
 

Targeted therapeutics against cancer and infections 

Identification and characterization of  

human ecto-nucleotidase (CD39) and  

coronaviral protease (Mpro) inhibitors 

 

 

 

 

Dissertation 

zur 

Erlangung des Doktorgrades (Dr. rer. nat.) 

der 

Mathematisch-Naturwissenschaftlichen Fakultät 

der 

Rheinischen Friedrich-Wilhelms-Universität Bonn 

 

 

 

vorgelegt von 

Laura Freya Andrea Schäkel 

aus 

Düren 

 

Bonn 2022 

  



 



 

Angefertigt mit Genehmigung der Mathematisch-Naturwissenschaftlichen Fakultät 

der Rheinischen Friedrich-Wilhelms-Universität Bonn 

 

 

 

 

 

 

 

 

 

 

 

 

Gutachterin: Prof. Dr. Christa E. Müller 

Gutachter: Prof. Dr. Gerd Bendas 

 

 

Tag der Promotion: 21.09.2022 

Erscheinungsjahr: 2022 

 

 



 

Die vorliegende Arbeit wurde in der Zeit von August 2018 bis Juni 2022 am 

Pharmazeutischen Institut der Rheinischen Friedrich-Wilhelms-Universität Bonn unter 
Leitung von Prof. Christa E. Müller durchgeführt. 

 



2.1 Enzymes  Dissertation, 2022 

1 

Content 

1 Abstract ...................................................................................................................................................... 3 

2 Introduction .............................................................................................................................................. 5 

2.1 Enzymes ........................................................................................................................................ 5 

2.1.1 General function and relevance ....................................................................................... 5 

2.1.2 Classification ........................................................................................................................... 5 

2.1.3 Enzymes as drug targets ..................................................................................................... 6 

2.1.4 Characterization of enzymatic activity ......................................................................... 8 

2.2 Ecto-nucleotidases ................................................................................................................. 18 

2.2.1 Purinergic signaling........................................................................................................... 18 

2.2.2 Nucleotide metabolism .................................................................................................... 22 

2.2.3 Ecto-nucleoside triphosphate diphosphohydrolases (E-NTPDases) ............. 24 

2.2.4 Ecto-5′-nucleotidase (eN, CD73) .................................................................................. 53 

2.2.5 CD39-CD73 Axis .................................................................................................................. 56 

2.3 SARS-CoV-2 Main protease ................................................................................................. 57 

2.3.1 Viral replication and function of proteases .............................................................. 57 

2.3.2 Structure of Mpro ................................................................................................................. 58 

2.3.3 Relevance of Mpro as a drug target ............................................................................... 59 

2.3.4 Assays for determination of Mpro activity ................................................................. 60 

2.3.5 Inhibitors of Mpro ................................................................................................................ 66 

3 Publications on NTPDases ................................................................................................................ 78 

3.1 Anthraquinone derivatives ................................................................................................. 78 

3.2 ARL67156 .................................................................................................................................. 81 

3.3 2-Substituted Thienotetrahydropyridines ................................................................... 85 

3.4 Ceritinib ...................................................................................................................................... 88 

4 SARS-CoV-2 Main protease experiments .................................................................................... 91 

4.1 Development of an activity assay for SARS-CoV-2 Mpro ........................................... 91 

4.1.1 Assay establishment and validation............................................................................ 92 

4.1.2 Comparison of substrates ............................................................................................... 95 

4.2 Characterization of first inhibitors of Mpro.................................................................... 98 

4.2.1 Reference inhibitors disulfiram and ebselen .......................................................... 98 

4.2.2 Chloroacetamide derivatives ......................................................................................... 99 

4.2.3 Pathogen Box .....................................................................................................................101 

4.2.4 SARS-CoV-1 Mpro inhibiting pyridyl esters .............................................................102 

4.3 High-throughput screening campaign for Mpro inhibitors ....................................107 

4.4 Characterization of hit compounds ...............................................................................109 

4.4.1 Tocris library......................................................................................................................109 

4.4.2 Xanthine derivatives .......................................................................................................111 

4.4.3 Apicidine derivatives ......................................................................................................113 



Laura Schäkel   1 Abstract 

2 

4.4.4 Characterization of guanidine derivatives .............................................................115 

4.5 Mpro inhibition by pyridyl esters and related compounds ....................................120 

4.5.1 Structure-activity relationship studies of pyridyl esters ..................................120 

4.5.2 Stability of pyridyl esters towards glutathione ....................................................142 

4.5.3 Stability of enzymatic activity and enzyme-pyridyl thioester bond .............148 

4.6 Experimental ..........................................................................................................................151 

4.6.1 SARS-CoV-2 Mpro activity assay ...................................................................................151 

5 Publications on Mpro ..........................................................................................................................154 

5.1 Electrophilic Arylketones ..................................................................................................154 

6 Summary ...............................................................................................................................................157 

6.1 Ecto-Nucleoside triphosphate diphosphohydrolases (NTPDases) ...................157 

6.2 SARS-CoV-2 main protease ...............................................................................................160 

7 Abbreviations ......................................................................................................................................164 

8 References ............................................................................................................................................167 

9 Acknowledgements ...........................................................................................................................188 

10 Appendices ................................................................................................................................................. I 

10.1 Featured publications ............................................................................................................... I 

 



2.1 Enzymes  Dissertation, 2022 

3 

1 Abstract 

The main objectives of this thesis were the development, characterization and 

optimization of enzyme inhibitors (i) for the human ecto-nucleotidase CD39, and (ii) for 

the main protease of the human-pathogenic coronavirus SARS-CoV-2, to provide novel 

treatment options for tumors and infections. Inhibitors of these enzymes have the 

potential to abrogate the damaging proliferation of cancer cells, or viruses, respectively, 

with only limited or negligible harming of the human organism. The search for small 

molecule inhibitors was conducted by analyzing the compounds’ effects on enzyme 

kinetics using optical plate reader- and capillary electrophoresis-based assays. By critical 

evaluation of the generated data, we were able to identify and subsequently optimize 

potent, selective, and metabolically stable inhibitors for both target enzymes. 

Ecto-nucleoside triphosphate diphosphohydrolase 1 (NTPDase1/CD39) is the most 

prominent enzyme hydrolyzing extracellular nucleotides, e.g. ATP and ADP, yielding AMP. 

Its inhibitors have the potential to increase the concentrations of extracellular adenosine 

triphosphate (ATP), which stimulates the cellular immune system by activation of 

purinergic P2X and P2Y receptors. At the beginning of the work for this thesis no potent 

small molecule CD39 inhibitor with suitable pharmacokinetic properties was available. 

Therefore, we set out to improve known inhibitors, and to identify new lead structures. 

For this purpose, structure-activity-relationships of anthraquinone derivatives, 

nucleotide derivatives and analogs, and various heterocyclic compounds were analyzed. 

The analog ARL67156 of the CD39 substrate ATP, and its two most potent derivatives 

were found to be moderately potent, competitive inhibitors of NTPDases, also inhibiting 

the AMP-hydrolyzing enzyme ecto-5’-nucleotidase (CD73). We discovered that these 

nucleotide derivatives possess only poor metabolic stability, which limits their utilization 

in in vivo studies. We confirmed that the unmetabolized anti-thrombotic prodrug 

ticlopidine acts as a non-competitive inhibitor of CD39. Furthermore, we demonstrated 

that closely related, but metabolically stable 2‐substituted thienotetrahydropyridine 

derivatives have equal potencies in inhibiting CD39, but improved target selectivity. A 

screening approach focused on a self-assembled approved protein kinase inhibitor library 

was successful leading to the identification of the CD39-inhibitory activity of ceritinib. 

This anti-cancer drug has an excellent metabolic stability. It inhibits CD39 non-
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competitively with a potency in the low micromolar range, which might contribute to its 

potent anti-cancer activity. 

A project on the development of antiviral drugs against COVID-19 was initiated at the start 

of the pandemic in 2020. We selected the coronavirus main protease (SARS-CoV-2 Mpro) 

as a suitable target, since it is essential for the viral replication cycle. By collaborating 

within an interdisciplinary team, we quickly established an enzyme activity assay utilizing 

a novel fluorogenic substrate. This enabled us to screen and evaluate various inhibitor 

classes. The focus of this part of the thesis was on the characterization of pyridyl esters, 

which are covalently binding inhibitors with nanomolar potencies. Along with their time-

dependent effect on protease activity, their stabilities were assessed, in order to select the 

most promising lead structures for future drug development.  
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2 Introduction 

2.1 Enzymes 

2.1.1 General function and relevance 

Biological life is defined by growth, metabolism and reproduction. This necessitates 

biochemical reactions, which transform and combine molecules in a timely manner. The 

cleavage and formation of chemical bonds is accelerated by enzymes up to a trillion 

(1012)-fold,1 which are therefore designated as the body’s catalysts. Enzymes contain a so-

called active site, which accommodates the chemically active groups of the reactants and 

decreases the activation energy by stabilizing the transition state of the chemical 

reaction.2 Thereby, the equilibrium concentration of educt and product are achieved 

faster,3 which allows the biological organism to adapt to its environment. The velocity of 

the reactant substrate conversion to its respective product is influenced by 

concentrations of substrate and enzyme, pH, temperature and in some cases the presence 

of cofactors.1 Furthermore, essentially all enzymes are regulated by substances that 

modulate their catalytic activity or expression levels and thereby manage physiological 

processes and signaling. For example, some biochemical pathways are subjected to a 

feedback control, where the product of the enzymatic reaction inhibits further enzymatic 

conversion of the substrate.3  

Next to their importance for physiological processes, enzymes are utilized in 

biotechnological products and manufacturing. Technical companies add enzymes to 

consumer products, like lipases in washing powder, to increase their effectiveness. Food 

production relies on enzymes for the transformation of ingredients, e.g. rennet contains a 

mix of protease, pepsin and lipase enzymes, which curdle milk in cheese production. In 

medicine, enzymes are used as therapeutics in replacement therapy,4 as well as in 

diagnostics and as target structure for drugs which treat diseases by modulation of the 

enzyme’s activity.  

2.1.2 Classification 

The International Union for Biochemistry and Molecular Biology (IUBMB) categorizes 

enzymes by type of catalyzed reaction into seven major classes (see Table 1).1 The 

enzyme commission number (EC number) entails a code consisting of four numbers, 
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which define the catalyzed reaction with increasing precision. In 2018 a 7th category was 

amended, comprising the translocases, which move molecules through membranes versus 

a concentration gradient by consumption of the energy-carrier and co-factor adenosine 

triphosphate (ATP).  

Table 1. Enzyme commission (EC) classification system and examples of drugs targeting 
an enzyme of this class.3 Examples and EC codes were obtained from the comprehensive 
enzyme information system BRENDA. 

EC 
number 

Enzyme class Type of reaction Example Drug targeting 
example 

1 Oxidoreductases Oxidation and 
reductions 

Cyclooxygenase 
(COX) 
EC 1.14.99.1 

Acetylsalicylic acid 

2 Transferases Group transfer 
reactions 

Anaplastic 
lymphoma kinase 
(ALK) 
EC 2.7.10.1 

Ceritinib 

3 Hydrolases Hydrolysis 
reactions 

Phosphodiesterase 
enzyme (PDE5)  
EC 3.1.4.17 

Sildenafil 

4 Lyases Non-hydrolytic 
substitution, 
elimination or 
oxidation  

Aromatic-L-
amino-acid 
decarboxylase 
(DDC) 
EC 4.1.1.28 

Carbidopa 

5 Isomerases Isomerization and 
intramolecular 
group transfers 

Steroid DELTA-
isomerase 
EC 5.3.3.1 

Trilostane 

6 Ligases Joining two 
substrates at the 
expense of ATP 
hydrolysis 

Acetyl-CoA 
carboxylase 
EC 6.4.1.2 

Firsocostat  
(GS-0976) 
(investigational, 
not approved) 

7 Translocases Transport of ions 
or molecules across 
membranes 

Gastric H+/K+ 
ATPase 
EC 7.2.2.19 

Omeprazol 
(prodrug) 

 

2.1.3 Enzymes as drug targets  

Therapeutic drugs aim to modulate physiological functions of human organisms. This is 

mostly achieved by ligands binding to target proteins, such as transporters, receptors and 
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enzymes.3,5 As enzymes are involved in many pathophysiological and physiological 

conditions, it is no surprise that the largest group of human drug targets, with 

approximately 41.6 %, are enzymes.6 Most druggable proteins are embedded within cell 

membranes (32.9%), while extracellular targets comprise 10.5% and intracellular 

targets, which are located in the cytoplasm (23.8%), organelles (18.9%) or the nucleus 

(8.4%) constitute a lower amount as they are more difficult to attack.7 

Furthermore, bacterial and viral infections can be combated by preventing essential 

pathogen enzyme-catalyzed reactions, resulting in death or decrease of reproductive 

rates. Advantageously, pathogen enzymes are distinct from their human analogs or, more 

ideally, human analogs are nonexistent, which allows for a targeted, effective inhibition 

with few side effects.3 Examples are antibiotics like penicillins and cephalosporins 

abrogating the construction of the bacterial cell wall by inhibition of transpeptidases, 

named penicillin binding proteins, which catalyze the peptidoglycan synthesis.3 The 

antiviral prodrug aciclovir is converted by the viral thymidine kinases to the 

monophosphate and subsequently by cellular kinases to its active triphosphate, which 

inhibits the viral DNA polymerase. This mechanism results in accumulation of the active 

drug solely in infected cells, effectively decreasing viral replication.8 

Most of the small molecules inhibiting enzymes competitively bind to the orthosteric, 

substrate binding site. Reversible inhibitors associate and dissociate to and from the 

enzyme in an equilibrium depending on their binding affinity to each other.1 Rational 

design based on the substrate angiotensin I enabled the development of angiotensin 

converting enzyme (ACE) inhibitors captopril and enalapril. These false substrates are 

binding to, and reversibly block the catalytic site of the enzyme, thereby preventing the 

conversion of the natural substrate to the product angiotensin II.8 Inhibitors designed to 

mimic the transition state between substrate and product show increased potency, 

compared to substrate analogs. For example, the renin inhibitor aliskiren resembles the 

tetrahedral structure of the intermediate, but is stable to hydrolysis.3 Alternatively, 

competitive inhibitors can attach to the co-factor binding site. The mechanism of action 

of competitive protein kinase inhibitors, like ceritinib, comprises the occupation of the co-

factor ATP binding region, which impedes the transfer of phosphate groups.9 

Irreversible inhibitors covalently bind to key residues of the active site of the enzyme 

rendering it inactive for the remainder of its lifespan.3 Two well-known examples of 
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irreversible enzyme inhibitors are acetylsalicylic acid, a cyclooxygenase (COX) inhibitor 

and selegiline an inhibitor of monoaminooxidase B (MAO-B).8 Pseudo-irreversible 

inhibitors bind so tightly to the enzyme, that they basically have the same effect as an 

irreversible inhibitor. The acetylcholinesterase (AChE) inhibitor rivastigmine is a 

representative of this inhibitor class.8 So-called suicide substrates are transformed to 

reactive irreversible inhibitors by their respective target enzyme. For example, clavulanic 

acid mimics the substrate of β-lactamase, penicillin. The β-lactam ring structure is 

attacked by β-lactamase, which leads to a ring-opening and irreversible, covalent bond 

formation of clavulanic acid to the active site residues serine and histidine. This 

mechanism of action prevents the hydrolysis of penicillin, overcoming penicillin 

resistance of bacteria.3 

Other classes of inhibitors do not target the catalytic site, but attach to an allosteric 

binding site. These compounds can be subdivided into non-competitive and un-

competitive inhibitors. Non-competitive inhibitors bind to the free enzyme without 

affecting its substrate binding affinity. One well-known example of a non-competitive 

inhibitor is efavirenz, a human immunodeficiency virus (HIV) reverse transcriptase 

inhibitor.3 Un-competitive inhibitors only adhere to their respective allosteric pocket of 

an enzyme-substrate (ES) complex. In contrast to competitive inhibitors, an increased 

substrate concentration cannot neutralize an un-competitive inhibitor, but will increase 

its potency due to the high availability of the ES-complex.3 This inhibition type is 

uncommon and few drugs with this mechanism are approved, as these modulators can 

derail physiological processes and lead to cell death.10 Lithium ions were shown to 

increasingly inhibit inositol monophosphatase at higher substrate concentrations.5 

 

2.1.4 Characterization of enzymatic activity 

Basal enzymatic activity 

The course of an enzymatic conversion of a single substrate can be represented as 

depicted in Figure 1. 
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Figure 1. Reaction of a single substrate enzyme. The enzyme (E) binds to the free 
substrate (S) to form a transitional ES-complex, which dissociates back to enzyme and 
substrate, characterized by the dissociation constant Ks, or converts the substrate to 
product (P) at the catalytic rate kcat. At low substrate concentrations the velocity will 
depend mainly on the formation of the ES-complex and thereby on the dissociation 
constant Ks.1 

The analysis of enzyme-catalyzed reactions in a laboratory setting relies on standardized 

protocols and the establishment of steady-state conditions, which enable the 

determination of parameters, like catalytic efficiency and substrate affinity that describe 

the enzyme’s kinetics.1 In the time course of the substrate’s conversion to product, the 

initial reaction rate during the catalysis of the first 10% of substrate can be described by 

a linear function.11 The velocity of this steady-state reaction can be determined with 

Henri-Michaelis-Menten equation:  

𝒗 =  
𝑽𝒎𝒂𝒙[𝐒]

𝑲𝒎 +  [𝐒]
=  

𝑽𝒎𝒂𝒙

𝟏 +  
𝑲𝒎

[𝐒]

 

Equation 1. Henri-Michaelis-Menten equation 

The Michaelis constant Km is defined as the substrate concentration for half maximal 

velocity (Vmax) of an enzyme’s catalytic capability, which is achieved at infinite substrate 

concentrations.1 The Km values are dependent on temperature, pH, substrate and type of 

enzyme preparation. The turnover number kcat can be defined as the number of substrate 

molecules that are converted in a given time [s-1 or min-1] by a fixed amount of enzyme 

and infinite substrate availability.1 The kcat can be mathematically calculated by dividing 

the maximal velocity (vmax) by the molar concentration of the enzyme [E]. The single-first 

order constant kcat thereby incorporates the rate of all combined chemical steps needed 

for substrate transformation.1 As a result kcat is a measurement for the catalytic efficiency 

of the enzyme at substrate saturation and provides an instrument for comparing different 

isoforms of an enzyme (e.g. brought about by mutagenesis), test conditions (temperature, 

pH) or dissimilar enzymes without the influence of substrate affinity. 

Under physiological conditions, enzymes are usually not saturated with substrate. 

Therefore, the velocity depends on the binding affinity and, more importantly, on the 

turnover number. In the presence of low substrate concentrations, the encounter of 
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substrate and enzyme by means of diffusion is unlikely and the affinity of the substrate is 

less relevant than the speed of the turnover reaction. It is therefore practical to utilize the 

ratio of these kinetic constants, kcat/Km.1 This constant enables the comparison of 

substrate efficiency or the comparison of substrate conversion by various enzymes. 

Modulation of enzyme activity by inhibitors 

In the research for enzyme inhibiting drugs it is vital to compare the relative binding 

affinities of the respective lead compounds to their target in order to define structure-

activity relationships (SARs) and to infer the physiological effect.1 The development and 

optimization of lead compounds is conducted with the help of in vitro assay systems. 

These should imitate physiological conditions in order to allow the translation of potency 

data to in vivo applications.10 The mechanism of action becomes important in the 

quantitative comparison of distinct inhibitor classes on a common target enzyme, as it 

allows the determination of the enzyme-inhibitor dissociation constant Ki, which is the 

best potency indicator for a specific experimental setup. The Ki value for an inhibitor is 

influenced by the enzyme-substrate combination, pH and buffer-composition of the assay 

system.10 

Reversible enzyme inhibitors 

Modulators that decrease the catalytic ability of the enzyme by non-covalent interactions 

are defined as reversible inhibitors. The substrate conversion is impeded by inhibitors 

binding to the free enzyme at the substrate binding pocket (competitive inhibition) or an 

allosteric binding site (non-competitive inhibition). While compounds binding to both 

free enzyme and ES complex are referred to as mixed type inhibitors (see Figure 2 and 

Figure 3, α ≠ 1).1 Alternatively, inhibitors binding exclusively to an allosteric site of the ES 

complex, thereby increasing its stability, are defined as un-competitive (see Figure 2 and 

Figure 3).10   
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Figure 2. Equilibrium scheme for enzymatic turnover of a single substrate in the presence 
and absence of reversible inhibitors.1 Ki represents the equilibrium dissociation constant 
for the EI complex and αKi represents the equilibrium dissociation constant for the ESI 
complex.10 The value of α depends on alterations in substrate affinity due to the formation 
of the EI-complex. Increased affinity of the enzyme for the substrate results in α < 1, while 
diminished affinity is indicated by α > 1.10 

 

Figure 3. Overview of reversible inhibition mechanisms and the respective impact of 
competitive, non-competitive, mixed and un-competitive inhibitors on apparent enzyme 
activity constants of maximum velocity (Vmax) and substrate affinity (Km). Inhibitor shown 
in black, substrate in white.  

 

The potencies of inhibitors can be determined by preparing concentration inhibition plots 

and subsequent determination of IC50 and Ki values.11 The IC50 value is the inhibitor 

concentration at 50 % of residual enzyme activity compared to the positive control 

without inhibitor. This value is strongly dependent on the experimental setup including 

the substrate concentration in relation to its Km value and the inhibition mechanism.10 
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Thus, the inhibitory constant Ki is a better parameter for describing an inhibitor’s potency 

than the IC50 value, as this constant is not dependent on the substrate concentration.1 In 

case of competitive inhibitors, the IC50 value increases in proportion to the substrate 

concentration, which enables the calculation of Ki values with the Cheng-Prusoff 

equation.1 

𝑲𝒊 =  
𝑰𝑪𝟓𝟎

𝟏 +  
[𝑺]
𝑲𝒎

 

Equation 2. Cheng-Prusoff equation 

The inhibition mechanism of an enzyme inhibitor pairing is determined from kinetic 

parameters of the enzymatic reaction at multiple substrate and inhibitor concentrations. 

Similar to Henri-Michaelis-Menten kinetics, the velocity is fitted versus the substrate 

concentration in a non-linear regression, and increasing inhibitor concentrations are 

compared. The double reciprocal representation of this data, called Lineweaver-Burk-

plot, allows for the simple evaluation in form of a linear regression (1/v vs. 1/[S]). 

However, this plot has shown to possess high statistical errors, as small values are 

weighted more strongly. To overcome this problem, the data may be analyzed directly by 

non-linear regression, or compared in additional linearized representations like Hanes-

Woolf, Dixon or Cornish-Bowden plots. These plots are all based on a single reciprocal 

representation, which leads to a reduction of statistical errors as compared to the 

Lineweaver-Burk-plot (e.g., Hanes-Woolf plot ([S]/v vs. [S]), the Dixon plot (1/v vs. [I]) and 

the Cornish-Bowden plot ([S]/v) vs. [I]). In the Hanes-Woolf and the Cornish-Bowden 

plots the 1/v is multiplied with another variable [S], which leads to further reduction of 

the statistic errors by compensating the variances of two variables. Therefore, the Hanes-

Woolf and the Cornish-Bowden plots are the most suited linear representation plots.1 The 

inhibition type can be derived from the graphical evaluation of the plots (see Figure 4). 

The lines for different substrate or inhibitor concentrations either run parallel or intersect 

at specific coordinates, which enables the direct determination of inhibition constants. 

For competitive inhibitors, all lines of the Dixon plot meet at the point -Ki on the x- and 

1/Vmax on the y-axis, while for un-competitive inhibitors the lines nest at the point (-Ki, 

Km/Vmax) in the Cornish-Bowden plot.1  
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Figure 4. Patterns of lines in the reciprocal plots of inhibition type determination 
experiments of competitive, non-competitive and un-competitive enzyme inhibitors. [S] 
and [I] refer to the substrate and inhibitor concentrations, while v is the enzymatic 
velocity of substrate turnover in the experiment.  

 

Drug–target residence time 

In pharmaceutical drug development, the potency of compounds is most frequently 

evaluated by their respective binding affinities to the target structure. Structure-activity 

relationships, which are based on the thermodynamic dissociation constant Ki as primary 

measure of comparison, will not necessarily optimize the drugs for their in vivo 

effectiveness.10,12 In open biological settings, the temporal frame of drug target 

interactions is relevant for the intended as well as the off-target effects.10 The stability of 

the binary enzyme-inhibitor complex is defined by the association rate constant or on-

rate (kon) and by the dissociation rate constant or off-rate (koff). The duration of 

occupation, or residence time (τ), of the inhibitor to its target enzyme is essentially 

regulated by the dissociation rate (koff). Hence, the residence time is the reciprocal value 

of the dissociation rate constant (τ = 1/koff).10 Furthermore, drug-target occupancy may 

be expressed as the half-life of the enzyme-inhibitor complex, which is in direct 

proportion to the residence time (t1/2 = -ln(0.5)/koff).10,12 
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Slow dissociation rates lead to a prolonged interaction and more durable pharmacological 

effects. This uncouples the relation of systemic pharmacokinetics and 

pharmacodynamics, meaning that the concentration of the drug in cells and tissues is no 

longer an indicator of its effectiveness.2 Substances, which are bound to a protein, are 

unavailable to elimination and metabolism resulting in the clearance of unbound drug. If 

the residence time is longer than the pharmacokinetic half-life, the bound drug maintains 

its pharmacologic effect. Under this circumstance, the dosing scheme can be adapted to 

ensure high therapeutic activity, limiting off-target toxicities due to prolonged high 

concentrations of the drug.2,10 

The temporal stability and reversibility of an enzyme-inhibitor complex can be assessed 

in vitro by experimental methods. In jump-dilution protocols, the enzyme and inhibitor 

are preincubated until a state of equilibrium is generated, then the mixture is diluted to 

an inhibitor concentration below 10% of the IC50 value, and the progression curves upon 

substrate addition are observed (see Figure 6). The rate at which the enzyme recovers its 

catalytic activity is an indicator for inhibitor dissociation. The progression curves of 

product formation in a continuous assay readout will be curvilinear (see Figure 6).10 

Alternatively, the inhibitor is directly detected by a spectroscopic signal or radioisotope 

label. The unbound ligand is separated from the equilibrated protein-ligand complex, e.g. 

by filtration or chromatography, and subsequently quantified.12 Other ligands enable 

their direct quantification without prior separation, as they display a detectable change 

in physiochemical properties upon binding to a protein structure. An example are 

fluorescent small molecules, which scatter plane-polarized light. This so-called 

fluorescence polarization (FP) decreases upon binding to a larger structure as the rotation 

of the small molecule is restricted.12 

Irreversible enzyme inhibitors 

Inhibitors that permanently prevent the catalytic turnover of substrate are referred to as 

irreversible enzyme inhibitors or inactivators.10 The inactivation is typically achieved by 

covalent modification of key residues in the binding pocket. Therefore, inactivators must 

possess a level of chemical reactivity that enables specific reactions with the target, but 

prevents promiscuous reactions with other proteins, which would lead to off-target 

effects and toxicity.10 Enzyme inactivators that are potential drugs, often contain weakly 

electrophilic functional groups, so-called warheads, that attack a nucleophile within the 
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enzyme’s active site subsequent to non-covalent binding (see Figure 5). For effective 

inhibition, the nucleophilic group, e.g. the thiol group of cysteine, should be essential in 

the catalytic turn-over of the substrate.10 

 

Figure 5. Mechanism of enzyme inactivation by initial non-covalent association of the 
enzyme-inhibitor complex EI and subsequent covalent modification of catalytic residues, 
leading to the inactivated enzyme E-I. The first step is defined by the dissociation constant 
Ki, and the first-order rate constant of inhibition kinac describes the velocity of the 
irreversible inhibition.1,10,13 

 

It is vital to consider the time course of enzyme inactivators. Due to the covalent bond 

formation, the onset of inhibition is delayed and defined by slow binding kinetics.10 The 

generation of concentration-inhibition curves and IC50 values will strongly depend on the 

incubation time of the enzyme and inhibitor before substrate addition. Longer incubation 

times will cause lower IC50 values as the initial velocity (vi) of the enzyme catalysis will 

decrease over time and approach zero in the steady-state velocity (vs), once all of the 

enzyme is occupied by inhibitor (see Figure 6).13 Therefore, solely IC50 values obtained 

from the slopes corresponding to the initial reaction velocity can be used to compare 

batches of substances with common warheads to distinguish their non-covalent binding 

affinities. The subsequent phase of the two-step inhibition mechanism is defined by the 

first-order rate constant of inhibition kinac, as well as the second-order rate constant of 

inhibition k2nd = kinac/Ki, which are determined by evaluation of the time-dependent 

formation of product.13  

For the investigation of these types of inhibitors a continuous assay readout is of 

advantage, as the shape of the progress curves, depicting the product increase over time, 

will be an indicator of the inhibition modality (see Figure 6). Non-covalent, reversible 

inhibitors form a rapid equilibrium and decrease the substrate turnover, which leads to a 

linear progress curve with decreased slope of product formation compared to the enzyme 

without inhibitor. Irreversible inhibitors follow an exponential equation, where the 

velocity decreases as successively less enzyme is available. Inhibitors with a reversible 
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time-dependent inhibition will detach from the protein, leading to a resumption of activity 

and a non-linear increase in velocity.10 
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Figure 6. Progress curves of enzymatic product generation for different inhibition 
modalities. The initial velocity (vi) of product formation decreases over time for covalent 
(slowly irreversible) inhibitors and approaches zero in the steady-state velocity (vs). 

 

The rate of covalent bond formation and synonymous inactivation is described by the 

pseudo–first-order rate constant kobs, which is dependent on the inhibitor concentration 

and can be determined by fitting the progress curve to the equation:  

[𝑷] =  
𝒗𝒊

𝒌𝒐𝒃𝒔
[𝟏 − 𝐞𝐱𝐩(−𝒌𝒐𝒃𝒔 𝒕)] 

Equation 3. kobs determination for slowly-irreversible enzyme inactivators 10 

The obtained kobs values are plotted in a secondary plot versus the respective inhibitor 

concentrations. The data can be fitted by nonlinear and linear regression, depending of 

the saturation of inhibitor, which leads to a plateau in kobs values. With the use of the 

nonlinear equation, the first- and second-order rate constants can be resolved, while the 

linear equation solely provides the second order rate constant kinac/Ki. 
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𝒌𝒐𝒃𝒔 =  
𝒌𝒊𝒏𝒂𝒄 ∗  [𝑰]

[𝑰] +  𝑲𝒊
𝒂𝒑𝒑 =  

𝒌𝒊𝒏𝒂𝒄 ∗ [𝑰]

[𝑰] + 𝑲𝒊 ∗ (𝟏 +
[𝑺]
𝑲𝒎

)
  

Equation 4. Nonlinear equation for secondary plot of kobs in the determination of kinac and 
Ki for slowly irreversible enzyme inactivators.10 Correction of the apparent Kiapp to zero 
substrate concentration yields the Ki value.13 

 

𝒌𝟐𝒏𝒅 =  
𝒌𝒊𝒏𝒂𝒄

𝑲𝒊
= (𝟏 +

[𝑺]

𝑲𝒎
) ∗ (

𝒌𝒐𝒃𝒔

[𝑰]
) 

Equation 5. Linear equation for secondary plot of kobs in the determination of kinac/Ki for 
slowly irreversible enzyme inactivators.10  

 

For definitive proof of an irreversible inhibition mechanism, additional experiments 

including dialysis or jump dilution, which separate or dilute free inhibitor from the 

enzyme-inhibitor complex, should be performed. Further information on the targeted 

residues can be derived from mass spectrometry after tryptic digest, or from X-ray 

crystallography experiments.13   
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2.2 Ecto-nucleotidases 

2.2.1 Purinergic signaling 

Extracellular ATP 

Adenosine 5’-triphosphate (ATP) is an ubiquitous molecule in biological systems, which 

is involved in a wide range of physiological processes. Among other functions, it acts as a 

signaling molecule, a building block for RNA, a co-substrate for enzymatic reactions, 

provides energy in the respiratory chain and enables active transport against 

concentration gradients.14,15 Intracellular ATP concentrations are in the high micromolar 

to low millimolar range; in contrast, the basal extracellular concentrations are only 

around 2-5 nM.16–18 This ATP gradient enabled a basic evolutionary form of chemical cell-

to-cell communication.19 The sensitivity of cells towards ATP is utilized as a danger signal 

indicating damaged cells in close proximity, which release high concentrations of their 

cytosolic ATP upon disintegration.19 This basic principle of chemical transmission further 

evolved into a complex purinergic signaling network, which regulates a broad selection 

of biological activities by means of extracellular ATP and other nucleotides.20 For example, 

the damage-associated release of ATP initiates repair and defense mechanisms towards 

potential pathogens.19 Next to the lytic discharge, cytosolic ATP and other nucleotides can 

be released from intracellular storage pools by exocytosis of granules and vesicles, 

pannexin and connexin hemichannels (see Figure 7).21–23 

Purinergic receptors  

The cells involved in purinergic signaling cascades express purinergic receptors, which 

are subdivided into three groups in relation to their main ligands: the endogenous agonist 

of P0 receptors is adenine, that of P1 receptors is adenosine, whereas P2 receptors are 

activated by nucleotides like ADP, ATP, UDP and UTP.20,24 Both P0 and P1 receptors are G 

protein-coupled receptors. Adenine receptors (AdeR) were initially identified in rodents, 

and pharmacological results suggest the existence of a human ortholog.25,26 There are four 

subtypes of P1 receptors, namely adenosine A1, A2A, A2B and A3 receptors.27 P2 receptors 

are sub-classified into two distinct classes with different structures, the ATP-gated ion 

channels P2X and G protein-coupled receptors P2Y. Seven P2X receptor subunits 

(P2X1-7) and eight P2Y receptors (P2Y1, P2Y2, P2Y4, P2Y6, P2Y11-14) have been identified 
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in humans.20 An overview of purinergic receptor subtypes with their respective 

endogenous agonists is shown in Table 2. 

Table 2. Purinergic receptors and their endogenous agonists. Adapted from Lazarowski 
et al. with addition of adenine.21 

Endogeneous agonist Purinergic receptors 

ATP P2X1-7, P2Y2, P2Y11 

ADP P2Y1, P2Y12, P2Y13 

UTP P2Y2, P2Y4 

UDP P2Y6, P2Y14 

UDP-glucose P2Y14 

Adenosine A1, A2A, A2B, A3 

Adenine AdeR 

 

Physiologic and pathophysiologic purinergic signaling 

The effects of extracellular nucleotides depend the type of transmembrane purinergic 

receptors (P2, P1 and P0).20,28 The binding of an agonist elicits an activation which relays 

the signal into the cytosol inducing the activation or inhibition of enzymes like 

phospholipase C, adenylate cyclase or mitogen-activated protein kinase (MAPK) resulting 

in a change in the concentration of second messengers, e.g. calcium ions (Ca2+), reactive 

oxygen species or cyclic adenosine monophosphate (cAMP).15 ATP is a co-transmitter in 

the peripheral and central nervous system.14,18 The modulation of non-neuronal cell 

activity via purinergic signaling is prevalent in fast biologic processes like exocrine and 

endocrine secretion, platelet aggregation, vasodilatation, and nociceptive 

mechanosensory transduction.29 Moreover, slower trophic processes are induced and 

regulated by purinergic signaling including wound healing, cell differentiation, 

proliferation and apoptosis in embryonic development.15  

The following paragraphs provide examples of selected physiologic and pathophysiologic 

processes, which are relevant regarding our studies.  

Vascular fluidity 

The vascular tone of blood vessels is in part regulated by purines. P2X receptors on 

smooth muscle cells are activated by ATP released from perivascular sympathetic 

neurons, leading to a vasoconstriction. In contrast, tissue hypoxia or shear stress trigger 
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ATP liberation from endothelial cells. Intravascular ATP induces the production of nitric 

oxide (NO) by binding to endothelial P2Y and P2X receptors, which causes vasodilatation. 

The dephosphorylation product of ATP, adenosine, perpetuates the vasodilatation by 

activation of P1 receptors located on vascular smooth muscle cells.15  

Exo- and endocrine secretion 

The secretion of hormones is regulated by purinoceptors expressed on endocrine glands. 

For example, ATP and UTP decrease the secretion of estradiol and progesterone from the 

ovary, and P2Y receptors expressed on β-cells in the pancreas are controlling insulin 

release (see physiological function of NTPDase3 section 2.2.3).15  

Inflammatory processes 

Various immune cells express P1 and P2 receptors, depending on cell type and 

differentiation state.28 In general, ATP stimulates the immune response, whereas 

adenosine has the opposite effect.30 ATP elicits the inflammation process by binding to 

P2X and P2Y receptors, thereby increasing the release of mediators like histamine from 

mast cells, prostaglandins and cytokines, e.g. Interleukin-6 (IL-6),28 from immune cells.29 

These molecules activate fibroblasts or resident inflammatory cells, which in turn 

mobilize the cellular immune response.28 Additional immune cells like dendritic cells and 

macrophages are guided to sites of inflammation by purinergic chemotaxis, in which 

immune cells move along a gradient towards increasing ATP concentrations.23 The 

concentration of extracellular ATP peaks at the center of the inflammation site up to high 

micromolar levels. Once the immune cells reach this location the elevated ATP level is 

proposed to stop any further movement and facilitates cell differentiation and production 

of mediators, which reinforce inflammation.28  

The inflammation-promoting signaling of ATP is terminated by hydrolysis of the 

nucleotide by ecto-nucleotidases. The degradation product adenosine binds to P1 

receptors, which typically have the opposite effect of P2 receptors.23 Adenosine exerts 

anti-inflammatory effects and acts as an immune-regulatory feedback modulator, thereby 

reducing the risk of pathological inflammation and promoting wound healing.15,23,28 

Furthermore, adenosine has cardioprotective, anti-nociceptive, neuroprotective and pro-

angiogenic effects. 
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Pathologic purinergic signaling 

Several diseases have been associated with purinergic signaling, e.g. atherosclerosis, 

ischemia-reperfusion injury, autoimmune reactions, and cancer.15 Tumor cells contain 

mutations and alterations in gene expression, which, for example, increase their 

proliferation rates or increase their resistance to apoptosis. As a result, solid cancerous 

tissues are characterized by tissue hypoxia and the release the hypoxia-inducible factor 

1α (HIF-1α).31 Inter alia, this factor increases the production of extracellular adenosine 

from ATP by upregulation of nucleotide-degrading enzymes in both resident, as well as 

recruited inflammatory cells.31 This endogenous feedback loop aims to dampen exuberant 

inflammatory and autoimmune reactions and promotes healing via adenosine receptors 

in normal tissues.31,32 However, cancer cells and some pathogens like bacteria take 

advantage of this anti-inflammatory pathway by releasing increased concentrations of 

ATP in concert with high expression of nucleotide-degrading enzymes in order to 

facilitate immune escape.  

Novel pharmaceutical approaches in cancer treatment include the abrogation of 

immunoevasive mechanisms mediated by HIF-1α and other hypoxia-response 

elements.33 Next to a reduction of adenosine signaling, increased concentrations of ATP 

were demonstrated to contribute to the treatment of cancers by inhibiting tumor growth, 

protecting healthy tissue from chemo- and radiation therapy, and reduction of cachexia 

including decreased weight loss, anorexia and hormonal imbalances.15 Potential modes of 

action include selective modulation of P1 and P2 receptors, inhibition of extracellular ATP 

degradation and enhancement of ATP release from intracellular compartments.32,34  

For example, the adenosine A2AR antagonist, ciforadenant was shown to be an effective 

therapeutic in cancer treatment as inhibitor of the hypoxia-A2-adenosinergic 

pathway.33,35,36 The compound is able to reactivate tumor-reactive T and natural killer 

cells and thereby reverses the immunosuppression in cancerous tissues.36 The compound 

is a potential drug for monotherapy or in combination, e.g. with PD-1 blockade, for the 

therapy of selected cancers.36 In the future, multi-targeted combinations of immune 

therapies for cancer can potentially overcome the blockade of immunosuppressive 

regulators and thereby decrease the dose of and resistance to individual blocking 

antibodies and therapeutics.33,35,36 
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2.2.2 Nucleotide metabolism 

The aforementioned purinergic signaling activities of nucleotides via P2 receptors, and of 

nucleosides via P1 receptors, are controlled by receptor desensitization or 

downregulation, and most importantly through removal of agonists by ecto-

nucleotidases.37 The concerted actions of the ecto-nucleotidase network transforms an 

ATP-induced inflammatory environment into an immunosuppressive, anti-inflammatory 

environment through the generation of adenosine.32 In brief, extracellular ATP and other 

nucleotides are cleaved into phosphates and nucleosides, which are able to re-enter the 

cells via nucleoside transporters and are recycled by nucleotide resynthesis.38 There are 

four main groups of ecto-nucleotidases including ecto-nucleoside triphosphate 

diphosphohydrolases (E-NTPDases), ecto-5′-nucleotidase (eN, CD73), ecto-nucleotide 

pyrophosphatases/ phosphodiesterases (E-NPPs) and alkaline phosphatases (APs) (see 

Figure 7).37 These enzymes are mostly associated to cell membranes but some can be 

shedded in extracellular vesicles or excreted in their soluble form.39  

The most prominent group of enzymes contributing to the degradation of extracellular 

nucleoside triphosphates (NTPs) and nucleoside diphosphates (NDPs) are the E-

NTPDases, which will be discussed in detail in section 2.2.3.37  

Alternatively, AMP may be generated by NPP1-NPP3 from a variety of substrates, 

including NTPs, NDPs, nicotinamide dinucleotide (NAD+), flavin adenine dinucleotide 

(FAD), UDP sugars and dinucleoside polyphosphates, by hydrolysis of pyrophosphate and 

phosphodiester bonds.37 ATP is directly hydrolyzed by NPPs to AMP by cleaving off 

diphosphate (pyrophosphate/PPi). The enzymes NPP1-3 have a wide tissue distribution 

and are often localized on epithelial surfaces, e.g. in lung, liver, kidney and intestine.37 

NPP1 (also named CD203a) has a high expression in bone and cartilage. Here, its function 

is essential for the control of calcification homeostasis by generation of PPi, which is an 

important inhibitor of bone mineralization and vascular smooth muscle calcification.22 An 

additional pathway for adenosine production is the concerted action of CD38 and NPP1. 

NAD+ is converted to nicotinamide and ADP-ribose (ADPR), which is subsequently 

metabolized to AMP by NPPs.40 CD38 is a cell-surface marker with receptor and enzymatic 

functionalities. It contributes to the ecto-nucleotidase network by NAD+ glycohydrolase, 

ADP-ribosyl cyclase and cyclic ADP-ribose hydrolase activities.40 CD38 was identified as 

an immune checkpoint, which is upregulated in hematological cancers and correlated 
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with the resistance towards PD-1 inhibitors.36 Hence, the monoclonal antibody 

daratumumab, which binds to and inactivates CD38, was developed by Janssen Biotech 

and is clinically used for the immunological treatment of cancers.32 

 

Figure 7. Principal pathways of nucleotide metabolism: Endogenous ATP is released 
upon cell damage or via non-lytic mechanisms of vesicular exocytosis (VE), connexin 
hemichannels (Cx), and other ion channels and transporters; Purinergic signaling via 
nucleotide (P2X and P2Y) and adenosine (P1) selective receptors; Extracellular 
nucleotide metabolizing enzymes include nucleoside triphosphate diphosphohydrolase 
(NTPDase), nucleoside pyrophosphatase /phosphodiesterase (NPP), NADase (CD38), 
alkaline phosphatase (AP), prostatic acid phosphatase (PAP), ecto-5‘-nucleotidase (CD73) 
and adenosine deaminase (ADA); Counteracting adenylate kinase-1 (AK1) and nucleotide 
disphosphokinase (NDPK) contribute to the regeneration of extracellular ATP via 
reversible phosphotransfer reactions; Additional substrates for nucleotide metabolism 
include diadenosine tetraphosphate (Ap4A), adenosine diphosphate ribose (ADPR), and 
nicotinamide adenine dinucleotide (NAD+), releasing nicotinamide (NAM) and 
nicotinamide mononucleotide (NMN) upon hydrolysis; Adenosine uptake by nucleoside 
transporters (NT); Intracellular adenosine metabolism depends on the cytoplasmatic 
form of adenylate kinase (ADK-S), and the enzymes NDPK, AK, ADA and cytosolic 
nucleotidase (cN-I); Figure adapted from Boison and Yegutkin 2019 and Zimmermann et 
al. 2012.32,37 
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All aforementioned enzymes generate nucleoside monophosphates, which are 

predominantly hydrolyzed to nucleosides by CD73. In particular, CD73 transforms AMP 

to adenosine. The structure and function of CD73 is further detailed in section 2.2.4.  

Aside from CD73, adenosine can be produced by alkaline phosphatases (AP).30 This family 

of enzymes is expressed in essentially all mammalian tissues, and is able to sequentially 

dephosphorylate nucleoside triphosphates to the respective nucleoside.37 Their pH 

optimum is in the high alkaline range (>9), and each catalytic site contains three metal 

ions, two Zn2+ ions, and one Mg2+ ion that are essential for catalytic activity.37 The tissue 

non-specific AP interferes with NPP1 activity in bone tissue by hydrolyzing PPi, thereby 

preventing the accumulation of the mineralization inhibitor PPi, one of the products of 

NPP1.22 

Extracellular adenosine can be further transformed to inosine by adenosine deaminase or 

it can be salvaged by cellular reuptake. ATP is recycled by extracellular and intracellular 

pathways: A minor portion of extracellular ATP is regenerated by the activity of adenylate 

kinase-1 (AK1) and nucleotide diphosphokinase (NDPK), performing reversible 

phosphotransfer reactions.32 The majority of ATP is produced by cellular reuptake of 

adenosine and its rephosphorylation by cytoplasmic adenosine kinase (ADK-S) to AMP. 

Two more phosphates are added by cellular AK and NDPK reconstructing intracellular 

ATP (see Figure 7).30,32 

 

2.2.3 Ecto-nucleoside triphosphate diphosphohydrolases (E-NTPDases) 

E-NTPDases are the most prominent enzyme family contributing to the degradation of 

extracellular NTPs and NDPs to NMPs (see Figure 8). Therefore, they are a major factor 

in the control of purinergic signaling via nucleotide (P2) and indirectly via adenosine (P1) 

receptors.37 The hydrolysis of extracellular nucleotides prevents the activation and 

desensitization of P2 receptors and affects the activation of P2Y1, P2Y6, P2Y12 and P2Y13 

receptor subtypes by generation of NDPs.41 Consequently, the activity of an ATP-activated 

receptor can be downregulated in favor of an ADP-specific receptor by the actions of 

E-NTPDases2, -3 and 8. NTPDase1 (CD39) in turn prevents signaling at ADP-specific 

receptors, as the enzyme directly catalyzes the hydrolysis to AMP, without intermediate 

ADP release. In addition, NTPDases were proposed to interact with intracellular proteins, 
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like Ran-binding protein microtubule-organizing center (RanBPM), and to modulate 

extracellular-signal-regulated kinase (ERK)/Ras signaling pathways.22 

 

 

Figure 8. Ecto-NTPDase-catalyzed hydrolysis of adenosine nucleotides. The ATP:ADP 
hydrolysis ratios of CD39 and NTPDases-2, -3 and -8 are 1–1.5:1, 10–40:1, 3–4:1 and 2:1, 
respectively. Thus, the hydrolysis of ADP by NTPDase2 is not relevant in practice.41–43 

 

In humans the NTPDase family comprises eight isoforms. Among these, four subtypes are 

located in the cell membrane, namely NTPDase1 (CD39), -2, -3 and -8. NTPDase4 and -7 

are exclusively found in membranes of intracellular organelles, while NTPDase5 and -6 

can be expressed on the cell surface or be secreted as soluble exoenzymes.41  

 

Structure of ecto-nucleoside triphosphate diphosphohydrolases (E-NTPDases) 

In general, the ecto-NTPDases consist of two transmembrane domains and a large 

extracellular loop which contains the catalytic domain. Their molecular weight is 

approximately 70 to 80 kDa.37 The N- and C-termini are located intracellularly, and the N-

termini are glycosylated.37 Although the enzymes originate from the same family, their 

amino acid identity is not very similar (see Table 3 for sequence alignment of human 

NTPDases). Five highly conserved sequence motifs, the so-called apyrase-conserved 

regions (ACRs), were identified and found to be essential for catalytic activity and 

substrate specificity.37,44 For example, exchanging one amino acid in ACR1 was proven to 

restrict the catalytic competence of CD39 from being able to hydrolyze both, NTPs and 

NDPs, to a pure ADPase.45,46 
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Table 3. Sequence alignment of human NTPDase isoforms created with EMBOSS needle 

 NTPDase 
isoform 

Identity % 

 
1 2 3 4 5 6 7 8 

S
im

il
a

ri
ty

 %
 

1 
 

38.9 35.3 23.0 23.9 21.1 23.6 43.0 

2 56.0 
 

38.1 24.7 22.4 20.8 25.4 42.6 

3 53.8 55.6 
 

22.8 22.1 19.4 22.7 37.5 

4 39.8 36.5 36.4 
 

19.3 21.5 61.3 22.2 

5 37.6 34.2 34.8 32.1 
 

41.7 20.1 23.7 

6 34.5 31.1 32.3 31.3 54.1 
 

20.4 20.1 

7 38.2 35.9 35.9 74.8 33.5 31.5 
 

21.8 

8 60.1 58.7 53.2 36.1 36.4 35.1 38.2 
 

 

Ecto-NTPDases have been shown to form di- or oligomers on cell-surfaces.47,48 

NTPDase1-3 were found to predominantly exist as dimers and tetramers. The state of 

oligomerization is correlated with increased catalytic activities compared to monomers. 

The enzymatic activity of ecto-NTPDases is influenced by interactions of the 

transmembrane domains, since mutants deficient of one or both of these domains tend to 

oligomerize less and show decreased enzymatic activity.37,48 For example, soluble CD39, 

which lacks both transmembrane domains, has a decreased catalytic activity and an 

altered substrate specificity: while the membrane-bound form almost immediately 

hydrolyzes ATP to AMP, the soluble isoform releases the intermediate ADP.48 

The optimal catalytic conditions of CD39 and NTPDases2, -3 and -8 are found at 

physiological extracellular pH (pH = 7–8) and in the presence of millimolar concentrations 

of divalent cations like Ca2+ or Mg2+ ions as cofactors.38 The enzymes sequentially 

hydrolyze the terminal phosphates of NTPs and NDPs, to NMPs at the same active site.37,49 

This entails that the nucleoside binding site is highly flexible and can adopt both relaxed 

and stretched conformations to accommodate NTPs and NDPs. However, this flexibility 

results in a loss of substrate specificity. At the start of the catalytic process the enzyme’s 

catalytic center forms a complex with a divalent cation. Then the nucleotide binds to the 

active site in its open conformation and thereby induces a domain closure motion, which 

encloses the metal-nucleotide complex. The hydrolysis is facilitated by a nucleophilic 

attack of a base-activated water molecule on the terminal phosphate group. The 
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negatively charged transition state is stabilized by proton-donating phosphate binding 

loops and the divalent metal ion cofactor.49 

Despite the closely related catalytic centers, the subtypes differ in their substrate 

preferences, illustrated by varying Km values for the respective nucleotides (see Table 

4).37,38,42 CD39 has an almost equal affinity for ATP and ADP, whereas NTPDase2 mainly 

recognizes NTPs as substrates.37,42 NTPDase3 and NTPDase8 are functional intermediates 

between CD39 and NTPDase2 with respect to their substrate affinities. The substrate 

preferences are collected in Table 4. High binding affinities are indicated by low Km 

values. 

Table 4. Substrate preferences of human ecto-NTPDases (modified from Zimmermann 

et al. 2012,37 Kukulski et al. 2005 and,42 NTPDase8 from Fausther et al. 2006)50 

 

To date, no crystal structure of the human CD39 is available. Homology models of the 

extracellular domain were built based on X-ray structures of rat CD39 (PDB: 3ZX3)51 and 

rat NTPDase2 (PDB:4BR5) as templates (see Figure 9).52  

The generation of crystal structures was successful for the extracellular domain of rat 

NTPDase2 (PDB-ID: 3CJA, 3CJ1, 3CJ9, 3CJ7).53 This enabled the generation of co-crystals 

with substrate analogs (e.g. Adenylyl imidodiphosphate (AMPPNP), PDB-ID: 4BR5)49 and 

inhibitors (e.g. PSB-071, PDB-ID: 4CD1, 4CD3),54 which gave critical insights into the 

residues involved in the catalytic mechanism and substrate specificity. No crystal 

structures of NTPDase3 and NTPDase8 are available so far. 

 

Protein name Main substrates Substrate affinity (Km), µM 

NTPDase1 (CD39) NTP, NDP ATP (17) ~ ADP (22) > UTP (47) > UDP (135) 

NTPDase2 NTP ATP (70) > UTP (393) 

NTPDase3 NTP, NDP ADP (31) > UTP (58) > UDP (65)> ATP (75) 

NTPDase8 NTP, NDP ATP (81) > ADP (137) > UDP (241) > UTP (480) 
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Figure 9. Homology model of human CD39 with docked ATP as substrate (in green) and 
a Ca2+ ion as a cofactor (in black).52 The five apyrase-conserved regions (ACR) are marked 
in red. The transmembrane domains are not part of the homology model and were added 
manually to the representation. The overall sequence identities of human CD39 with rat 
CD39 and rat NTPDase2 are 74.2%, and 45.3%, respectively. 

 

Expression, physiological function and related diseases 

Ecto-NTPDases are ubiquitously expressed in humans and have a broad tissue 

distribution.41,55 The following paragraphs aim to provide an overview of the distinct 

expression patterns, related physiologic functions and diseases that may be treated by 

targeting the respective cell-surface NTPDases. 

 

NTPDase1 (CD39) 

NTPDase1 was initially identified as a cluster of differentiation (CD39) and lymphocyte 

activation marker. Through its expression on monocytes, natural killer, dendritic, and 

subsets of activated T cells it plays an important role in purinergic signaling and controls 

the cellular immune response by hydrolyzing inflammatory ATP.17,56–58 Regulatory T cells 

can be differentiated from resting or activated T cells by evidence of CD39 on the cell 

surface. Furthermore, CD39 is the most prominent ecto-nucleotidase in various tissues 

including the vascular endothelium and thrombocytes, where it modulates vascular 



2.2 Ecto-nucleotidases  Dissertation, 2022 

29 

inflammation and thrombosis. An increased enzyme activity contributes to cerebro- and 

cardioprotection, by hydrolysis of the prothrombotic ADP.59 CD39 on the surface of 

vascular smooth muscle cells regulates the nucleotide-dependent vasodilation facilitated 

by P2Y receptors.60  

Next to the cell-surface, CD39 was identified on microparticles hinting at a role in the 

exchange of signals between leucocytes and vascular cells.37,61 Active forms of soluble 

CD39 are scarcely found under physiological conditions.37 Artificial constructs of soluble 

NTPDases were investigated as antithrombotic drugs (e.g. chimeric CD39-CD73-

ectodomain proteins or CD39-human serum albumin fusion proteins).22,32,62,63 CD39 was 

found in both membranes and in exosomes of diverse cancer cell types, where it 

suppresses the immune response by generation of adenosine.37,64 Therefore, activators of 

CD39 would have immunosuppressive effects, whereas inhibitors would promote the 

immune function.  

CD39 expression is elevated in patients with chronic obstructive pulmonary disease 

(COPD), especially during acute exacerbations.65,66 Chronic pulmonary and systemic 

inflammations are often induced and worsened by bacterial or viral infections. 

Microorganisms are reported to express ecto-nucleotidases on their cell surface in order 

to escape immune reactions of the host.67 Blocking CD39 on T cells is investigated as novel 

treatment approach to activate the autoimmune response and to reduce the use of 

antibiotics.65  

Another field of application for CD39 inhibitors is regenerative medicine. Hematopoietic 

transplants are performed with stem cell-enriched peripheral blood.68 Elevated ATP 

levels stimulate the chemotaxis and release of hematopoietic stem progenitor cells.67 A 

therapy, which intentionally increases ATP concentrations by inhibition of CD39 is 

proposed to boost stem cell mobilization from the bone marrow. In an in vivo study, mice 

preconditioned with CD39 and CD73 inhibitors, ARL67156 and α,β-methylene adenosine 

5'-diphosphate (AMPCP), exhibited increased mobilization of bone marrow-residing stem 

cells into the peripheral blood.69 Hence, CD39 inhibitors may be added to the treatment 

regime of stem cell transplants in order to achieve sufficient quantities of stem cells for 

lifelong hematopoiesis in patients.68,69 
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The link between CD39 and cancer is broadly investigated in current research papers.70–

72 The enzyme was shown to stimulate tumor growth and increase metastasis.73–78 

Moreover, the expression of CD39 was found to be a predictor of disease progression (e.g. 

in gastric cancer).79,80 CD39 is often the rate-limiting ATPase in the tumor 

microenvironment and facilitates a mechanism of immune-escape by the generation of 

immuno-suppressive adenosine.77 The development of CD39-inhibiting small molecules 

and antibodies is a promising strategy to restore the antitumor immune response and 

adjuvant antitumor therapy.74,75,78  

In conclusion, CD39 is a promising target for the modulation of several pathological 

conditions. Activators of the enzymes could be applied in the treatment of autoimmune 

diseases, atherosclerosis, ischemia-reperfusion injury; whereas inhibitors would be 

useful in the therapy of acquired immune deficiency syndrome (AIDS), infections, and 

cancers.57,78,81–84 

NTPDase2 

The NTPDase2 enzyme hydrolyzes ATP and UTP, but shows a significantly decreased 

dephosphorylation of dinucleotides, leading to accumulation of ADP and UDP. Thereby, 

the enzyme modulates the activation of ADP and UDP receptors, namely P2Y1, P2Y11, 

P2Y12, and P2Y13 by generation of ADP, and P2Y6, and P2Y14 by the generation of UDP. 

NTPDase2 is expressed in a broad variety of tissues, including brain, muscle and testis.85 

The enzyme controls purinergic signaling in embryonic development of the nervous 

system and in the initiation of eye formation.22,85,86 Furthermore, NTPDase2 was found on 

astrocytes and glial cells in the central and peripheral nervous system and is present in 

gastrointestinal epithelia, such as salivary cells and type 1 cells of taste buds, where it 

contributes to taste transduction.37 NTPDase2 is named CD39-like enzyme 1 (CD39L1) in 

immunological contexts, and was identified in a variety of tumor cells.37  

Finally, NTPDase2 contributes to vascular integrity and homeostasis. Upon injuries large 

amounts of ATP are released on the surface of vascular adventitial cells and are locally 

converted by the membrane-bound NTPDase2 to ADP. The nucleotide differentially 

activates P2Y1 and P2Y12 receptors on platelets leading to thrombosis and sealing of the 

wound. In addition, high concentrations of ADP inhibit CD73, preventing the formation of 

adenosine, which has opposing, namely antithrombotic and vasodilator effects. Therefore, 
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selective inhibitors of NTPDase2 could be beneficial in antithrombotic and 

cardioprotective treatments. 

NTPDase3 

An alternative, but rarely used name for NTPDase3 is CD39-like enzyme 3. NTPDase3 is 

found in the brain, where it is hypothesized to regulate pre-synaptic concentrations of 

extracellular ATP and to influence feeding, sleep–wake and other behaviors in concert 

with P2X receptors.22,85 On account of its expression pattern and involvement in the 

control of nociceptive nucleotide transmission, NTPDase3 represents a potential target 

for research on neuroinflammatory and neurodegenerative diseases.37 

NTPDase3 is co-expressed with other ecto-nucleotidases on epithelial surfaces including 

airways, kidneys, reproductive and digestive systems.37 The enzyme is concentrated in 

Langerhans islet cells of the pancreas, where it modulates the activation of P2 receptors.87 

The insulin release from a rat β-cell line (INS-1 (832/13)) was increased by inhibition of 

NTPDase3.85,87 Consequently, potent inhibitors of NTPDase3 are promising drugs, that 

could be utilized to stimulate glucose-induced insulin secretion. 

NTPDase8 

NTPDase8 is expressed at high concentrations in inner organs including kidney and 

intestine.37,41 The enzyme is the main ecto-nucleotidase in the liver,50 where it is abundant 

in bile canaliculi and blood vessels and is therefore proposed to regulate bile secretion 

and reabsorption of nucleosides.22,85 

Small molecule modulators 

As detailed in the previous paragraphs, NTPDases influence several physiological and 

pathological conditions. Their enzymatic activity can potentially be increased or inhibited 

by small molecules or antibodies. So far, no positive allosteric modulators of CD39 and 

other ecto-NTPDases are known. In comparison to purinergic receptors, an advantage of 

targeting NTPDases is that these enzymes potentially require lower doses for the same 

pharmacological effect as, e.g. adenosine receptor antagonists. NTPDase inhibitors are 

expected to have a broad therapeutic range.  
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An ideal inhibitor should be selective and not affect the activation of nucleotide receptors 

or other ecto-nucleotidases. The selectivity is more important for pharmacological tool 

compounds than for drugs. Pharmacological tool compounds are selective inhibitors and 

utilized to study a target’s effect on physiological and pathological processes in in vitro 

and in vivo studies. The modulator should be stable in the context of its application, e.g. 

show chemical stability in the assay system, and metabolic stability for use in vivo. This 

entails the resistance to degradation by the target enzyme and a reasonable elimination 

half-life in human and model organisms.88  

However, the development of potent and specific small molecular inhibitors of NTPDases 

has so far been met with limited success. In general, NTPDase inhibitors are classified into 

nucleotide analogs, which mimic the substrates or products of NTPDases, and non-

nucleotides. The latter group includes polyoxometalates, anthraquinone derivatives and 

heterocyclic compounds.88 The following sections aim to give an overview of the current 

ecto-NTPDase inhibitor classes, recommendations for their application and an 

assessment of their potential for drug development. Table 5 to Table 8 summarize the 

most potent inhibitors for the respective isoenzymes from each publication along with 

their potencies.  

Classic inhibitors of ecto-NTPDases include suramin (and its derivative NF279), 

sulfonate dyes like reactive blue 2 (E-31), PPADS (pyridoxal phosphate-6-azophenyl-

2′,4′-disulfonic acid), and BG0136 (1-naphthol-3, 6-disulfonic acid).89,90 These 

compounds are only moderately potent and non-selective with regard to P2 receptors, 

which antagonizes the intended effect and therefore limits their usefulness in complex in 

vitro and in vivo experiments.87,90  

Nucleotide analogs have been studied intensely as CD39 and NTPDase inhibitors. The 

resistance of substrate analogs towards hydrolysis by the enzymes is crucial for their 

effectiveness. Adenine derivatives with electron-donating groups at C8 were shown to be 

more resistant to hydrolysis than 8-unsubstituted nucleotides.91,92 8-BuS-ATP (E-3), 

8-BuS-ADP and 8-BuS-AMP(E-4) were shown to be competitive inhibitors of CD39 with 

low micromolar potencies (Ki = 0.8 μM see Table 5). They do not modulate P2 receptors, 

but their high polarity is a challenge for drug development.91,92 From this series, 

8-BuS-AMP (E-4) is a promising lead structure for derivatization and drug development. 

ARL67156 (E-1) and its derivatives (e.g. the 8-BuS-analog (E-2)) are multi-NTPDase 
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inhibitors and were proposed to be stable towards hydrolysis by NTPDases, because the 

cleavage site is blocked by a β,γ-dibromomethylene moiety.93 Yet their metabolic stability 

towards liver microsomes proved to be poor.94 Currently, ARL67156 (E-1) is the only 

commercially available small molecule NTPDase/CD39 inhibitor and therefore frequently 

used in both in vitro and in vivo studies.95–97 In light of its recently discovered poor 

metabolic stability, the inhibitor should only be used in in vitro assay systems.94  

The related structure 2-hexylthio-β,γ-methylene-ATP (E-19) is a mixed-type, 

predominantly competitive, selective inhibitor of NTPDase2 (see Table 6).98 The 

substitution at the C2-position is proposed to be important for its inhibitory potency and 

selectivity (Ki =21 μM).98 The uncharged nucleotide analog PSB-6426 (E-20), an uridine-

5’-carboxylic acid derivative, is a selective inhibitor of NTPDase2 (NTPDase2: Ki = 8.2 μM, 

CD39: IC50 ≈ 1000 µM).99 It is metabolically stable and does not interact with P2Y2-, P2Y4- 

and P2Y6 receptors.99 Due to its uncharged state at a physiological pH value of 7.4, and 

due to its chemical as well as metabolic stability, this compound has the potential for per 

oral bioavailability.99 So far, it has not been further studied in cell-based or in vivo 

experiments.  

Polyoxometalates (POMs) are covalently bridged cluster compounds, which were 

reported to exert pharmacological effects by modulation of extracellular targets. POMs 

are generally stable, but their high molecular mass and multiple negative charges restrict 

their oral bioavailability, as they are not able to pass through epithelial cells.100 PSB-POM1 

(E-5) and PSB-POM142 (E-6) are potent inhibitors of CD39 and NTPDase3 (see Table 5 

and Table 7), but also block the activity of several other ecto-nucleotidases, in particular 

NPP1.100,101 PSB-POM142 (E-6) is among the most potent CD39 inhibitors described so 

far (Ki = 3.88 nM).100 PSB-POM1 (E-5) is commercially available and was successfully 

applied in in vivo experiments, where it increased the activity of natural killer cells in mice, 

leading to less metastases in various tumor models.102 However, its multi-targeted 

inhibition of various ecto-nucleotidases including NPP1 and AP,100 but also off-target 

effects on synaptic transmission are challenges for the interpretation of more complex 

animal models.32,103  

Anthraquinones were developed from the classic NTPDase inhibitor reactive blue 2 

(E-31). The study of structure-activity-relationships and the synthesis of derivatives 

generated potent and selective inhibitors of NTPDase2 and NTPDase3 (E-21 - E-23 and 
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E-32, E-33, see Table 6 and Table 7).104 A crystal structure of rat NTPDase2 with 

PSB-071 (E-23) was published, which illuminated the binding mode of this compound 

(PDB-ID: 4CD1, 4CD3).54 In the crystal structure of rat NTPDase2 two molecules of 

PSB-071 (E-23) were bound sandwiched near the active site. Interestingly, this 

anthraquinone (E-23) was no particularly potent inhibitor of human NTPDase2 (rat 

NTPDase2: IC50 = 12.8 µM; human NTPDase2: IC50 > 2 µM (22 % inhibition)).105 

Comparison of selective NTPDase2 and -3 anthraquinones, reveals that NTPDase2 

inhibitors have more lipophilic residues, such as polynuclear-aromatic rings, while 

NTPDase3 inhibitors bear smaller polar substituents.105 The most potent NTPDase2 

inhibitor, compound E-21 (PSB-16131) was characterized as a non-competitive inhibitor, 

and NTPDase3 was inhibited with a mixed-type inhibition by compound E-33 

(PSB-1011). The anthraquinone scaffold bears the disadvantage of a polar sulfonate 

function, which decreases its membrane permeability. Furthermore, the blue to green 

color of the compounds potentially interfere with in vitro assay readouts. In consequence, 

anthraquinone derivatives cannot be applied universally, but are useful tool compounds 

for the study of NTPDase2 and NTPDase3. 

Clopidogrel (E-8) and ticlopidine (E-9) are prodrugs used in anti-thrombotic 

prophylaxis of stroke and heart infarction.106,107 Oxidative metabolism of both drugs 

generates cysteine-reactive derivatives, which block the pro-thrombotic activity of P2Y12 

receptors. Compounds E-8 and E-9 were shown to directly inhibit CD39 activities.108 This 

inhibition was confirmed in subsequent studies, although the compounds were found to 

be less potent that previously reported (see Table 5).108–110 A ticlopidine-related 2-

substituted thienotetrahydropyridine (E-10) was demonstrated to be an equally potent 

inhibitor of CD39 as ticlopidine (E-9) and it additionally decreased the activity of CD73.110 

The substitution at the 2-position prevents oxidative metabolism to reactive thiols. 

Ticlopidine (E-8) and its 2-substituted derivative (E-10) have a limited water solubility 

at pH 7.4 and are not sufficiently potent to be recommended as tool compounds, but the 

scaffold is promising for the development of drug-like inhibitors of CD39.  

In recent years, a series of papers on ecto-NTPDase inhibitors were published by Prof. 

Iqbal’s group, which focus on the synthesis and characterization of heterocyclic 

scaffolds. These include Schiff bases of tryptamine, oxoindolines, quinolines, and 

thiadiazolopyrimidones.111–117 The compounds were studied for their in vitro inhibitory 

potency on all ecto-NTPDases. The most potent derivatives for each isoenzyme are 
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collected in Table 5 to Table 8. The compounds inhibited all ecto-NTPDases in the 

micromolar to nanomolar range, each series containing NTPDase subtype-selective 

compounds as well, e.g. E-25 (NTPDase2: IC50 = 0.16 µM).114 

The most potent CD39-inhibiting Schiff bases of tryptamine, E-11 proved to be less potent 

in our hands (future publication, data not shown). In addition, Schiff’ base E-11 was found 

to be hydrolytically unstable and is therefore not a suitable pharmacological tool 

compound.  

The oxoindolines E-35 and E-36 were potent inhibitors of NTPDase3 (E-35: IC50 = 

0.30 µM; E-36: IC50 = 0.30 µM).113,114 The carbothioamide E-35 exhibited some selectivity 

and did not affect NTPDase2 and -8, but carboxamide E-36 inhibited the other ecto-

NTPDases with equal potency (see Table 7). Interestingly, different types of inhibition 

were determined (E-35 non-competitive, E-36 competitive) although the structures are 

closely related. As NTPDase3 is connected to the control of insulin release, the effects of 

both compounds, E-35 and E-36, were tested in mice Langerhans islets. The compounds 

successfully decreased the ecto-nucleotidase activity and increased insulin 

secretion.113,114 The authors of the study claim that the conducted experiments qualify 

compound E-36 to be a valuable pharmacological tool compound,113 but since this 

inhibitor cannot discriminate the functions of ecto-NTPDase isoenzymes, it cannot be 

recommended for this purpose by the author of this thesis.  

Quinoline derivatives have high inhibition efficiencies as multi-NTPDase inhibitors. The 

most potent inhibitor of CD39 had a non-competitive inhibition type, while NTPDases2, -3 

and -8 were competitively inhibited by the respective derivatives.116,117 Compound E-44 

exhibited a competitive inhibition of NTPDase8 with more than 100-fold selectivity 

towards the other tested ecto-NTPDases (E-44: IC50 = 0.65 µM, see Table 8).117 Since there 

are so far no suitable inhibitors of NTPDase8, this compound should be further studied 

for its potential as a pharmacological tool compound. Due to their similar structures to 

purines, tryptamine and quinoline derivatives might penetrate cells and induce 

unintended off-target effects.103 

Thiadiazolopyrimidones were characterized as unselective inhibitors of all ecto-

NTPDases with an emphasis on NTPDase8 (see compound E-45 in Table 8).115 The 

synthesis of these compounds was previously published along with their characterization 



Laura Schäkel   2 Introduction 

36 

as non-specific inhibitors of human alkaline phosphatases (h-TNAP and h-IAP) with 

potencies in the low micromolar range;118 which is lower than the reported inhibition 

constants for ecto-NTPDases.115  

In summary, the heterocyclic compounds from Prof. Iqbal’s group were mostly 

unselective ecto-NTPDase inhibitors, some of which have relatively high reported in vitro 

potencies. The effects on other targets involved in nucleotide metabolism were not 

studied or not referenced.115,118 Therefore, further studies confirming the potencies in 

orthogonal assay systems, selectivity and chemical as well as metabolic stability need to 

be conducted by independent laboratories.  

In a virtual screening effort based on a homology model of CD39 a triazinoindole 

derivative (SMI211, E-18) was identified and characterized as a CD39 inhibitor (IC50 = 

27.42 µM).119 Compound E-18 was reported to inhibit AMP generation and proliferation 

of colorectal cancer cell lines (HT29 and MC38). As the Km value of CD39 was increased in 

the presence of 100 µM inhibitor, a competitive inhibition type was proposed.119 These 

findings warrant further studies and identify SMI211 (E-18) as an interesting starting 

point for the design of derivatives with improved potencies.  
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Table 5. Representative small molecule inhibitors of human NTPDase1 (CD39) 

# 
E- 

Name  
(No. in original 
publication) 

Structure Potency at human 
CD39 

Potencies at relevant 
human ecto-
nucleotidases 

  Nucleotide-analogs   
1 ARL67156 

 

Ki = 11 µM93 
Ki = 0.973 µM94 

NTPDase3: Ki = 7.94 µM 
CD73: Ki = 0.451 µM 
NPP1: Ki = 4.41 µM94 

2 PSB-172102 (31) 

 

Ki = 1.13 µM94 NTPDase2: Ki = 22.2 µM 
NTPDase3: Ki = 1.54 µM 
CD73: Ki = 0.831µM 
NPP1: Ki = 5.17 µM94 

3 8-BuS-ATP (1) 

 

Ki = 0.8 µM91 Selective vs. other ecto-
NTPDases (IC50 > 100 µM)91 

4 8-BuS-AMP (10) 

 

Ki = 0.8 µM91 Selective vs. other ecto-
NTPDases (IC50 > 100 µM)91 
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Table 5. continued 
# 
E- 

Name  
(No. in original 
publication) 

Structure Potency at human 
CD39 

Potencies at relevant 
human ecto-
nucleotidases 

  Polyoxometalates   
5 PSB-POM1 

 

Na10[H2W12O40)·21 H2O 

Ki = 0.800 µM100,101 NTPDase3: Ki = 0.663 µM 
NPP1: Ki = 0.0118 µM100,101 

6 PSB-POM142 (5) 

 

K10[Co4(H2O)2(PW9O34)2]·22 H2O 

Ki = 0.00388 µM100 NTPDase2: Ki = 0.0882 µM 
NTPDase3: Ki = 0.0596 µM 
NPP1: Ki = 0.069 µM100 

  Anthraquinones   
7 1-Amino-2-sulfo-4-(2-

naphthylamino) 
anthraquinone (18) 

 

ratCD39: IC50 = 0.328 
µM104 
humanCD39: IC50 > 2 
µM 105 

Rat NTPDase2: IC50 = 19.1 
µM 
Rat NTPDase3: IC50 = 2.22 
µM104 
Human ecto-NTPDases IC50 
> 2 µM105 

  Heterocycles   
8 Clopidogrel 

 

Ki = 10 µM108 
IC50 = 113 µM110 

Selective vs. other ecto-
NTPDases (IC50 > 100 
µM)109 

9 Ticlopidine 

 

Ki = 14 µM108 
IC50 = 81.7 µM (non-
competitive)110 

Selective vs. other ecto-
NTPDases IC50 > 100 
µM109,110 
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Table 5. continued 
# 
E- 

Name  
(No. in original 
publication) 

Structure Potency at human 
CD39 

Potencies at relevant 
human ecto-nucleotidases 

10 2-substituted thienotetra-
hydropyridine (32) 

 

IC50 = 84.8 µM 
(non-competitive)110 

soluble CD39: IC50 = 45.2 µM 
CD73: IC50 = 45.8 µM110 

11 Schiff base of tryptamine 
derivative (6) 

 

Ki = 0.021 µM 
(competitive)111 

NTPDase3: Ki = 0.112 µM 
NTPDase8: Ki = 0.220 µM111 

12 Oxoindolin phenyl 
hydrazine 
carbothioamide 
derivative (8e) 

 

IC50 = 0.15 µM (non-
competitive)114 

ecto-NTPDases IC50 > 100 
µM114 

13 Oxoindolin phenyl 
hydrazine carboxamide 
derivative (2h) 

 

IC50 = 0.12 µM  
(un-competitive) 113 

ecto-NTPDases IC50 > 25 
µM113 

14 Quinoline derivative (3p) 

 

IC50 = 0.23 µM 
(un-competitive)116 

NTPDase2: IC50 = 34.1 µM 
NTPDase3: IC50 = 37.0 µM 
NTPDase8: IC50 = 8.44 µM116 
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Table 5. continued 
# 
E- 

Name  
(No. in original 
publication) 

Structure Potency at human 
CD39 

Potencies at relevant 
human ecto-nucleotidases 

15 Quinoline derivative (3f) 

 

IC50 = 0.20 µM 
(mixed-type 
inhibition)117 

NTPDase3: IC50 = 5.50 µM 
NTPDase2,-8 IC50 > 100 
µM117 

16 2-substituted-7-trifluoro-
methyl-
thiadiazolopyrimidone 
derivative (4m)  

IC50 = 1.13 µM115  NTPDase2: IC50 = 11.42 µM 
NTPDase3: IC50 = 10.44 µM 
NTPDase8: IC50 = 0.47 µM115 
TNAP: IC50 = 1.53 µM118 

17 Thiadiazole amide 
derivative (5a) 

 

IC50 = 0.05 µM 
(non-competitive)112 

NTPDase2: IC50 = 0.23 µM 
NTPDase8: IC50 = 0.54 µM112 

18 SMI211 

 

IC50 = 27.42 µM119 not determined 
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Table 6. Representative small molecule inhibitors of human NTPDase2 

# 
E- 

Name (No. in original 
publication) 

Structure Potency at human 
NTPDase2 

Potencies at relevant 
human ecto-nucleotidases 

  Nucleotide-analogs   
19 2-Hexylthio-β,γ-methylene-

ATP (2) 

 

Ki = 21 μM98 Selective vs. other ecto-
NTPDases, CD73, NPP3 (IC50 
> 100 µM), NPP1 IC50 ≈ 100 
µM98 

20 PSB-6426 (19a) 

 

Ki = 8.2 µM 
(competitive)99 

CD39 IC50 ≈ 1000 µM, no 
inhibition of NTPDases3 and 
-8 at 1000 µM99 

  Anthraquinones   

21 PSB-16131 (20) 

 

IC50 = 0.539 µM 
(non-competitive)105 

Selective vs other ecto-
NTPDases (IC50 > 2 µM)105 

22 PSB-2020 (48) 

 

IC50 = 0.551 µM105 Selective vs other ecto-
NTPDases (IC50 > 2 µM)105 
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Table 6. continued 
# 
E- 

Name (No. in original 
publication) 

Structure Potency at human 
NTPDase2 

Potencies at relevant 
human ecto-
nucleotidases 

23 PSB-071 

 

rat NTPDase2: IC50 = 
12.8 µM 
human NTPDase2: 
IC50 > 2 µM (22 % 
inhibition) 
Crystal structure 
PDB-ID: 4CD1, 
4CD354,104 

Rat CD39: IC50 = 51.5 µM 
Rat NTPDase3: IC50 = 19.1 
µM 
No significant inhibition of 
human ecto-NTPDases at 2 
µM104,105 

  Heterocycles   

24 Oxoindolin 
phenylhydrazine 
carboxamide 

derivative (2d) 
 

IC50 = 0.15 µM 
(competitive)113 

CD39: IC50 = 0.16 µM 
NTPDase3 and -8: IC50 ≈ 40 
µM113 

25 Oxoindolin phenyl 
hydrazine 
carbothioamide 
derivative (8k)  

IC50 = 0.16 µM114 Selective vs other ecto-
NTPDases (IC50 > 100 
µM)114 

26 Quinoline derivative (3j) 

 

IC50 = 21.0 µM116 CD39: IC50 = 1.04 µM 
NTPDase3: IC50 = 8.19 µM 
NTPDase8: IC50 = 18.3 
µM116 

27 Quinoline derivative (3b) 

 

IC50 = 0.77 µM 
(competitive)117 

CD39: IC50 = 0.50 µM 
NTPDase3 and -8: IC50 ≈ 
100 µM117 
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Table 6. continued 
# 
E- 

Name (No. in original 
publication) 

Structure Potency at human 
NTPDase2 

Potencies at relevant 
human ecto-
nucleotidases 

28 2-substituted-7-trifluoro-
methyl-
thiadiazolopyrimidone 
derivative (4g) 

 

IC50 = 1.72 µM115  CD39: IC50 = 15.67 µM 
NTPDase3: IC50 = 14.82 µM 
NTPDase8: IC50 = 0.21 
µM115 
TNAP: IC50 = 0.29 µM118 

29 Thiadiazole amide 
derivative (5g) 

 

IC50 = 0.04 µM 
(non-competitive)112 

NTPDase8: IC50 = 2.27 µM, 
selective vs CD39 and 
NTPDase3 (IC50 > 100 
µM)112 

  Miscellaneous   
30 Resveratrol 

 

IC50 = 2.71 µM120 Selective vs other ecto-
NTPDases (IC50 >> 20 
µM)120 
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Table 7. Representative small molecule inhibitors of human NTPDase3 

# 
E- 

Name (No. in original 
publication) 

Structure Potency at human 
NTPDase3 

Potencies at relevant 
human ecto-nucleotidases 

  Nucleotide-analogs   
1 ARL67156 

 

Ki = 18 µM 
(competitive)93 
Ki = 7.94 µM 94 

CD39: Ki = 0.973 µM94 
CD73: Ki = 0.451 µM 
NPP1: Ki = 4.41 µM94 

  Polyoxometalates   
6 PSB-POM142 (5) 

 

K10[Co4(H2O)2(PW9O34)2]·22 H2O 

Ki = 0.0596 µM 100 CD39: Ki = 0.00388 µM 
NTPDase2: Ki = 0.0882 µM 
NPP1: Ki = 0.069 µM100 

  Anthraquinones   
31 Reactive Blue 2 (RB-2) 

 

IC50 = 0.942 µM105 Selective vs other ecto-
NTPDases (IC50 > 2 µM)105 
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Table 7. continued 
# 
E- 

Name (No. in original 
publication) 

Structure Potency at human 
NTPDase3 

Potencies at relevant 
human ecto-
nucleotidases 

32 PSB-2046 (33) 

 

IC50 = 0.723 µM105 Selective vs other ecto-
NTPDases (IC50 > 2 µM)105 

33 PSB-1011 (42) 

 

IC50 = 0.390 µM105 Selective vs other ecto-
NTPDases (IC50 > 2 µM)105 

  Heterocycles   
34 Schiff base of tryptamine 

derivative (5) 

 

Ki = 0.071 µM 
(competitive)111 

CD39: Ki = 0.13 µM 
NTPDase8: Ki = 0.12 µM111 

35 Oxoindolin hydrazine 
carbothioamide 
derivatives (8m) 

 

IC50 = 0.30 µM 
(non-competitive)114 

CD39: IC50 = 2.60 µM, 
selective vs. NTPDase2 and 
-8 (IC50 > 100 µM)114 

36 Oxoindolin 
phenylhydrazine 
carboxamide derivative 
(2a)  

IC50 = 0.30 µM 
(competitive)113 

CD39: IC50 = 0.37 µM 
NTPDase2: IC50 = 0.27 µM 
NTPDase8: IC50 = 0.16 
µM113 
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Table 7. continued 
# 
E- 

Name (No. in original 
publication) 

Structure Potency at human 
NTPDase3 

Potencies at relevant 
human ecto-
nucleotidases 

37 Quinoline derivative (3d) 

 

IC50 = 5.38 µM 
(competitive)116 

CD39: IC50 = 3.15 µM 
NTPDase2: IC50 = 20.0 µM 
NTPDase8: IC50 = 65.6 
µM116 

38 Quinoline derivative (2h) 

 

IC50 = 0.36 µM  
(competitive)117 

CD39: IC50 = 1.34 µM 
NTPDase2: IC50 = 1.70 µM 
NTPDase8: IC50 = 1.82 
µM117 

39 2-substituted-7-trifluoro-
methyl-
thiadiazolopyrimidone 
derivative (5n)  

IC50 = 1.22 µM115  CD39: IC50 = 10.88 µM 
NTPDase2: IC50 = 18.37 µM 
NTPDase8: IC50 = 4.31 
µM115 

40 Thiadiazole amide 
derivative (5e) 

 

IC50 = 0.38 µM 
(uncompetitive)112 

CD39: IC50 = 0.21 µM 
NTPDase2: IC50 = 1.07 µM 
NTPDase8: IC50 = 0.05 
µM112 
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Table 8. Representative small molecule inhibitors of human NTPDase8 

# 
E- 

Name (No. in original 
publication) 

Structure Potency at human 
NTPDase8 

Potencies at relevant 
human ecto-
nucleotidases 

  Heterocycles   
41 Schiff base of tryptamine 

derivative (8) 

 

Ki = 0.520 µM 
(competitive)111 

CD39: Ki = 0.050 µM 
NTPDase3: no inhibition111 

36 Oxoindolin 
phenylhydrazine 
carboxamide derivative 
(2a)  

IC50 = 0.16 µM 
(competitive)113 

CD39: IC50 = 0.37 µM 
NTPDase3: IC50 = 0.30 µM 
NTPDase2: IC50 = 0.27 
µM113 

42 Oxoindolin hydrazine 
carbothioamide 
derivatives (8c) 

 

IC50 = 0.24 µM 
Ki = 0.11 µM 
(competitive)114 

CD39: IC50 = 0.23 µM 
NTPDase2: IC50 ≈ 100 µM 
NTPDase3: IC50 = 0.19 
µM114 

43 Quinoline derivative (3c) 

 

IC50 = 1.13 µM 
(competitive)116 

CD39: IC50 = 2.77 µM 
NTPDase2: IC50 = 22.8 µM 
NTPDase3: IC50 = 12.5 
µM116 

44 Quinoline derivative (5c) 

 

IC50 = 0.65 µM 
(competitive)117  

Selective vs. other ecto-
NTPDases (IC50 > 
100µM)117 
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Table 8. continued 
# 
E- 

Name (No. in original 
publication) 

Structure Potency at human 
NTPDase8 

Potencies at relevant 
human ecto-
nucleotidases 

45 2-substituted-7-trifluoro-
methyl-
thiadiazolopyrimidone 
derivative (4d) 

 

IC50 = 0.21 µM115  CD39: IC50 = 17.08 µM 
NTPDase2: IC50 = 7.77 µM 
NTPDase3: IC50 = 1.25 
µM115 
TNAP: IC50 = 0.29 µM118 

40 Thiadiazole amide 
derivative (5e) 

 

IC50 = 0.05 µM 
(uncompetitive)112 

CD39 IC50 = 0.21 µM 
NTPDase2: IC50 = 1.07 µM 
NTPDase3: IC50 = 0.38 
µM112 
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Biologicals 

Sulfated polysaccharides from macroalgae were found to be dual inhibitors of NPP1 and 

CD39.121 The brown algae-derived fucoidan extract from Saccharina latissimi (compound 

no. 6 in publication by Lopez et al.)121 inhibited CD39 with a Ki value of 408 pM and NPP1 

with a Ki value of 136 pM.121 The inhibition of the two main ATP-metabolizing enzymes 

decreased adenosine generation by a human glioblastoma cell line (U87) in a 

concentration-dependent manner. The experiments offer a rationale for the previously 

noted anticancer properties of these natural products.  

Several NTPDase-blocking monoclonal antibodies (mAbs) were developed. While only 

few mAbs have been generated for NTPDases2, -3 and -8,122–124 an increasing number of 

CD39 blocking antibodies have been published and are currently in clinical trials. 

Examples of humanized or fully human anti-CD39 antibodies targeting the ATP-adenosine 

immune-checkpoint pathway for cancer immunotherapy include TTX-030 (Tizona 

Therapeutics, NCT03884556), SRF617 (Surface Oncology, NCT04336098, 

NCT05177770), PUR001 (Purinomia Biotech, NCT05234853), OREG-103/BY40 (Orega 

Biontech), and Innate Pharma (IPH52).32,75,125–127 The antibodies are evaluated in clinical 

trials as monotherapy and in combination with chemotherapeutics, in order to study 

potential synergistic effects, in the decrease of tumor proliferation.72,103 

An alternative route of therapy are miRNAs, which regulate the post-transcriptional gene 

expression by attaching to the sequences of mRNAs, leading to a selective downregulation 

of expression.128,129 This therapeutic strategy could be used in the treatment of cancers to 

normalize dysregulated purinergic signaling. Proof-of-concept studies are in process. 

miRNAs have to be delivered into the cells; possible routes of cell delivery are erythrocyte 

ghosts, cationic lipoplexes, neutral lipid emulsions (NLEs), nanoparticles, and cell-

penetrating peptides.129 Along with siRNAs and antibody-drug conjugates, the developed 

biological treatments may represent novel therapeutic checkpoint inhibitors.103 

Experimental characterization of NTPDase activities 

The characterization of substrate and inhibitor affinities for the various NTPDase 

isoenzymes, is performed by assessing the hydrolysis of the substrate in the presence or 

absence of potential modulators in various assays. Experiments either determine the 

decreasing concentration of the substrate, increasing concentrations of the 
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dephosphorylated product, or phosphate release. In the course of the experimental work 

for this thesis, the malachite green assay, capillary electrophoresis-coupled assays with 

natural or fluorescence-labeled substrates, and a fluorescence polarization immunoassay 

were applied to characterize the inhibition constants of various compound 

classes.94,105,110,121 It is important to consider that the tested substances may interfere 

with the assay system. Therefore, it is good scientific practice to determine the effect of a 

new inhibitor in at least two orthogonal assays, and to always use appropriate control 

samples. The following paragraphs explain the basic principles for the determination of 

NTPDase activity. 

Malachite green assay 

The enzymatic degradation of ATP to AMP by ecto-NTPDases releases two phosphate 

molecules (see Figure 8). These can be made visible by adding detection reagents, leading 

to the formation of a malachite green-phosphomolybdate complex, which results in a 

color change from the yellow malachite green to the green phosphate complex at pH < 

2.130 The absorptions of samples are detected colorimetrically at 600 nm by a 

spectrophotometer. The assay allows a fast, inexpensive and user-friendly operation. 

However, the results can be distorted by phosphate contamination, resulting in a high 

background signal and low sensitivity.43 For the investigation of complex samples or 

living cells with this assay, the activities of alternative phosphate generating enzymes has 

to be blocked by specific inhibitors. 

Capillary electrophoresis 

The enzyme and substrates are incubated for a set time, at which the enzymatic activity 

is stopped (e.g. by heating) and the sample composition is analyzed by means of capillary 

electrophoresis (CE). Alternatively, the reaction of enzyme, substrate and co-factors can 

be performed inside the capillary and stopped by the separation process.131 Various 

natural substrates like ATP and ADP, but also fluorescence-labeled substrates (e.g. N6-[6-

fluoresceinyl-5’-carboxamidohexyl]-ATP (PSB-170621A))52 may be distinguished from 

their corresponding monophosphates based on negative charge and size. The application 

of fluorescent substrates allows for lower substrate concentrations as the detection 

method is more sensitive.52 Moreover, many compounds potentially absorb UV-light at 

the absorption wavelength of nucleotides (260 nm), especially if they are structurally 
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similar (e.g. nucleotide analogs), and thereby potentially interfere with the results. 

Advantages of CE-coupled assays include simple sample preparation, use of water-based 

solvents, and automatization. But depending on the detection method, high substrate 

concentrations are necessary, and the measurement of samples is time-consuming, which 

deems this methods unsuitable for high-throughput screening.43 

Fluorescence polarization-based immunoassay (FPIA) 

The FPIA enables the direct quantification of the product of NTPDases, AMP, yielded from 

the substrate ADP. The assay is based on investigating the fluorescence polarization of an 

Alexa633-AMP tracer, by displacement from its binding site at an AMP-selective 

antibody.132–134 If a fluorophore is excited by plane-polarized light, it emits polarized light 

of a different wavelength. The intensity of polarization is dependent on the size of the 

molecule. Larger molecules have less rotation energy, which affects the direction of the 

emitted photons. High polarization values are detected if the tracer is bound to the 

antibody, while lower values are measured if the tracer is unbound. As stated above, the 

large molecule complex of tracer and antibody has a lower rotation rate and 

predominantly emits light on the vertical axis. Small molecules, like the unbound tracer, 

have a higher rotation rate and scatter the plane-polarized light during the exited state,132 

therefore the emitted light is less polarized, and smaller polarization values are detected.  

Advantages of this assay are its plate-based format, high robustness, flexibility, precision 

and reproducibility.132 Therefore it can be used for high-throughput screening with 

substrate concentrations below the Km value.132 This facilitates the identification of 

competitive inhibitors, as their identification is usually more difficult at high substrate 

concentrations.132 However, the high complexity, pipetting of small volumes, and 

expensive materials required for the assay are disadvantages for routine laboratory 

practice. Furthermore, FPIA is not well applicable for certain investigations like the 

determination of the inhibition type, because the antibody concentration has to be 

adjusted to each substrate concentration. 

High performance liquid chromatography (HPLC) 

In analogy to CE-coupled enzyme assays, nucleotides and nucleosides can be separated 

by liquid chromatography. HPLC is able to resolve mixtures of closely related chemicals 

with high resolution and sensitive quantification.135 The method is extremely versatile 
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and is therefore among the standard analytical methods in research and industry. The 

sensitivity is strongly dependent on the detection method. Nucleotides are routinely 

detected by absorption of ultraviolet (UV) light at 254 nm. N6-etheno derivatives of 

nucleotides can be detected with fluorescent detectors, which enables lower 

concentrations of the artificial substrate and observation of nucleotide metabolism in cell-

based experiments. Mass spectrometry-coupled HPLC additionally enables the 

identification of analytes. Internal standards are required for the quantification of the 

sample composition ensuing NTPDase incubation. Disadvantages of HPLC-coupled 

enzyme assays are time-consuming instrument and sample preparations. Analytes need 

to be extracted from complex matrices, in order to prevent occlusion of columns.136 

Luciferase assay  

The concentration of ATP can be quantified by utilization of a second enzymatic reaction, 

namely luciferase. Following the partial hydrolysis by NTPDases, the remaining ATP is a 

co-factor in the oxidation of luciferin, generating a detectable bioluminescence.137 The 

assay preparation is easy, fast and scalable to a high-throughput format.137 However, it is 

more sensible to quantify the formation of products, instead of leftover substrate, since 

the characterization of enzyme activities is ideally performed at 5-15% conversion rates. 

The accuracy of the determination of small changes of ATP concentration is low and the 

additional enzymatic reaction can result in high statistical errors.43  

Isothermal titration calorimetry (ITC) 

ITC detects the energy that is released by the dephosphorylation reaction in the form of 

heat.51 This assay principle is suitable for the determination of NTPDase activities but 

restricted by its low sensitivity and limited specificity due to the indirect measurement of 

the chemical reaction. Possible interferences are buffer composition and pH, as well as 

alternative chemical reactions elicited by test compounds.43  

Radioactively labeled substrates 

Similar to the malachite green assay, the phosphate liberation by NTPDases can be 

quantified using radioactively labeled substrates, e.g. [γ-32P]ATP. The radioactivity in the 

supernatant subsequent to separation of the non-metabolized 32P-nucleotide by 

precipitation or filtration correlates with the catalytic activity. This method is versatile, 
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sensitive and highly specific, and can be applied for the characterization of enzyme 

kinetics in complex samples.138 However, the substrates are expensive and have a short 

half-life depending on the 32P isotope (~14 days). As phosphate is potentially produced 

by other purinergic enzymes, specific tool compounds, blocking alternative phosphate-

generating pathways or purified enzymes have to be used.43 Furthermore, the regulations 

for working with radioactivity require special laboratories, equipment and qualified 

personnel. In summary, this particular method is no longer used for the characterization 

of NTPDases, as methods using fluorescence-labeled ligands are sufficiently sensitive and 

more environmentally friendly. 

Thin layer chromatography (TLC) 

Finally, nucleotides and nucleosides may be separated by TLC. Purine substrates 

containing the radioactive isotopes 3H or 14C are incubated with the enzyme sample or 

cells. The reaction is stopped by separation of the components on TLC plates. 

Identification of the nucleotides is achieved by co-migration of un-labeled standards, 

which are visible under UV-light. In the next step, the radioactivity is quantified by 

scratching off the silica gel at the position of the standards, subsequent extraction and 

scintillation counting. The selectivity and sensitivity of radio-assays are very high but, as 

previously mentioned, the complex regulations, combined with high costs, limit the broad 

application of radioisotope-based techniques.43 

 

2.2.4 Ecto-5′-nucleotidase (eN, CD73) 

Although the family of 5’-nucleotidases consists of seven subtypes, only one, namely 

CD73, is an ectoenzyme.41 The human homodimeric protein is fixed in the plasma 

membrane via a glycosylphosphatidylinositol (GPI) anchor at the C-terminus, which can 

be cleaved by phospholipases.88 CD73-containing vesicles and soluble forms of the 

enzyme released into the extracellular environment were found to modulate purinergic 

signaling at sites of inflammation.39 

CD73 is able to hydrolyze several ribo- and desoxyribonucleoside-5’-monophosphates. 

Most importantly, it effectively transforms AMP to adenosine (Km = 1–50 µM).37 The 

catalytic domain of the enzyme faces the extracellular medium, and two divalent cations, 
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namely Zn2+ ions, are required for its activity.37,41 The enzyme is expressed in various 

tissues including the endothelial cells of blood vessels, subpopulations of human T- and 

B-lymphocytes, and tumor cells.37  

The main purpose of CD73 is the production of extracellular adenosine, which modulates 

biological processes via activation of P1 receptors. This leads to a downregulation of the 

immune system, which is important for maintaining tissue integrity and recovery from 

chronic and acute injuries. However, this signaling pathway can be hijacked by pathogens 

and tumors, leading to their immune escape and pathogenic proliferation.37,88 

Furthermore, CD73 contributes to vascular fluidity by production of adenosine, which 

leads to vasodilation via the adenosine A2A receptor.139  

ATP and ADP are endogenous CD73 inhibitors blocking its catalytic site with low 

micromolar potencies.37 This feed-forward inhibition prohibits a simultaneous activation 

of P2 and P1 receptors, since the concentration of P2 receptor agonists, ATP and ADP, 

have to be decreased, to enable the effective generation of adenosine and subsequent P1 

receptor activation.37,41  

CD73 has become a promising target for the immunotherapeutic treatment of cancers via 

inhibition of the hypoxia-adenosine signaling pathway.41 Monoclonal antibodies against 

CD73 were successfully developed and are in clinical trials for cancers (e.g. Oleclumab 

(MEDI9447), Mupadolimab (CPI-006/CPX-006), Dalutrafusp alfa (AGEN-1423/GS-1423), 

BMS986179, SRF373/NZV930, IPH5301, TJ004309).140,141 These antibodies could 

provide specific and potent inhibition of CD73 but potentially face problems in 

penetrating solid tumors. Small molecule inhibitors of CD73 could have more favorable 

pharmacokinetics and were recently reviewed.142 The first X-ray crystal structure of 

human CD73 with AMPCP (PDB 4H2I)143 led to a breakthrough in the development of 

nucleotide-based CD73 inhibitors. Substitution of AMPCP (compound 41 in Figure 10) at 

N6- and C2-positions of the adenine ring lead to effective CD73 inhibitors with sub-

nanomolar potencies in PSB-12379 (E-42) and PSB-12489 (E-43).144 A closely related 

compound, AB680 (E-44) was characterized as a slow onset competitive inhibitor with a 

Ki value of 5 pM.145,146 The compound has been clinically investigated, but to date no 

results are published (NCT03677973, NCT04575311). A clinical trial investigating AB680 

(E-44) in combination with cytostatic drugs for the treatment of gastric cancer is ongoing 

(NCT04104672). In addition, the orally available AMPCP analog OP-5244 (E-45) was 
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shown to inhibit adenosine production in human cancer cells and was able to reverse the 

immunosuppression in mouse models.147 

The identification of non-nucleotide inhibitors of CD73 was similarly accelerated by 

structure elucidation and virtual screening efforts (see compound E-46 in Figure 10B).148 

The highly potent, competitive, non-nucleotide inhibitor E-47 was able to inhibit CD73 

activity with an IC50 of 12.4 nM.149 The company Eli Lilly patented the un-competitive 

CD73 inhibitor LY3475070 (E-48), which is orally available and currently studied in 

clinical trials (NCT04148937).150 The compound binds to the enzyme-phosphate 

complex, but not the free enzyme, leading to its inactivation and internalization.150  

 

Figure 10. Selection of small molecule CD73 inhibitors with their respective potencies; A. 

Nucleotide based inhibitors, namely AMPCP (E-41),151 and its analogs PSB-12379 (E-

42),151 PSB-12489 (E-43),144 AB680 (E-44),145,146 and OP-5244 (E-45).147 B. Non-

nucleotide inhibitors E-46,148 E-47,149 and LY-3475070 (E-48).150 
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In conclusion, the search and optimization of CD73 inhibitors was rewarded with several 

inhibitors showing sub nanomolar potencies. Several antibodies and small-molecule 

inhibitors are in clinical trials and may be applied for the immunotherapy of cancers in 

the near future.103 

2.2.5 CD39-CD73 Axis  

As previously elaborated, the concerted actions of CD39 and CD73 transform an ATP-

mediated inflammatory state into an immunosuppressive tumor microenvironment 

through the generation of adenosine.32 The enzymes are often co-expressed in tumor 

endothelia and most immune cells infiltrating the cancerous tissue.152 In addition, the 

enzymes are present in extracellular vesicles that may infiltrate tumor tissues.32 

Furthermore, the expression of both enzymes is increased in response to tissue hypoxia, 

inflammation, and oxidative stress.31,35 Therefore, the detection of the clusters of 

differentiation (CD)39 and -73 is correlated with negative outcomes in variety of tumor 

types.74  

So far, the interventions targeting adenosine-regulating pathways appear to possess a 

wide therapeutic range and good safety profiles. This is likely due to alternative 

nucleotide metabolism pathways preventing excessive accumulation of extracellular 

nucleotides and thereby decreasing unwanted off-target effects. Targeted therapy of the 

rate-limiting, deregulated and overexpressed ecto-nucleotidases, or of adenosine A2A and 

A2B receptors, is a promising strategy.35 Most importantly, the combination of therapies, 

e.g. anti-CD73 antibodies and A2AR blockers, may have synergistic effects.30,103 Likewise, 

the combination of CD39 and CD73 inhibitors is advantageous, as lower doses are 

probably required for an equivalent effect, due to the dual inhibition of the ATP-

hydrolysis cascade. This synergy concept was already validated in an in vitro T cell 

suppression assay. The combination of CD39 and CD73 antibodies (IPH52 and IPH53 

developed by Innate Pharma) at sub-optimal doses was able reverse the immune cell 

inhibition in the presence of ATP.125,153  

On account of these synergistic effects, research on small molecule inhibitors of 

extracellular nucleotide metabolism also focuses on the development of dual CD39 and 

CD73 inhibitors.  
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2.3 SARS-CoV-2 Main protease 

2.3.1 Viral replication and function of proteases 

In 2019, a global pandemic named COVID-19 (coronavirus disease 2019) emerged. The 

disease causes symptoms ranging from a mild cough and headaches to pneumonia and 

inflammation leading to multi-organ failure. The culprit of these infections is severe acute 

respiratory syndrome coronavirus 2 (SARS-CoV-2). This new virus belongs to the family 

of coronaviridae, single stranded, positive-sense RNA viruses with characteristic spike 

proteins on their envelope, that appear as a crown under the electron microscope and 

thereby inspired the family name. 

Previously, the most concerning coronaviruses, causing fatal respiratory disease in 

humans, were SARS-CoV-1 with a contained outbreak in China during 2002/2003 and 

MERS (Middle East respiratory syndrome, ongoing outbreak since 2012, endemic, camels 

as potential source). Other coronaviruses known to infect humans (HCoV-229E, HCoV-

HKU1, HCoV-NL63 and HCoV-OC43) are less severe, only causing common cold 

symptoms. This virus family is also common in zoonotic reservoirs, like bats and palm 

civets. Animal hosts that have varying susceptibility for the various coronaviruses and co-

infection with multiple strains can cause viral recombination and the emergence of new 

virus variants. These viruses in turn have the potential to spillover and become 

pathogenic to the human population.154  

SARS-CoV-2 is generally transmitted via aerosols contaminated with viral particles. Once 

the virus enters the human body, it attaches to cell surfaces expressing the angiotensin-

converting enzyme 2 (ACE 2) with a spike glycoprotein on the viral capsule, inducing cell 

entry and the start of the viral replication.155 The genomic RNA is translated into two 

polyproteins, pp1a and pp1ab, encoding 16 nonstructural proteins (nsp), which form the 

viral replicase–transcriptase complex, subsequent to proteolysis by two proteases.156 The 

papain-like protease (PLpro) and the 3chymotrypsin-like protease (3CLpro) are part of the 

polyproteins (nsp3 and nsp5, respectively) and become active after autoproteolytic 

cleavage. As 3CLpro is responsible for the majority of 11 out of 14 cleavage sites, it is 

assigned as the main protease (Mpro) of the coronavirus. Replication and translation of 

viral RNA and structural proteins like envelope and spike are followed by the assembly of 

viral particles in vesicles. Finally, these vesicles release the virus from the cell by fusing 
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with the plasma membrane.156 Uninhibited, the virus is able to spread exponentially in 

human hosts, as well as in the population.  

 

Figure 11. A. Peptide substrate recognition sequence with nomenclature for proteolytic 
enzymes. In Mpro the amino acid residues prior to the cleavage site are leucine at the P2 

and glutamine at the P1 position. After the scissile amide bond at P1’ position serine, 
alanine or glycine are most common. The sub-pockets of the protease are designated with 
the corresponding S labels; B. Proteolysis reaction mechanism; both parts of the figure 
were adapted from Gao et al.157 

 

2.3.2 Structure of Mpro 

Mpro can be characterized as a cysteine protease, with a size of 33.8 kDa, exhibiting 

enzymatic activity in its homodimeric form. The target peptide substrate enters the active 

center of the Mpro protein, and is cut upon recognition of the amino acid sequence motive 
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Leu-Gln↓(Ser/Ala/Gly) (↓marks the cleavage site, see Figure 11A).158 In detail, the 

proteolysis is catalyzed by a catalytic dyad consisting of cysteine 145 (Cys145) and 

histidine 41 (His41). The thiol group of the cysteine side chain is deprotonated by the 

imidazole. Subsequently, the nucleophilic thiolate attacks the peptide amide bond. Finally, 

the primary amine is released and the catalytic dyad is restored by hydrolysis of the 

intermediate thioester (Figure 11B).155,159  

As the function of Mpro is essential to the viral replication cycle, its structure is highly 

conserved between different coronaviridae strains.155 The amino acid sequence identity 

of SARS-CoV-2 Mpro is ~96% compared to SARS-CoV-1 Mpro, and MERS-CoV Mpro shares a 

sequence identity of ~50%. The conservation is even higher in the substrate-recognition 

pocket. Crystal structures of Mpro in complex with its inhibitors are used in rational drug 

design.158,160,161 

2.3.3 Relevance of Mpro as a drug target 

In the course of the COVID-19 pandemic it became evident, that multiple tools are 

required for managing this global pandemic. Spreading infections may be limited by social 

distancing, masks, improved hygiene and, very importantly, by vaccination, which also 

successfully decreases morbidity and mortality in patients with COVID-19. Post-infection 

patients can be treated with antivirals (e.g. remdesivir, nirmatrelvir, molnupiravir), 

monoclonal antibodies directed at the spike protein sotrovimab) and anti-inflammatory 

drugs, which aim to reduce an exacerbation of lung and other tissue damage (e.g. the 

corticosteroid dexamethasone). 

All approved vaccines focus on the spike protein, which is the antigen on the viral 

envelope initiating cell entry and viral replication. However, mutations in new variants 

are common, and in consequence vaccines have to be adjusted. Furthermore, vaccines 

cannot help in the treatment of already infected, unvaccinated patients and are less 

effective in the immune-suppressed ones. Unfortunately, global distribution of vaccines is 

lacking, in part due to complicated logistics and temperature instabilities. In the omicron 

variant of SARS-CoV-2 increased mutations on the spike protein lead to an attenuated 

protection by the approved vaccines. Other drug targets of the virus, like the RNA-

polymerase, NTPase/helicase and proteases are less affected, as mutations on these 

enzymes can lead to a loss of fitness.155 For example, there are few mutations of Mpro in 
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the omicron variant, and the protease is highly conserved in other CoVs.155,162 Therefore, 

Mpro inhibitors have the potential to be pan-coronaviral drugs,163 and can overcome the 

challenge of viral resistance due to changes in the spike protein. 

Mpro has a pivotal role in the viral replication cycle, as it enables essential enzymes and 

proteins to fold into their functional shape by proteolytic cleavage.155 No human protease 

possesses a homologous protein recognition sequence with glutamine at the P1 position. 

This permits the design of specific peptidomimetic inhibitors and limits potential side 

effects. A further advantage of Mpro targeted antivirals, is that they can be made orally 

available and used in both hospital and out-patient settings. In conclusion, Mpro is an 

eligible drug target for specific antivirals.155,164 

As of June 2022, one drug targeting Mpro is approved for treatment of COVID-19. PF-

07321332 also called nirmatrelvir (Paxlovid®) was developed by Pfizer and is a 

peptidomimetic non-covalent inhibitor of Mpro. It is approved by the FDA and EMA for the 

use in adults with positive results of direct SARS-CoV-2 viral testing, who are at risk for a 

severe course of the disease. The per oral drug was shown to reduce the risk of 

hospitalization or death by 89% and is administered in combination with ritonavir, which 

boosts the metabolic availability. A second compound by the Pfizer company, PF-

07304814 is currently in phase 3 clinical trials (NCT04501978). Further information is 

compiled in the section on Mpro inhibitors.  

2.3.4 Assays for determination of Mpro activity 

In order to effectively study the specific activity of a target enzyme, in vitro assay systems 

are employed. Most laboratories utilize artificial substrates to monitor the activity of Mpro 

either by HPLC analysis or more commonly, by detection of a change in fluorescence upon 

cleavage of the peptide substrate. 

Fluorogenic substrate-based assays 

Most frequently, the activity of recombinant SARS-CoV-1 or -2 Mpro (e.g. expressed in BL21 

E. coli)160,165 is tracked using fluorogenic or fluorescence resonance energy transfer 

(FRET) substrates. The relative increase in fluorescence is in linear proportion to the 

product concentration. This enables the continuous determination of the activity rate by 

fitting the linear portion of the progression curves,160 or detection of the fluorescence 
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increase after a defined incubation time (endpoint detection). Inhibitors can be 

characterized according to their concentration- and/or time-dependent decrease in 

enzymatic activity. 

FRET substrates consist of a fluorophore and a quencher, which are connected by a 

peptide containing the recognition sequence of the studied protease (see Figure 12A). 

Before enzyme addition, the fluorescent fluorophore is undetectable due to the close 

proximity to the quencher. Upon separation of the peptide linker the fluorophore is 

released, leading to an increase in the detected fluorescence. This method enables the 

continuous observation of enzyme kinetics and is more sensitive than HPLC.160 For SARS-

CoV-2 Mpro various FRET-substrates harboring a selective cleavage site (recognition 

sequence in bold, cleavage site indicated by an arrow) were published.166,167 For example 

Dabcyl-KTSAVLQ↓SGFRKME(Edans)-NH2, (FRET pair: EDANS (5-[(2-

aminoethyl)amino]naphthalene-1-sulfonic acid) fluorophore and DABCYL (4-([4′-

dimethylamino)phenyl]azo)benzoyl) quencher),158,168–170 MCA-AVLQ↓SGFR-Lys(Dnp)-

Lys-NH2 (FRET pair: MCA (7-methoxycoumarin) fluorophore and Dnp (4-dinitrophenyl) 

quencher)160 and CFP-TSAVLQ↓SGFRKM-YFP) (FRET pair: CFP (cyan fluorescent protein) 

fluorophore and YFP (yellow fluorescent protein) quencher).171  

Alternatively, fluorogenic substrates gain their fluorescence by cleavage from the peptide 

(Figure 12B). An example is an aminomethylcoumarin-based substrate consisting of non-

proteinogenic amino acids and the proteinogenic recognition sequence, Boc-Abu-Tle-LQ-

AMC (Boc (t-butyloxycarbonyl; Abu (2-aminobutyric acid); Tle (tert-leucine), AMC (7-

amino-4-methylcoumarin)).165 At the start of the reaction the AMC-moiety, located at the 

C-terminus of the peptide, is non-fluorescent as it is conjugated to the rest of the peptide. 

Then, upon liberation by Mpro, AMC gains an electron pair, which shifts its fluorescence 

into the UV-region (λex=360 nm, λem=450 nm). 

The assay buffer usually consists of a buffering agent at physiological pH, e.g. Tris-HCl (2-

amino-2-(hydroxymethyl)propane-1,3-diol hydrochloride) or MOPS (3-(N-morpholino) 

propanesulfonic acid).165,172,173 Additives are employed to ensure an optimal enzymatic 

activity or avoid measurement errors. Ethylenediaminetetraacetic acid (EDTA) prevents 

denaturation of the enzyme by divalent cations, while DTT (1,4-dithiothreitol) reduces 

the active cysteine in the substrate binding site, but can also influence measurement 

results with thiol-reactive covalent inhibitors.174,175 Triton X-100 is a detergent that 
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should be added at low concentrations (0.001 – 0.01%) in order to prevent non-specific 

binding of compounds that would lead to protein aggregation, thereby acting as false-

positive inhibitors.160 An alternative additive to prevent aggregation is bovine serum 

albumin (BSA). Furthermore, compounds may quench the emitted fluorescence of the 

product leading to an apparent inhibition of substrate conversion. This so-called inner 

filter effect may be noticed by a shift of the progression curve compared to the control on 

the y-axis.174,176 The choice of assay buffer may influence the binding of a drug to its target. 

For example, electrostatic interactions are sensitive to the ionic strength and pH of the 

buffer. Therefore, the buffer should be optimized with regard to physiological conditions, 

and allowing the identification of potential lead structures.177 

 

Figure 12. Assay principles of A. FRET, B. fluorogenic and C. luciferase-based artificial 
substrates containing a recognition sequence for the Mpro enzyme (violet). Upon cleavage 
of the oligopeptide fluorescence or luminescence can be measured (green). The depiction 
of the luciferase-based substrate was adapted from O’Brien et al.178 

 

Luciferase-based biosensors 

Luciferases are enzymes that are able to generate chemo luminescence. This enables their 

utilization as reporters for the activity of other enzymes. Specific substrates were 
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designed in order to measure the activity of Mpro, consisting of multiple units that are held 

in an inactive conformation by a peptide linker containing the Mpro recognition sequence. 

For example, HEK293T cells were transfected with the biosensor, SARS-CoV-2 Mpro 

expression plasmid and renilla luciferase in order to control for transfection efficiency 

and toxicity.178 The cells were not reported to be harmed by the expression of Mpro or the 

biosensor. Upon peptide cleavage the conformation shifts and the luciferase assembles 

itself leading to an increase of luminescence (Figure 12C). These biosensors allow for 

endpoint detection of isolated enzyme activity as well as live cell imaging.179 By testing of 

the inhibitors in cell culture, the antiviral efficacy of drug candidates can be estimated 

without use of the active virus, positioning the experiment at biosafety level 2.178 

Fluorescent reporter assay 

As an alternative, a ‘flipGFP CoV reporter’ was developed by Froggat et al. in order to study 

Mpro activity in a cell environment without viral infection. The reporter consists of two 

green fluorescent protein (GFP) beta-strands and a linker accommodating an Mpro-specific 

cleavage site.180 Both reporter and SARS-CoV-2 Mpro were coexpressed in human 

HEK293T cells (human embryonic kidney 293T). The proteolysis of the linker enables the 

assembly of the complete GFP resulting in a detectable fluorescence at 24 h post-

transfection, which concentration-dependently decreased upon addition of a SARS-CoV 

Mpro inhibitor.180  

Thermal shift assay 

This method determines the thermal stability of a protein upon addition of a ligand. The 

interactions of a protein with a small molecule can strengthen or weaken its structural 

integrity and thereby influence its thermostability, causing increased or decreased 

melting points.171 A direct correlation between the inhibitory potency and the binding 

affinity for the Mpro enzyme was shown by Ma et al.169 Covalent inhibitors lead to an 

apparent destabilization of the protein.181 The melting point is usually determined by 

means of a fluorogenic ligand, SYPRO Orange, which is a merocyanine dye that selectively 

binds to the hydrophobic domains of proteins, which are exposed as it is unfolding at 

rising temperatures. Upon binding to the protein, the dye is shielded from the exited state-

quenching effect of water resulting in an increase of the fluorescence intensity (λex = 470 

nm, λem = 569 nm).182,183 
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Isothermal titration calorimetry (ITC) 

In relation to the thermal shift assay, the energy that gets released when a ligand binds to 

a protein can also be evaluated by ITC. The experimental setup consists of two adiabatic 

cells that are kept at the same temperature. The energy for retaining this isothermal state 

is quantified. By this means, the thermodynamic parameters of Mpro with its inhibitors in 

solution, namely changes in enthalpy (ΔH), entropy (ΔS), and dissociation constants (KD) 

can be directly determined.171 

Microscale thermophoresis (MST) 

In a temperature gradient, molecules move towards or away from the heat source. This 

directed movement is termed thermophoresis.184 The extent and speed of the migration 

is influenced by the hydration shell of a substance or aggregate, which is in turn 

determined by the charge, size, conformation and composition of the putative complex.184 

In the experiment the sample, contained within a glass capillary, is locally heated by 2-6°C 

using an infrared (IR) laser. The relative concentration of the target molecule at the 

position of the temperature gradient is quantified by changes of the emitted fluorescence 

before and during the laser operation. Macromolecules are either covalently tagged with 

fluorescent labels or inherently fluorescent.184 Proteins which contain the fluorescent 

amino acid tryptophan, can be used without prior labeling.184 On this basis, the MST 

technique is able to analyze a broad variety of biomolecular interactions including protein 

unfolding, thermodynamics, enzyme kinetics, binding stoichiometry and modes and most 

importantly the binding of small molecules to macromolecules and determination of their 

dissociation constants (KD).184  

MST was applied in binding affinity experiments using label-free SARS-CoV-2 Mpro.185 The 

thermophoresis of the enzyme in relation to the EI-complex is determined by increasing 

compound concentrations for the calculation of equilibrium binding constants.184 

Advantages of MST are its high sensitivity and precision, the broad application range, and 

especially its low sample consumption, as only micromolar protein concentrations and 

volumes in the microliter range are required.184,185 The application of this method is 

limited by the ligand’s solubility and fluorescence, that may interfere with the 

measurement of the proteins intrinsic fluorescence.185  
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HPLC and mass spectrometry (MS) 

The proteolytic activity of Mpro can furthermore be assessed via the cleavage of a non-

labeled artificial oligopeptide substrate containing a specific cleavage site for Mpro. After 

a set incubation period, the cleavage products or residual substrate are quantified by 

HPLC coupled to MS.186,187 These assays enable the investigation of compounds with an 

inner filter effect, if the detection does not rely on UV-absorption. Apart from that, 

fluorescence-based substrates offer higher sensitivities and faster data accumulation as 

they may be performed in a plate-based design, while samples have to be processed 

sequentially with chromatographic based methods. 

Antiviral activity assays 

Before application of a drug candidate in animal models of viral disease, its effect is tested 

in cell culture experiments. Specific cell lines are infected with SARS-CoV-2, and the viral 

replication with and without inhibitor is quantified by quantitative real-time polymerase 

chain reaction (qRT-PCR).160 Due to the use of active virus, these experiments must be 

conducted under biosafety level 3 (BSL-3). Drugs are frequently evaluated by infecting 

VeroE6 cells (Vero (African green monkey kidney)). Alternatively, Vero-based cells 

overexpressing TMPRSS2 (transmembrane protease serine subtype 2), Caco2 cells, Huh-

7 cells, and the human lung epithelial cell line Calu-3 are commonly used for these 

experiments.178,181 The cells have to express both ACE-2 and TMPRSS2 for effective cell 

entry. The ACE-2 acts as an entry receptor, while the cellular serine protease TMPRSS2 is 

responsible for spike protein priming.188 In addition to a reduction of the viral load, 

treatment with Mpro inhibitors may prevent cytopathic effects (e.g. cell lysis caused by 

virus infection).160 Apart from that, the cellular toxicity of test compounds needs to be 

considered in additional experiments, as the qRT-PCR cannot ascertain, if the amount of 

virus is reduced due to an antiviral effect or by reduced cell proliferation.181  
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2.3.5 Inhibitors of Mpro 

SARS-CoV-1 Mpro inhibitors 

Ensuing the SARS-CoV-1 pandemic of 2003, scientists designed potential drugs to treat 

the disease by targeting the viral Mpro.159 The subsequently emerged SARS-CoV-2 is 

closely related to SARS-CoV-1. Both possess an Mpro enzyme, sharing a sequence identity 

of 96.1 % and an identical binding site sequence.189 Therefore, it is logical to consider 

SARS-CoV-1 Mpro inhibitors, as they are likely to be equally potent at SARS-CoV-2 Mpro.  

Three examples of SARS-CoV-1 inhibitors are shown in Figure 13. The compound 

JMF1521 (S-1) mimics the physiological recognition sequence, and its phenyl groups are 

able to occupy the S2 and S3 pockets of the protease substrate binding site. The enzyme is 

blocked by covalent reaction of the Michael acceptor (α,β-unsaturated ester) with the 

active cysteine. This leads to a permanent loss of function and decreases viral production, 

which was demonstrated in Vero E6 cells with an EC50 of 0.18 µM.170 Furthermore, small 

orthosteric inhibitors were identified with GRL-0920 (S-2) and ML188 (S-3), which form 

covalent and non-covalent bonds to the enzyme active site, respectively. Inhibitor classes 

will be described in more detail in the next section. 

 

Figure 13. Representative SARS-CoV-1 Mpro inhibitors and their respective potencies A. 
peptidomimetic inhibitor JMF1521 (S-1) with Michael acceptor warhead;170 B. small 
molecule GRL-0920 (S-2) with pyridyl ester warhead;190,191 C. non-covalent competitive 
inhibitor ML188 (S-3).192  
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SARS-CoV-2 Mpro inhibitors 

Following the outbreak of SARS-CoV-2 at the end of 2019, the interest in Mpro inhibitors 

reawakened. Universities and companies alike initiated the further development of SARS-

CoV-1 inhibitors and searched for novel inhibitors with high throughput screening (HTS) 

campaigns, computer-aided and rational drug design. Therefore, a great and daily 

expanding variety of inhibitors exists, that has extensively been summarized in recent 

review articles.155,157,193–195 Inhibitors of Mpro are classified as covalent or non-covalent, 

depending on their ability to react with the catalytic Cys145. Furthermore, 

peptidomimetics, which simulate the peptide recognition sequence, and small molecules 

have to be distinguished. This introduction will highlight the most important inhibitor 

classes and compounds with potential for further development as antiviral drugs.  

Covalent peptide analogs 

Covalent inhibitors attack and covalently bind to the Mpro enzyme. Irreversible inhibitors 

inherently have to be very reactive due to their mode of action. But promiscuously 

reacting compounds are easily metabolized, which limits their bioavailability.157 

Therefore, it is essential for these compounds to possess a high affinity and selectivity for 

their target, in order to reduce side effects and toxicity.174  

Peptidomimetic inhibitors emulate the substrate recognition motif from P1´ to P4 and 

replace part of the substrate by a chemical warhead that targets the catalytic Cys145 

residue of the enzyme. Regularly, the glutamine side chain in the P1 position is replaced 

by a γ-lactam ring, which is able to occupy the S1 pocket. Typical warheads include Michael 

acceptors, nitriles, aldehydes, epoxy ketones and halomethyl ketones.155,157,159 The 

inhibition mechanism consists of two steps: first non-covalent interaction with the 

binding site and subsequent nucleophilic attack on Cys145 with covalent bond formation.  

In ketone-based warheads, the electrophilic carbonyl C forms a covalent bond with the 

thiol-group of the Mpro active site cysteine (Cys145), creating a tetrahedral hemithioketal 

adduct. A hydroxymethylketone-derived inhibitor, named PF-00835231 (S-5), was 

initially designed during the SARS-CoV-1 pandemic by the pharmaceutical company 

Pfizer (see Figure 14). Although the development was discontinued after containment of 

the disease, it was resumed, as it potently inhibits SARS-CoV-2 Mpro as well (IC50 = 0.27 

nM).189 Its potency on the viral replication in cell-based assays strongly depends on the 
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cell line and addition of efflux transport inhibitors.189,196,197 For example, the effective 

concentration for a 50 % reduction of SARS-CoV-2 replication was decreased from 39.8 

µM to 0.236 µM in Vero-E6-enACE2 cells by addition of 2 µM permeability glycoprotein 

(P-gp) inhibitor CP-100356.197 However, the peptide analog PF-00835231 was effective 

without the addition of an efflux inhibitor in a human airway model (adenocarcinoma 

alveolar epithelial cell line A549 exogenously expressing ACE-2: EC50(A549+ACE2)= 0.158 

– 0.422 µM; CC50 > 10 µM).196  

The compound S-5 is administered to patients in its prodrug form (PF-07304814, S-4) 

which has an improved solubility, mediated by a phosphate group. In human tissues the 

prodrug is hydrolyzed by alkaline phosphatase (see Figure 14). Advantages of this 

compound are its high metabolic stability and effectiveness against multiple viral strains, 

while disadvantages include high effective doses and the need for intravenous application, 

due to the high polarity of the peptidomimetic. Currently, PF-07304814 (S-4) is in phase 

3 clinical trials as part of the ACTIV-3 study where several therapeutics for hospitalized 

patients with COVID-19 are evaluated for their safety and effectiveness (NCT04501978).  

 

Figure 14. Ketone-based inhibitor of SARS-CoV Mpro, PF-00835231 (S-5) including its 
respective potencies towards inhibition of SARS-CoV-1 and -2, and its prodrug PF-
07304814 (S-4).189 The SARS-CoV-1 antiviral activity of PF-00835231 in Vero 76 cells was 
shown to be increased by addition of 0.5 µM P-gp inhibitor CP-100356 from an EC50 value 
of 4.8 µM to 0.11 µM.189 

 

From the same compound series of peptidomimetic drugs, nirmatrelvir (PF-07321332, 

S-6, Paxlovid®), a nitrile-based inhibitor of Mpro, was developed and approved as the first 

antiviral targeting SARS-CoV-2 Mpro (see Figure 15).163 The nitrile attacks Cys145 and 

forms a reversible covalent thioimidate adduct. Similar to PF-00835231 (S-5), it is able to 
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inhibit other coronaviruses, like SARS-CoV-1 and MERS in vitro,163 and is potent versus 

virus variants.198 The inhibitor is suitable for oral administration in combination with 

ritonavir (S-7, Figure 15), in order to reduce its metabolism by the cytochrome P450 liver 

enzyme CYP3A4. In clinical trials, the drug was able to reduce the risk of hospitalization 

or death by 89%.199 

 

  

Figure 15. Nitrile-based inhibitor of SARS-CoV Mpro, nirmatrelvir (PF-07321332, S-6), 
which is co-administered with ritonavir (S-7) in form of the approved drug Paxlovid®.163  

 

The di-peptide protease inhibitor GC376 (S-8) was developed as an antiviral prodrug for 

the treatment of feline infectious peritonitis (FIP), which is a coronavirus infection of cats. 

GC376 (S-8) is an aldehyde hydrogensulfite adduct and acts as a prodrug of the aldehyde-

based inhibitor GC373 (S-9) (see Figure 16). The prodrug has an improved water 

solubility, but is unstable and hydrolyzed to the respective drug GC373 (S-9), which in 

turn forms a reversible hemithioacetal with Cys145 of the Mpro enzyme.200 The compounds 

show broad-spectrum coronavirus protease inhibition (FIPV, MERS-CoV and SARS-CoV-

1) and low cytotoxicity towards Vero E6 and A549 cells.200,201 Its safety, however, is put 

into question by the high reactivity of the electrophilic aldehyde warhead, which was 

shown to inhibit other cysteine proteases including calpain 1 cathepsin L and cathepsin 

K, that may lead to unintended side effects.157,202 
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Figure 16. Aldehyde-based inhibitor of SARS-CoV-2 Mpro GC373 (S-9), its potencies, and 
its prodrug GC376 (S-8), which was originally developed to treat feline infectious 
peritonitis (FIP).200  

 

The α-ketoamide diamide derivative Y180 (S-10) was shown to be a potent covalent and 

selective inhibitor of SARS-CoV-2 Mpro, including its variants (see Figure 17).203 A crystal 

structure of Mpro with Y180 (S-10) illustrates the covalent bond of the carbonyl warhead 

to the thiol group of Cys145 (PDB-ID: 7FAZ).203 The more active (R)-epimer configuration 

was stabilized by introduction of a deuterium at the chiral carbon. The viral replication in 

VeroE6 and the lung epithelial cell line Calu-3 was abolished by Y180 (S-10) with 

nanomolar potencies, while the compound displayed no significant toxicity. Prophylactic 

and therapeutic application of Y180 (S-10) in mice decreased the viral replication, disease 

outcome and severity, indicated by a reduction in the production of pro-inflammatory 

cytokines.203 Similar to PF-07321332 (S-6), Y180 (S-10) benefits from co-administration 

of ritonavir (S-7) in order to boost its metabolic stability. In a direct comparison of SARS-

CoV-2 Omicron antiviral infection of K18-hACE-2 transgenic mice the treatment 

combination Y180/ritonavir was superior to PF-07321332/ritonavir.203 Furthermore, 

Y180 (S-10) demonstrated good pharmacokinetic properties and oral availability, which 

makes it an ideal candidate for clinical trials. 
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Figure 17. α-ketoamide-based inhibitor of SARS-CoV-2 Mpro Y180 (S-10). The enzyme 
kinetics of the covalent irreversible inhibitor and SARS-CoV-2 Mpro were characterized 
with an Ki value of 0.001 µM and kinac of 2.6 × 10−4s−1 (kinac/Ki(SARS-CoV-2 Mpro) = 260,000 
M-1s-1); plaque formation reduction assays with SARS-CoV-2 variants yielded EC50 values 
of 0.0114 µM, 0.0203 µM, 0.0344 µM and 0.0237 µM against wild type SARS-CoV-2, B.1.1.7, 
B.1.617.1 and P.3, respectively.203 

 

Covalent small molecule inhibitors 

The affinity of small molecule modulators of SARS-CoV-2 Mpro, such as ester-based 

covalent inhibitors, is not primarily based on their similarity to the endogenous peptide 

sequence. Subsequent to non-covalent attachment to the substrate binding site, the 

nucleophilic cysteine is attacked by formation of a thioester between the thiol of Cys145 

and the carbonyl group of the inhibitor.204 The acylated Mpro is inactive, but can be 

reactivated by hydrolysis of the thioester and release of an incapacitated inhibitor 

fragment. Esters can be promiscuous in their reactivity towards various nucleophiles, so 

their target selectivity as well as their stability towards physiologically abundant agents 

like glutathione need to be assessed.  

Originally, 5-chloropyridyl esters were developed for SARS-CoV-1 Mpro, and have proven 

to be potent inhibitors of SARS-CoV-2 Mpro as well (see Figure 13 and Figure 

18).190,191,205,206 By selection of suitable moieties attached to the ester, the inhibitory 

potency was optimized at the isolated Mpro enzyme, as well as in cell culture experiments. 

For example, the position of the carboxyl group and the substitution on the benzene ring 

of the indole is vital for the inhibitory potency at Mpro, as demonstrated by the ten-fold 

increase in inhibitory potency of PZB10620022 (S-12) towards GRL-0920 (S-2, see 

Figure 18 A and C).165,204 Furthermore, the replacement of the chlorine atom at the 
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pyridine ring with a bromine atom boosts the reactivity of the ester warhead, which 

increases the second order rate constant of inactivation (kinac/Ki) of PZB10620019 (S-11) 

compared to GRL-0920 (S-2), as shown in Figure 18 A and B. 

  

Figure 18. 5-Halopyridyl ester-based inhibitors of SARS-CoV-2 Mpro and their respective 
potencies: A. GRL-0920 (S-2);165,191,204 B. PZB10620019 (S-11);165 and C. PZB10620022 
(S-12).165 

 

Noncovalent peptide analogs 

Short peptide substrate analogs without a warhead were demonstrated to competitively 

inhibit SARS-CoV-2 Mpro with mere micromolar potency, thereby being significantly less 

potent inhibitors compared to their covalently binding analogs.207 Yet the development of 

a non-covalent dipeptide inhibitor of Mpro was successful with 23R (S-13 see Figure 

19A).202 The R-diastereomer proved to be the active conformation in enzymatic activity 

assays and the cocrystal structure (PDB-ID: 7KX5).202 The S2 pocket is occupied by the 

hydrophobic biphenyl group and the pyridinyl ring is oriented towards the S1 pocket. The 

compound is stabilized in its conformation by intramolecular π-stacking between the 

biphenyl and benzyl moieties. Interestingly, the benzyl ring occupies both S2 and S4 

pockets, constituting a new ligand-induced binding position, that can be utilized in future 

drug developments.202 Importantly, the compound was selective towards other cysteine 
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proteases, which is an advantage to the frequently non-selective covalent inhibitors, like 

GC376 (S-8).202 

Next to linear peptides, cyclic substrate analogs were explored as drug candidates, as they 

often have improved efficacy and stabilities.208 These molecules do not follow traditional 

specifications of drug-like compounds (e.g. Lipinski’s rules of five) but were found to be 

effective towards intracellular targets. The cyclic form stabilizes the conformation of the 

peptide that is similar to the native substrate recognition sequence of Mpro. Furthermore, 

the peptide is more rigid.208 The designed cyclic pentapeptide UCI-1 (S-14), is inter-

connected via a [4-(2-aminoethyl)phenyl]-acetic acid (AEPA) linker, and is stable to 

proteolysis (see Figure 19B).208 In summary, cyclic substrate analogs have the potential 

to be more stable and potent than linear peptides, but so far the non-covalent interactions 

do not provide the level of affinity that is required for potent inhibition of the viral 

protease.207 

  

Figure 19. Noncovalent peptidomimetic inhibitors of SARS-CoV-2 Mpro: A. 23R (S-13) 
characterized in cellular assays with Vero E6 cells (EC50(SARS-CoV-2)= 1.27 µM) and Calu-
3 cells (EC50(SARS-CoV-2)= 3.03 µM) without observable cytotoxicity (CC50 > 100 µM);202 
and B. UCI-1 (S-14, University of California, Irvine Coronavirus Inhibitor-1)208 

 

Non-covalent small molecule inhibitors 

Promiscuous reactivity of warheads can lead to unintended covalent modifications of 

peptides and problems with off-target toxicity. Therefore, noncovalent inhibitors are 

considered to have a generally decreased risk profile.157 Interestingly, certain compounds 

that are covalent inhibitors at some other targets have been shown to inhibit Mpro in a 
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non-covalent manner. This can be explained by the positioning of the warhead in distance 

of the nucleophilic Cys145, rendering a reaction unlikely.  

Isatin derivatives were characterized as irreversible, covalent inhibitors to human 

rhinovirus 3C protease, but exhibit a non-covalent, reversible inhibition type towards 

SARS-CoV-1 and -2 Mpro (see Figure 20A).209,210 An N-substituted derivative (S-15) 

bearing a carboxamide at the C-5 position is among the most potent Mpro inhibitors so far. 

Unfortunately, the compound is highly cytotoxic, which directs the primary research 

objective towards reduction of toxicity.210 

Disulfide-based inhibitors like disulfiram have the potential to react with thiol groups, 

leading to the formation of new disulfide bonds. However, this class of compounds was 

shown to inhibit Mpro in a non-covalent manner. The effect of disulfiram (S-16) in cellular 

assay systems is limited (see Figure 20B),160 and disulfides are expected to be quickly 

metabolized by reaction with endogenous glutathione in vivo.157 In later studies 

disulfiram was shown to be a non-selective cysteine protease inhibitor, and its inhibition 

in enzymatic assays could be significantly be diminished by addition of DTT.175 

Further substances were identified in high throughput or drug repurposing screenings, 

e.g. baicalein (S-17, see Figure 20C). Many of the initial hit compounds lack specificity, 

and have already been reported as modulators of various other targets, which labels them 

as pan-assay interference compounds (PAINS); or they have cytotoxic effects, which limits 

their direct application. Therefore, potential lead structures should be assessed 

thoroughly whether they can be good starting points for the development of improved 

inhibitors. 

The SARS-CoV-1 Mpro inhibitor ML188 (S-18) is an even more potent inhibitor of SARS-

CoV-2 Mpro with an IC50 value of 2.5 µM, compared to an IC50 value of 4.5 µM at SARS-CoV-

1 Mpro in the same FRET-substrate based assay (see Figure 20D).211 The compound non-

covalently interacts with the catalytic residues of the enzyme. The crystal-structure of ML-

188 (S-18) and SARS-CoV-2 Mpro (PDB-ID: 3V3M)211 was used as a lead structure for the 

development of more potent inhibitors (e.g. S-217622 (S-22)).212  

In a similar approach, the non-covalent SARS-CoV-1 Mpro inhibitor ML300 (benzotriazole) 

was utilized as a starting point for an extensive SARs study yielding the imidazole and 3-

chlorobenzyl containing compound CCF981 (S-19, see Figure 20E).213 The metabolic 
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stability and pharmacokinetics of this series of compounds is not ideal, which warrants 

further development in regard to reduction of its clearance and inhibition of CYP enzymes. 

 

 

Figure 20. Noncovalent inhibitors of SARS-CoV-2 Mpro and their potencies A. most potent 
isatin derivative (S-13);209,210 B. Disulfiram (S-14);160,165 C. Baicalein (S-15);214 D. ML188 
(S-16);211 E. CCF981 (S-17) (additional characterization at SARS-CoV-1 Mpro IC50 = 0.19 
µM and antiviral activity in infected Vero E6 ACE2 cells (CPE EC50 = 0.497 µM and plaque 
reduction assay EC50 = 0.558 µM); CC50 > 50 µM);213 F. Isoquinoline lead (S-18, MAT-POS-
e194df51-1) from Moonshot COVID-19 program;215 G. Perampanel analog (S-19, 
compound 26 in original publication) antiviral activity in infected Vero E6 cells via MTT 
assay (EC50 = 2.0 µM) and plaque reduction assay (EC50 = 0.98 µM);216 and H.S-217622 (S-
20) antiviral activity in infected VeroE6/TMPRSS2 cells (EC50(SARS-CoV-2) = 0.29 –0.50 
µM; CC50 > 100µM).212 

 

The COVID-19 Moonshot program set out to develop broad-spectrum and affordable 

treatments directed against SARS-CoV-2 Mpro. In pursuing an open science and 
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crowdsourced approach, coordinated via an online platform (http://postera.ai/covid), 

they developed a patent-free antiviral, that is structurally distinct. The isoquinoline-based 

Mpro inhibitor MAT-POS-e194df51-1 (S-20) was simultaneously characterized in multiple 

laboratories, antiviral assays and cell lines (see Figure 20F).215 Its inhibitory potency was 

in the nanomolar range (IC50(SARS-CoV-2 Mpro)= 37 nM) and it was able to potently inhibit 

viral replication in combination with P-gp inhibitors (EC50(A549-ACE2-TMPRSS2 cells)= 

0.064 µM; EC50(HelaACE2)= 0.126 µM), without measurable cytotoxicity.215 The 

compound is currently in preclinical development and is envisaged as an orally available 

drug with a direct-to-generics production and distribution, forgoing extra profits related 

to intellectual properties.215 

Perampanel was identified as a weak hit in a screening campaign and designated as a 

worthwhile scaffold for optimization.216 The branched structure of perampanel occupies 

the S1, S1’ and S2 pockets of the protease, which enabled the design of tailored inhibitors 

based on a docked complex.216 The inhibitory potency for the most potent derivative 

(S-21, see Figure 20G) was increased about 10.000-fold from an approximate IC50 value 

of 100-250 µM for perampanel. Worthy of note, perampanel is fluorescent and interacted 

with the enzyme kinetic assay readout at concentrations relevant for the generation of its 

concentration-inhibition curve. The fluorescence was not a disrupting element for the 

more potent derivatives.216 The most potent pyridone derivative (S-21, compound 26 in 

the publication, PDB-ID: 7L14) was able to inhibit the replication of SARS-CoV-2 in Vero 

E6 cells, while being non-toxic towards Vero E6 and human bronchial epithelial cells 

(NHBE) in MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assays 

(CC50 < 100 µM).216 

Finally S-217622 (S-22) emerged from a focused virtual screening and structure-based 

drug design study (see Figure 20H).212 The virtual screening was based on the analysis 

of pharmacophores of known inhibitors and docking to the crystal structure of ML188 

(S-18) and SARS-CoV-2 Mpro. The conformation in presence of a non-covalent inhibitor 

was expected to support the rate of true positive hits.212 From the virtual screening hits a 

lead structure with good pharmacokinetic properties was selected. Derivatization of P1’ 

and P1 moieties lead to the generation of S-217662 (S-22, PDB-ID: 7VTH) and a >600-fold 

potency increase compared to the initial hit.212 The compound exhibited potent antiviral 

activity versus SARS-CoV-1 (EC50 = 0.21), all SARS-CoV-2 variants (EC50 = 0.29 – 0.50 µM) 

and other coronaviruses that are known to infect humans (MERS-CoV, HCoV-229E and 
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HCoV-OC43).212 Therefore it is a potential effective drug for newly emerging 

coronaviruses as well. S-217622 (S-22) is currently in phase3 clinical trials 

(NCT05305547) and represents the first oral noncovalent, nonpeptidic inhibitor of SARS-

CoV-2 Mpro to reach this developmental stage.195 

Dimerization inhibitors 

So far, all inhibitors described in this introduction are orthosteric, meaning they bind in 

the substrate binding pocket of the protease. A second approach to Mpro inhibition is based 

on the fact that the protease is catalytically active solely in its homodimeric form.217,218 

The N-terminal parts of the two monomers interconnect with each other and shape the S1 

pocket by interaction with Glu166. As a result, the so-called N-finger fragment and its 

binding pocket are targets for the development of dimerization inhibitors. An octapeptide 

consisting of the first eight corresponding N-terminal residues was able to decrease the 

protease activity of SARS-CoV-1 Mpro at the millimolar level.217 In a more recent study, 

inhibitors of SARS-CoV-2 Mpro were identified by virtual screening and molecular docking 

to allosteric binding sites. The hit molecules interacting with Glu166 were shown to 

decrease the dimerization, as well as enzymatic activity with micromolar potencies.218 

However, no clear lead structure could be identified, and the findings were not yet 

confirmed in cell culture experiments and need to be replicated and validated in order to 

be considered for drug development.   
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3 Publications on NTPDases 
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Introduction  

Purinergic signaling is regulated by ecto-nucleotidases, which catalyze the hydrolysis of 

nucleotides. The most important families of ecto-nucleotidases are ecto-nucleoside 

triphosphate diphosphohydrolases (NTPDases), ectonucleotide pyrophosphatases/ 

phosphodiesterases (NPPs), alkaline phosphatases (APs), and the ecto-5′-nucleotidase 

(ecto-5′-NT, CD73).22,37,219,220 The hydrolytic dephosphorylation of extracellular 

nucleoside tri- and di-phosphates to mono-phosphates is mainly facilitated by 

membrane-bound NTPDases1, -2, -3 and -8 (the other members of the NTPDase family 

are expressed intracellularly). For example, the terminal phosphate groups of adenosine 

triphosphate (ATP) are sequentially cleaved by NTPDase 1 (CD39), yielding adenosine 

monophosphate (AMP), which is in turn transformed to adenosine by CD73. The effects 

of NTPDases are determined by their substrate specificities and expression patterns. 

NTPDase2 has a much higher affinity for ATP compared to ADP, leading to the 

accumulation of the latter.37,42 As ADP is one of the ligands for P2Y1, P2Y12 and P2Y13 

receptors, their activation is affected by the NTPDase2 activity at sites of co-expression,37 

e.g. in blood vessels, cancer cells and in the central nervous system.85 NTPDase3 is highly 

expressed in the brain, where it was proposed to contribute to the processing of sensory 

inputs, and in the pancreas, where it is connected to insulin secretion.85,87 Potent 

inhibitors with selectivity for a particular NTPDase isoenzyme are scarcely available, and 

none of the published compounds are ideal as they typically lack metabolic stability or do 

not possess drug-like properties.100,111,114 Reactive blue 2 (RB-2) and related dyes were 
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discovered to be privileged ligands with regard to their ability to bind to a broad range of 

proteins, especially those involved in purinergic signaling.221 RB-2 is able to non-

covalently bind to nucleotide binding sites, in particular to those for adenosine 

phosphates. The interaction of RB-2 is promiscuous, but synthesis of derivatives, 

especially truncated ones, enables the generation of more selective compounds.221 

Our laboratory has a history of studying anthraquinones and their pharmacological 

effects on selected targets.221–225 The predecessor study related to the paper presented in 

this chapter focused on the optimization of anthraquinone derivatives as inhibitors of rat 

NTPDases1, -2 and -3; it presented PSB-071, an NTPDases inhibitor with IC50 values in the 

micromolar range.104 The binding mode of PSB-071 at rat NTPDase2 was determined by 

X-ray crystallography.54 Interestingly, two molecules of the anthraquinone-derived 

inhibitor simultaneously bind to the active site of the enzyme, facilitated by self-

association via π-π-stacking interactions.54  

The following publication pursues the development of selective human ecto-NTPDase 

inhibitors based on an anthraquinone scaffold.105 Examination of the structure-activity 

relationships enabled the synthesis of compounds with distinct selectivity for NTPDase2 

or NTPDase3.  

Summary and outlook 

A library of 203 anthraquinone compounds was screened at a concentration of 2 µM on 

human NTPDases subtype 1, 2, 3 and 8 using the malachite green assay.120 48 of those 

compounds are featured in the publication. This work comprises the description of the 

synthesis of 14 novel anthraquinone derivatives and the detailed in vitro assessment of 

the featured compounds with respect to their inhibitory potencies and selectivity at 

human ecto-NTPDases. No potent inhibitors of NTPDase1 (CD39) or -8 were identified, 

while selective NTPDase2 and -3 inhibitors emerged and were further characterized.  

Regarding the structure-activity relationships, inferences were non-transferable between 

human and rat NTPDases. PSB-071 (6) was not able to inhibit human ecto-NTPDases at 

relevant concentrations. Similarly, rat CD39 and NTPDase3 were efficiently inhibited by 

naphthylamino-substituted anthraquinone derivatives 15 and 18.104 However, these 

compounds had no effect on the corresponding human NTPDases. The basic 

anthraquinone structure was essential for the ability to modulate the enzymes. But the 
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overall size and polarity of RB-2 was not required for inhibition. This enabled the 

synthesis of smaller derivatives. NTPDase3 modulators generally possessed negatively 

charged groups, such as hydroxyl, carboxylate or sulfonate. The most potent inhibitors of 

NTPDase3, PSB-1011 (42, IC50 of 390 nM) and PSB-2046 (33, IC50 of 723 nM) are both 

rather polar, which suggests a more hydrophilic binding pocket compared to NTPDase2. 

Inhibitors targeting the NTPDase2 enzyme were more spacious and lipophilic, such as the 

phenanthryl derivative PSB-16131 (20) and the diphenyl sulfide PSB-2020 (48), 

exhibiting IC50 values of 539 and 551 nM respectively.  

So far RB-2 and the anthraquinone derivatives were described as competitive inhibitors 

of rat NTPDases.54,104 The inhibition type studies conducted on the human NTPDases for 

the most potent inhibitors yielded different modes of inhibition, which do not support the 

hypothesis of a purely competitive inhibition type. NTPDase2 was inhibited by PSB-16131 

(20) in a non-competitive manner and NTPDase3 was inhibited by PSB-1011 (42) with a 

mixed-type inhibition, which is a special case of non-competitive inhibition. 

Consequently, the mechanism of action is connected to the substitution pattern and 

disparate for NTPDase isoenzymes and species.  

All in all, several anthraquinone derivatives were established as lead structures for 

specific NTPDase2 and NTPDase3 inhibitors. These compounds may be employed for 

biological studies on the (patho)physiological effects of NTPDases. Furthermore, they are 

promising candidates for the pharmacological treatment of cardiovascular and 

neurodegenerative diseases, inflammation and cancer.  

Author’s contribution 

For this publication, the concentration-inhibition curves of 28 anthraquinones were 

determined for NTPDase2 or -3. Out of those, 19 were determined by the author of this 

thesis, while the foundation was laid by Amelie Fiene, who performed the screening at 2 

µM as well as IC50 value determination for nine compounds with an initial inhibition above 

70 %. The selectivity of potent NTPDase2 and NTPDase 3 inhibitors versus the ecto-

NTPDases, and the inhibition type experiments were executed by the author, as well as 

the inhibition type determinations of derivatives 20 (PSB-16131) at NTPDase2, and 42 

(PSB-1011) at NTPDase3. The experimental work is depicted in Figures 2, 3 and 5, and 

inhibition constants are collected in Table 1.  
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Introduction  

The inhibition of ecto-nucleotidase activities is a novel approach in the treatment of 

cancers,74 which overexpress nucleoside triphosphate diphosphohydrolase1 (NTPDase1, 

CD39) and ecto-5’-nucleotidase (CD73) in order to facilitate immune escape by hydrolysis 

of inflammatory ATP to immunosuppressive adenosine.226 Therefore, small molecules 

that are able to inhibit either or both of the enzymes are in demand.74 For the target CD73, 

several potent small molecule inhibitors as well as antibodies have been developed and 

are currently investigated in clinical trials.140,142,145 The design and production of CD39-

specific antibodies was also successful.126,127,153 However, no promising small molecule 

lead structures for CD39 have been available and comprehensively characterized. The 

ideal lead structure candidate for CD39 is metabolically stable and has a high potency and 

selectivity for its target. Currently known inhibitors are lacking at least one of the 

aforementioned properties.  

Therefore, the work leading to the publication presented in this chapter took the 

approach of extensively characterizing the current standard ecto-ATPase inhibitor N6-

diethyl-D-β,γ-dibromo-methylene-ATP (ARL67156).94 The nucleotide analog is based on 

ATP, with a β,γ-dibromo-methylene bridge aiming to stabilize the phosphate chain. It 

demonstrated moderate competitive inhibition of the human enzymes CD39, NTPDase3 

and NPP1 with Ki values in the micromolar range (Ki (CD39) = 11 ± 3 μM, Ki (NTPDase3) 

= 18 ± 4 μM and Ki (NPP1) = 12 ± 3 μM).93,138 P2 receptors are not modulated by the ATP-

analog.55 As ARL67156 is so far the only commercially available CD39 inhibitor, it was 

frequently used in in vitro and in vivo experiments.95–97 Despite its modest inhibitory 
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potency, ARL6175 was selected as a compelling starting point for further characterization 

and development of potent, subtype-specific CD39 inhibitors. The competitive inhibition 

type at CD39 points to an orthosteric binding at the site of the ATP substrate and should 

therefore enable in silico-assisted optimization of derivatives.52  

Summary and outlook 

In our hands, ARL67156 displayed a micromolar affinity for human CD39 with respective 

Ki values of 0.973 and 3.45 µM in capillary electrophoresis- and colorimetric-based 

enzyme activity assays respectively.93 By synthesis of N6- and 8-substituted adenosine 

derivatives and subsequent phosphorylation,227 new insights into the structure activity 

relationships (SARs) of this compound class at human CD39 were attained. None of the 

variations in the N6- and 8-position led to derivatives with increased potency compared 

to the lead structure. The new compounds 31, 33, and α,β-methylene-ATP were of similar 

CD39-inhibitory potency as ARL67156. In compound 33, an N6-monomethyl residue is 

combined with an 8-butylamino substitution of the adenine base, which resulted in Ki 

values of 1.51 and 3.35 µM in the aforementioned assays. The 8-substituted compounds 

were inspired by 8-butylthio-adenosine nucleotides, which were shown to be potent 

CD39 inhibitors.91 Our own studies on the optimization of (8-butylthio-)AMP-derivatives 

are currently being compiled and will be published in the near future. The importance of 

the dibromo substitution of the methylene bridge was assessed. Electron-withdrawing 

substituents were essential to the inhibition potency at CD39, since halogen-substituted 

analogs retained some potency, whereas a compound with an unsubstituted methylene 

bridge was not able to elicit inhibition. This indicates that full deprotonation of the 

terminal phosphate group is required for a high binding affinity in the ATP-binding pocket 

of CD39.  

The selectivity of ARL67156, and the most potent derivatives 31 and 33, was studied on 

a broader selection of human ectonucleotidases, including CD39, NTPDases2, -3 and 8, 

NPP1, -3, -4 and -5, CD73 and CD38. All three compounds were able to decrease 

NTPDase3, CD73, and NPP1 activities in addition to their CD39 inhibition. Compound 31 

also weakly inhibited NTPDase2, while compound 33 displayed a preference for CD73 

inhibition with a Ki value of 0.185 µM. Modification of the lead structure had no significant 

effect on the selectivity towards CD39. Therefore, this compound class was designated as 

multi-target ecto-nucleotidase inhibitors. 



3.2 ARL67156  Dissertation, 2022 

83 

All three compounds were metabolically unstable since the analytes could not be detected 

by liquid chromatography coupled to electrospray ionization mass spectrometry (LC/ESI-

MS) analysis shortly after addition to mouse or human liver microsomes. The stock 

solutions were stable, which excluded a general chemical instability. Since ARL67156 is 

commonly utilized in in vivo studies as a CD39 inhibitor, these results were quite 

surprising, especially, because it had always been assumed that ARL67156 is 

metabolically stable due to its β,γ-dibromomethylene-group.93,138  

Docking studies were performed using the previously described homology model of 

human CD39 and the X-ray structure of CD73.52,144 ARL67156 was docked into the 

catalytic site of the respective enzyme, as it had been shown to competitively inhibit CD39. 

In comparison to ATP, ARL67156 is oriented in a very similar position with identical key 

residue interactions of the phosphate chain, and the 3’-hydroxy-group and the adenine 

ring. The necessity of a fully deprotonated γ-phosphate was rationalized by interactions 

with amino acid residues and the calcium ion in the binding pocket of CD39. In the docking 

studies on CD73, the phosphonate chain pointed towards the two zinc ions. The 

conformation around the nucleosidic bond was transformed from anti to syn by the 

introduction of the 8-butylthio-substituent in compound 31. 

To summarize, the work presented in this chapter contributed much needed insights into 

the characteristics of the multi-target ecto-nucleotidase inhibitor ARL67156. Noteworthy, 

we discovered that ARL6156 and its derivatives possess poor metabolic stability and can 

therefore be recommended only for use as pharmacological tool compounds in in vitro, 

but not in in vivo, experiments. This detailed characterization will be of substantial benefit 

for fellow researchers applying ARL67156 in their studies, and for the further 

development of these lead structures.  

Author’s contribution 

The modulation of human CD39 and ecto-NTPDase2, -3 and -8 activities was studied by 

the author utilizing the natural substrate ATP, as well as a fluorescence-labeled ATP 

derivative.52 The nucleotide analogs were initially tested at a single concentration. 

Subsequently, promising derivatives were characterized by concentration-inhibition 

curves and calculation of Ki values. The molecular modeling studies were executed by the 

author in close cooperation with Vigneshwaran Namasivayam, who designed the figures 
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presenting the putative binding positions at CD39 and CD73. All other figures and tables 

were assembled by the author of this thesis. In addition, she contributed to form and 

content of the draft in assistance to the corresponding author Christa E. Müller.  
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Introduction  

ATP belongs to the damage-associated molecular patterns, exerting its effects on the 

innate immune response by activation of purinergic P1 and P2 receptors.20 The molecule 

is increasingly released upon hypoxia-related conditions such as inflammation and stress 

via exocytosis, nucleotide channels and transporters, or passively released in 

consequence to cell death.28,57 The nucleotide evokes a self-reinforcing inflammatory 

process by recruitment and activation of immune cells. This so-called purinergic signaling 

is regulated by the enzymatic hydrolysis of the nucleotides by ecto-nucleotidases, most 

prominently CD39. The ATPase operates in tandem with CD73, which transforms AMP, 

the product of CD39, to adenosine. This nucleoside in turn elicits the opposite effects to 

ATP, by downregulating the immune system via adenosine receptors.23,28 Modulators of 

these enzymes are of interest in pharmaceutical treatment of cancer immune escape and 

regulation of infections.74 Small molecule inhibitors are especially attractive drugs as they 

can be synthesized in bulk and are potentially suited for per oral application, which is not 

the case for antibodies. Furthermore, the pharmacokinetic properties of lead structures 

may be designed to enable accumulation in tumor tissues. To date, no suitable drug 

candidates have been identified for CD39. Yet, the thienotetrahydropyridine derivatives 

ticlopidine and clopidogrel may be repurposed as CD39 inhibitors, as they were shown to 

be moderately potent inhibitors.108,109  

The structurally closely related compounds are prodrugs, that are metabolically activated 

via cytochrome P450 enzymes in the liver to reactive thiols that are able to covalently 

attach to and thereby exert irreversible inhibition of P2Y12 receptors on thrombocytes. 
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The antithrombotic effect of these drugs is utilized in the treatment of acute coronary 

syndromes and for the prevention of stroke and heart infarction.  

Both ticlopidine and clopidogrel were reported to decrease the hydrolysis of adenine 

nucleotides by CD39 in their native, unmetabolized form. In the published studies, the 

compounds inhibited the human enzyme with a mixed-type of inhibition with apparent 

Ki,app values of 14 µM for ticlopidine and 10 µM for clopidogrel.109 The authors claimed 

that the hydrolysis of ADP as a substrate of CD39 was inhibited more effectively than ATP, 

and that the inhibition was selective for the CD39 isoenzyme.108,109  

In the publication of this chapter, our objective was the validation of previously reported 

inhibition results, as well as the investigation of the effects of 2‐substituted 

thienotetrahydropyridine derivatives as inhibitors of human CD39. 

Summary and outlook 

Initially, we confirmed the concentration-dependent inhibition of both ticlopidine and 

clopidogrel, with lower potency than previously claimed.109 As a next step we 

comprehensively investigated the effects of ticlopidine on different preparations of CD39, 

namely native enzyme from human umbilical cord membranes and recombinant human 

CD39 either expressed in COS-7 membranes, or the soluble purified form, which lacks the 

transmembrane domains. The potency of ticlopidine was consistent among the different 

forms of the enzyme within orthogonal assay systems. In addition, we replicated the 

experiments with ATP and ADP substrates and found no statistical difference of 

ticlopidine inhibition potency of CD39. The inhibition type was characterized as allosteric, 

non-competitive with a Ki value of 127 µM, which is in the same range as the determined 

IC50 values (33.3 – 81.7 µM). A direct repurposing of ticlopidine as CD39 inhibitor is not 

practical, as the compound is lacking in potency and will be metabolized to a P2Y12 

receptor antagonist.  

Therefore, we initiated the search for more potent and metabolically stable inhibitors by 

screening a library of closely related thienotetrahydropyridine derivatives, in which the 

2-position was blocked by introduction of amino, carboxamido, ureido or thioureido 

groups. These substitutions were thought to prevent metabolism by CYP-enzymes and 

unintended off-target actions. Structure activity relationship analysis revealed that 2-

substitution was tolerated as several of the investigated 2‐substituted 
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thienotetrahydropyridine derivatives displayed inhibition of CD39 at 100 µM. The most 

potent derivative 32 was selected for further characterization. Similar to ticlopidine, 

compound 32 was able to inhibit different CD39 preparations in three different assay 

systems. The observation that inhibition of the soluble form of CD39 was retained 

indicates that the allosteric binding site is independent of the transmembrane regions. 

The potency of derivative 32 was similar to ticlopidine with IC50 values ranging from 45.2 

to 84.8 µM. Likewise, the compound displayed a non-competitive inhibition type. 

Remarkably, the selectivity profile of 32 was improved in comparison to ticlopidine, 

which inhibited all ecto-NTPDases and CD73, while 32 solely inhibited CD39 and CD73 

activities. Therefore, compound 32 can be classified as better lead structure for CD39 

modulation, as it was assessed in silico to not be converted to a thiol-reactive derivative 

and potential P2Y12 antagonist.  

In conclusion, ticlopidine was shown to be a multi-target ecto-nucleotidase inhibitor, and 

we were able to identify several structurally related derivatives with similar CD39 

inhibitory potency that cannot be oxidized to reactive thiols. In addition, our laboratory 

performed similar studies on the SARs and selectivity of a large series of ticlopidine 

derivatives and analogs which will soon be published.  

Author’s contribution 

The experimental work on membrane-bound CD39 and NTPDases2, -3 and 8 was 

conducted by the first author of this publication, including the screening and selectivity 

experiments, as well as the determination of IC50 values and inhibition types of ticlopidine 

and the most potent derivative 32. All figures were created by the author, and she was 

responsible for writing the manuscript jointly with professors Christa E. Müller and 

Michael Gütschow.   
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Introduction  

Cancer cells were shown to facilitate immune escape via the hypoxia-A2A-adenosinergic 

signaling pathway.30 Hypoxia is characteristic for the tumor microenvironment and 

induces an increased production of extracellular adenosine via the transcription factors 

specificity protein 1 (SP-1) and hypoxia-inducible factor 1α (HIF-1α).31 Adenosine 

suppresses the immune response via A2A and A2B receptor signaling. Successful 

pharmaceutical intervention with the aim to re-activate the cellular immune response has 

been demonstrated with the adenosine A2A receptor antagonist ciforadenant and the 

CD73 inhibitor AB680, small molecules that are currently evaluated in advanced clinical 

trials.33,145,146 An alternative route to prevent immune escape and to activate the immune 

response may be achieved by inhibition of the ecto-nucleotidase-catalyzed degradation of 

ATP.71 One of the most prominent ecto-nucleotidases in the cancer microenvironment is 

CD39, an enzyme that dephosphorylates ATP via ADP to AMP. The product AMP is 

subsequently hydrolyzed by CD73, to produce adenosine.37 Tumor cells overexpress 

these enzymes in order to maintain an immunosuppressive and proliferation-enhancing 

microenvironment. 

CD39 presents a novel target for the immunotherapy of cancer.72 Its inhibition would have 

the advantage of increasing extracellular ATP concentrations, thereby further boosting 

the cellular immune response. But so far, no potent and selective small molecule 

inhibitors for CD39 are available or in clinical trials (see section 2.2.3). Therefore, new 

scaffolds for CD39 inhibitors are in demand. It is favorable to consider the 

pharmacokinetic properties, like metabolic stability, at early stages of drug development. 
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Thus, it has been postulated that it may be easier to optimize target potency than 

pharmacokinetic properties without losing a compound’s inhibitory potency.212 

In this publication, we identified a new scaffold for CD39 inhibitors and performed a 

detailed characterization of the hit compounds’ inhibition mode, selectivity and effect on 

the ATPase activity in immune and cancer cells. The hit compound, ceritinib, has very high 

chemical and metabolic stabilities, and may be further optimized with regard to its ecto-

NTPDase-inhibitory potency and selectivity.  

Summary and outlook 

We assembled a library consisting of 50 approved protein kinase inhibitors on the 

assumption, that these compounds are optimized drugs with regard to their 

pharmacokinetic properties. Protein kinases contain a binding site for their co-factor ATP, 

which is competitively targeted by many protein kinase inhibitors. Our hypothesis was, 

that some protein kinase inhibitors may bind to and inhibit extracellular ATP-hydrolyzing 

enzymes as well.  

We screened the library of protein kinase inhibitors at human CD39 and identified one 

hit, namely ceritinib. The drug significantly decreased the activity of membrane-bound 

CD39 by 56% at 10 µM. This initial finding was confirmed by the generation of IC50 values 

of 11.3 and 13.7 µM in two orthogonal enzymatic activity assays using different 

preparations of the CD39 enzyme. The inhibition type for ceritinib at CD39 was 

determined to be non-competitive with a Ki value of 11.0 µM. This fact proposes the 

existence of a secondary, allosteric nucleotide binding site on CD39 that modulates the 

catalytic turnover of the substrate ATP. Furthermore, we performed selectivity studies for 

ceritinib at relevant ecto-nucleotidases. At a concentration of 50 µM, ceritinib was able to 

inhibit the activities of NTPDases3 and -8, but showed limited or no modulation of 

NTPDase2, CD73, CD38 and ecto-NPPs. The inhibitory potency was further characterized 

by determining IC50 values of 22.7 and 20.3 µM for NTPDase3 and NPTDase8, respectively.  

As a next step, the effect of ceritinib on the ATP-degrading abilities of native immune cells, 

namely peripheral blood mononuclear cells and two membrane preparations of cancer 

cells was assessed. Ceritinib showed a concentration-dependent inhibition of ATP 

hydrolysis and consequently an accumulation of ATP. This effect could be confirmed in 

living cells. However, ceritinib was cytotoxic at higher concentrations and upon longer 
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exposure time. The cytotoxicity may be caused by protein kinase inhibition and may be 

reduced by the synthesis of derivatives with increased NTPDase selectivity in future 

studies. 

Ceritinib (Zykadia®) is approved as an inhibitor of anaplastic lymphoma kinase (ALK), 

which it competitively inhibits with a potency in the low nanomolar range.9,228 It was 

optimized with regard to its metabolic stability and was intensively characterized as part 

of the approval process.228–230 The drug is distributed as capsules for oral administration, 

as the active ingredient, ceritinib, shows good membrane permeability and even a 

capacity to overcome the blood-brain barrier.231 Micromolar levels were found in tumor 

tissues and low micromolar levels in plasma.229–231 Thus, ceritinib’s inhibition of CD39 

could potentially be a synergistic factor in the treatment of some cancer patients, as local 

tumor concentrations of ceritinib can reach levels of over 100 µM.231 As previously 

mentioned, the poly-pharmacology of ceritinib contributes to the observed cytotoxicity. 

The ALK-inhibitor was shown to inhibit various additional targets, including other protein 

kinases, the insulin-like growth factor 1 receptor (IGF-1R), the insulin receptor, and the 

serine/threonine protein kinase STK22D (TSSK1).232–234  

Thus, further efforts directed towards the analysis of structure-activity relationships of 

ceritinib analogs and derivatives as CD39 inhibitors are warranted. The initial aim will be 

to decrease the inhibition of protein kinases and to increase CD39 inhibitory potency. An 

alternative approach would be the generation of optimized dual CD39/protein kinase 

inhibiting drugs, which could have a synergistic effect in the anti-proliferative treatment 

of tumors. 

Author’s contribution 

The author of this thesis assembled and organized the acquisition of the protein kinase 

inhibitor library and performed the screening of this library, characterization by 

concentration-inhibition curves, and determination of the inhibition type at CD39, as well 

as the selectivity studies versus ecto-NTPDases. Furthermore, she conducted the 

experiments on membrane preparations of cancer cells. All tables and figures were 

created and edited by the first author and she wrote this the manuscript in cooperation 

with Prof. Christa E. Müller with contributions from all co-authors.  
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4 SARS-CoV-2 Main protease experiments 

4.1 Development of an activity assay for SARS-CoV-2 Mpro  

In order to perform biochemical enzyme activity assays, the basic ingredients, namely an 

active enzyme preparation and its corresponding substrate, have to be obtained. This 

preliminary work was performed in the groups of Prof. Christa Müller and Prof. Michael 

Gütschow by an interdisciplinary team of molecular biologists and chemists and was 

published in Breidenbach et al. 2021.165 In brief, the Mpro protein was recombinantly 

expressed in BL21 E. coli bacteria. The protease was complemented with an N-terminal 

cleavage site for Mpro, which allows for auto-cleavage of the fusion protein, and a C-

terminal His10 tag for purification. The native Mpro enzyme was generated by digestion 

with HRV 3C protease, which cleaves off the His-tag.165 

Two specific substrates, each containing an Mpro recognition sequence and cleavage site 

following a glutamine in the P1 position, were considered for the assay establishment (see 

Figure 21). An internally quenched fluorescent peptide substrate, Dabcyl-Lys-Thr-Ser-

Ala-Val-Leu-Gln-Ser-Gly-Phe-Arg-Lys-Met-Glu(EDANS)-NH2 (Dabcyl-EDANS, Figure 

21A) was purchased, as it had been demonstrated to be an effective substrate.158,168,169 On 

the basis of a shorter, internally quenched fluorescent peptide substrate consisting of 7-

methoxy-coumarin-4-yl-acetic acid (MCA) as fluorophore and the 2,4-dinitrophenyl 

(Dnp) quencher,160,164,235 a fluorogenic substrate was designed which releases fluorescent 

7-amino-4-methylcoumarin (AMC) upon proteolysis. The artificial peptide Boc-Abu-Tle-

Leu-Gln-AMC was synthesized by Lan Phuong Vu (Prof. Gütschow group) and will be 

referred to as AMC-substrate (Figure 21B). 

The assay development and validation experiments described in section 4.1.1 were 

performed in close collaboration with Dr. Carina Wirtz (maiden name Lemke) and 

supported by the expertise of Prof. Christa Müller and Prof. Gütschow. 
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Figure 21. Structures of specific SARS-CoV-2 Mpro substrates. A. Commercial fluorophore-
quencher substrate Dabcyl-Lys-Thr-Ser-Ala-Val-Leu-Gln--Ser-Gly-Phe-Arg-Lys-Met-
Glu-(EDANS)-NH2 (Dabcyl-EDANS, fluorophore 4-((4-(dimethylamino)phenyl)azo) 
benzoic acid (Dabcyl) and quencher 5-((2-aminoethyl)amino)naphthalene-1-sulfonic 
acid (EDANS), (λex= 340 nm; λem= 490 nm)) purchased from Biosyntan (Berlin). 
B. Fluorogenic substrate Boc-Abu-Tle-Leu-Gln--AMC (λex= 360 nm; λem= 460 nm) 
synthesized by Lan Phuong Vu (Prof. Gütschow group). The arrow marks the cleavage site 
of Mpro. 

 

4.1.1 Assay establishment and validation 

Parameter optimization 

The initial experiments aimed to observe a time-dependent increase of fluorescence upon 

addition of the enzyme compared to samples without the protease. Subsequent to this 

proof of concept, the assay ingredients and parameters were optimized for both 

substrates and instruments (FLUOstar and PHERAstar by BMG Labtech) with the purpose 

of establishing a high throughput screening (HTS) compatible assay. 

Various buffer compositions at relevant pH ranges, as well as different concentrations of 

dimethyl sulfoxide (DMSO), Triton X-100, and different types of 96-well plates were 

compared (see Figure 22). The activity is expressed as fluorescence increase upon 

product formation in the initial 10 minutes of the protease reaction (slope/min). The 

buffering ingredient of the chosen compositions did not have a major influence on the 

assay readout (Figure 22A). Therefore, MOPS-buffer was chosen at a pH of 7.2, which is 

imitating physiological intracellular conditions. MOPS is frequently used in biochemical 

assays and its pKa is in the desired range with a value of 7.2. DMSO is an organic solvent 
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used for preparing stock solutions of substrates and inhibitors. Therefore, a suitable 

concentration range, which enables a reasonably high solubility under retained enzymatic 

activity was determined (Figure 22B). The enzyme activity level was not impaired by the 

added amounts of DMSO under these test conditions. For the screening experiments a 

final concentration of 4% DMSO was chosen. The detergent Triton X-100 is added to 

decrease non-specific protein binding of test compounds.236,237 No significant difference 

in slope/min was detected for the tested Triton X-100 amounts (Figure 22C). We decided 

to keep 0.01% Triton X-100 in the MOPS buffer (pH 7.2). As Triton X-100 is not stable at 

low percentages, the assay buffer needs to be complemented from a 1% Triton X-100 

stock in assay buffer before each experiment. Finally, the progression curves of samples 

in different types of 96-well plates were compared (Figure 22D). The use of black well 

plates resulted in a decrease of standard deviation and was therefore chosen for 

subsequent experiments.  
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Figure 22. Influence of different parameters on SARS-CoV-2 Mpro activity performed on 
FLUOstar instrument; A. Buffer compositions: 50 mM MOPS, pH 7.2, 10 mM NaCl, 1 mM 
EDTA without or with 0.01% Triton X-100; 100 mM sodium phosphate buffer, pH 6.0, 
100 mM NaCl, 5 mM EDTA, 0.01% Brij 35; 50 mM Tris-HCl buffer pH 8.0, pH 6.0 or pH 7.2, 
each containing 10 mM NaCl and 1 mM EDTA. B. DMSO addition to 50 mM MOPS, pH 7.2, 
10 mM NaCl, 1 mM EDTA buffer; C. TritonX 100 detergent addition to 50 mM MOPS, 
pH 7.2, 10 mM NaCl, 1 mM EDTA buffer; D. Comparison of duplicate progression curves 
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of standard samples in a transparent Sarstedt or black Greiner 96-well plate. Error bars 
represent SEM values. Data were previously published by us.165 

After determination of the assay ingredients, namely 50 mM MOPS, pH 7.2, 10 mM NaCl, 

1 mM EDTA with 0.01% Triton X-100 and 4% DMSO in black 96-well plates, the optimal 

Mpro concentration and the linearity of product formation were examined (see Figure 23).  
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Figure 23. Effect of Mpro protein concentration on initial velocity of substrate turnover; 
A. AMC-substrate at 50 µM and B. Dabcyl-EDANS substrate at 20 µM; linearity of 
fluorescence readout caused by product formation of C. AMC-substrate and D. Dabcyl-
EDANS substrate on the Fluostar instrument, and E. AMC-substrate on the PHERAstar 
instrument. Data were previously published by us.165 
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The assay readout increased proportionally to the protein concentration of Mpro samples 

for both substrates (Figure 23A and B). The influence of substrate concentration on the 

fluorescence intensity readout after complete transformation to product was determined 

by following the reaction until a plateau is reached. Due to the slower turnover, the AMC-

substrate was incubated for 6.5 h (or 3.5 h for the PHERAstar instrument), while the 

Dabcyl-EDANS substrate was completely converted after already 30 min. The differences 

in fluorescence intensities at the beginning of the reaction and after complete substrate 

consumption (ΔFU) were plotted versus initial substrate concentrations (Figure 23C, D 

and E). The AMC-substrate provides a much higher fluorescence readout. Furthermore, 

the solubility is superior to the Dabcyl-EDANS substrate, as linearity can be observed up 

to 100 µM with the AMC-substrate, whereas the ΔFU values were only linear up to 30 µM 

with the Dabcyl-EDANS-substrate. On the PHERAstar instrument, the standard curve for 

AMC was linear up to 10 µM. The signal for 50 µM of converted AMC-substrate was above 

the measurement range (> 260 000 relative fluorescence units (RFU)). 

4.1.2 Comparison of substrates 

Substrate specificity was investigated by incubating selected protein preparations with 

Dabcyl-EDANS and AMC-substrate, as well as three additional AMC-based protease 

substrates (see Figure 24). The concentrations of substrates and enzymes were adjusted 

to ensure a significant fluorescence readout. With the exception of the Boc-Abu-Tle-Leu-

Gln-AMC substrate, all artificial peptides were hydrolyzed by human trypsin, which is able 

to digest a wide range of proteins by cutting the peptide chain subsequent to the amino 

acids lysine or arginine. This qualifies the AMC-substrate as the most specific Mpro 

substrate of this experimental series, as it was not significantly cleaved by HEK-lysates, 

cathepsin L, B and trypsin.  

Km values for Dabcyl-EDANS and AMC-substrate were determined for SARS-CoV-2 Mpro 

enzyme preparations at different states purification (see Figure 25). The crude extract of 

the bacterial expression containing His-tagged Mpro was compared to the purified His-

tagged Mpro and to the native Mpro, subsequent to cleavage of the His-tag. Non-transformed 

BL21 E. coli crude extract was unable to cleave the AMC-substrate (slope/min < 1, n = 

3).165 The Km values were similar for both substrates and across all preparations of the 

enzyme (see Table 9), allowing the use of His-tagged protein in subsequent inhibitor 

characterization studies.  
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Figure 24. Conversion of selected fluorogenic protease substrates by SARS-CoV-2 Mpro, 
human embryonic kidney (HEK)-cell lysates without or with Mpro addition, human 
cathepsins L and B (Cat L and Cat B) and bovine trypsin compared to samples without the 
addition of protein samples (no enzyme). The initial product formation rate of 50 µM 
substrate was observed over 10 min at 37°C. Data were previously published by us.165 
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Figure 25. Determination of Km values of Dabcyl-EDANS (A, B) and AMC-substrate (C, D) 
with Mpro protein from different states of the production process. The crude extract from 
E. coli expression containing His-tagged Mpro and impurities, the His-tag purified crude 
extract sample and the pure, native Mpro sample, obtained by cleavage of the His-tag. 
Shown are Michaelis-Menten (A, C) and Lineweaver-Burk (B, D) plots (n = 3). Km values 
are allocated in Table 9. Data were previously published by us.165 
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In comparisons of different substrates for an enzyme, is not unusual that the Km values 

are similar, as they express the initial binding affinity of the ES-complex. Here the binding 

affinity of the two substrates is similar as both share the Mpro specific recognition 

sequence and cleavage site. It is evident in Figure 25 that the maximum velocities of 

product formation in the respective experiments depend on the amount and activity of 

the Mpro enzyme added to initiate the reaction. Mpro is only active in its homodimeric form, 

and the crude extract additionally contains other proteins, hence the concentration of 

catalytically active enzyme can only be approximated for the purified samples.218 The 

efficiency of substrate turnover is expressed by the single-first order constant kcat and the 

ratio kcat/Km. The latter, the so-called specificity constant, combines substrate affinity and 

conversion efficiency, which enables a more balanced comparison of a substrate’s 

suitability as an enzymatic probe. The specificity constant of Dabcyl-EDANS (literature 

kcat/Km values for SARS-CoV-2 Mpro 3,426 M-1s-1, 5,624 M-1s-1)158,169 is higher for both 

purified His-tag and native Mpro enzyme preparations with kcat/Km values of 5,800 and 

2,590 M-1s-1 compared to the AMC-substrate with 604 and 81.0 M-1s-1 respectively (see 

Table 9). This indicates that the Dabcyl-EDANS substrate is cleaved faster, which can be 

explained by faster recognition and processing of the elongated peptide linker between 

the fluorophore and quencher. However, a higher turnover is not necessarily desirable, as 

the study of slow-binding inhibitors necessitates experimental steady-state conditions of 

the positive control sample over a prolonged time period. Therefore, the AMC-substrate, 

which is cleaved more slowly, has a higher fluorescence readout and lower production 

costs, and was therefore chosen for in vitro inhibitor characterization studies.  

Table 9. Km and kcat/Km values of Mpro samples for Dabcyl-EDANS and AMC-substrates.165 
Samples include the crude extract from E. coli expression, which contains the His-tagged 
Mpro along with other proteins, a His-tag purified preparation and the native Mpro 
subsequent to cleavage of the His-tag. The product formation/min was calculated with 
the help of the linear regression curves, which were determined in the third iteration of 
the experiment (see Figure 23). kcat/Km was calculated with kcat = Vmax / enzyme amount 
(mol/L) and a molecular weight of 33,8 kDa for the Mpro enzyme and 35,0 kDa for the His-
tagged enzyme. kcat/Km values were not determined for the crude extract as the 
concentration of Mpro is unknown.  

Enzyme sample Km ± SEM (µM, n = 3) kcat/Km (M-1s-1) 

Dabcyl-EDANS AMC-substrate Dabcyl-EDANS AMC-substrate 

Mpro crude extract 42.0 ± 7.2 50.1 ± 4.8 - - 

Mpro His-purified 60.6 ± 3.6 48.2 ± 5.6 5,800 604 

Mpro native 45.5 ± 17.0 60.2 ± 13.3 2,590 81.0 
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4.2 Characterization of first inhibitors of Mpro 

4.2.1 Reference inhibitors disulfiram and ebselen 

Two compounds, disulfiram and ebselen, were reported to inhibit Mpro and therefore 

tested with the newly established assay (see Table 10). The concentration-inhibition 

curves were prepared by observing the initial velocity of the enzymatic proteolysis for 

both substrates versus a dilution series of the respective compound. A positive control 

without an inhibitor defines full enzymatic activity, while a negative control, containing 

merely the substrate in assay buffer specifies the readout for complete inhibition. Both 

compounds displayed concentration-dependent inhibition of Mpro. As the assay 

conditions, e.g. substrate concentration and assay buffer composition, differ between 

publications, the IC50 values were corrected in analogy to the Cheng-Prusoff equation.238 

These corrected half maximal inhibition constants (IC50 values) were comparable for both 

substrates and within the range of literature values (Table 10). Reported IC50 values for 

Mpro inhibition were 9.35 and 8.01 µM for disulfiram (M-1) and 0.67 µM for ebselen 

(M-2).160 Since the inhibitory potency of these compounds was demonstrated to be non-

specific and abrogated by addition of reducing agents DTT or glutathione (GSH),175 these 

compounds were not further pursued as lead structures for Mpro-targeted inhibitors.  

Table 10. Comparison of inhibition constants of disulfiram and ebselen in Mpro activity 
assay with Dabcyl-EDANS and AMC-substrates. Data were previously published by us.165 

# Name Structure AMC-substrate Dabcyl-EDANS 
M-   IC50 

(µM) 
IC50 / 

(1+[S] 
/Km) 
(µM) 

IC50 
(µM) 

IC50 / 
(1+[S] 
/Km) 
(µM) 

1 Disulfiram 

 
 

7.54 ± 
0.24 

3.71 ± 
0.12 

8.29 ± 
0.89 

6.23 ± 
0.67 

2 Ebselen 

 

23.1 ± 
5.3 

11.4 ±  
2.6 

22.0 ± 
1.3 

16.5 ±  
1.0 
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Figure 26. Concentration-dependent inhibition of SARS-CoV-2 Mpro by A. disulfiram 
(M-1) and B. ebselen (M-2). The enzymatic activities were determined with Dabcyl-
EDANS or AMC-substrate. IC50 values are collected in Table 10. 

 

4.2.2 Chloroacetamide derivatives 

Irreversible inhibitors of SARS-CoV-1 Mpro are known to target the cysteine (Cys145) in the 

catalytic center and form a covalent bond.159 Therefore, compounds which contain a 

cysteine-reactive, electrophilic warhead were among the first to be tested for their 

potential inhibition of Mpro. Chloroacetamide derivatives were able to irreversibly inhibit 

the Mpro activity. Next to IC50 values, which characterize the concentration-dependent 

inhibition of the initial velocity of the Mpro proteolytic activity, the time-dependent onset 

of inhibition can be characterized by the second-order rate constant of inactivation 

kinac/Ki. For the determination of this constant, separate experiments evaluating the first 

60 minutes of the progress curves of product formation in the presence of five linearly 

distributed concentrations of the investigated inhibitor were performed (see Figure 27). 

The pseudo–first-order rate constant kobs was subsequently plotted versus the inhibitor 

concentration, in order to determine the second-order rate constant of inhibition (kinac/Ki) 

from a non-linear fit of the data.  
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Figure 27. Determination of second order rate constant of inhibition of Mpro by M-3 
Z56347597. A. Progress curves of enzyme-catalyzed hydrolysis of AMC-substrate in the 
absence (black) or presence of increasing concentrations of inhibitor. B. A plot of pseudo-
first-order rate constants kobs versus inhibitor concentration analyzed by non-linear 
regression gave a kinac/Ki value of 777 M-1s-1. 

 

The IC50 values of chloroalkyl-derived inhibitors were in the micromolar range. The 

compound Z56347597 (M-3) was the most potent one with an IC50 value of 4.70 µM. 

Formation of a covalent bond for this inhibitor class is slow as indicated by low kinac/Ki 

values. Due to their low potency and assumed lack of specific Mpro inhibition, none of the 

compounds was considered as lead structure for further development of Mpro inhibitors. 

 

Table 11. Chloroalkyl derivatives: structures and characterization as inhibitors of SARS-
CoV-2 Mpro. Inhibition constants were determined with the Mpro activity assay and were 
previously published.165 Compounds were purchased from ENAMINE. 

# 
M- 

Name 
(PZB-number) 

Structure Inhibition 
of Mpro at 

50 µM (%) 

IC50 ± SEM 
(µM) 

kinac/Ki 
(M-1s-1) 

3 Z56347597 
(PZB16820028A) 

 

103 4.70 ± 0.82  777 

4 Z57055805 
(PZB16820037A) 

 

90 46.4 ± 11.1 176 
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5 Z56914785 
(PZB16820032A) 

 

65 80.9 ± 10.2 85.5 

6 Z1562120350 
(PZB16820042A) 

 

93 14.4 ± 0.2 307 

7 Z212045150 
(PZB16820041A) 

 

102 5.95 ± 0.52 770 

8 Z221429166 
(PZB16820005A) 

 

71 37.5 ± 3.9 147 

9 Z1562121586 
(PZB16820034A) 

 

57 55.0 ± 4.1 79.8 

 

4.2.3 Pathogen Box 

A collection of anti-Malaria agents was obtained in form of the Pathogen Box library.239 

Two hit structures were identified by screening them against SARS-CoV-2 Mpro (see Table 

12). The bisbenzguanidine MMV688271 (M-10) was proposed to be a reversible inhibitor 

of Mpro as the progression curves were linear in the observed time of the experiment. This 

class of guanidine inhibitors was further investigated by the synthesis of derivatives (see 

section 4.4.4). The second hit auranofin (M-11) is an FDA-approved drug for the 

treatment of rheumatoid arthritis. It is currently in phase II clinical trials for cancer 

therapy and is also investigated for reducing the viral load of HIV. The drug is known to 

inhibit redox enzymes, thereby boosting cellular oxidative stress and intrinsic apoptosis. 

Auranofin was identified as SARS-CoV-2-inhibiting compound by other research groups 

as well.240 
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Table 12. Hit compounds from the Pathogen Box library239 and their characterization as 
inhibitors of SARS-CoV-2 Mpro. Inhibition constants were determined with the Mpro 
activity assay and were published by us.165 

# 
M- 

Name Structure Inhibition 
of Mpro at 

10 µM 
(%) 

IC50 
± 

SEM 
(µM) 

Ki ± 
SEM 
(µM) 

kinac/Ki  
(M-1s-1) 

10 MMV688271 
(PZB16417289) 

 
 

100 1.60 
± 

0.16 

0.709 
± 

0.078 

n.d. 

11 Auranofin 
(PZB16417394) 

 

52 19.8 
± 1.8 

n.d. 133 

 

4.2.4 SARS-CoV-1 Mpro inhibiting pyridyl esters  

The small, orthosteric, covalently-binding inhibitor GRL-0920 (compound M-106) is a 

SARS-CoV-1 Mpro inhibitor with a pyridyl ester warhead.190,191 The indole ester’s mode of 

action involves the acylation of the active-site cysteine, leading to a time-dependent 

inactivation of the catalytic abilities of the protease. In addition, GRL-0920 was shown to 

effectively reduce the replication of SARS-CoV-2 in Vero E6 cells.181,191  

On the basis of this lead structure, consisting of an indole ester with a chloro-substituted 

pyridinolic group, a library was assembled with the aim to strategically investigate 

structure-activity relationships. The position of the ester substituent on the indole, as well 

as the substitutions on the pyridyl warhead were varied (see Table 13). All indole ester 

isomers were irreversible inhibitors of Mpro. The esters at positions 2, 7 and 4 had the 

lowest IC50 values, in the nanomolar range (24.7, 55.5 and 313 nM). However, for 

irreversible inhibitors it is more vital to regard the kinac/Ki values (see Figure 28 for an 

example for a time-dependent inhibition of Mpro by an indole pyridyl ester). The ester at 

position 7 (M-116, PZB10620067A, kinac/Ki = 20,200 M-1s-1) led to the strongest 

inactivation of Mpro followed by the 4-position (M-106, PZB10620017, kinac/Ki = 14,800 
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M-1s-1). The addition of a chloro substituent at position 5 of the 2-indole ester increased 

the kinac/Ki value significantly (M-63, PZB10620022, kinac/Ki = 29,100 M-1s-1). 

Interestingly, di-chloro substitution at 4- and 6- position in M-102 lead to a compound 

that inhibited the initial velocity to the same degree as the unsubstituted or the 5-chloro 

derivative M-63, indicated by similar IC50 values of 23.3 and 34.3 nM, respectively, but 

was not able to maintain the covalent bond leading to an observable reactivation of 

enzymatic activity during the experiment (60 minutes) (see Figure 29). As the 

compounds are destroyed upon hydrolytic cleavage by the enzyme, the concentration of 

inhibitor decreases over time. Therefore, they can only be evaluated by their initial 

inhibition in form of the IC50 value.  
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Figure 28. Determination of second order rate constant of inhibition of Mpro by M-114 
(Yazh-2K174, PZB10620024); A. Progression curves of enzyme-catalyzed hydrolysis of 
AMC-substrate in the absence or presence of increasing concentrations of inhibitor. B. A 
plot of pseudo-first-order rate constants kobs versus inhibitor concentration analyzed by 
non-linear regression gave a kinac/Ki value of 3,200 M-1s-1.  

 

The substitution of the pyridyl ring influences the second-order rate of inactivation as the 

replacement of chlorine by bromine led to an improvement for 4-indole pyridyl esters 

(M-106, PZB10620017, Y=Cl versus M-108, PZB10620019, Y=Br). This is curious, as the 

pyridyl ring is proposed to leave the active site after formation of the thioester. An 

explanation could be improved initial binding, decreasing the activation energy of the 

electrophilic attack on the cysteine, or persistent binding of the pyridyl ring to a pocket 

that stabilizes the covalent bond of the inhibitor-enzyme complex. Indole bioisosters 

benzofuran (M-50, PZB10620068A) and benzothiophene (M-52, PZB10620066A) had 

high affinities to the Mpro enzyme resulting in IC50 values of 5.41 and 26.1 nM, but were 

rapidly cleaved and therefore did not cause a permanent inhibition.  
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Figure 29. Example of unstable covalent inhibition of Mpro by M-102 (Yazh-2K171, 
PZB10620023) during the experimental determination of the second order rate constant 
of inhibition; A. Progression curves of enzyme-catalyzed hydrolysis of AMC-substrate in 
the absence or presence of increasing concentrations of inhibitor. B. A plot of pseudo-
first-order rate constants kobs versus inhibitor concentration analyzed by non-linear 
regression. The upward curving of the progression curves indicates an inhibitor that 
covalently binds to the enzyme and then dissociates again, so the enzyme activity is 
restored. Consequently, the inhibitor concentration decreases over time and the enzyme 
activity is not inhibited after the inhibitor is completely degraded. This compound can 
only be characterized by its IC50 value. 

 

These initial findings led to the conclusion, that a balance of specific non-covalent 

interactions and reactivity of the ester has to be established. Irreversible inhibitors with 

highly reactive warheads are known for promiscuous reaction with off-targets. Therefore, 

a warhead with low to medium reactivity has to be combined with a structure that 

possesses high affinity for the intended target in order to obtain a potent and selective 

inhibitor. The class of pyridyl esters has several advantages. The relatively small 

molecular weight and simple structure allows for a straightforward synthesis of 

derivatives. Steep structure-activity relationships, which cover potencies of IC50 values in 

the low nanomolar range, and high inactivation constants enable rational drug design. 

Therefore, we considered them to be excellent lead structures for the further 

development as potential drugs targeting Mpro. The ongoing characterization of this 

compound class pursuing the first publication is compiled in section 4.5. 
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Table 13. Overview of pyridyl ester positional scanning for SARS-CoV-2 Mpro inhibition165 

 

 

 

# 
M- 

Internal ID 
PZB-number 

X R2 R3 R4 R5 R6 R7 Y IC50  
(nM) 

kinac/Ki  
(M-1s-1) 

44 Yazh-2K169 
PZB10620021 

NH R H H H H H Cl 24.7 7,600 

105 Yazh-2K168 
PZB10620027 

NH H R H H H H Cl 21,700 6,090 

106 Yazh-2K164 
PZB10620017 

NH H H R H H H Cl 313 14,800 

114 Yazh-2K174 
PZB10620024 

NH H H H R H H Cl 1,930 3,200 

115 Yazh-2K207 
PZB10620061 

NH H H H H R H Cl 586 4,400 

116 Yazh-2K219 
PZB10620067 

NH H H H H H R Cl 55.5 20,200 

63 Yazh-2K170 
PZB10620022 

NH R H H Cl H H Cl 34.2 29,100 

102 Yazh-2K171 
PZB10620023 

NH R H Cl H Cl H Cl 23.3 n.d. 

108 Yazh-2K166 
PZB10620019 

NH H H R H H H Br 227 24,000 

123 Yazh-2K213 
PZB10620065 

NH -(CH2)4- H R H H Cl 354 5,620 

50 Yazh-2K220 
PZB10620068 

O R H H H H H Cl 5.41 n.d. 

52 Yazh-2K218 
PZB10620066 

S R H H H H H Cl 26.1 n.d. 
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Mpro inhibition in the presence of mammalian cell lysates 

In addition to previous experiments (see Figure 24 and section 4.1.2) the AMC-substrate 

was incubated with two mammalian cell lysates, namely HEK and the adenocarcinomic 

human alveolar basal epithelial cell line A549. The lysates were unable to cleave the AMC-

substrate, but did not affect the catalytic ability of added Mpro enzyme (see Figure 30A). 

The inhibitory potencies of selected pyridyl esters were maintained in in the presence of 

the cell lysates, even though high protein concentrations of the HEK lysate were added 

(see Figure 30B). No statistically significant increase in enzyme activity was observed in 

a Bonferroni’s multiple comparisons test. This evidence suggests that the Mpro inhibitors 

are equally potent in a cellular context within the observed time of the experiment.  
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Figure 30. Conversion of fluorogenic AMC-substrate (50 µM) by purified His-tagged 
SARS-CoV-2 Mpro (0.3 µg/well) in the presence and absence of cell lysates (HEK cell 
lysates, 150 µg protein/well; A549 cells, 7 µg/well); A. Positive (+) and negative controls 
(-) of substrate hydrolysis by samples in the presence or absence of Mpro; B. The effect of 
cell lysate addition on the Mpro inhibitory activity of pyridyl esters was investigated. 
Product formation was observed for 10 min at 37°C. Data represent means ± SEM from 
four (A) or three (B) separate experiments. Data were previously published by us.165 
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4.3 High-throughput screening campaign for Mpro inhibitors 

A high-throughput screening (HTS) campaign was performed with a collection of in-house 

libraries with the Mpro enzyme inhibition assay (see Table 14). Most hit compounds were 

validated and featured in our publication.165 Further hit compounds were characterized 

in the following section (see Table 15 and following sections). 

Table 14. Overview of Mpro HTS campaign 

Library Plates Screening conc. No. of hits 

ENAMINE cysteine-reactive library and 
related compounds 

1 50 µM 8 

Mpro virtual screening plates and known 
SARS-CoV-1 inhibitors 

2 50 µM 13 

Pathogen Box 5 50 µM 3 

Indoles 1 10 µM 1 

Natural products 2 10 µM 0 

Chromenones 2 10 µM 0 

Tocris + Kinase inhibitor plates 1-2,4-10,12-14 10 µM 11 

Xanthines 13 10 µM 0 

Fragments 2 100 µM 8 

 

Table 15. Mpro screening hits not included in the first manuscript165 

# 
M- 

Internal-ID  
(PZB-number) 

Structure Inhibition 
(%) of Mpro 
at 10 µM  

(n = 1) 

Inhibition 
(%) of Mpro 
at 50 µM  

(n = 1) 
 Mpro virtual screening   
12 EB 337 

PZB14415175 
- 18 70 

13 MRP 307-2 
PZB13416028 

- 20 82 

14 PZB15518293 
 

- 19 63 

15 PZB15518319 
 

- 20 104 

16 CLP 39 R-enantiomer 
PZB15116043 

- 22 57 
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# 
M- 

Internal-ID  
(PZB-number) 

Structure Inhibition 
(%) of Mpro 
at 10 µM  

(n = 1) 

Inhibition 
(%) of Mpro 
at 50 µM  

(n = 1) 
 Indole   
17 VH 365 

PZB05312046 
- 54 - 

 Tocris library and kinase inhibitor plate Inhibition (%) of Mpro at 
10 µM (n = 3) 

18 Calpeptin 

 

79 ± 0 [a] 

19 ZM 449829 

 

57 ± 0 

20 ZM 39923 
hydrochloride 

 

70 ± 1 

21 SCH 202676 
hydrobromide 

 

106 ± 1 

22 NSC 95397 

 

55 ± 10 

23 Baicalein 

 

83 ± 1 [b] 

24 Apoptosis Activator 2 

 

73 ± 1 

25 INCA-6 

 

103 ± 1 [c] 
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# 
M- 

Internal-ID  
(PZB-number) 

Structure Inhibition (%) of Mpro at 
10 µM (n = 3) 

26 BI 78D3 

 

57 ± 0 

27 SU 3327 

 

105 ± 1 [d] 

28 IPA 3 

 

98 ± 2 [e] 

[a] Calpeptin literature IC50(SARS-CoV-2 Mpro)= 2.3 µM,241 antiviral activity in Vero E6 

cells EC50 ≥ 1.56 µM242 
[b] Baicalein literature IC50(SARS-CoV-2 Mpro)= 0.94 µM,214 antiviral activity in Vero E6 

cells EC50 = 2.94 µM and CC50 > 200 µM214 
[c] The inhibitory potency of this compound could not be confirmed; see section 4.4.1 
[d] SU 3327 alternative name is halicin, literature IC50(SARS-CoV-2 Mpro)= 0.1817 µM243 
[e] IPA 3 literature IC50(SARS-CoV-2 Mpro)= 0.07 µM244 

 

4.4 Characterization of hit compounds 

4.4.1 Tocris library 

In the screening campaign, several compounds were discovered as hits with over 50 % 

inhibition at 10 µM. Concentration-inhibition curves were determined for these 

compounds using eight different concentrations depending on the inhibitory potency 

with three repetitions. The last measurement was performed for 1 h in order to observe 

the bending of the progression curves, which is characteristic for an irreversible 

inhibition type. Some experiments were performed under my supervision by the master 

student Marvin Petry. INCA-6 (M-25) showed no inhibitory potency at 10 µM in this 

experimental series. The other two hits from the Tocris library, Apoptosis Activator 2 

(M-24) and SU3327 (M-27), were confirmed.  

Apoptosis Activator 2 (M-24) was shown to induce apoptosis in tumor cells (IC50 = 4 - 9 

μM for leukemia cells). The isatin derivative likely has a non-covalent inhibition 
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mechanism at SARS-CoV-2 Mpro, which should be further characterized by inhibition type 

studies (see Figure 31). On the preliminary assumption of a competitive inhibition type, 

a Ki value of 1.63 µM was calculated with the Cheng-Prusoff equation. Isatin derivatives, 

which possess a similar structure to Apoptosis Activator 2 were first developed on SARS-

CoV-1 Mpro.209 The SARs of isatin-related compounds versus SARS-CoV-2 Mpro have been 

explored in a publication by Liu et al.210 However, these compounds were shown to be 

cytotoxic, which impedes their in vivo application as Mpro inhibitors. 

SU3327 (M-27) is an inhibitor of c-Jun N-terminal kinase (JNK) (IC50 = 0.7 μM) and shows 

a time-dependent inhibition of Mpro activity with a good initial inhibition characterized by 

an IC50 value of 0.174 µM and permanent inhibition indicated by a high kinac/Ki value of 

16,900 M-1s-1 (see Figure 32). The compound was recently published as a potent SARS-

CoV-2 Mpro inhibitor under its alternative name halicin.243 The study by Yang et al. 

confirmed the in vitro inhibitory potency of the nitrothiazole with an IC50 value of 0.1817 

µM. Furthermore, its covalent reaction with the active site Cys145 was evidenced by native 

mass spectrometry and X-ray crystallography.243 However, the compound showed no 

inhibition of Mpro in cellular experiments, suggesting that it is lacking stability or cell 

permeability.243 

Table 16. SARS-CoV-2 Mpro inhibition results of hit compounds from the Tocris compound 
library; the Ki value for Apoptosis Activator 2 was calculated using the Cheng-Prusoff 
equation; and the Ki value of SU 3327 was derived from non-linear regression fit of kobs 

versus [I]. Inhibition potency of INCA-6 could not be confirmed in follow-up experiments. 

# 

M- 

Name Structure Inhibiton 
at 10 µM 

(%) 

IC50 ± 
SEM 
(µM) 

Ki 
(µM) 

kinac/Ki 

(M-1s-1) 

24 Apoptosis 
Activator 2 

 

69 3.31 ± 
0.47 

1.63 n.d. 

25 INCA-6 

 

(101) > 10 - n.d. 

27 SU 3327 

 

107 0.174 ± 
0.067 

0.294 16,900 
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Figure 31. Inhibition of SARS-CoV-2 Mpro by Apoptosis Activator 2 (M-24). A. Enzyme-
catalyzed hydrolysis of 50 µM AMC-substrate in the absence or presence of increasing 
concentrations of inhibitor. B. Raw progression curves at selected concentrations. 
Straight lines indicate a non-covalent interaction of inhibitor and protease. 
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Figure 32. Time-dependent inhibition of SARS-CoV-2 Mpro by SU3327 (M-27). A. 
Progression curves of enzyme-catalyzed hydrolysis of 50 µM AMC-substrate in the 
absence or presence of increasing concentrations of inhibitor. B. First-order rate constant 
kobs is plotted versus the inhibitor concentrations and non-linear regression gave a kinac/Ki 
value of 16,900 M-1s-1.  

 

4.4.2 Xanthine derivatives 

The xanthine derivative M-29 (JH10163, PZB00410075) was identified by virtual 

screening and published as an inhibitor of SARS-CoV-2 Mpro by us.165 Due to the straight 

progression curves during the observed first 60 minutes of the enzymatic substrate 

proteolysis, it was assumed, that this xanthine derivative binds reversibly to the Mpro 

protein (see Figure 33).  
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Figure 33. Inhibition of SARS-CoV-2 Mpro by M-29 (JH10163, PZB00410075). A. Enzyme-
catalyzed hydrolysis of 50 µM AMC-substrate in the absence or presence of increasing 
concentrations of inhibitor. B. Raw progression curves at selected concentrations. 
Straight lines indicate a non-covalent interaction of inhibitor and protease. 

 

In order to assess the structure-activity relationships of Mpro inhibition by this compound 

class, similar compounds were tested at 20 and 100 µM concentrations for their effect on 

the enzymatic activity. In fact, only two analogs were able to inhibit Mpro in these 

experiments, namely M-30 and M-31 (see Table 17).  

Table 17. SARS-CoV-2 Mpro inhibition by xanthine derivatives 

# 

M- 

Internal ID 
PZB number 

Structure Inhibition 
(%) at  
20 µM 

Inhibition 
(%) at 

100 µM 

IC50 ± 
SEM 
(µM) 

29 JH10163 
PZB00410075A 

 

33 109 22.5 
± 0.5 

165  
/ 

35.2 
± 3.4 

[a] 
30 JH10153 

PZB00410070A 

 

33 96 18.1 
± 4.7 

[a] 

31 JH10141 
PZB00410072A 

 

-1 57 74.5 
± 4.3 

[a] 

[a] IC50 values determined by Katharina Sylvester. 
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4.4.3 Apicidine derivatives 

Two libraries were provided by a cooperation partner from the Karlsruhe Institute of 

Technology (KIT), Prof. Dr. Stefan Bräse. Three compounds inhibited the Mpro enzymatic 

activity by over 50 % in the initial screening at 100 µM (see Figure 34A and Table 18). 

X15874 (M-32) and X10971 (M-33) showed inhibition values of 50 and 56 % 

respectively. The most potent inhibition was detected for the compound X12433 (M-34), 

which inhibited Mpro activity by 65 %. Interestingly, this compound was already found to 

be the most potent inhibitor from this series for human CD39 and further characterized 

to inhibit the CD39 enzyme showing a competitive inhibition type (Ki = 0.843 µM, data not 

shown). In the experiment with SARS-CoV-2 Mpro, the overall fluorescence readout in the 

samples containing X12433 (M-34) was significantly lower (2-fold) compared to other 

control and compound samples. The compound could have an inner-filter effect, that may 

interfere with the Mpro activity assay. The CD39 malachite green activity assay was not 

impaired by X12433 (M-34). The absorptions at 600 nm subsequent to formation of the 

phosphomolybdate complex were identical for negative control samples containing the 

substrate ATP and denatured enzyme with or without addition of the test compound. 

Interestingly, compound X15874 (M-32), which contains a fluorescein moiety as part of 

its structure, did not interfere with the assay readout, likely due to distinct excitation and 

emission wavelengths from the AMC-substrate. The overall medium potency with 

expected IC50 values of approximately 100 µM lead to the decision not to pursue these 

compounds further as inhibitors of SARS-CoV-2 Mpro. 

A second batch of compounds from the same cooperation partner was screened at a 

concentration of 10 µM versus SARS-CoV-2 Mpro. The compound M-36 inhibited the Mpro 

enzyme activity by over 40 % in the screening, but it displayed an auto-fluorescence in 

the same range of the fluorogenic substrate, which can interfere with the assay results 

(see Figure 34B and Table 18). A similar observation was made for the structure-related 

compound 35. The inhibition of these compounds could be reinvestigated with an LC/MS-

based activity assay for Mpro, as the generation of complete concentration-inhibition curve 

with the fluorogenic substrate-based assay is not promising. 
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Figure 34. SARS-CoV-2 Mpro inhibition of compounds from collaboration partner Prof. 
Bräse. A. Apicidine derivative library screening at 100 µM (n=2).; B. Compounds from 
batch 2 at 10 µM (n=1); The enzyme activity assay was performed with the fluorogenic 
AMC-substrate at 50 µM (Km = 48.2 µM) and pooled crude extract of recombinant His-
tagged Mpro. The experiments were performed in collaboration with Marvin Petry. 

 

Table 18. Structures of selected compounds from the apicidine derivative library and 
their inhibition potencies at SARS-CoV-2 Mpro at 10 µM (n=1) or 100 µM (n=2).  

# Name Structure Inhibition (%) ± SEM 

M-   at 10 µM at 100 µM 

32 X15874 

 

n.d. 50 ± 0 
(IC50 ≈ 100 

µM) 
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# Name Structure Inhibition (%) ± SEM 
M-   at 10 µM at 100 µM 

33 X10971 

 

n.d. 56 ± 2 
(IC50 ≈ 100 

µM) 

34 X12433 

 

n.d. 65 ± 2 [a] 

35 X12108 

 

16 [b] n.d. 

36 X12166 

 

47 [b] n.d. 

[a] Overall decreased fluorescence readout 
[b] Autofluorescent compounds. 

 

4.4.4 Characterization of guanidine derivatives  

In the SARS-CoV2 Mpro HTS campaign, the compound MMV688271 (M-10) and its 

derivative MMV688179 (M-37) were discovered as hits from the Pathogen Box with over 

50 % inhibition at 10 µM and IC50 values in the micromolar range (see Table 19 and 

Figure 35). Therefore, MMV688271 (M-10) and derivatives were synthesized by the 

master student Tommaso Posenato in collaboration with PhD-student Angelo Oneto.  
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Figure 35. Inhibition of SARS-CoV-2 Mpro by A. M-10 (MMV688271) and B. M-37 
(MMV688179). Enzyme-catalyzed hydrolysis of 50 µM AMC-substrate in the absence or 
presence of increasing concentrations of inhibitor. On the right-side representative 
progression curves are depicted. Straight lines indicate a non-covalent interaction of 
inhibitor and protease. The parallel increase of RFU at higher inhibitor concentration is 
due to auto-fluorescence.  

 

The compounds were initially tested at 10 and 100 µM (see Figure 36, n = 2). At 10 µM 

none of the compounds was able to inhibit the Mpro enzymatic activity by over 50 %. The 

compound M-42 (AOTP-020) had an apparently greater inhibition, but as it possessed a 

high auto-fluorescence at the readout conditions of the assay (λex= 360 nm; λem= 460 nm), 

this was considered an artifact. At 100 µM of M-42 the enzyme activity could not be 

determined, as the readout was out of range (relative fluorescence unit (RFU) > 260,000; 

control samples starting value at RFU 7,000 – 8,000).  
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Figure 36. SARS-CoV-2 Mpro inhibition by guanidine derivatives. The enzyme activity 
assay was performed twice in duplicates (n = 2) at 10 and 100 µM with the fluorogenic 
AMC-substrate at 50 µM (Km = 48.2 µM) and recombinant His-tagged SARS-CoV-2 Mpro.  

 

Therefore, the three compounds with the most promising inhibition values and medium 

auto-fluorescence were chosen for IC50 determination. The third repetition of the 

experiments was performed for over one hour in order to observe the course of the 

progression curves. Experiments were performed in collaboration with Katharina 

Sylvester. M-10b (batch AOTP-005TFA) had a 4-fold better potency than the previous 

batch (M-10a, AOTP-005). The auto-fluorescence was apparent at concentrations over 

10 µM. At 100 and 200 µM the progression curves decrease over time (negative slopes) 

(see Figure 37A). The reason for this is so far unclear. Compounds M-39 and M-41 

(AOTP-015 and -018) showed decreased potency of Mpro inhibition (see Figure 37B and 

C). Interestingly, the core fragment M-41 (AOTP-018) seems to be more vital for 

inhibition than the guanidine substituents.  

In conclusion, some guanidine derivatives show moderate potency of SARS-CoV-2 Mpro 

inhibition, but the auto-fluorescence impairs the assay readout. For future studies, the 

establishment of an alternative method, that does not rely on a fluorescence readout or 

uses distinct excitation and emission wavelengths, is recommended. For example, the 

degradation of an unlabeled substrate could be monitored by HPLC and mass 
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spectrometry or microscale thermophoresis (MST) could be performed (see section 

2.3.4), since the inherent fluorescence of tryptophan is detected at an emission 

wavelength of 336 nm, which is much smaller that the emission setting for the AMC-

substrate (λex = 360 nm, λem = 460 nm). 

Table 19. SARS-CoV-2 Mpro inhibition results by guanidine derivatives 

# 
M- 

PZB-ID/ 
Internal-ID 

Structure Inhibitory 
activity 

(%) at 10 
µM 

Inhibitory 
activity 
(%) at 

100 µM 

IC50 ± 
SEM 
(µM) 
(n=3) 

 Pathogen Box   
37 PZB16417212 

MMV688179 

 

84 n.d. 4.15 
± 

0.72 

10 PZB16417289 
MMV688271 

 

100 n.d. 1.60 
± 

0.16 

 Synthesis   
10a AOTP-005 

 

n.d. n.d. 18.9 
± 1.3 

10b AOTP-005TFA 

 

18 ± 2 [a] 123 ± 1 [a] 4.00 
± 

0.53 

38 AOTP-014 

 

6 ± 1 51 ± 2 [a] n.d. 

39 AOTP-015 
PZB18921107A 

 

13 ± 3 [a] 70 ± 7 [a] 116 ± 
16 

40 AOTP-016 

 

10 ± 1 [a] 62 ± 3 [a] n.d. 

41 AOTP-018 
PZB18921108A 

 

20 ± 1 [a] 87 ± 14 [a] 31.0 
± 8.1 

42 AOTP-020 
PZB18921109A 

 

65 ± 5 [a] out of 
range [a] 

n.d. 
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# 
M- 

PZB-ID/ 
Internal-ID 

Structure Inhibitory 
activity 

(%) at 10 
µM 

Inhibitory 
activity 
(%) at 

100 µM 

IC50 ± 
SEM 
(µM) 
(n=3) 

43 AOTP-029 
PZB18921110A 

 

2 ± 2 [a] 7 ± 0 [a] n.d. 

[a] Assay interference due to auto-fluorescence 
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Figure 37. Inhibition of SARS-CoV-2 Mpro by A. M-10b (AOTP-005TFA); B. M-39 (AOTP-
015) and C. M-41 (AOTP-018). Enzyme-catalyzed hydrolysis of 50 µM AMC-substrate in 
the absence or presence of increasing concentrations of inhibitor. On the right-side 
representative progression curves are depicted. Straight lines indicate a non-covalent 
interaction of inhibitor and protease. The parallel increase of RFU at higher inhibitor 
concentration is due to auto-fluorescence. 
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4.5 Mpro inhibition by pyridyl esters and related compounds 

Previously reported SARS-CoV-1 inhibitors with a pyridyl ester warhead proved to be 

potent inhibitors of the SARS-CoV-2 Mpro in the newly established in vitro activity assay, 

as well as in viral replication studies.165,190,191,205  

4.5.1 Structure-activity relationship studies of pyridyl esters 

Using the pyridyl ester structure as a starting point, the structure-activity relationships of 

the compounds were investigated by synthesis of pyridyl ester derivatives and 

additionally by variations of the leaving group. All the compounds were synthesized by 

Dr. Thanigaimalai Pillaiyar and Angelo Oneto. Some of the in vitro enzyme kinetics were 

determined by the master student Marvin Petry and Katharina Sylvester. The stability 

tests on HPLC and LC/MS instruments were performed by Mariam Tahoun with the help 

of the master student Chiara Molinar. The pretesting of the stability of compounds during 

incubation with glutathione is outlined in the next section (see 4.5.2). 

As noted in section 4.2.4, the inhibition potency of pyridyl esters depends on the position 

of the carboxyl group. Therefore, the SARs are individually examined for each position. 

Otherwise unsubstituted indole 2-carboxylic ester derivatives show differences in their 

respective potencies, depending on the substitution of the pyridyl ring. The initial binding 

affinity to the Mpro active site is expressed by IC50 values and increased in the following 

order of pyridyl ester substitution: Br ≈ Cl > F ≈ CH3 > H (see Table 20, comp. M-44 - 

M-49). The fluoropyridyl ester (Table 20, comp. M-47) has an increased reactivity 

towards the active Mpro Cys145, as demonstrated by a high kinac/Ki of 12,600 M-1s-1. 

However, it is ten times less potent in its initial binding to Mpro compared to the chloro- 

or bromo-substituted analogs (IC50 values M-44 = 24.7 nM and M-45 = 18.6 nM versus 

M-47 = 239 nM) and seems to be promiscuous in its reactivity, since after one hour 

incubation with 1 mM GSH, only 0.25 % of the compound remained intact. Chloropyridyl 

esters displayed increased potency, represented by lower IC50 values, depending on the 

heterocyclic ring substitution in the following ascending order NH < S < O (see Table 20, 

comp. M-44, M-52, M-50). However, only N-heterocycles lead to irreversible inhibition, 

while the S- and O-substituted derivatives merely form a fragile bond, resulting in 

reactivation of Mpro activity over time. 
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Small substituents in the 5-position did not significantly influence the inhibitory potency 

compared to the unsubstituted derivatives (see Table 20, comp. M-54 - M-70). Larger 

substituents, like methoxy or O-benzyl, were not tolerated (comp. M-65 and M-69). 

In contrast, substitution at the 6-position led to inhibitors with improved characteristics 

(see Table 20, comp. M-71 - M-92). The two compounds with the highest kinac/Ki values 

combined with IC50 values in the nanomolar range share a substitution in the 6-position 

by a fluoro- or methyl group (comp. M-72 IC50 = 10.4 nM, kinac/Ki = 99,900 M-1s-1; comp. 

M-87 IC50 = 10.5 nM, kinac/Ki = 104,000 M-1s-1). Interestingly, N-methylation of 6-chloro 

and 6-bromo derivatives transformed them into irreversible inhibitors of Mpro (comp. 

M-77/ M-78 vs M-79/M-80; comp. M-81/M-82 vs M-83/M-84). The IC50 values of N-

methylated derivatives were ten times higher compared to the NH indoles, but improved 

compared to the unsubstituted N-methylated derivative (comp. M-45). The stabilizing 

effect of 6-bromo-substitution also applied to 2-carboxylic ester thiophenes, which were 

characterized as potent irreversible inhibitors (comp. M-86 and M-87 vs M-49). Unlike in 

the 5-position, O-methyl and O-ethyl groups are tolerated in position 6 of the indole 

(comp. M-89 - M-92). This makes them suitable starting points for the development of 

labeled ligands, as a linker could potentially be attached at the same position.  

Substitutions at the 7-, 4- or 3-position lead to fragile inhibitors, that were not able to 

permanently inhibit Mpro activity (see Table 20, comp. M-93 - M-95; M-97 - M-101). The 

irreversibility was obtained for the 7-bromo derivative in combination with the N-

methylation, but the inhibitory potency was not improved compared to the unsubstituted 

indoles (comp. M-96 vs. M-45). The data for 4- and 7- substitution is similar due to a 

rotation of the 2-carboxylic bond resulting in comparable interactions with the binding 

pocket of Mpro (comp. M-93 vs M-100).  

The disubstitution did not improve inhibition characteristics (see Table 20, comp. M-102 

- M-104). The 5,6-difluoro derivative was equivalent to the 5- or 6- monofluoro-

substituted inhibitors (comp. M-104 vs M-54 or M-71).  
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Table 20. Investigated 2-carboxylic acid ester derivatives and their SARS-CoV-2 Mpro 
inhibitory potencies  

# 

M- 

Structure 
Internal identifier 

IC50 

± SEM 
(nM) 

Ki 

(nM) 

[a] 

kinac./Ki  

(M-1s-1) 

[b] 

Progress-
ion 

curves / 
inhibition 

type [c] 

Stable 
vs GSH 

[d] 

Stabi-
lity 
test 
rec. 

rate [e] 
44 

 
Yazh-2K169 

24.7 ± 
4.4 

169 7,600 bend 
down / 

covalent 
irreversibl

e 

no - 

45 

 
Yazh-2K212 

327 ± 
28 

567 6800 bend 
down / 

covalent 
irreversibl

e 

no - 

46 

 
Yazh-2K208 

18.6 ± 
2.8 

9.17 n.d. Straight / 
ambiguou

s 

yes 77 % 

47 

 
Yazh-2K240 

239 ± 
49 

106 12,600 bend 
down / 

covalent 
irreversibl

e 

no 0.25 % 

48 

 
Yazh-2K235 

284 ± 
21 

132 6,200 bend 
down / 

covalent 
irreversibl

e 

no 7.3 % 

49 

 
Yazh-2K238 

2,120 977 1,750 bend 
down / 

covalent 
irreversibl

e 

no - 

50 

 
Yazh-2K220 

5.41 ± 
0.3 

- - curve up / 
covalent 

reversible 
(fragile) 

no - 
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# 
M- 

Structure 
Internal identifier 

IC50 

± SEM 
(nM) 

Ki 

(nM) 

[a] 

kinac./Ki  

(M-1s-1) 

[b] 

Progress-
ion 

curves / 
inhibition 

type [c] 

Stable 
vs GSH 

[d] 

Stabi-
lity 
test 
rec. 

rate [e] 
51 

 
AO21-086 

11.5 ± 
3.6 

- - curve up / 
covalent 

reversible 
(fragile) 

no - 

52 

 
Yazh-2K218 

26.1 ± 
5.1 

- - curve up / 
covalent 

reversible 
(fragile) 

yes 5 % 

53 

 
AO21-104 

11.1 ± 
1.9 

- - Straight / 
ambiguou

s 

yes n.d. 

54 

 
AO21-150 

23.4 ± 
3.5 

- - Straight / 
ambiguou

s 

n.d. - 

55 

 
AO21-029 

17.4 ± 
6.7 

9.00 71,600 bend 
down / 

covalent 
irreversibl

e 

yes 5 % 

56 

 
AO21-107 

9.10 ± 
1.60 

11.2 92,500 bend 
down / 

covalent 
irreversibl

e 

yes - 

57 

 
AO21-047 

22.3 ± 
7.4 

18.0 65,800 bend 
down / 

covalent 
irreversibl

e 

yes 24.8 % 

58 

 
AO21-088 

23.8 ± 
5.2 

125 34,400 bend 
down / 

covalent 
irreversibl

e 

no - 
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# 
M- 

Structure 
Internal identifier 

IC50 

± SEM 
(nM) 

Ki 

(nM) 

[a] 

kinac./Ki  

(M-1s-1) 

[b] 

Progress-
ion 

curves / 
inhibition 

type [c] 

Stable 
vs GSH 

[d] 

Stabi-
lity 
test 
rec. 

rate [e] 
59 

AO21-028 

44.0 ± 
4.3 

14.0 60,800 bend 
down / 

covalent 
irreversibl

e 

no - 

60 

AO21-079 

18.6 ± 
4.4 

- - Straight / 
ambiguou

s 

yes 34 % 

61 

 
AO21-131 

305 ± 
47 

223 13,000 bend 
down / 

covalent 
irreversibl

e 

no - 

62 

AO21-132 

290 ± 
74 

180 15,600 bend 
down / 

covalent 
irreversibl

e 

no - 

63 

Yazh-2K170 

34.2 ± 
2.1 

70.2 29,000 bend 
down / 

covalent 
irreversibl

e 

yes 67 % 

64 

AO21-017 

34.4 ± 
3.2 

19.0 57,500 bend 
down / 

covalent 
irreversibl

e 

no - 

65 

AO21-025 

208 ± 
30.0 

24.0 30,800 bend 
down / 

covalent 
irreversibl

e 

yes 6 % 

66 

AO21-078 

93.5 ± 
17 

88.0 15,700 bend 
down / 

covalent 
irreversibl

e 

no - 

  



4.5 Mpro inhibition by pyridyl esters and related compounds
  Dissertation, 2022 

125 

# 
M- 

Structure 
Internal identifier 

IC50 

± SEM 
(nM) 

Ki 

(nM) 

[a] 

kinac./Ki  

(M-1s-1) 

[b] 

Progress-
ion 

curves / 
inhibition 

type [c] 

Stable 
vs GSH 

[d] 

Stabi-
lity 
test 
rec. 

rate [e] 
67 

AO21-077 

9.35 ± 
1 

- - curve up / 
covalent 

reversible 
(fragile) 

no - 

68 

AO21-089 

11.9 ± 
2.2 

- - curve up / 
covalent 

reversible 
(fragile) 

no - 

69 

AO21-048 

>> 10 
µM 

- - Low 
potency 
(14 % 

inhibition 
at 10 µM) 

n.d. - 

70 

AO21-076 

20.1 ± 
3.8 

- - curve up / 
covalent 

reversible 
(fragile) 

n.d. n.d. 

71 

 
AO21-097 

21.1 ± 
1.4 

33.7 29,200 bend 
down / 

covalent 
irreversibl

e 

yes 43 % 

72 

 
AO21-103 

10.4 ± 
2.2 

11.9 99,900 bend 
down / 

covalent 
irreversibl

e 

yes - 

73 

 
AO21-156 

255 ± 
34 

1292 13,400 bend 
down / 

covalent 
irreversibl

e 

n.d. - 
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# 
M- 

Structure 
Internal identifier 

IC50 

± SEM 
(nM) 

Ki 

(nM) 

[a] 

kinac./Ki  

(M-1s-1) 

[b] 

Progress-
ion 

curves / 
inhibition 

type [c] 

Stable 
vs GSH 

[d] 

Stabi-
lity 
test 
rec. 

rate [e] 
74 

 
AO21-157 

2650 ± 
640 

602 3,190 bend 
down / 

covalent 
irreversibl

e 

n.d. - 

75 

 
AO21-158 

5170 ± 
1350 

2610 435 bend 
down / 

covalent 
irreversibl

e 

n.d. - 

76 

 
AO21-160 

259 ± 
81 

- - curve up / 
covalent 

reversible 
(fragile) 

n.d. - 

77 

 
AO21-035 

16.1 ± 
2.4 

- - curve up / 
covalent 

reversible 
(fragile) 

no - 

78 

 
AO21-080 

14.9 ± 
3.7 

- - curve up / 
covalent 

reversible 
(fragile) 

yes 40 % 

79 

 
AO21-044 

284 ± 
41 

195 16,400 bend 
down / 

covalent 
irreversibl

e 

yes 72 % 
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# 
M- 

Structure 
Internal identifier 

IC50 

± SEM 
(nM) 

Ki 

(nM) 

[a] 

kinac./Ki  

(M-1s-1) 

[b] 

Progress-
ion 

curves / 
inhibition 

type [c] 

Stable 
vs GSH 

[d] 

Stabi-
lity 
test 
rec. 

rate [e] 
80 

 
AO21-120 

125 ± 
28 

935 21,700 bend 
down / 

covalent 
irreversibl

e 

no - 

81 

 
AO21-046 

9.09 ± 
1.7 

- - curve up / 
covalent 

reversible 
(fragile) 

yes 32 % 

82 

 
AO21-087 

23.0 ± 
7.8 

- - Straight / 
ambiguou

s 

n.d. - 

83 

 
AO21-126 

183 ± 
9 

344 18,000 bend 
down / 

covalent 
irreversibl

e 

no - 

84 

 
AO21-127 

140 ± 
19 

1621 16,300 bend 
down / 

covalent 
irreversibl

e 

no - 

85 

 
AO21-149 

24.8 ± 
4.2 

28.3 31,800 bend 
down / 

covalent 
irreversibl

e 

n.d. - 
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# 
M- 

Structure 
Internal identifier 

IC50 

± SEM 
(nM) 

Ki 

(nM) 

[a] 

kinac./Ki  

(M-1s-1) 

[b] 

Progress-
ion 

curves / 
inhibition 

type [c] 

Stable 
vs GSH 

[d] 

Stabi-
lity 
test 
rec. 

rate [e] 
86 

 
AO21-171 

31.9 ± 
6.1 

n.d. 25,300 ± 
4,000 [f] 

bend 
down / 

covalent 
irreversibl

e 

n.d. - 

87 

 
AO21-102 

10.5 ± 
1.8 

13.3 104,000 bend 
down / 

covalent 
irreversibl

e 

yes - 

88 

 
AO21-138 

11.6 ± 
3.3 

- - curve up / 
covalent 

reversible 
(fragile) 

n.d. - 

89 

 
AO21-143 

76.3 ± 
9.2 

238 21,000 bend 
down / 

covalent 
irreversibl

e 

n.d. - 

90 

 
AO21-144 

104 ± 
23 

312 29,200 bend 
down / 

covalent 
irreversibl

e 

n.d. - 

91 

 
Yazh-2K274 

196 ± 
21 

125 16,800 bend 
down / 

covalent 
irreversibl

e 

yes 85 % 
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# 
M- 

Structure 
Internal identifier 

IC50 

± SEM 
(nM) 

Ki 

(nM) 

[a] 

kinac./Ki  

(M-1s-1) 

[b] 

Progress-
ion 

curves / 
inhibition 

type [c] 

Stable 
vs GSH 

[d] 

Stabi-
lity 
test 
rec. 

rate [e] 
92 

 
AO21-167 

239 ± 
63 

234 17,200 bend 
down / 

covalent 
irreversibl

e 

n.d. - 

93 

 
AO21-027 

64.1 ± 
21 

- - curve up / 
covalent 

reversible 
(fragile) 

yes 7.1 % 

94 

 
AO21-063 

30.4 ± 
1.7 

- - curve up / 
covalent 

reversible 
(fragile) 

yes 219 % 

95 

 
AO21-115 

8.9 ± 
2.24 

- - Straight / 
ambiguou

s 

yes n.d. 

96 

 
AO21-119 

391 ± 
21 

330 98,60 bend 
down / 

covalent 
irreversibl

e 

no - 

97 

 
AO21-168 

88.0 ± 
23.8 

- - Straight / 
ambiguou

s 

n.d. - 
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# 
M- 

Structure 
Internal identifier 

IC50 

± SEM 
(nM) 

Ki 

(nM) 

[a] 

kinac./Ki  

(M-1s-1) 

[b] 

Progress-
ion 

curves / 
inhibition 

type [c] 

Stable 
vs GSH 

[d] 

Stabi-
lity 
test 
rec. 

rate [e] 
98 

 
AO21-172 

27.5 ± 
5.7 

- - Straight / 
ambiguou

s 

n.d. - 

99 

 
AO21-070 

36.8 ± 
14 

- - curve up / 
covalent 

reversible 
(fragile) 

yes 66 % 

100 

 
AO21-026 

62.3 ± 
14 

- - curve up / 
covalent 

reversible 
(fragile) 

yes 47 % 

101 

 
AO21-075 

92.7 ± 
21.1 

- - curve up / 
covalent 

reversible 
(fragile) 

n.d. - 

102 

 
Yazh-2K171 

23.3 ± 
6.3 

- - curve up / 
covalent 

reversible 
(fragile) 

n.d. - 

103 

AO21-121 

12.4 ± 
3.5 

75.6 85,300 bend 
down / 

covalent 
irreversibl

e 

no - 
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# 
M- 

Structure 
Internal identifier 

IC50 

± SEM 
(nM) 

Ki 

(nM) 

[a] 

kinac./Ki  

(M-1s-1) 

[b] 

Progress-
ion 

curves / 
inhibition 

type [c] 

Stable 
vs GSH 

[d] 

Stabi-
lity 
test 
rec. 

rate [e] 
104 

AO21-139 

18.0 ± 
3.4 

- - Straight / 
ambiguou

s 

n.d. - 

Abbreviations: cPr = cyclopropyl; Bn = benzyl; Et = ethyl; n.d. = not determined; (‐) not 
applicable 
[a] Ki was determined by plotting kobs versus [I] and non-linear regression using the 
equation kobs = (kinac × [I]) / ([I] + Ki × (1 + [S]/Km)).  
[b] The second-order rate constant, kinac/Ki, was determined by plotting kobs versus [I] and 
non-linear regression using the equation kobs = (kinac × [I]) / ([I] + Ki × (1 + [S]/Km)). 
Deviation of each data point from the calculated non-linear regression was less than 10%. 
[c] Compounds display time-dependent inhibition, but if progression curves bend 
upwards, this indicates that the inhibitor covalently binds to the enzyme and then 
dissociates again, so the enzyme activity is restored. Consequently, the inhibitor 
concentration decreases over time as it is degraded and the enzyme is no longer inhibited. 
This compound can only be characterized by its IC50 value. 
[d] Residual inhibition potency versus SARS‐CoV‐2 Mpro after 1h incubation in assay buffer 
with 1 mM glutathione (GSH). Compounds labeled with yes keep at least 75 % inhibition 
potency compared to the non‐incubated compounds at 1 µM.  
[e] Stability measured by LC/MS or HPLC by Mariam Tahoun and Chiara Molniar. The 
compounds were incubated in PBS‐buffer with 1 mM GSH for 1 h at 37 °C. The given 
percentage corresponds to the remaining amount of compound comparing the 
measurements at time 0 and after 1h.  
[f] The second‐order rate constant of irreversible enzyme inhibition, kinac/Ki, was 
determined by plotting kobs versus [I] and correcting the slope with the equation kinac/Ki = 
(1 + [S]/Km) × kobs/[I]. The standard error (SE) refers to the linear regression. 
 

Variations to the 4-carboxylindole pyridyl ester are collected in Table 21. N-methylation 

and bromo-substitution on the pyridyl ring had little influence on the moderate inhibitory 

potency of the chloropyridyl lead structure (comp. M-106 - M-108). In analogy to the 2-

carboxylic ester derivatives, methyl-, or fluoro-substituted or unsubstituted pyridyl rings 

lead to less potent inhibitors with higher IC50 values (comp. M-109 - M-111). Remarkably, 

the benzofurane of this series was an irreversible inhibitor of Mpro with medium potency 

(comp. M-112), while the inhibition mode of the benzothiopene derivative could not be 

clearly deduced from the shape of its product formation progression curves (comp. 

M-113).  
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Table 21. Investigated 4-carboxylic acid ester derivatives and their SARS-CoV-2 Mpro 
inhibitory potencies  

# 

M- 

Structure 
Internal identifier 

IC50 

± SEM 
(nM) 

Ki 

(nM) 

[a] 

kinac./Ki  

(M-1s-1) 

[b] 

Progress-
ion curves 

/ 
inhibition 

type [c] 

Stable 
vs GSH 

[d] 

Stabi-
lity 
test 
rec. 

rate [e] 
106 

 
Yazh-2K164 

312 ± 
15 

98.3 14,800 bend down 
/ 

covalent 
irreversible 

yes 65 % 

107 

 
AO21-064 

137 ± 
47 

359 13,400 bend down 
/ 

covalent 
irreversible 

no - 

108 

 
Yazh-2K166 

227 ± 
7 

64.9 24,000 bend down 
/ 

covalent 
irreversible 

yes 63 % 

109 

 
AO21-011 

3090 ± 
80 

927 1,450 bend down 
/ 

covalent 
irreversible 

no - 

110 

 
AO21-012 

1027 ± 
110 

161 6,067 bend down 
/ 

covalent 
irreversible 

no - 

111 

 
AO21-014 

≈ 10 
µM 

- - Low 
potency  
(51 % 

inhibition 
at 10 µM) 

no - 
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# 
M- 

Structure 
Internal identifier 

IC50 

± SEM 
(nM) 

Ki 

(nM) 

[a] 

kinac./Ki  

(M-1s-1) 

[b] 

Progress-
ion curves 

/ 
inhibition 

type [c] 

Stable 
vs GSH 

[d] 

Stabi-
lity 
test 
rec. 

rate [e] 
112 

 
Yazh-2K250 

127 ± 
15 

129 9,030 bend down 
/ 

covalent 
irreversible 

no - 

113 

 
Yazh-2K257 

61.0 ± 
8 

- - Straight / 
ambiguous 

no - 

For descriptions see Table 20. 

 

For 7-carboxylic acid esters, the substitution of the pyridine esters was investigated (see 

Table 22). This led to the same observations as with other isomeric carboxylic acid esters 

(IC50: Cl ≈ Br < F < CH3 < H; kinac/Ki: Br > Cl > F > CH3 > H). The bromopyridyl derivative 

possesses a secondary inhibition constant, which is 2-fold higher than that of the 

chloropyridyl derivatives (comp. M-116 vs M-117), while initial affinities are similar with 

IC50 values of 55.5 and 60.5 nM respectively.  

 

Table 22. Investigated 7-carboxylic acid ester derivatives and their SARS-CoV-2 Mpro 
inhibitory potencies  

# 

M- 

Structure 
Internal identifier 

IC50 

± SEM 
(nM) 

Ki 

(nM) 

[a] 

kinac./Ki  

(M-1s-1) 

[b] 

Progress-
ion curves 

/ 
inhibition 

type [c] 

Stable 
vs GSH 

[d] 

Stabi-
lity 
test 
rec. 

rate [e] 
116 

 
Yazh-2K219 190 

55.5 ± 
0.7 

- 22,000 
± 800 [f] 

bend down 
/ 

covalent 
irreversible 

yes 0.5 % 
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# 
M- 

Structure 
Internal identifier 

IC50 

± SEM 
(nM) 

Ki 

(nM) 

[a] 

kinac./Ki  

(M-1s-1) 

[b] 

Progress-
ion curves 

/ 
inhibition 

type [c] 

Stable 
vs GSH 

[d] 

Stabi-
lity 
test 
rec. 

rate [e] 
117 

 
AO21-004 

60.5 ± 
7.7 

28.0 44,000 bend down 
/ 

covalent 
irreversible 

yes 42.6 % 

118 

 
AO21-006 

1,250 ± 
60 

678 3,100 bend down 
/ 

covalent 
irreversible 

no - 

119 

 
AO21-007 

401 ± 9 134 9,800 bend down 
/ 

covalent 
irreversible 

no - 

120 

 
AO21-009 

5,550 ± 
640 

510 1,800 bend down 
/ 

covalent 
irreversible 

no - 

For descriptions see Table 20. 

 

The combination of halogenated pyridylesters with other heteroaromatic esters was 

considered and realized by the synthesis of the compounds collected in Table 23. No 

potent irreversible inhibitors were identified with exception of the tetrahydrocarbazol 

derivative, that exhibits improved inhibition of Mpro compared to the 5-carboxylic indole 

ester (comp. M-123 (PZB10620065A) vs M-114 (PZB10620024)).165 
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Table 23. Investigated heteroaromatic ester derivatives and their SARS-CoV-2 Mpro 
inhibitory potencies  

# 

M- 

Structure 
Internal identifier 

IC50 

± SEM 
(nM) 

Ki 

(nM) 

[a] 

kinac./Ki  

(M-1s-1) 

[b] 

Progress-
ion curves 

/ 
inhibition 

type [c] 

Stable 
vs GSH 

[d] 

Stabi-
lity 
test 
rec. 

rate [e] 
121 

 
Yazh-2K247 

144 ± 
7 

- - Straight / 
ambiguous 

no - 

122 

 
AO21-109 

46.9 ± 
9.4 

- - Straight / 
ambiguous 

yes n.d. 

123 

 
Yazh-2K213 

354 ± 
9 

401 5,260 bend down 
/ 

covalent 
irreversible 

no - 

124 

 
Yazh-2K244 

274 ± 
5 

- - curve up / 
covalent 

reversible 
(fragile) 

no - 

125 

 
Yazh-2K249 

43.5 ± 
10.2 

- - curve up / 
covalent 

reversible 
(fragile) 

no - 

For descriptions see Table 20. 

 

Finally, benzoic acid ester derivatives proved to be an interesting alternative to the indole 

carboxylates (see Table 24). The unsubstituted benzoic acid esters had a good binding 

affinity to Mpro with IC50 values of 40.4 and 40.5 nM, respectively (Comp. M-126 and 

M-127). But only combination with the bromopyridyl resulted in an irreversible 

inhibition with a kinac/Ki value of 3450 M-1s-1 (comp. M-127). Addition of a chlorine atom 

in the 2-position doubles this value, while the IC50 value remains constant (comp. M-130). 

Among the 2-substituted benzoic acid esters, the 2-methoxy substituted compound is a 
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promising inhibitor, as it exhibits medium inhibition constants and remains partly stable 

upon incubation with glutathione (comp. M-130, recovery rate = 47.5 %).  

All of the 3-substituted benzoic acid esters were not able to irreversibly inhibit Mpro 

regardless of pyridyl substitution (comp. M-133 - M-138). In contrast, substitution in the 

4-position yielded irreversible inhibitors (comp. M-139 - M-144). Interestingly, the 

bromopyridyl derivatives of 4-chloro and 4-methoxy benzoic acid esters had two-fold 

higher affinity and kinac/Ki values compared to the respective chloropyridyl analogs 

(comp. M-139 vs M-140 and M-141 vs M-142).  

Disubstitution of the phenyl ring mostly resulted in stable covalent inhibition of Mpro 

(comp. M-145 - M-165). Notable exceptions to this observation are 3,5-di-chloro and 3,5-

di-fluoro derivatives (comp. M-163, M-164). Benzoic acid ester substitution of 2-fluoro 

in combination with 4-chloro generated the most potent disubstituted derivative, with 

comparable potencies to the potent 2-carboxylic acid indole esters (comp. M-154 IC50 = 

35.6 nM; kinac/Ki = 131,000 M-1s-1 compare to Table 20 comp. M-72 and M-87). Larger 

substituents at position 4, like a benzyl ether, led to decreased potency (comp. M-156, 

M-157). 

 

Table 24. Investigated benzoic acid ester derivatives and their SARS-CoV-2 Mpro 
inhibitory potencies  

# 

M- 

Structure 
Internal identifier 

IC50 

± 
SEM 
(nM) 

Ki 

(nM) 

[a] 

kinac./Ki  

(M-1s-1) 

[b] 

Progress-
ion curves 

/ 
inhibition 

type [c] 

Stable 
vs GSH 

[d] 

Stabi-
lity 
test 
rec. 

rate [e] 
126 

 
AO21-019 

40.4 
± 

13.3 

- - curve up / 
covalent 

reversible 
(fragile) 

no - 

127 

 
AO21-081 

40.5 
± 5.2 

123 3,450 bend down 
/ 

covalent 
irreversible 

yes 2.4 % 
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# 
M- 

Structure 
Internal identifier 

IC50 

± 
SEM 
(nM) 

Ki 

(nM) 

[a] 

kinac./Ki  

(M-1s-1) 

[b] 

Progress-
ion curves 

/ 
inhibition 

type [c] 

Stable 
vs GSH 

[d] 

Stabi-
lity 
test 
rec. 

rate [e] 
128 

 
AO21-020 

60.4 
± 

15.6 

- - curve up / 
covalent 

reversible 
(fragile) 

no - 

129 

 
AO21-082 

39.2 
± 9.3 

80 6,700 bend down 
/ 

covalent 
irreversible 

no - 

130 

 
AO21-052 

264 ± 
47 

141 16,100 bend down 
/ 

covalent 
irreversible 

yes 47.5 % 

131 

 
AO21-093 

25.9 
± 5.2 

- - curve up / 
covalent 

reversible 
(fragile) 

no - 

132 

 
AO21-122 

10.7 
± 2.0 

- - Straight / 
ambiguous 

no  

133 

 
AO21-022 

55.1 
± 

16.3 

- - curve up / 
covalent 

reversible 
(fragile) 

no - 

134 

 
AO21-083 

50.5 
± 11 

- - curve up / 
covalent 

reversible 
(fragile) 

no - 

135 

 
AO21-053 

5.1 ± 
0.6 

- - curve up / 
covalent 

reversible 
(fragile) 

yes 27.2 % 
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# 
M- 

Structure 
Internal identifier 

IC50 

± 
SEM 
(nM) 

Ki 

(nM) 

[a] 

kinac./Ki  

(M-1s-1) 

[b] 

Progress-
ion curves 

/ 
inhibition 

type [c] 

Stable 
vs GSH 

[d] 

Stabi-
lity 
test 
rec. 

rate [e] 
136 

 
AO21-108 

19.9 
± 4.6 

- - Straight / 
ambiguous 

yes - 

137 

 
AO21-094 

46.4 
± 7.6 

- - Straight / 
ambiguous 

no - 

138 

 
Yazh-2K254 

117 ± 
21 

- - curve up / 
covalent 

reversible 
(fragile) 

no - 

139 

 
AO21-039 

218 ± 
30 

76 18,700 bend down 
/ 

covalent 
irreversible 

no - 

140 

 
AO21-085 

95.7 
± 5.7 

184 26,500 bend down 
/ 

covalent 
irreversible 

yes   

141 

 
AO21-054 

164 ± 
59 

274 13,900 bend down 
/ 

covalent 
irreversible 

yes 68 % 

142 

 
AO21-140 

96.3 
± 

19.4 

169 26,700 bend down 
/ 

covalent 
irreversible 

n.d. - 
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# 
M- 

Structure 
Internal identifier 

IC50 

± 
SEM 
(nM) 

Ki 

(nM) 

[a] 

kinac./Ki  

(M-1s-1) 

[b] 

Progress-
ion curves 

/ 
inhibition 

type [c] 

Stable 
vs GSH 

[d] 

Stabi-
lity 
test 
rec. 

rate [e] 
143 

 
AO21-161 

3,940 
± 

1,100 

3580 11,70 bend down 
/ 

covalent 
irreversible 

n.d. - 

144 

 
AO21-129 

150 ± 
26 

1579 19,300 bend down 
/ 

covalent 
irreversible 

no - 

145 

 
AO21-040 

126 ± 
11 

5.96 46,000 bend down 
/ 

covalent 
irreversible 

yes 1.3 % 

146 

 
AO21-116 

84.5 
± 

27.1 

60.8 37,300 bend down 
/ 

covalent 
irreversible 

yes n.d. 

147 

 
AO21-141 

78.2 
± 

24.3 

363 35,300 bend down 
/ 

covalent 
irreversible 

n.d. - 

148 

 
AO21-021 

96.4 
± 

28.3 

5.83 56,500 bend down 
/ 

covalent 
irreversible 

yes 0.3 % 

149 

 
AO21-114 

37.5 
± 9.9 

- - Straight / 
ambiguous 

yes n.d. 



Laura Schäkel   4 SARS-CoV-2 Main protease experiments 

140 

# 
M- 

Structure 
Internal identifier 

IC50 

± 
SEM 
(nM) 

Ki 

(nM) 

[a] 

kinac./Ki  

(M-1s-1) 

[b] 

Progress-
ion curves 

/ 
inhibition 

type [c] 

Stable 
vs GSH 

[d] 

Stabi-
lity 
test 
rec. 

rate [e] 
150 

 
Yazh-2K273 

108 ± 
15 

104 17,500 bend down 
/ 

covalent 
irreversible 

no - 

151 

 
AO21-018 

84.5 
± 31 

13.0 47,300 bend down 
/ 

covalent 
irreversible 

no - 

152 

 
AO21-037 

3,400 
± 560 

974 1,700 bend down 
/ 

covalent 
irreversible 

no - 

153 

 
AO21-038 

45.7 
± 8.2 

17.0 56,700 bend down 
/ 

covalent 
irreversible 

no - 

154 

 
AO21-084 

35.6 
± 2.7 

11.0 131,000 bend down 
/ 

covalent 
irreversible 

no  

155 

 
AO21-162 

1,670 
± 180 

1750 2,320 bend down 
/ 

covalent 
irreversible 

n.d. - 

156 

 
AO21-101 

322 ± 
28 

490 11,400 bend down 
/ 

covalent 
irreversible 

no - 

157 

 
AO21-099 

232 ± 
24 

290 14,800 bend down 
/ 

covalent 
irreversible 

no - 
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# 
M- 

Structure 
Internal identifier 

IC50 

± 
SEM 
(nM) 

Ki 

(nM) 

[a] 

kinac./Ki  

(M-1s-1) 

[b] 

Progress-
ion curves 

/ 
inhibition 

type [c] 

Stable 
vs GSH 

[d] 

Stabi-
lity 
test 
rec. 

rate [e] 
158 

 
AO21-110 

47.4 
± 8.4 

64.4 51,600 bend down 
/ 

covalent 
irreversible 

yes n.d. 

159 

 
AO21-145 

107 ± 
34 

277 28,100 bend down 
/ 

covalent 
irreversible 

yes n.d. 

160 

 
AO21-111 

15.3 
± 3.5 

74.1 84,400 bend down 
/ 

covalent 
irreversible 

yes n.d. 

161 

 
AO21-112 

34.9 
± 8.8 

24.8 71,800 bend down 
/ 

covalent 
irreversible 

no - 

162 

 
AO21-166 

249 ± 
45 

403 10,200 bend down 
/ 

covalent 
irreversible 

n.d. - 

163 

 
AO21-041 

133 ± 
8 

- - curve up / 
covalent 

reversible 
(fragile) 

no - 

164 

 
AO21-096 

38.3 
± 7.9 

- - curve up / 
covalent 

reversible 
(fragile) 

no - 

165 

 
AO21-095 

29.2 
± 4.8 

45.7 7,160 bend down 
/ 

covalent 
irreversible 

no - 

For descriptions see Table 20. 
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4.5.2 Stability of pyridyl esters towards glutathione 

The applied stability test is an assay, which aims to evaluate the stability of compounds 

with electrophilic warheads to promiscuous reaction with intracellular reduced 

glutathione (GSH). GSH is an endogenous antioxidant, a tripeptide that consists of the 

amino acids glutamine, cysteine and glycine. It is present in almost all cells of the human 

body; hence potential intracellularly active drugs must be unreactive towards this 

compound. The compound of interest is incubated for 1 hour in the presence of 5 or 1 mM 

of GSH at a concentration of 100 µM in nucleophile free phosphate-buffered saline (PBS) 

at a pH of 7.4 and 37°C. The pH must be adjusted at this concentration and temperature 

as the nucleophilic properties are pH-dependent. The potential reaction mechanism of 

pyridyl esters with GSH is depicted in Figure 38. The compound concentration is 

analyzed by HPLC or LC/MS before and after the incubation period, and a recovery rate is 

determined. The stability tests were performed by PhD-Student Mariam Tahoun and the 

master student Chiara Molinar, and results are included in Table 20 to Table 24. On 

account of the time intensiveness of this assay, a quicker, HTS-suitable alternative to the 

LC/MS-based stability test was developed in order to pre-test the stability of the Mpro 

inhibitors.  

 

Figure 38. Reaction mechanism of pyridyl esters with GSH for the example of M-50 
(Yazh-2K220 / PZB10620068A) 
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Exploratory studies of Mpro activity in the presence of GSH 

Initially, the activity of His-tagged Mpro in the presence of GSH and inhibitors with known 

stabilities was tested. The enzymatic activity was tested in the absence or presence of GSH 

at 0.05, 0.1, 0.5, 1.0, and 5.0 mM concentration. The inhibitors M-63 (Yazh-2K170 / 

PZB10620022) and M-50 (Yazh-2K220 / PZB10620068A) were chosen for the first test 

series due to their different recovery rates in the LCMS stability test performed by Mariam 

Tahoun (see Table 25). 

Table 25. Overview of selected pyridyl esters 

# 

M- 

Compound Structure IC50 
(nM) 

Ki 
(nM) 

kinac/Ki 

(M-1s-1) 
Recovery 

rate [a] 

44 Yazh 2K169 

PZB10620021 

 

24.7 16.9 7600 n.d. 

50 Yazh-2K220 
PZB10620068A 

 

5.41 - n.d. [b] 0 % [c] 

63 Yazh 2K170 
PZB10620022 

 

34.2 70.2 29100 67 % 

[a] Compounds were incubated at 100 µM with 1 mM L-glutathione (GSH) in nucleophile-free 
phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 12 mM PO42-, adjusted to pH 7.4 at 
37°C) for 1h at 37°C. Zero-time and 1h measurements were carried out on an Agilent 1260 Infinity 
II HPLC system coupled to InfinityLab LC/MSD mass spectrometer with an ESI source. The mobile 
phase consisted of acetonitrile (A) and water + 2 mM ammonium acetate (B). The method started 
with 10% A and 90% B. The linear gradient reached 100% (A) after 10 min. This was maintained 
for 5 min, then the column was reconditioned. The flow rate was 0.5 mL/min and the column 
temperature was 40°C. 4 µL were injected on the column EC 50/3 NUCLEODUR C18 Gravity, 3 µm 
(Macherey-Nagel, Düren, Germany). Positive and negative scan modes were observed in the mass 
spectrometer from 150 to 1200 m/z. The compounds were identified by their respective m/z 
values (± 0.70). Peak areas from zero time and after 1 h were calculated from extracted ion 
chromatograms by the software OpenLab CDS version 2.5 and compared.  
[b] Compound displayed time-dependent inhibition, but progression curves bend upwards, which 
indicates that the inhibitor covalently binds to the enzyme and then dissociates again, so the 
enzyme activity is restored. Consequently, the inhibitor concentration decreases over time as it is 
degraded and the enzyme is no longer inhibited. This compound can only be characterized by its 
IC50 value. 
[c] The respective m/z value could not be found in the zero-time and 1 h measurement. 

The experiment was performed with concentrations of the inhibitors set at an expected 

inhibition of 50-90% SARS-CoV-2 Mpro enzyme activity in order to easily observe 

concentration changes of the inhibitor that would result in a reduced potency.  
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The enzymatic activity of the positive control sample without inhibitors was not affected 

by the presence of GSH at the chosen concentration range of 0.05 – 5 mM (see Figure 

39A), while the ability of both compounds to inhibit Mpro was affected by the addition of 

GSH (see Figure 39A and B). However, the potency of inhibition by M-63 (Yazh-2K170) 

was less reduced at > 0.5 mM GSH compared to that by M-50 (Yazh-2K220). 

This preliminary experiment demonstrated that the enzyme activity-assay could be 

adapted to a stability screening assay, that enables the preselection of compounds to be 

further evaluated by the stability test using LCMS. 
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Figure 39. A. SARS-CoV-2 Mpro activity determination with glutathione (GSH) and pyridyl 
ester type inhibitors. The enzymatic activity assay was performed in duplicates (n = 1) 
with the fluorogenic AMC-substrate at 50 µM (Km = 48.2 µM) and with purified extract of 
recombinant His-tagged SARS-CoV-2 Mpro. B. Relative inhibition of Mpro enzymatic activity 
by 0.05 µM M-63 (Yazh-2K170) and 0.01 µM M-50 (Yazh-2K220) in the presence of GSH. 
The product formation rate of the uninhibited control was set at 100%, and samples 
without enzyme addition were set at 0%, and the inhibition activity of test compounds 
was determined in relation.  
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Development of an HTS compatible dilution assay 

On the basis of the preliminary experiment, an HTS compatible pipetting scheme was 

tested for three known Mpro inhibitors (see Table 25). The inhibitors were incubated for 

60 min at a concentration of 100 µM with or without 5 mM GSH and then diluted to an 

assay concentration of 1 µM. This ensures a significant inhibition of Mpro for potent 

inhibitors, and a standardized pipetting scheme.  

The effect of incubation with GSH is most prominent on 50 (Yazh-2K220), which already 

was shown to be very reactive towards GSH in the previous LC/MS-based test (see Table 

25). In contrast, M-44 and M-63 (Yazh-2K169 and -170) partially retained their ability to 

inhibit Mpro activity (see Figure 40). In conclusion, this experiment presents proof of 

concept for the application on a wide selection of Mpro inhibiting compounds, in order to 

make a preselection for subsequent sophisticated stability-testing of the recovery rate by 

LC/MS.  
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Figure 40. A. SARS-CoV-2 Mpro activity determination with GSH and pyridyl ester 
inhibitors. The enzyme activity assay was performed in duplicates (n = 1) with the 
fluorogenic AMC-substrate at 50 µM (Km = 48.2 µM), and with purified extract of 
recombinant His-tagged SARS-CoV-2 Mpro. The pyridyl esters were incubated at 100 µM 
with or without 5 mM GSH for 1h at 37°C, then diluted to a final concentration of 1 µM 
compound and 50 µM GSH in the enzyme activity assay. B. Relative inhibition of Mpro 
enzymatic activity by M-44, M-63 and M-50 (Yazh-2K169, -170 and Yazh2K220) at 1 µM 
with or without 1h of incubation with 5 mM GSH. The product formation rate of the 
uninhibited control was set to 100% and samples without enzyme addition were set at 
0%, the inhibition activity of test compounds was determined in relation.  
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HTS stability testing of SARS-CoV-2 Mpro inhibitors versus GSH  

In this HTS stability pretesting the activity of His-tagged Mpro after incubation with 1 mM 

GSH was assessed for inhibitors of interest. For this purpose, the inhibitory potency of 

each inhibitor was tested under three conditions: (i) 100 µM compound incubated with 1 

mM GSH for 1 h at 37°C in assay buffer; (ii) 100 µM compound incubated for 1 h at 37°C 

in assay buffer (without GSH) and (iii) 100 µM compound prepared immediately before 

dilution and enzymatic activity assay. 

The samples were subsequently diluted with assay buffer to a final compound 

concentration of 1 µM and the respective inhibitory potencies were tested with the 

established assay.165 The concentrations of the inhibitors were set at an equal 

concentration of 1 µM in order to enable a simple test realization. The chosen 

concentration should ensure both high inhibition of the non-incubated control, as well as 

the identification of concentration decreases by means of a reduced inhibitory potency.  

The ability of some compounds to inhibit Mpro was affected by the addition of 1 mM GSH, 

suggesting a reaction with the thiol group that abrogates the compound’s ability to inhibit 

the enzyme. The inhibition for few compounds was also reduced by mere incubation in 

assay buffer without GSH, which indicates an instability due to hydrolysis. Compounds, 

which lost 25% of inhibitory potency in relation to the inhibition of the non-incubated 

samples were considered as unstable (labeled ‘no’ in Table 20 to Table 24). With the help 

of this HTS stability prescreening, compounds were recommended for further stability 

evaluation by the stability test conducted with LC/MS or HPLC-UV methods. Examples of 

recommended compounds with their respective recovery rates are presented in Table 26 

and Figure 41.  
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Table 26. Example of results from HTS stability prescreening with 1 mM GSH of pyridyl 
esters and the respective recovery rates determined in the stability test using LC/MS.  

# 

M- 

Internal ID IC50 

[nM] 
Inhibition 

(%) at 1 
µM w/o 

incubation 

Relative loss 
of inhibition 

after 
incubation in 
assay buffer 

(%) 

Relative loss of 
inhibition after 

incubation in 
assay buffer 

with 1 mM GSH 
(%) 

Results of 
LCMS 

stability 
test: 

Recovery 
rate (%) 

117 AO21-004 60.5 98 2 -3 42.5 

145 AO21-040 126 84 -1 -5 1.3 

79 AO21-044 284 42 -5 -5 72 

130 AO21-052 264 82 5 9 47.5 

141 AO21-054 164 86 9 19 68 

106 Yazh 2K164 312 80 8 17 65 

108 Yazh 2K166 227 86 -4 0 63 

47 Yazh-2K240 239 90 18 49 0.25 
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Figure 41. Examples of SARS-CoV-2 Mpro activity determination after incubation of 100 
µM pyridyl ester inhibitors with or without 1 mM glutathione (GSH) at 37°C for 1h in assay 
buffer. The incubated samples were diluted 1:20 and the enzymatic activity was 
determined in singlicates (n = 1) with the fluorogenic AMC-substrate at 50 µM (Km = 48.2 
µM) and the purified extract of recombinant His-tagged SARS-CoV-2 Mpro, respectively. 
The enzymatic activity of the uninhibited control was set at 100% and samples without 
enzyme addition were set at 0%. The inhibition activity of non-incubated test compounds 
at 1 µM was determined in relation. The experiments for the first batch of compounds, 
tested with this method, were performed by Laura Schäkel with assistance by Chiara 
Molinar. A second batch of compounds was tested by Marvin Petry. 
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4.5.3 Stability of enzymatic activity and enzyme-pyridyl thioester bond 

Regarding the class of pyridyl esters as inhibitors of the Mpro enzyme, some 

representatives are not able to inhibit the enzymatic activity for a prolonged period of 

time. Initially, a covalent bond is formed between the compound and the reactive thiol 

group located in the active center of the enzyme. In the course of the reaction, the indole 

carboxylic acid or benzoic acid remains in the binding pocket, while the pyridol is the 

leaving group. In previous experiments it was noticed, that for some inhibitors, the 

initially formed covalent thioester bond to the enzyme is not permanent. The inhibitor 

fragment is expelled from the active site, leading to a restoration of the enzymatic activity. 

In the standard activity assay for Mpro, the inhibition potency and IC50 values are 

determined by observation of the initial Mpro reaction velocity for 10 min. For the 

characterization of time-dependent inhibition the initial 60 min of enzymatic reaction are 

monitored. In order to further assess the persistence of the covalent bond and prolonged 

inhibition of Mpro, the enzyme was incubated with the respective inhibitors, and 

subsequently the ability to cleave the substrate was tested.  

The crude E. coli extract of SARS-CoV-2 Mpro was chosen for the experiments, as it was 

assumed that the enzymatic activity could decrease over time due to its protease activity. 

The crude extract contains additional proteins which could potentially stabilize the 

enzyme. Surprisingly, the enzymatic activity did not decrease after up to 3 h of incubation 

at 37°C in assay buffer (see Figure 42). The inhibitors that were chosen for the initial 

stability experiment retained their ability to block the enzymatic activity of Mpro at 1 µM 

concentration (see Figure 42). Compound M-50 (Yazh-2K220) was chosen as control, 

since the compound is known to be a covalent reversible inhibitor of Mpro, that is not able 

to permanently inhibit the enzymatic activity, despite its high initial inhibition potency.  
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Figure 42. SARS-CoV-2 Mpro activity determination after incubation of pyridyl ester 
inhibitors with crude extract of recombinant His-tagged SARS-CoV-2 Mpro at 37°C for 0, 1 
or 3 h in assay buffer. The incubated samples were diluted 1:2 with AMC-substrate (Km = 
48.2 µM) in assay buffer, and the enzyme activity assay was performed once in duplicates 
(n = 1) with final concentrations of the fluorogenic substrate at 50 µM and compound 
concentrations at 1 µM. Fluorescence increase as slope/min over the initial 10 min of the 
enzymatic cleavage of the AMC-substrate. 

 

As the first experiment was successful, the stability of Mpro inhibition of a wider selection 

of pyridyl esters was tested up to an incubation time of 6 h. The enzymatic activity of the 

control samples without inhibitors did not decrease in the observed time window (see 

Figure 43). The inhibitors were chosen based on a selection that was sent to a 

cooperation partner for SARS-CoV-2 viral replication assays. Seven compounds retained 

their ability to block the enzymatic activity of Mpro at 1 µM concentration (see Figure 43). 

Some compounds lost their ability to block the enzymatic activity of Mpro only after an 

incubation time of 6 h. Interestingly, M-79 (AO21-044), an N-methyl indole derivative, 

was initially unable to completely block the Mpro activity, but showed complete inhibition 

at later time points. This could be explained by the time-dependent slow onset of the 

irreversible inhibition. Compounds M-53 and M-99 (A021-104 and AO21-070) were both 

reversible-covalent inhibitors and lost their ability to inhibit Mpro after 1-3 h of incubation. 
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Figure 43. SARS-CoV-2 Mpro activity determination after incubation of 16 pyridyl ester 
inhibitors with crude extract of recombinant His-tagged SARS-CoV-2 Mpro at 37°C for 0, 1, 
3 or 6 h in assay buffer. The incubated samples were diluted 1:2 with AMC-substrate (Km 
= 48.2 µM) stock in assay buffer and the enzyme activity assay was performed once in 
duplicates (n = 1) with final concentrations of the fluorogenic substrate at 50 µM and a 
compound concentration of 1 µM. Fluorescence increase as slope/min over the initial 10 
min of the enzymatic cleavage of the fluorogenic substrate. 

 

In conclusion, the selection of pyridyl esters mostly showed a permanent (over 6 h) 

inhibition of the enzymatic activity of SARS-CoV-2 Mpro in in vitro activity assays. 
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4.6 Experimental 

The expression of SARS-CoV-2 Mpro and experiments described in sections 4.1 to 4.3 were 

performed as previously detailed in the supporting information of our publication, 

Breidenbach et al. 2021.165 The research described in sections 4.4 and 4.5 was conducted 

according to the following protocols. 

 

4.6.1 SARS-CoV-2 Mpro activity assay 

General procedure 

Recombinant His-tagged or native SARS-CoV-2 Mpro was defrosted and immediately used 

for the enzyme assays which were performed on a Pherastar FSX plate reader (BMG 

Labtech, Offenburg, Germany) at 37 °C with an excitation wavelength of 360 nm and an 

emission wavelength of 460 nm. Black half area 96-well plates with a flat bottom were 

obtained from Greiner Bio-One (Kremsmünster, Austria). The assay buffer was 50 mM 3-

(N-morpholino)propanesulfonic acid (MOPS) at pH 7.2 containing 10 mM NaCl, 1 mM 

EDTA and 0.01% Triton X-100. A 2.5 mM stock solution of the substrate (Boc-Abu-Tle-

Leu-Gln-AMC) was prepared in DMSO. Test compounds were dissolved in DMSO to obtain 

x50 concentrated stock solutions. The substrate was diluted with assay buffer (1 µL [2.5 

mM AMC-substrate] + 33 µL assay buffer) and pipetted into a well containing 1 µL of 

inhibitor stock. This mixture was incubated at 37 °C for 5 - 10 min. Upon addition of 15 

µL of enzyme solution (e.g. 1 µL 0.4 µg/µL His-tagged Mpro diluted in 14 µL assay buffer) 

the measurement was started and followed for 10 min or 1 h. The protein concentration 

of His-tagged or native Mpro was adjusted to a relative fluorescence slope increase of 

approximately 2000 per minute. The final AMC-substrate concentration was 50 µM which 

approximately corresponds to its Km value of 48.2 µM and the DMSO concentration in all 

samples was 4%. For inhibition % calculations the product formation rate of the positive 

control without inhibitor was set at 100% Mpro activity and the negative control, 

containing assay buffer instead of enzyme was set to 0%. All data was analyzed and 

plotted with the help of GraphPad Prism 8 (GraphPad software, San Diego, CA, USA). 
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Concentration inhibition curves 

Determination of IC50 values were performed by generation of concentration-inhibition 

curves of at least eight different inhibitor concentrations. The product formation rate 

during the initial 10 min of the enzymatic reaction was evaluated and plotted versus the 

corresponding inhibitor concentration.165 IC50 values were calculated by non-linear 

regression v = v0/(1 + [I]/IC50), where v is the product formation rate at different inhibitor 

concentrations, v0 is the uninhibited product formation rate, [I] is the inhibitor 

concentration, and IC50 is the half-maximal inhibitory concentration. The standard error 

of the mean (SEM) refers to the individual IC50 values resulting from three independent 

experiments in singlicates (n=3). The corresponding Ki values for reversible inhibitors, 

which are assumed to possess a competitive inhibition type, were calculated by correcting 

the IC50 value using the Cheng-Prusoff equation IC50 = Ki×(1+[S]/Km), where [S] is the 

substrate concentration at 50 µM and Km is the determined Michaelis constant for the 

substate at 48.4 µM.238 

Time-dependent inhibition 

Slow onset, irreversible inhibitors showed time-dependent inhibition. For the 

determination of the first-order rate constant of inactivation, kobs, the progress curves of 

product formation in the presence of five different inhibitor concentrations were followed 

over 60 min and analyzed by non-linear regression using the equation [P] = vi × (1 - exp(-

kobs × t) / kobs + d, where [P] is the product concentration, vi the initial rate, kobs the 

observed first-order rate constant and d is the offset. The second-order rate constant, 

kinac/Ki, was determined by plotting kobs versus [I] and non-linear regression using the 

equation kobs = (kinac × [I]) / ([I] + Ki × (1 + [S]/Km)). Deviation of each data point from the 

calculated non-linear regression was less than 10%.165 

Stability to incubation with glutathione (GSH) 

In the stability pretesting to the LCMS-based Laufer test detailed in section 0 the activity 

of MproHis after incubation with 1 mM GSH was assessed for inhibitors of interest. For this 

purpose, the inhibition potency of each inhibitor was tested in three conditions: (i) 100 

µM compound incubated with 1 mM GSH for 1 h at 37°C in assay buffer (1 µL [10 mM 

inhibitor stock in DMSO] + 2 µL [50 mM GSH stock in water] + 97 µL assay buffer); (ii) 100 

µM compound incubated for 1 h at 37°C in assay buffer (1 µL [10 mM inhibitor stock in 
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DMSO] + 99 µL assay buffer ) and (iii) 100 µM compound prepared immediately before 

dilution and enzyme activity assay (preparation analog to (ii)). The samples were 

subsequently diluted 1:20 (10 µL [100 µM] + 190 µL assay buffer) and the Mpro activity at 

presence of 1 µM compounds was tested with the established assay with an adjusted 

pipetting scheme (10 µL [5 µM inhibitor dilution] + 25 µL AMC-substrate stock [1 µL 2.5 

mM AMC-substrate in DMSO + 24 µL assay buffer] + 15 µL Mpro sample [1 µL His-tagged 

Mpro aliquot + 14 µL assay buffer]).165 

Stability to incubation with Mpro enzyme 

The investigation of pyridyl esters towards prolonged incubation with Mpro samples is 

presented in section 4.5.3. The first experiment was performed in closed reaction tubes, 

containing each 0.003 mg/mL crude extract of his-tagged SARS-CoV-2 Mpro (KS3C 0.03 

mg/mL) and 2 µM of compound in a final volume of 100 µL. The samples were incubated 

in a ThermoShaker (Eppendorf Thermomixer comfort) at 37°C with gentle shaking. At 

time points 0, 1 and 3h aliquots of each 25.0 µL were taken in order to test the enzymatic 

activity after addition of 25 µL AMC-substrate stock (100 µM).165 In the second 

experiment the irreversibility of Mpro inhibition of a wider selection of pyridyl esters was 

tested up to an incubation time of 6 h. The incubation was performed in a 96 well plate 

with assay buffer in adjacent wells. Each well contained 0.003 mg/mL crude extract of 

his-tagged SARS-CoV-2 Mpro (KS3C 0.03 mg/mL) and 2 µM of compound in a final volume 

of 150 µL. At time points 0, 1, 3 and 6 h aliquots of each 25.0 µL were removed in order to 

test the enzymatic activity upon AMC-substrate addition.165  
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5 Publications on Mpro  

5.1 Electrophilic Arylketones  

3CL Protease Inhibitors with an Electrophilic Arylketone Moiety as 

Anti-SARS-CoV‑2 Agents 

Sho Konno, Kiyotaka Kobayashi, Miki Senda, Yuta Funai, Yuta Seki, Ikumi Tamai, Laura 
Schäkel, Kyousuke Sakata, Thanigaimalai Pillaiyar, Akihiro Taguchi, Atsuhiko Taniguchi, 
Michael Gütschow, Christa E. Müller, Koh Takeuchi, Mikako Hirohama, Atsushi Kawaguchi, 
Masaki Kojima, Toshiya Senda, Yoshiyuki Shirasaka, Wataru Kamitani, and Yoshio Hayashi 

J Med Chem 2022 Feb 24;65(4):2926-2939. doi: 10.1021/acs.jmedchem.1c00665. 

 

Introduction  

The global spread of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), 

causing COVID-19 upon infection, enticed the need for an effective antiviral treatment. 

The pathogen SARS-CoV-2 is a single-stranded, positive-sense RNA virus of the 

coronavirus family. The viral proteases 3C-like protease (3CLpro or main protease, Mpro) 

and papain-like protease (PLpro) are essential to viral replication by catalyzing the 

hydrolysis of polyproteins into individual proteins. Mpro cleaves the peptide amide bond 

following the amino acid glutamine. The Mpro recognition sequence is not found in 

humans, which enables the design of specific substrate-based analogs.158,194 

The work featured in this chapter details the development of lead structures for SARS-

CoV-2 Mpro-inhibiting drugs, that decrease the severity and fatality of a COVID-19 

infection. In order to study the effects of potential modulators, we produced recombinant 

SARS-CoV-2 Mpro and established a protease activity assay beforehand.165 This enabled 

the screening and characterization of previously published SARS-CoV-1 Mpro inhibitors, 

namely SH-5, YH-53 and YH-71.245,246 These compounds had been described to possess 

suitable drug properties and high potency against SARS-CoV-1 Mpro with Ki values of 4.1, 

6.3 and 22.0 nM for SH-5, YH-53 and YH-71 respectively.245,246 The opportunity to develop 

these and other drugs targeting coronaviruses for therapeutic use after the outbreaks of 

SARS-CoV-1 in 2003 and MERS in 2012 was not pursued because the infections were 

under control. However, research efforts yielded lead structures, which were recently 
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reconsidered for evaluation against SARS-CoV-2 and potential development as 

therapeutics. At the time of the experiments, in 2020, no antiviral drugs specifically 

targeting the SARS-CoV-2 Mpro were available or approved. Two years later, various 

vaccines and treatment options are ready for use in the fight against the COVID-19 

pandemic. This circumstance is in part owed to scientists shifting their research interests 

and joining forces in interdisciplinary teams in order to accelerate research and 

development.  

Summary and outlook 

As SARS-CoV-1 Mpro shares a high sequence similarity to SARS-CoV-2 Mpro the most 

promising compounds from prior publications were selected for evaluation at the newly 

emerged pathogen’s main protease. As expected, the compounds were similarly potent at 

both viral proteases.245–247 SH-5, YH-53 and YH-71 were shown to be potent inhibitors of 

SARS-CoV-2 Mpro with respective in vitro Ki values of 14.5, 34.7 and 32.1 nM.247 The 

potency of YH-53 was consistent with that determined by other research groups, 

reporting a Ki value of 17.6 nM.181 The three substrate-derived inhibitors contain a unique 

benzothiazolyl ketone as an electrophilic warhead, which was shown to form a reversible 

hemithioketal by covalently binding to the active site cysteine (Cys145). The mode of 

inhibition of the protease by the most potent inhibitor SH-5 was determined to be 

competitive in in vitro activity assays, supporting the hypothesis of an orthosteric binding 

site and transient nature of the covalent bond, as no time-dependent effects were 

observed in the progress curves of product formation. A transient nature of the enzyme-

inhibitor-complex decreases the risk profile of the compounds, considering a lower 

chance of reactivity towards off-target thiol groups. The binding site and mode were then 

confirmed by determining X-ray structures for YH-53 and SH-5.  

The viral replication of SARS-CoV-2 in Vero cells was successfully blocked, although at 

concentrations greater than 25 µM. YH-53 was the most potent derivative in the viral 

replication tests; it abrogated the viral replication at lower concentrations of 10 µM, while 

displaying no cytotoxicity at a tenfold higher concentration of 100 µM. Therefore, this 

study focused on the characterization of the compound YH-53 by compiling an 

exceptionally detailed assessment of the dipeptide with respect to its in vitro activities, X-

ray structural analysis, pharmacodynamics and metabolic analysis.  
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The bioavailability was investigated in rats and proved to be low, likely caused by 

metabolism in the liver. Putative metabolites were identified by LC/UV/MS subsequent 

to incubation with rat or human hepatocytes. The substantial difference of in vitro 

protease inhibition and cell-based studies indicates that the peptidomimetics experience 

difficulties to reach the intracellular target. As the cell permeability was high in Caco-2 

cells, the evidence pointed to metabolism or efflux transporters as the reason for the 

efficacy gap. Indeed, the antiviral potency of YH-53 in cell assays was increased by 

addition of the multidrug-resistance-protein 1 (MDR-1, also known as P-gp) efflux 

transport inhibitor CP-100356. Additional experiments confirmed the Mpro inhibitor to be 

a substrate of the permeability-glycoprotein (P-gp) efflux pump.  

To summarize, YH-53 can be considered as a potential candidate for clinical studies, as its 

drug potential was comprehensively analyzed. The compound was shown to have a good 

safety profile, and show effective inhibition of SARS-CoV-2 in vitro in combination with 

P-gp blockers. The next step for drug development entails experiments on the in vivo 

antiviral activity in animal models.  

The approval of the first antiviral, Paxlovid®, that specifically targets the Mpro of 

coronaviruses proved that the approach to develop peptidomimetic inhibitors is 

successful.163,189 This publication contributed to the rapidly evolving search for effective 

antiviral drugs for the treatment of COVID-19 and is still of great interest to this rapidly 

developing field. 

Author’s contribution 

The author of this thesis performed the in vitro pharmacological characterization of the 

three featured compounds on recombinant SARS-CoV-2 Mpro with the previously 

established protease activity assay.165 The evaluation of inhibitory potencies, type of 

inhibition and progress curves led to Figure 2 and Figure S1 in the Supporting 

Information, which were all prepared by the author. Reports discussing the obtained 

results contributed to the written content of the manuscript.   
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6 Summary 

6.1 Ecto-Nucleoside triphosphate diphosphohydrolases (NTPDases) 

NTPDase1 (CD39) is the key enzyme hydrolyzing extracellular ATP.37,43 Its inhibitors have 

potential as drugs for the immunotherapy of cancers and infections, while activators 

could be useful for the treatment of auto-immune diseases. At the start of the work for 

this thesis few CD39 modulators were available, all of which lacked potency, selectivity 

and drug-like properties. Therefore, we aimed to identify, characterize and optimize small 

molecules as inhibitors of NTPDases, in particular CD39. This work was supported by the 

SFB1328 ‘Adenine Nucleotides in Immunity and Inflammation’ (project A11). The first 

funding period focused on the development of competitive as well as allosteric 

modulators of CD39. Recombinant human CD39 was expressed in COS-7 cells, and cell 

membrane preparations were used for studying inhibitors in complementary enzyme 

activity assays (see chapter 2.2). Various compound classes were characterized regarding 

their potency, selectivity, inhibition type and metabolic stability. Positive modulators of 

CD39’s catalytic activity could not be identified, while the development of orthosteric as 

well as allosteric inhibitors was successful. The main findings are described below. 

Anthraquinone derivatives, were studied as inhibitors of ecto-NTPDases1, -2, -3 and -8 

(see chapter 3.1) and proved to be potent and selective inhibitors of human NTPDase2 

and 3.105 PSB-16131 (E-21) was found to be a non-competitive NTPDase2 inhibitor, while 

PSB-1011 (E-33) inhibited NTPDase3 with a mixed inhibition type (see Figure 44). These 

compounds will be important tools for researching the functions of NTPDase2 and -3 in 

physiology and pathology. 

 

Figure 44. Structure and characterization of anthraquinone derivatives as inhibitors of 
ecto-nucleotidases: A. PSB-16131 (E-21);105 and B. PSB-1011 (E-33).105 
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The substrate analog ARL67156 (E-1) was selected as a lead structure for competitive 

CD39 inhibitors. ARL6716 is a commercially available ATPase inhibitor of moderate 

potency at NTPDases. Due to the replacement of the O-bridge between the β- and γ-

phosphate by a dibromomethylene bridge, it has been assumed to be metabolically stable. 

We studied ARL67156 along with a series of derivatives and analogs synthesized by our 

group (see chapter 3.2).94 ARL67156 and the two most potent compounds of the series 

were characterized as dual CD39/CD73 inhibitors, that additionally inhibited NTPDase3 

and NPP1, although with lower potencies. We confirmed the competitive inhibition type 

on CD39 and performed docking studies of ARL67156 utilizing a CD39 homology model 

in order to rationalize its putative binding mode and insights from the SAR study. We 

demonstrated that full deprotonation of the terminal phosph(on)ate group was required 

for high inhibition of CD39. Surprisingly, ARL67156 and its derivatives proved to be 

completely unstable upon incubation with mouse and human liver microsomes, and can 

therefore not be recommended for use in in vivo studies.94 Another nucleotide-derived 

lead structure for CD39 inhibitors is 8-butylthio-AMP. Synthesis of derivatives and 

analogs allowed the analysis of SARs regarding various substituents at the adenine ring. 

The most potent derivatives were characterized with respect to their inhibitory potency 

in two orthogonal assays. Additionally, the metabolic stability was investigated and 

selectivity studies and docking studies were performed. The results will be published in 

three separate manuscripts.  

 

Figure 45. Structure and characterization of nucleotide derivatives as inhibitors of ecto-
nucleotidases: A. ARL67156 (E-1);94 B. PSB-172102(E-2);94 and C. 8-BuS-AMP(E-4).91 
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The anti-thrombotic prodrugs of the P2Y12 receptor antagonists clopidogrel and 

ticlopidine were confirmed as inhibitors of CD39.109,110 The investigation of 2-

substituted thienotetrahydropyridine derivatives revealed that similar compounds 

which cannot be metabolized to P2Y12 receptor antagonists have equivalent potencies and 

show a non-competitive inhibition type at CD39 (see chapter 3.3).110 Furthermore, we 

worked on the synthesis and characterization of ticlopidine derivatives and analogs with 

the aim to study the SARs and to improve potency. The results of this extensive study are 

not featured in this thesis but will be published elsewhere. 

 

Figure 46. The antithrombotic prodrug A. ticlopidine (E-9) and its metabolically stable 
2-substituted analog B. E-10 and their inhibitory potencies at ecto-nucleotidases.110 

 

We discovered several sulfated polysaccharides, derived from macroalgae, to be strong 

dual inhibitors of the two major ATP-hydrolyzing enzymes CD39 and NPP1.121 The most 

potent preparation was obtained from the algal species Fucus vesiculosus and it was 

broadly characterized. It inhibited NPP1 and CD39 with an allosteric non-

competitive/mixed inhibition type, and Ki values of 1.19 nM for human NPP1, and 12.3 nM 

for human CD39 were determined. Their inhibition of ATP hydrolysis could contribute to 

the reported anticancer properties of sulfated algae polysaccharides from sea weeds. 

Finally, we screened several in-house sub-libraries of the PharmaZentrum Bonn (PZB) 

compound library in the search for novel CD39 inhibitors. In total, more than 5500 

compounds were tested for their modulation of the enzyme’s activity, and several hits 

with distinct chemical structures were identified. In this context, a library consisting of 50 

approved protein kinase inhibiting drugs was tested at human CD39, based on the 

assumption, that these compounds interact with the ATP co-substrate binding site of 

protein kinases, and therefore might bind to and modulate ecto-nucleotidases as well. 
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This led to the discovery of ceritinib (see Figure 47), an inhibitor of anaplastic lymphoma 

kinase (ALK), as an allosteric inhibitor of human CD39 (see chapter 3.4). This drug has an 

excellent metabolic stability and may be used as a new starting point for optimization 

eventually resulting in the development of specific NTPDase inhibitors.  

 

Figure 47. Structure of ceritinib and its characterization as inhibitor of ecto-
nucleotidases. 

 

6.2 SARS-CoV-2 main protease 

When the coronavirus pandemic started in early 2020, Prof. Christa E. Müller’s and Prof. 

Gütschow’s groups immediately decided to join efforts to help in fighting this life-

threatening infectious disease. Thus, a drug development project aimed at the main 

protease (Mpro) of SARS-CoV-2 as a suitable target for anti-COVID-19 therapeutics was 

started in collaboration with an interdisciplinary team. SARS-CoV-2 Mpro was successfully 

expressed in E. coli, and an enzyme assay, based on a fluorogenic substrate, was developed 

for the focused screening of selected compound libraries and the characterization of hit 

compounds (see Figure 48). The first manuscript describing the assay establishment and 

the optimization of peptides (Prof. Gütschow), as well as halopyridyl indole esters (Prof. 

Müller), was published in 2021.165 The characterization of three known SARS-CoV-1 Mpro 

inhibitors from a collaboration partner in Japan was issued shortly after.247 The 

experiments performed for the second publication on SARS-CoV-2 Mpro are described in 

section 5.1 (see Figure 49A for most representative Mpro inhibitor YH-53). Chapter 4 

describes the pharmacological studies for the implementation of the Mpro activity assay 

and the ongoing project on the characterization of inhibitors.  
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Figure 48. A. Aminomethylcoumarine-based flurogenic substrate (AMC-substrate) and 
its Mpro catalyzed proteolysis resulting in fluorescence emission (λexitation = 360 nm, λemission 
= 460 nm) and B. relative fluorescence increase in proportion to the enzymatic activity 
over time. Straight increase (red) control without inhibitor compared to the decreased 
enzymatic activity in the presence of slowly reversible (green), slowly irreversible (black) 
covalently binding inhibitors, as well as non-covalent inhibitors forming a rapid 
equilibrium (blue) with the protease. 

 

Additional hits from virtual as well as experimental compound library screening 

campaigns were characterized at SARS-CoV-2 Mpro. The isatin derivative Apoptosis 

activator 2 (M-24, Figure 49B) was found to be a non-covalent inhibitor with a Ki value 

of 1.63 µM, based on the published orthosteric binding mode of related compounds.210 

Several xanthine derivatives and two further heterocyclic compounds demonstrated the 

ability to non-covalently inhibit Mpro with potencies in the low micromolar range.  

A series of novel pyridyl ester derivatives was studied to explore the structure-activity 

relationships (SARs) of this class of compounds. In addition to the compounds’ inhibitory 

activity, enzyme inhibition kinetics and inhibition mechanism, as well as further 

properties were evaluated, in order to optimize the compounds’ potency and drug-like 

properties. The stability of pyridyl esters versus incubation with 1 mM glutathione (GSH) 

was estimated using a high-throughput screening approach. Based on the established 

pretest, compounds were selected for further analysis by HPLC or LCMS. Moreover, time-

dependent stability of pyridyl esters towards incubation with SARS-CoV-2 Mpro was 
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assessed to determine their suitability for crystallization studies and potential 

therapeutic application. 

 

Figure 49. Structure and characteristics of selected inhibitors of SARS-CoV-2 Mpro; A. 
most potent peptidomimetic Mpro inhibitor, YH-53, with a benzothiazolyl ketone as a 
warhead group;247 B. M-24 Apoptosis Activator 2; C. M-63 Yazh2K-170;165 and D. M-141 
AO21-054.  

 

Variations to the indole ester scaffolds were examined by analysis of SARs, and rational 

drug design was performed in the search for potential SARS-CoV-2 Mpro inhibiting drugs. 

Bioisosters of the core structure indole, namely thiophene and benzofuran, produce 

inhibitors with good initial inhibition, but showed degradation of the covalent bond to the 

Mpro Cys145. The ester position on the indole was investigated, identifying 2-, 4- and 7-

carboxylic acid esters to be the most promising lead structures for further development. 

2-Carboxylic acid ester-derived inhibitors paved the way to the most potent inhibitors 

and at the same time high stability during incubation with glutathione. Small changes of 

substituents and their position resulted in steep SARs with regard to potency and stability 

of the irreversible, covalent inhibitor-enzyme complex. The best compound with regard 

to both in vitro inhibitory potency and glutathione stability is Yazh-2K170 (Compound 

M-63, 5-chloropyridin-3-yl 5-chloro-1H-indole-2-carboxylate Figure 49C).  

A novel scaffold was evaluated with the halopyridyl benzoic acid ester derivatives. 

Monosubstituted compounds were among the most potent derivatives. The 4-methoxy 
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derivative M-141 (AO21-054, Figure 49D) showed the highest stability upon incubation 

with GSH. This compound could be further optimized (e.g. by introduction of a second 

substituent or by the conversion to its bromopyridyl ester) in order to increase its 

potency and second order rate constant of inactivation (kinac/Ki value).  

New syntheses and experiments on cell penetration and potency in cell culture are in 

progress and will add important information for the fine-tuning to obtain a suitable drug 

candidate.  

In conclusion, highly potent SARS-CoV-2 small molecule Mpro inhibitors were designed 

and characterized, which may be superior to peptidomimetic drugs, at least in some 

aspects, and provide excellent starting points for further drug development.
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7 Abbreviations 

Abbreviation Name 

3CLpro 3chymotrypsin-like protease 

8-BuS-AMP 8-Butylthio-adenosine-5'-monophosphate 

A549 cells Adenocarcinomic human alveolar basal epithelial cells 

ACE Angiotensin converting enzyme  

ACRs Apyrase-conserved regions 

ADP Adenosine 5’-diphosphate  

ADPR ADP-ribose  

AK Adenylate kinase 

ALK Anaplastic lymphoma kinase  

AMC 7-amino-4-methylcoumarin 

AMP Adenosine-5'-monophosphate 

AMPCP α,β-methylene adenosine 5'-diphosphate  

AP Alkaline phosphatase 

ARL67156 N6-diethyl-D-β,γ-dibromo-methylene-ATP 

ATP Adenosine-5’-triphosphate  

CC50 Compound concentration at 50% of cytotoxicity 

CD38 Cluster of differentiation 38, cyclic ADP ribose hydrolase 

CD39 Ecto-nucleoside triphosphate diphosphohydrolase1, NTPDase1 

CD73 Ecto-5′-nucleotidase, cluster of differentiation 73 

CE Capillary electrophoresis 

COVID-19 Coronavirus disease 2019 

Dabcyl 4-((4-(dimethylamino)phenyl)azo)benzoic acid 

DMSO Dimethyl sulfoxide 

DTT 1,4- dithiothreitol 

E. coli Escherichia coli bacteria 

EC50 Compound concentration at 50% of maximum effect 

EDANS 5-((2-aminoethyl)amino)naphthalene-1-sulfonic acid 

EDTA Ethylenediaminetetraacetic acid 

EI-complex Enzyme-inhibitor complex 

E-NPP Ecto-nucleotide pyrophosphatase/ phosphodiesterase 

E-NTPDase Ecto-nucleoside triphosphate diphosphohydrolase 

ES-complex Enzyme-substrate complex 

FDA Food and Drug Administration 

FIP Feline infectious peritonitis  

FPIA Fluorescence polarization-based immunoassay  

FRET Fluorescence resonance energy transfer  

GFP Green fluorescent protein  

GSH Glutathione 

HEK Human Embryonic Kidney  

HIF-1α Hypoxia-inducible-factor-1α 

HIV Human immunodeficiency virus 

HPLC High performance liquid chromatography  
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HTS High throughput screening 

IC50 Inhibitor concentration at 50% residual enzyme activity 

ITC Isothermal titration calorimetry  

kcat Turnover number 

kcat/Km Kinetic efficiency constant 

Ki Enzyme-inhibitor dissociation constant 

kinac First-order rate of inhibition 

kinac/Ki Second-order rate constant of inhibition, k2nd 

Km Michaelis constant 

kobs Pseudo-first-order rate constant 

koff Dissociation rate constant or off-rate  

Ks Dissociation constant  

LC/MS Liquid chromatography coupled to mass spectrometry  

MERS Middle East respiratory syndrome 

MOPS 3-(N-morpholino)propanesulfonic acid 

Mpro Main protease of coronaviruses 

MS Mass spectrometry 

MST Microscale thermophoresis 

NAD+ Nicotinamide dinucleotide  

NCT number National clinical trial number assigned by clinicaltrials.gov 

NDP Nucleoside diphosphate 

nsp Nonstructural protein  

NTP Nucleoside triphosphate 

P1 receptor Adenosine receptor 

P2 receptor Nucleotide receptor 

PBS Phosphate-buffered saline  

PD-1 Programmed cell death protein 1 

PDB Protein data base 

PLpro Papain-like protease 

POM Polyoxometalate 

PPi Pyrophosphate 

PSB Pharmaceutical sciences Bonn 

qRT-PCR Quantitative real-time polymerase chain reaction 

RB-2 Reactive blue 2 

RFU Relative fluorescence units 

SARs Structure-activity relationships 

SARS-CoV Severe acute respiratory syndrome coronavirus 

SEM Standard error of the mean  

TLC Thin layer chromatography  

TMPRSS2 transmembrane protease serine subtype 2 

Tris 2-Amino-2-(hydroxymethyl)propane-1,3-diol 

UDP Uridine-5'-diphosphate 

UTP Uridine-5'-triphosphate 

UV ultraviolet 

vi Initial velocity 
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Vmax Maximal velocity 

vs Steady-state velocity 

τ Residence time 
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