KTGS, discovering thus 

potent inhibitors of enteroviral protease 38 or O-GlcNAc transferase25. In this context, the 

warhead-bearing reagents must be bifunctional. 

KTGS and other protein-templated reactions have sometimes been classified as an 

extension of fragment linking strategies. We thus analyzed both the distribution of the 

calculated parameters and structural features of reagents used for KTGS and compared these 

distribution with those of fragments (Figure 7 and 8). First, most of the reagents used for KTGS, 

and warhead-bearing reagents in particular, do not comply to the Rule of 3 (Ro3) for fragments 

(Figure 7). For example, more than 75% display a number of HBD <=3, and 70% a cLogP <3, 

and 62% have a molecular weight higher than 300 g/mol (Figure 7 A, B and C). This is 

especially true for warhead-bearing reagents inspired from drugs and substrates. As it has 

been pointed out before, HBA is the most affected parameter.11 Indeed, only 29% of these 

reagents display a number of HBA<=3, and they are exclusively non-azide (Figure 7 D and E 

respectively). In all, 82% of warhead-bearing reagents used in KTGS violate the Ro3. 
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Figure 7 : Counts of MW, cLogP, HBA, HBD for warhead-bearing reagents.a 
a In salmon, the proportion of warhead-bearing reagents that fulfil the Ro3 limit for a given count. (A) MW in g/mol, 
(B) cLogP, (C) HBD, (D) HBA, (E) HBA sorted by reactive chemical moiety, (F) Ro3 violations. In total only 18% of 
warhead-bearing reagents fulfill all the Ro3 critera. The most stringent parameter being HBA. 

 
Figure 8 : Structural features of warhead-bearing reagents.a 
a Distribution (N=34) of the (A) number of heavy atoms, (B) fraction of sp3 hybridized carbon atoms (FCsp3), (C) 
number of rotatable bonds, (D) number of rings, (E) shape index, (F) formal charges.  

 

Examination of structural features shows that about 82% of warhead-bearing reagents 

contain between 10 and 30 heavy atoms (Figure 8A). Extreme values are displayed by natural 

compounds like aminoglycosides36, ketolides37, cyclopeptides41 or substrates adducts. In 

comparison, 81% of fragments, for which a fragment-protein complex is available in the PDB, 

display a number of heavy atoms between 10 and 16.42 About 90% of warhead-bearing 

reagents have a limited fraction of sp3-hybridized carbon atoms (Fsp3 < 0.6, Figure 8B) like 
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fragments (90% with Fsp3 < 0.5).42 Half of warhead-bearing reagents display of a higher 

rotatable bonds number (53% between 2 and 6, Figure 8C) and more rings (50% have more 

than 2 rings, Figure 8D), than fragments.42 Their distribution of molecular shape index 

(spherical < 0.5 < linear) is centered at 0.55± 0.05 (41.1%, Figure 8E). Half of the reagents 

have a formal charge of 0, 32% are positively charged, only 8% display negative charges and 

3% are zwitterionic (Figure 8F). In contrast, Shaw et al. showed a higher proportion of neutral 

compounds (68%), and twice more abundant negatively charged (22%) than positively 

charged compounds (11%) within a set of 462 fragments.42 Finally, reagents for KTGS usually 

display a potency or binding equal or below 500 µM while fragments usually bind the target at 

a millimolar concentration. KTGS is not thus exclusively a fragment linking strategy as it 

requires at least one reagent binding in an affinity range beyond the one of classical fragments. 

 

Formats, sizes, detection methods and hit rates  

 
Figure 9 : Format, size and hit rate of KTGS.a 
a (A) Format types of reported KTGS, (B) Size of the KTGS experiment expressed as the number of putative ligands. 
25% of KTGS experiments size > 50 putative ligands. (C) Proportion of KTGS with a given hit rate, restricted to 
KTGS with a size > 30 putative ligands. 

 

Three different types of formats for KTGS exist: either binary, multicomponent or 

orthogonal multicomponent.2 A high majority of the KTGS publications report binary formats 

(67%, Figure 9 A) and a small library size of potential ligands. The multicomponent format (not 

to be mistaken for multi-component reactions) uses clusters of reagents instead of pairs of 

reagents and thus allows to access a larger number of putative ligands, exploiting the full 

potential of a kinetically driven competition between a large number of reagents. 14% of KTGS 

examples describe the exploration of more than 100 putative ligands (Figure 9 B). At last, in 

situ click-chemistry may produce 2 different regio-isomers (1,4- or 1,5-triazoles) with very 



 
 

12 
 

different binding capabilities, from the same set of reagents. This thus doubles the number of 

possible ligands.  

There are differences in the size of KTGS experiments, expressed as the number of 

possible ligands. As a result, hit-rates range from 0.2% to 100%. Since many KTGS 

experiments have a limited size (less than 10 possible ligands for 46% of the examples Figure 

9B) and are inspired from previously known SAR, some show a 100% hit-rate. Among the 

KTGS experiments with a minimum size of 30 possible ligands, 50% show a hit rate 

comparable to random screening (hit rate = 1-5%) (Figure 9C). Usually, for larger KTGS, the 

diversity is carried by only one type of reagents (not the warhead-bearing reagent). For 

example, Kwarcinski et al. disclosed a KTGS with c-Src, a nonreceptor tyrosine kinase from 

one thiol and 110 commercial acrylamide fragments resulting in 4% hit rate (110 possible 

ligands).43  IDE inhibitors were discovered from 90 diverse alkynes and 2 azides (360 putative 

ligands, 18.3% hit rate).31 hDAO inhibitors were obtained from 1 alkyne and 250 diverse azides 

(500 putative ligands and 0.2% hit rate).44 

 
Figure 10 : Templated ligand detection methods. a 
85% of detection methods of ligand rely on mass spectrometry.  

Mass-spectrometry-based protocols account for 85% of detection methods (Figure 10). 

In recent years, several teams have described the use of high-resolution MS to confirm the 

molecular formula of KTGS ligands and to increase the signal/noise ratio. Other surrogate 

methods can be used, including the coupling of an activity assay to KTGS, or thermal shift 

assay.19,43 Several detection methods can even be used in parallel to confirm the formation of 

the KTGS ligands independently.19 Unlike in FBDD, X-ray crystallography is not used as a 

generic method to detect ligand formation in KTGS. In the past however, X-ray crystallography 
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allowed to discover unexpected ligands, like compound-substrate KTGS adducts for 

example.28  Thermodynamic and kinetic studies can also be performed to optimize KTGS 

experimental conditions before setting up larger experiments. For example Rademan et al. 

measured the rate of the catalyzed amidation by a kinetic enzymatic assay to select the best 

reagents.24  To select the best time range for the KTGS experiment, they analyzed the auto-

inhibition of the protein as a function of the ligand formation by HPLC-MS. Finally, the protein-

ligand complex was crystallized and its analysis evidenced a pattern of H-bonds between the 

protein and the reactive fragments, resulting in their activation. This evidenced how the binding 

mode of the reactive fragments impacts the mechanism of the protein-templated reaction. 

 

In cellulo KTGS 

So far, one of the limitations of KTGS is the need for high concentration, and therefore 

high quantities, of purified proteins. Though this drawback is attenuated by the use of 

multicomponent formats and may be overcome in the future by the generalization of 

microfluidics45, it is partly responsible for the limited number of examples reported in the 

literature. Another consequence is that KTGS has also been only described for soluble protein 

targets. Hopefully, recently reported KTGS experiments performed directly in cells prove that 

it is possible to avoid target purification and to possibly expand the scope of KTGS to non-

soluble proteins. Disney et al. used in cellulo in situ-click chemistry to synthesize an inhibitor 

that rescued defect splicing in the myotonic dystrophy disease.36 Sellstedt et al, described the 

KTGS of a carbonic anhydrase II (CAII) inhibitor directly on cells (Figure 11A).46 Andrade et al. 

published the first ribosome-templated in cellulo in situ-click chemistry for the identification of 

solithromycin 1,4-triazole analogues, which activity was measured on a solithromycin resistant 

S.aureus stain (Figure 11B).37 In 2015, Ohkanda et al., disclosed a diterpene-peptide 

conjugate that was templated in cells by protein 14-3-3 via a stable oxime formation.47  

This in cellulo KTGS format provides a huge advantage over KTGS using a purified 

target, specifically in the infectious diseases or oncology areas where the isolation of each 

single target protein mutant can require tremendous efforts. In the very near future, the in 
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cellulo format will place KTGS as a target-engagement methodology by comparing KTGS 

outputs on wt-cells and ko-cells, or cells with/without a ligand.  

 
Figure 11 : Examples of in cellulo KTGS.a 
a (A) Identification of templated bCAII ligand in red blood cells46; (B) Identification of a ribosome ligand in a 

S.aureus strain resistant to erythromycin37; Key pharmacophores are highlighted in salmon. 

 

CASE STUDIES 

Recent in vitro examples. 

Inhibitors of endothiapepsin were recently obtained by Hirsch et al (Figure 12).39 They 

derive from hydrazide (7a) and an S-alkylated isothiourea (7b), that were previously identified 

by screening of a library of fragments that did not all comply the Ro3 criteria (39% Ro3, 61% non 

Ro3).11 By superimposing the X-ray structures of endothiapepsin-fragments complexes, and by 

linking fragments, authors modeled a potential triazole ligand. Four alkynes and nine azides 

were selected to perform an in situ click reaction that produced 4 hits (5.5% hit rate, out of 72 

possible anti- or syn- 1,2,3 triazoles). The identified ligands were shown to display anti-

configuration as predicted by earlier molecular modeling studies. This work produced a non-

classical inhibitor of an aspartyl protease. Docking of ligand 7 in endothiapepsin showed that 

1,2,3-triazole ring are in close  proximity to the catalytic dyad (Asp35, Asp219). These residues 

are thought to change the triazole pKa value and promote protonation of the heterocycle and 

further hydrogen bond with Asp35.39   
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Figure 12 : Combination of non Ro3 fragment-based & KTGS linking.a 

a FBDD identified fragments that bound the catalytic dyad of the aspartyl protease endothiapepsin. Azides and 
alkynes were derived from these fragments and KTGS allowed the identification of 4 ligands. 

 

A recent paper by Kwarcinski et al., disclosed the discovery of bivalent c-SRC inhibitors 

via a thiol-acrylamide KTGS.43 The initial warhead-bearing reagent 8a is an aminopyrazole 

derivative (Figure 13A). To perform the KTGS, an enzyme where three cysteines were mutated 

into serines (3M-c-SRC: C277S, C483S, C496S), was produced and used to avoid side 

reactions of acrylamides derivatives with the enzyme. The KTGS was performed as a binary 

experiment between one thiol 8b and 110 acrylamides (Figure 13B) and provided 4 ligands 

(3.6% hit rate). Best final adduct 8 was 5-log more potent than the acrylamide precursor 8c 

(Figure 13C, Ki = 160 µM) or thiol precursor 8b (Ki = 200 µM). Adduct 8 displays a higher 

ligand-efficiency than 8a, and it is selective towards a panel of kinases thanks to the allosteric 

moiety brought by the acrylamide precursor. This allows 8 to bind both at the ATP binding site 

(hinge region) and to the P-loop, explaining selectivity (Figure 13D).43,48 KTGS was successful 

to identify potent inhibitors of s-SRC kinase while all previously identified P-loop binding 

inhibitors had been discovered by structure-based drug design. 
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Figure 13 : Discovery of c-SRC inhibitors.a 
a (A) Promiscuous kinase inhibitor 8a that inspired the warhead-bearing reagent 8b; (B) Protein templated reaction 

by kinase 3M-c-SRC protein, mutated on cysteines to avoid undesired side reactions with the pool of acrylamides; 
(C) activities of precursor 8c; (D) putative binding mode of final hit 8, that interacts with the hinge reagion through 

the aminopyrazole group and with the P-loop of SRC via the furanylpyrrolidine group. Aminopyrazole 
pharmacophore is highlighted in salmon. wt: c-Src wild type; 3M-c-SRC: mutated c-Src (C277S, C483S, C496S). 
 

KTGS was also used for the discovery of covalent inhibitors of 3C cysteine protease of 

the enterovirus A71.38 For this, authors used the bifunctional reagent 9a that bears Michael 

acceptor group as the covalent warhead to tether it to the catalytic Cys141, and a keto-

aldehyde group to further react with 28 different ketones via aldol KTGS. Two pyridine-based 

covalent irreversible inhibitors were then detected by mass-spectrometry analysis of the whole 

protein (Figure 14A). Binding analysis of templated ligand 9b, showed that its pyridine group 

fits in the P3 pocket of the enzyme (Figure 14B). Further replacement of the α,β-unsaturated 

ester of 9b by an aldehyde provided a sub-micromolar reversible inhibitor 9 (IC50 = 0.15 µM), 

ten-fold more potent than rupintrivir, a rhinovirus 3C-protease inhibitor under development for 

the treatment of rhinovirus infections, or twice more potent than reference inhibitor NK1.8k 

(IC50 = 0.32 µM).49 
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Figure 14 : Discovery of enteroviral protease inhibitors.a 
a (A) The ligation of precursor 9a reacts with Cys141of EV-A71 3Cpro via its Michael acceptor group. Then the aldol 

KTGS between α-ketoaldehyde moiety and ketones yields to covalent ligands detected by mass spectrometry of 
the protein. (B) Binding of best ligand 9b (orange bond: covalent bond with Cys141) and optimized reversible 
analogue 9, in which the α-β, unsaturated ester has been replaced by an aldehyde.  Electrophilic warhead is 

highlighted in salmon. 

 
Ribosome is the biological target of ketolides like solithromycin and telithromycin 

(Figure 15A). A recent report describes the obtention of analogues of solithromycin using 

KTGS.50 This fluoroketolide displays a substituted triazole that binds a third region in the 

bacterial ribosome as compared to other ketolides. The multicomponent experiment allowed a 

rapid screening of analogues. Both syn- and anti-triazoles were detected and compound 10 

displayed similar therapeutic activity as solithromycin (Figure 15B). 

https://en.wikipedia.org/wiki/Ketolide
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Figure 15 : Optimization of macrolides.a 
a (A) Binding pocket of telithromycin within ribosome 70S (from PDB 4v7z)  and structure, binding affinity and activity 
of solithromycin; (B) 15-multicomponent KTGS between azide 10a and 10 diverse alkynes  and structure of inhibitor 
10 identified by KTGS with similar activities than solithromycin. The warhead is highlighted in salmon. 

 

Paparella et al published the discovery of a fluorescent probe of the bacterial biotin 

protein ligase (BPL).34 The KTGS experiment allowed to select between two fluorescent 

moieties 2-[7-(dimethylamino)-2-oxo-2H-chromen-4-yl]acetamide (DMACA) versus 4-chloro-

7-nitro-1,2,3-benzoxadiazole (NBD), borne by the azide precursor. The KTGS was performed 

in parallel with BPL from 4 different bacterial strains (Figure 16). Ligand 11 was then used in 

bacteria and showed different distribution in E.coli and S.aureus. Indeed, while it labeled the 

cytoplasm of S.aureus, it only distributed at the membrane in E.coli. This explains why 1,4-

triazole inhibitors of BPL are permeable and active on S.aureus strains while they fail to 

penetrate E.coli and are thus inactive against it. 

 
Figure 16 : Fluorescent probes of BPL.a 
a KTGS probe synthesis via various Biotein Protein Ligases (PBL) and structure of the fluorescent probe 11. Biotin 

warhead is highlighted in salmon. 
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 The transfer of N-acetylglucosamine from UDP-N-acetylglucosamine (UDP-GlcNAc) 

to proteins is ensured by the enzyme O-GlcNAc transferase (OGT). These post-translational 

events are key in the control of pathways that can be disregulated in diseases such as 

metabolic diseases. Wang et al. disclosed an original “mixed” tethered / multicomponent KTGS 

strategy to discover inhibitors of this enzyme that were further used to explore the regulation 

of N-acetylglucosamination in cells (Figure 17A).25 A bifunctional covalent warhead-bearing 

reagent (iodo-acetamide azide) 12a reacted first with OGT cysteines, then mixtures of alkynes 

were added (Figure 17A). Fourteen hits were identified. Then, the electrophilic group of best 

compound 12b was removed to provide the cell-permeable, non-cytotoxic, non-competitive, 

non-covalent inhibitor 12 (Figure 17B). Docking experiments allowed to propose a binding 

mode within the enzyme (Figure 17B). 12 was tested in COS-7 cells and showed to reduce the 

quantity of O-GlcNAcase, a protein that catalyzes the opposite reaction and whose quantities 

are reduced when OGT is inhibited. 

 
Figure 17 : Cell-permeable O-GlcNAc transferase inhibitors.a 
a (A) Tethering-in situ click chemistry (TISCC) to discover inhibitors of O-GlcNAc transferase (OGT): iodinated azide 

reacts covalently with OGT protein (Tethering), then templated reaction of triazole from a pool of 61 azides allowed 
the identification of 14 hits ; (B)  Non-competitive inhibitor 12 derived from covalent KTGS ligand 12b by removal of 
iodo-acetamide group. Putative binding site of 12 in OGT (grey, PDB code : 3PE4), peptidic inhibitor in blue, UDP 

in black, APNT binding residues in orange. Electrophilic warhead is highlighted in salmon. 

 

Recent in vivo examples. 

In 2013, Kolb et al disclosed a PET-scan probe targeting carbonic anhydrase II (CAII), from a 

19F-containing fragment library and the 4-ethynyl benzenesulfonamide (Kd = 37nM) as a 

warhead binding the catalytic Zn2+ ion (Figure 18A).51  The probe [18F]-13 (Figure 18B) was 
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then synthesized from the nitro-containing, dimethoxytrityl-sulfonamide protected analogue 

and then converted to the labeled derivative with [18F]-fluoride, in the presence of crown-ether 

in acetonitrile, followed by deprotection and HPLC purification. The probe was directly 

administered to mice (Figure 18C) and its distribution was monitored over 1 hour. The probe 

distributed in some organs (heart, kidney), and tissues (blood) consistently with the expression 

and distribution of CAII.  Authors checked that the probe mainly bind red blood cells (RBC) 

rather than plasma (90/10 ratio) in blood. No defluorination during the experiment was 

observed.  

 
Figure 18 : Discovery of a PET-scan probe for carbonic anhydrase II.a 
a (A) KTGS of bCAII ligands from azides and benzylsulfonamide warhead. (B) structure of probe [18F]-13, direct 18F-
labeled analogue of a KTGS-hit 13 and its stability and distribution measured by PET scan. RBC: red blood cells. 
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Figure 19 : Inhibitor of Insulin-degrading enzyme.a 
a (A) KTGS by hIDE-CF using an orthogonal multicomponent strategy, from 2 azides bearing an hydroxamic acid 
warhead and 90 diverse alkynes; Best hIDE inhibitor 14 (BDM44768) and its ADME and selectivity properties; (B) 
14 (orange sphere), shifts open/closed equilibrium of hIDE towards closed conformations, measured by Small Angle 
X-ray scattering (SAXS); (C) Inhibition of hIDE by 14 and effect on in vivo glucose tolerance as the ratio of glucose 
AUC treated/non treated. The effect is IDE dependent (wt vs IDE ko). ns: non significative; CF: cysteine-free. 

 

In 2015, we disclosed the first insulin-degrading enzyme inhibitor discovered by KTGS 

which was active in vivo.31 The experiment was run as an orthogonal multicomponent set up 

(Figure 19A). Best compound, 14 (BDM4478), displayed good ADME properties (Figure 19A). 

In particular, its hydroxamic function was shown to be stable towards esterase hydrolysis.52 It 

interacts with the zinc ion of Insulin degrading enzyme and shifts the equilibrium towards the 

close conformation of IDE (Figure 19B). In an in vivo glucose tolerance test, 14 enhances 

glucose intolerance in an IDE-dependent manner (Figure 19C). This compound allowed us to 

invalidate this enzyme as a type-2-diabetes target. 

Using KTGS, Kolb et al also identified several inhibitors of hCOX-2 that display the 

benzenesulfonamide warhead from celecoxib (Figure 20A). Inhibitor 15 was further labeled 

with 18F to be used in vivo as a PET-scan probe.53 In 2017, Wuest et al designed a multi-

component experiment to identify 2 potent 1,4-triazole inhibitors of COX-2. The experiment 

involved 4 azides 16a-d and 11 alkynes 16e-o to give potentially 88 adducts (either 1,4 or 1,5 

triazoles). Two hits (16 and 16’) were identified (2.2% hit rate), with an IC50 of 50 and 90 nM 

respectively, in the range of the IC50 of celecoxib (70 nM). The compounds were also active in 

a cellular assay on HCA-7 colorectal cancer cell lines. 16 and 16’ were tested in an in vivo 

model of inflammation (carrageenan-induced rat paw edema) and were shown to be more 

potent than celecoxib in that model. 



 
 

22 
 

 
Figure 20 : hCOX-2 inhibitors in vivo.a 
a (A) Structure of the drug celecoxib; and of the PET-scan probe 15, labeled analogue of a KTGS ligand inspired 
by celecoxib; (B) KTGS of COX-2 inhibitors from celecoxib –inspired azides 16a-d and 11 alkynes 16e-o and 
structures and activities of KTGS ligands 16-16’ in an inflammation rodent model. Biaryle pharmacophore is circled 

with an orange dotted line; sulfonamide or sulfoxide warhead is highlighted in salmon. 

 

STAT5b inhibitors prevent dimerization of phosphorylated STAT5b, thus inhibiting 

transcription of genes implicated in cancer cells proliferation and survival (Figure 21A). 

Rademann et al combined fragment screening and a Mannich-based KTGS (Figure 5B) to 

discover new STAT5b inhibitors from the 1,2,5-oxadiazole warhead-bearing reagent 4a (Figure 

21B).19 This is the first series of protein-templated inhibitors of STAT5b. Several hits (4x-z) 

displayed micromolar-range inhibition of a phosphopeptide-STAT5b interaction. In particular 

compound 4x (1.4 µM) was shown to engage the target in cells (CETSA ΔTm = 8°C) with an 

in cell target occupancy concentration (OC50) of 28 µM (Figure 21C) evaluated by ITDRF 

(Isothermal dose-response fingerprint). Its methyl ester prodrug 4z inhibits proliferation of 

cancer cells with an IC50 of 25µM. A more lipophilic analogue of 4x, compound 4y, induces 

tumor regression at 200 mg/kg (Figure 21C).  
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Figure 21 : Cellular and in vivo activity of STAT5b inhibitors discovered by KTGS.a 
a (A) Mode of action of STAT5b inhibitors; (B) FBDD allowed the identification of a fragment 17a and subsequent 
KTGS gave STAT5b inhibitors 4x-z; (C) in vitro and in vivo activities of KTGS ligands 17b-d.bmeasured by 

fluorescence polarization assay with labeled phosphotyrosine peptide and fused maltose-binding protein(MBP)-
STATb-SH2; c measured in BaF3/FLT3-ITD cells; d quantified by western-blot after 6h; e measured by cellular 
thermal shift assay (CETSA) -ITDRF; f measured in BaF3/FTL3-ITD xenograft tumor model. 

 

RELEVANCE OF KTGS FOR MEDICINAL CHEMISTRY AND DRUG DISCOVERY  

Therapeutic areas and protein targets 

Already nine different therapeutic areas are covered by the KTGS published examples 

(Figure 22). This emphasizes the usefulness of the strategy. Infections, cancer and CNS 

diseases bring together the highest number of examples. New areas were recently tackled like 

cardiovascular diseases.  

 
Figure 22 : KTGS experiments sorted by therapeutic areas .a 

a Other: endothiapepsine is a model enzyme for aspartylproteases involved in different therapeutic areas. O-GlcNAc 

transferase was classified in metabolic diseases for its implications in insulin resistance, diabetic complications 

though it is also implicated in other areas also like cardiovascular diseases or Alzheimer’s disease 25. 
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Figure 23 : Targets tackled by KTGS.a 

a  (A) Proportion of KTGS examples by target types. Enzymes account for more than 70% of the cases. (B) 

Proportion of targets with approved drug or clinical candidates. (C) Number of KTGS examples by enzyme family, 
showing that almost all enzymes classes can be targeted by KTGS. 

 

KTGS has already been applied to 26 different targets from various classes (Figure 

23A). 73% of these targets are enzymes, 8% protein-protein interactions, and 8% 

transcriptional receptors and 4% channels (allosteric site). Among these targets, 38% have 

already yielded to clinical compounds or marketed drugs and 62% are either new targets or 

druggable targets for which some preclinical ligands have been disclosed showing that KTGS 

is used in very early phases of drug-discovery (Figure 23B). This shows that KTGS can be 

successfully applied to “old” and new targets. For enzymes, all subclasses have been explored, 

hydrolases and transferases being the most popular ones (Figure 23C). As mentioned above, 

all these targets are soluble: enzymes, protein-protein interaction partners, transcriptional 

receptor. The ligand-gated ion channel example reported in the literature is acetylcholine 

binding protein (AChBP), a soluble extracellular domain, homologue of nicotinic acetylcholine 

receptors (nAChRs) allosteric site that is secreted by mollusks.20 In the past years, new families 

of targets have been tackled by KTGS such as transferases (ribosome and 
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glycosyltransferase) and the four classes of proteases: metalloproteases (IDE), serine 

proteases (factor Xa), aspartylproteases (endothiapepsine), cysteine proteases (enteroviral 

EV Cys protease).  

Other preliminary disclosures, and thus not included in this study, mention KTGS 

experiments on new proteins to discover inhibitors of the isomerase MIF (macrophage 

migration inhibitory factor) in autoimmune diseases & immuno-oncology,54 ligands of Mcl1, for 

protein-protein interactions in cancer,55 or multitarget inhibitors of BACE-1 and kinases in 

Alzheimer’s disease56.  

 

Protein pockets and conformation 

Hirsch and co-workers recently analyzed the geometry and the physicochemical 

properties of catalytic pockets of a set of 12 targets out of the 23 proteins used at the time of 

their paper (Table 1).22 Since no targets for which KTGS failed are reported, the « negative » 

control of comparison was a set randomly chosen of 20 protein targets with an approved drug. 

The different pockets were given a score considering their size, depth, enclosure, surface, and 

nature of amino acids. The parameters studied in this work showed a high variance due to the 

limited available data of the restricted number of reported targets successfully used in KTGS. 

Although, the mean depth of KTGS pockets (Table 1) is very similar to the reference set (26 Å 

vs 26.5 Å), the former contain more polar amino acids, and are slightly wider (1445 Å3 vs 1338 

Å3). Besides, enclosure score of the KTGS pockets (Table 1), considering simulated solvent 

exposure, resulted to be significantly different from the negative control (0.114 vs 0.077). This 

suggests that the KTGS pockets are less deep and more open. The authors speculate that the 

more exposed pockets in reported KTGS examples may allow a better diffusion of reagents 

within this pocket and contribute to the success of the templated-reaction. Still these results 

might be biased by the fact that the KTGS target set contained three PPI targets (among which 

Bcl-XL and 14-3-3 protein) that are typically larger and very shallow. However, no particular 

physico-chemical property let distinguish KTGS pockets from the reference set, suggesting 

that KTGS can have a large target scope, regardless the geometry and properties of the active 
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sites. The authors also showed that the parameters measured for KTGS pockets qualify them 

as “druggable” pockets as defined by Vollkamer et al.57  

Supplementary Table 1 gathers all the binding pockets of KTGS ligands for each 

example fully disclosed in the literature. For enzymes, almost all ligands target the catalytic 

site. This is not surprising because warhead usually target specific features of this site. Still a 

few example report new binding pockets and/or new conformations. KTGS is indeed 

complementary to X-ray crystallography, NMR of proteins and molecular modeling as it can 

evidence unknown and less abundant protein conformations. For example, a new “open-gate” 

conformation, due to an unexpected flip of two phenylalanine residues, was discovered during 

the KTGS formation of the triazole ligand in TbEthR. It unveiled a new pocket within the protein. 

This new conformation impacted the activity of this transcriptional repressor.18 Inhibitor 14 of 

hIDE, interacts with the catalytic site formed by both IDE-N and IDE-C and impacts the 

dynamics of the door subdomain of the enzyme thus impacting its catalytic activity.58 Bourne 

et al showed recently that the binding of one KTGS warhead-bearing reagent to AChE induces 

the motion of a histidine residue in the catalytic site, along with an unprecedented motion of a 

tyrosine residue in the gorge of the protein. These conformational changes within the protein 

result in the formation of the preferred KTGS 1,5-triazole ligand.59  

 

Table 1 : KTGS Pockets featuresa.  

  volume 
(Å3) 

depth (Å)b Enclosurec fraction of apolar 
amino acidsd 

KTGS pockets 1445 26 0.114 0.42 

Reference set of drug pockets 1338 26.5 0.077 0.53 
a Adapted from Hirsch et al. b The longest distance between solvent and buried part of the pocket. c 

Portion of the lid of the pocket compared to the hull. d Ratio between solvent-exposed to hull grid point. 

 

Chemical space and ligand efficiency of KTGS ligands 

The KTGS strategy offers the possibility to explore a chemical space wider than the 

Ro5 space. Most of the templated ligands do not observe the Lipinski-Veber rules for at least 

one (74%) or two (62%) molecular properties but significant proportions of the KTGS ligands 

comply the beyond the rule-of-5 (bRo5) rule, mainly around the frontier of the Ro5 chemical 
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space. Therefore most of the KTGS ligands (82%) are in the « possible to be oral » chemical 

space (Figure 24) as defined by Doak et al.60 For example, while only 38% of KTGS ligands 

fulfill the Ro5 range for MW whereas 97% of them fulfill the Doak’s MW range (ie. MW ≤ 1000).  

 
Figure 24 : Structural features of KTGS ligands.a 

a  Distribution of the (A) MW, (B) cLogP, (C) number of rotatable bonds, (D) number of HBA, (E) number of HBD, 
(F) PSA for KTGS ligands (1 example selected/KTGS experiment). 38% of KTGS ligand fulfill the classical drug-
like rules for all parameters but 82% fit within the Doak’s possibly oral chemical space (MW ≤ 1000; -2 ≤ cLogP ≤ 
10; HBD ≤ 6; HBA ≤ 15; PSA ≤ 250 Å2; rotatable bonds ≤ 20). In salmon filled boxes: rule of 5/Veber compliant 
compounds; In orange open boxes: “possibly oral chemical space”. 

 

The physico-chemical and structural parameters of KTGS ligands were plotted against 

the ones of FDA approved drugs (Suppl. Fig. 1 & 2). Except for the four KTGS ligands that 

contain sugar moieties, all compounds distribute well within the chemical space defined by 

FDA approved drugs (Suppl. Fig. 1).  A one-to-one comparison for each parameter (Suppl. 

Fig. 2) via box plots shows that KTGS ligands display a larger size (MW), are more flexible 

(rotatable bonds) and more polar (PSA) compared to the FDA approved drugs. Regarding 

rotatable bonds, a high variance is observed for KTGS ligands and the histogram distribution 

shows two populations of ligands: one centered on nRot = 6-7 and one centered on nRot =12-

13 (Suppl. Fig. 2). As stated earlier by Doak et al for oral drugs, the HBA parameter is largely 
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responsible for the increased PSA of high-molecular weight compounds.60 As well, the fact that 

KTGS ligands show higher PSA values in comparison with FDA drugs, could be correlated to 

the increase of HBA number. Out of the KTGS ligands, 72% have a lipophilic ligand efficiency 

(LLE) above 3 (Figure 25A), with a mean of 5.0 and a median of 4.9. This qualifies KTGS 

ligands as good starting points for medicinal chemistry efforts. Importantly, KTGS itself 

increases LLE (from warhead-bearing reagent to final ligand) (Figure 25B) up to 6 units, 

making it a valuable tool for ligand optimization. 

 

 
Figure 25 : LLE distribution and LLE changes.a 

a Distribution of Lipophilic Ligand Efficiency LLE for reported KTGS ligands (A) and change in LLE during KTGS 

process (B). Only for pairs where both the warhead-bearing reagent and the KTGS ligand had numerical values 
(N=36). A: 72% of KTGS ligands have a LLE > 3 (in salmon) (threshold for medchem starting points) and 25% a 

LLE > 6 (threshold for quality drug candidates). B: 75% of KTGS allow an increase in LLE (ΔLLE > 0 in salmon).  

 

 

CONCLUSIONS 

Kinetic Target guided Synthesis has now reached its maturity as a hit 

discovery/optimization strategy with more than 50 reported examples. It has allowed the 

discovery of ligands for 26 different targets within 10 different therapeutic areas. The analysis 

of KTGS ligand properties has shown that it can be widely used in medicinal chemistry 

programs as it allows to access ligands with adequate properties for optimization: 72% of them  

display a LLE above > 3 and 82% comply with the “possible to be oral chemical space” 

properties.  

KTGS scope is increasing as it was shown to be successful for both targets with an 

approved drug or clinical candidate, or with new or more difficult targets. It affords hit discovery 

as well as the generation of alternative starting points, or the exploration of unknown protein 
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conformations.18,31 Target types range from enzymes to more “recent” RNA or protein-protein 

interactions.  Binding sites span from catalytic pockets, allosteric sites, protein-interaction sites, 

to phosphate sites. In addition, already 4 examples of KTGS-discovered ligands have been 

tested in vivo for imaging or therapeutic intervention. The synthetic toolbox of KTGS has 

increased in the past couple of years to include multicomponent reactions and amidation, two 

favorite reactions of medicinal chemists.27 It now encompasses 9 different types of reactions. 

The ligands discovered by these newly developed KTGS reactions bear in their structure 

obvious disconnection points that facilitate their optimization.  

 A major current limitation of KTGS is the need for soluble protein at large amounts. As 

a consequence, several target types, like membrane bound receptors, have not been explored 

so far. Another drawback may be the need for biocompatible reagents as KTGS is performed 

in aqueous media. This explains why 1,3 cycloadddition from azide and alkynes is so popular 

as both azides and alkynes are biocompatible. Moreover, if one uses electrophile reagents like 

acrylamides, it may be necessary to produce a protein mutant deprived of cysteine residues 

to avoid side reactions. The success of KTGS greatly depends also on the type of warhead-

bearing reagent used to target pockets within the protein of interest. We evidenced that these 

warhead-bearing reagents come from either drugs, known SAR or new fragments. Finally one 

limitation is the detection of the templated ligand by mass-spectrometry. Still, this problem is 

not as critical for KTGS than for DCC where an enrichment in one compound within a dynamic 

library must be observed. The continuous improvement of MS sensitivity/selectivity will 

undoubtedly increase the usefulness and spread of KTGS in the future. 

 On-going opportunities for KTGS include the development of covalent inhibitors, the 

combination with FBDD, the in cellulo KTGS, the qualification of new MCR, detection methods 

and collaborative networks. Already 5% of KTGS ligands are covalent inhibitors. Future 

development could make use of warhead-bearing reagents that display alternative reactive 

groups to fine-tune binding kinetics of such inhibitors.61 Also, 15.6% of the reported examples 

started from a fragment screening. With the largely used fragment screening it is expected that 

more examples that combine these 2 strategies will emerge. In cellulo KTGS allows now to 
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explore intra-cellular targets. Theoretically this decreases also the use of large amounts of 

protein to be isolated and gives access to a more relevant cellular context. However, the ligand 

formed by a protein-templated reaction between reagents that cross cell membrane, or 

bacterial walls, will not be necessarily as penetrant as its precursors. This should be taken into 

consideration. The multicomponent and orthogonal multicomponent formats should be widely 

used also to decrease the protein amounts required and take the full benefit of a kinetically 

driven competition between large sets of reagents. Regarding chemical reactions amenable 

for KTGS, the development of multicomponent reactions is highly desirable in the future. In the 

course of the writing of this review, Van der Veken‘s team reported a systematic study to 

develop a protein-templated version of a 3-component reaction (Groebke-Blackburn-

Bienaymé) for the discovery of urokinase inhibitors.62 Such an exhaustive study of 

experimental parameters should be applied to all new KTGS reactions. As well, a systematic 

study of the stability and integrity of the target protein should be performed to “qualify” the 

target for KTGS.5  In the future, the use of several detection methods in parallel like mass-

spectrometry and biochemical assay will help to expand the use of KTGS, and further 

technological development could include the use of 19F-ligand-based NMR, already used for 

DCC, as a detection method.63 Finally, as the success of KTGS depends also on the diversity 

sets of reagents used, there is a high opportunity for shared reagents libraries to expand KTGS 

use and the size of experiments. Precompetitive collaboration in this area is thus highly 

desirable. 

In all, this review and the in-depth analysis of all published examples demonstrated the 

robustness and versatility of KTGS and its utility as a method combining in a single step 

diversity generation and selection method in the three stages of drug discovery: hit discovery, 

hit-to-lead and lead optimization.   
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Ac, Acinetobacter calcoaceticus; ; AChBP, Acetylcholine binding protein; AchE, Acetylcholinesterase; 

ADME, Absorption, Distribution, Metabolism, and Excretion; ATP, Adenosine Tri-Phosphate; AUC , Area 

Under the Curve; BACE-1, β-site amyloid precursor protein cleaving enzyme 1; BAX, Bcl-2-associated 

X protein; Bcl-XL, B-cell lymphoma extra-large protein; BPL, Biotin Protein Ligase; bRo5, beyond Rule 

of 5; CAII, Carbonic Anhydrase II; CAII, Carbonic Anhydrase II ; CETSA, Cellular Thermal Shift Assay; 

CLEC, C-type lectin domain; CNS, Central Nervous System; COX-2, cyclooxygenase -2; c-SRC , 

cellular sarcoma proto-oncogene tyrosine kinase; c-SRC , Proto-oncogene tyrosine-protein kinase Src; 

DAO, D-Amino-acid Oxydase; DCC, Dynamic combinatorial chemistry; DDF, dideazafolate; DIOS, 

Desorption/ionization on silicon; DOPA, 3,4-dihydroxyphenylalanine; EthR, EthA transcriptional 

repressor; EV-A71 3Cpro, Enterovirus A71 3C protease; FAD, Flavin adenine dinucleotide; FBDD, 

Fragment-based drug discovery; FCsp3, Fraction of sp3 hybridized carbon atoms; FDA, Food & Drug 

Administration; FLT3-ITD, Fms-like tyrosine kinase-internal tandem duplication mutations; FLuc, firefly 

luciferase; GARTfase, Glycinamide ribonucleotide transformylase; HBA, number of Hydrogen-Bond 

Acceptors; HBD, number of Hydrogen-Bond Donors; HCA, Human Colon Adenocarcinoma; HPLC, High 

Performance Liquid Chromatography; HRMS, High Resolution Mass Spectrometry; HRTOF, High 

Resolution Time Of Flight; HRV, Human Rhinovirus; IDE, Insulin-Degrading Enzyme; iPrOH, 

Isopropanol; ITDRF, Isothermal dose-response fingerprint; ko, knock-out; Kp,  Klebsiella pneumoniae; 

KTGS, Kinetic Target-Guided Synthesis; LCMS, Tandem Liquid chromatography–mass spectrometry; 

LE, Ligand Efficiency; LLE, Lipophilic Ligand Efficiency; Lm, Listeria monocytogenes ; MAO-B , 

Monoamine oxidase-B; MBP, Maltose binding protein; Mcl 1, Myeloid leukemia cell differentiation 

protein; MCR: multicomponent reaction; MIC, Minimum Inhibitory Concentration ; MIF, Macrophage 

migration inhibitory factor; MRM, Multiple Reaction Monitoring; MS, Mass Spectrometry; Mtb, 

Mycobacterium tuberculosis; MW, Molecular Weight; nAChRs, Nicotinic acetylcholine receptors; NAD, 

Nicotinamide Adenine Dinucleotide; NADK1, NAD kinase -1 ; NBD, 4-chloro-7-nitro-1,2,3-

benzoxadiazole; nRot, Number of rotatable bonds; OC50, Occupancy concentration 50; O-GlcNAc, N-
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acetylglucosamine; OGT, O-linked β-N-acetylglucosamine transferase; PET, Positron emission 

tomography; po, per os; PPI, Protein-Protein Interaction; PSA, Polar Surface Area; PTCC, Protein-

templated click chemistry; PTS, Protein-templated synthesis ; RBC , Red Blood Cells; Ro3, Rule of 3; 

Ro5, Rule of 5; S. aureus, Staphylococcus aureus; SAXS, Small-Angle X-ray Scattering ; sc, 

subcutaneous; STAT5, Signal Transducer and Activator of Transcription 5; TGS, Target-guided 

synthesis; TISCC, Tethering-in situ click chemistry ; UDP-GlcNAc, Uridine diphosphate N-

acetylglucosamine; wt, wild type. 
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