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Abstract 

The following members of the ecto-nucleoside triphosphate diphosphohydrolase family, 

NTPDase1 (CD39), NTPDase-2, -3, and -8, play an important role in purinergic signal 

transduction by regulating extracellular nucleotide levels. Potent and selective NTPDase 

inhibitors are required as pharmacological tools and have potential as novel drugs, e.g. for 

anti-cancer and anti-bacterial therapy. We have developed fast and sensitive NTPDase 

fluorescence polarization (FP) immunoassays using the natural substrates (ATP or ADP). 

During the NTPDase1-catalyzed reaction, the substrate is dephosphorylated to ADP which is 

further dephosphorylated yielding AMP as the final product (by NTPDase1). NTPDase3 and -

8 yield AMP and ADP, while NTPDase2 results mainly in the formation of ADP. Direct 

quantification of the respective product, AMP or ADP, is achieved by displacement of an 

appropriate fluorescent tracer nucleotide from a specific antibody leading to a change in 

fluorescence polarization. The assays are highly sensitive and can be performed with low 

substrate concentrations (20 µM ATP or 10 µM ADP) below the KM values of NTPDases, 

which simplifies the identification of novel competitive inhibitors. Optimized antibody and 

enzyme concentrations allow the reproducible detection of 2 µM ADP and 1 µM AMP (at 

10% substrate conversion). Validation of the assays yielded excellent Z´-factors greater than 

0.70 for all investigated NTPDase subtypes indicating high robustness of the analytical 

method. Furthermore, we tested a standard inhibitor and performed a first exemplary 

screening campaign with a library consisting of >400 compounds (Z´-factor: 0.87, hit rate 

0.5%). Thereby we demonstrated the suitability of the FP assay for IC50 value determination 

and high-throughput screening in a 384-well format. The new FP assays were shown to be 

superior to current standard assays. 

Keywords: ADP detection, AMP detection, CD39, ecto-nucleotidases, fluorescence 

polarization, hydrolytic enzymes, high-throughput screening (HTS), NTPDase assay, 

NTPDase inhibitors 

Abbreviations: aq., aqueous; CD, cluster of differentiation; CE, capillary electrophoresis; 

DMSO, dimethyl sulfoxide; EDTA, ethylenediaminetetraacetic acid; Ecto-5´-NT, ecto-5´-

nucleotidase; E-NTPDase, Ecto-nucleoside triphosphate diphosphohydrolase; FP, 

fluorescence polarization; FPIA, fluorescence polarization immunoassay; HTS, high-

throughput screening; IC50, half maximal inhibitory concentration; Ki, inhibition constant; 

KM, Michaelis constant; mP, milli polarization value; P, polarization value; RB-2, Reactive 

Blue 2; TLC, thin-layer chromatography; Tris, tris(hydroxymethyl)aminomethane 
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Introduction 

Extracellular nucleosides and nucleotides, such as adenosine, ATP, ADP, UTP and UDP act 

as signaling molecules in virtually all tissues and organs. They can modulate a variety of 

functions in the body including thromboregulation, neurotransmission, inflammation, immune 

response and cell proliferation by activating P1 (adenosine) or P2 (nucleotide) receptors.
1,2

 To 

prevent aberrant purinergic signaling events levels of extracellular nucleotides must be tightly 

controlled.
3
 Enzymes located at the cell surface hydrolyze nucleotides resulting in the 

formation of nucleosides and inorganic phosphates (Fig. 1). Ecto-nucleotidases are subdivided 

into four major groups or families: ecto-5´-nucleotidase (Ecto-5´-NT, CD73), alkaline 

phosphatases (APs), ecto-nucleotide pyrophosphatase/phosphodiesterases (E-NPPs) and 

ectonucleoside triphosphate diphosphohydrolases (E-NTPDases). Nucleoside 5′-tri- and di-

phosphates (NTPs and NDPs) can be hydrolyzed by members of the E-NTPDase family with 

different abilities, the E-NPP family (NTPs), and by APs. Nucleoside 5′-monophosphates, 

such as AMP, are hydrolyzed by APs and Ecto-5´-NT.
2
 

 

The E-NTPDase family comprises eight members, and of these NTPDase1 (CD39), 

NTPDase2 (CD39L1), NTPDase3 (CD39L3) and NTPDase8 are located on the cell surface 

catalyzing the hydrolysis of extracellular nucleotides. They are anchored in the cell membrane 

by two cell membrane-spanning helical domains. In contrast, NTPDase4-7 are located on 

intracellular membranes and organelles; secreted forms of NTPDase5 and NTPDase6 have 

also been reported.
2,4 

All NTPDases share five conserved sequence domains that are believed 

to be relevant for their catalytic activity. The E-NTPDase members hydrolyze nucleotides in 

the presence of millimolar concentrations of Ca
2+

 or Mg
2+

 at physiological pH values. They 

differ in their substrate preferences, e.g. for adenine versus uracil nucleotides, and for 

nucleoside triphosphates versus diphosphates. NTPDase1, -3 and -8 hydrolyze nucleoside tri- 

and diphosphates with ATP/ADP ratios of 1-2:1, 3-4:1 and 2:1, respectively, whereas 

NTPDase2 shows much higher (10- to 40-fold) preference for ATP over ADP, and therefore 

produces ADP as its main product.
1,5,6

 ATP is hydrolyzed by NTPDase1 via ADP to AMP, 

without significant release of ADP. In contrast, NTPDase2, -3 and -8 hydrolyze ATP to ADP, 

which is released from the enzyme, and in the case of NTPDase3 and NTPDase8, ADP is 

subsequently hydrolyzed to AMP.
6,7,8,9,10

  All NTPDases exhibit Michaelis-Menten kinetics. 

The KM values for ATP as the main substrate of human NTPDase1, -2 and -3 are 17, 70, and 

75 µM, respectively.
6
 For human NTPDase8 KM values between 81-226 µM have been 

described.
10,11

 Since ADP is a poor substrate of NTPDase2, (low) KM values for ADP have 

Page 4 of 29Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
st

A
cc

ep
te

d
M

an
us

cr
ip

t



only been published for NTPDase1, -3 and -8. They are in the same low micromolar range as 

those for ATP.
6,10,11

 

 

NTPDases are expressed in almost every tissue. They are upregulated under certain 

pathological conditions and therefore represent important potential drug targets for 

modulating purine receptor-mediated signaling pathways.
12 

For example, overexpression of 

Ecto-5´-NT and NTPDases has been described in tumor cells.
13

 Since ATP can act as a danger 

signaling molecule, and adenosine on the other hand promotes angiogenesis, tumor growth 

and immunosuppression, inhibition of NTPDases might be a new therapeutic strategy for the 

treatment of cancer and immunodeficiency disorders.
13,14,15,16

 Besides mammalian enzymes 

several important pathogenic microorganisms, such as Legionella pneumophila, have been 

described to express bacterial NTPDases, which are known to contribute to their virulence.
17

 

Therefore NTPDase inhibitors have been proposed as novel anti-bacterial therapeutics.
18

 

However, the (patho)physiological roles of the enzymes are not completely understood. 

Potent and selective inhibitors of NTPDases are required as pharmacological tools to 

investigate their roles in health and disease, and to validate NTPDases as novel drug targets. 

However, only few NTPDase inhibitors have been described to date. These include nucleotide 

derivatives and analogs derived from ATP, and non-nucleotidic inhibitors such as the non-

selective drugs suramin or reactive blue 2. Therefore, potent and selective drug-like NTPDase 

inhibitors need to be developed.
4,19

 

 

To identify novel subtype-selective inhibitors a sensitive and reproducible method, which 

allows the detection of NTPDase activity with its natural substrate, is required. So far various 

assays have been described including the malachite green assay, capillary electrophoresis 

(CE) based assays, luciferase assay, thin-layer-chromatography (TLC) assays and enzyme-

coupled assays, all of which suffer from serious drawbacks. The malachite green assay is a 

colorimetric assay, which allows the detection of inorganic phosphate.
20,21

 NTPDases produce 

phosphate as a side-product of the enzymatic reaction. The released phosphate can be detected 

by the addition of molybdate and malachite green under acidic conditions (absorption at 623 

nm).
22,23

 Increasing enzyme activity leads to an increased production of phosphate and 

therefore a higher absorption signal.
 
An advantage of this frequently used assay is its easy 

handling allowing measurement in microtiter plates, which enables high-throughput screening 

(HTS). Furthermore, the required reagents are inexpensive. However, the assay only detects 

the side-product phosphate, but not the produced nucleotides. Phosphate contamination, 
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which is common especially in biological samples, leads to a high background signal. The 

approach requires a high level of substrate consumption to generate an adequate signal-to-

noise ratio and consequently does not permit the use of low substrate concentrations. 

NTPDases display low micromolar KM values. However, screening at substrate 

concentrations around the Km value would be advantageous for HTS assays. Indeed if high 

substrate concentrations well above the Km value are employed, the concentration of the 

competitive inhibitors needs also to be high in order to compete with the substrate. This can 

cause problems when screening libraries of compounds with moderate solubility or of 

compound fragments. Moreover, the detection of phosphate complicates measurement of 

NTPDase activity in biological systems due to the potential release of phosphate from 

multiple sources resulting in lacking signal specificity. Furthermore, because of the absorption 

measurement at 623 nm some colored compounds, or natural extracts containing such 

compounds, may interfere with the assay. Besides, Feng et al. recently discovered that 

hydrophobic amines, such as quinine and papaverine, cause negative interference with the 

classical malachite green assay where malachite green is added after molybdate to the 

acidified reaction solutions of phosphate. Thereby many false-positive results can be 

generated.
24

 

 

In recent years CE has emerged as a versatile technique for enzyme assays. It is highly useful 

for investigating enzymatic reactions involving charged substrates or products, e.g. for the 

monitoring of dephosphorylation reactions. Its advantages over conventional methods of 

detecting NTPDase activity include a separation of substrate and product and a low sample 

volume requirement. It also allows high throughput by automation. Capillary electrophoresis 

methods for the characterization of recombinant NTPDase1, -2 and -3 and for the testing of 

NTPDase inhibitors have been developed and recently described by our research group.
19,25,26

 

Nevertheless, this is a time-consuming method, which does not allow the detection of many 

data points at the same time. Furthermore the moderate sensitivity of CE-UV detection 

requires the use of high substrate concentration, well above the KM-values, which complicates 

the identification of competitive NTPDase inhibitors. 

 

Radioactive TLC has also been used for the measurement of NTPDase activity. Its advantage 

is a very sensitive detection, and the possibility to work with low nanomolar substrate 

concentrations, but most pharmaceutical companies and many academic institutions try to 

avoid radioassays because of the associated disposal and regulatory issues.
27,28

 Furthermore 
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TLC is a time-consuming and expensive method. Therefore it is not well suitable for the HTS 

of large compound libraries. 

 

Luciferase-based assays are frequently used to monitor the consumption of ATP, which is the 

main substrate of NTPDases. The luminescent luciferase signal guarantees low interference 

with test compounds. Unfortunately, this approach requires a high level of substrate 

consumption in order to obtain adequate signal-to-noise ratios. This makes it difficult to work 

under initial velocity conditions.
28,29,30 

 

Various coupled enzyme assays may be used to monitor NTPDases, for example an enzyme-

coupled fluorescent method for the determination of phosphate concentrations by using 

horseradish peroxidase and 10-acetyl-3,7-dihydroxyphenoxazine (Amplex
®

 Red).
27,31

 

However, in enzyme-coupled assays test compounds may interfere with the employed 

enzymes. Therefore, such assays do not represent the best choice for HTS campaigns.
28,30 

 

To avoid the problems associated with currently applied NTPDase assays we established and 

validated new assays for screening human NTPDase1, -2, -3 and -8 with a fluorescence 

polarization (FP) readout. The methodology is generally applicable for ADP-, AMP- or GMP-

producing enzymes and has been used for monitoring kinases, phosphodiesterases and heat 

shock proteins.
30,32,33

 It enables the direct detection of the enzymatic reaction product ADP 

when using ATP as a substrate (for NTPDase2, NTPDase3 and NTPDase8) or of AMP upon 

using ADP as a substrate (for NTPDase1).
 
The fluorescence polarization immunoassay 

(FPIA)-based assays rely on highly selective antibodies that can distinguish between 

adenosine mono-, di- and triphosphates. The signal is generated when ADP or AMP produced 

during the enzymatic reaction displaces a fluorescent tracer nucleotide from the antibody, 

which leads to a change in its fluorescent properties.
34,35

 The assays are highly sensitive, and 

therefore low substrate concentrations below the KM values of NTPDases are applicable. 

Although the required reagents are more expensive compared to the reagents used in standard 

assays, the new assays are the first reported NTPDase screening assays, which enable a fast, 

direct detection of the enzymatic reaction products in a homogenous format and makes them 

therefore ideally suitable for HTS.   
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Materials and methods 

Chemicals and buffers 

Mouse monoclonal ADP antibody (3 mg/mL), monoclonal AMP/GMP antibody (1.2 mg/mL), 

ADP Alexa Fluor
®

 633 tracer (400 nM), AMP/GMP Alexa Fluor
®

 633 tracer (800 nM) and 

ADP (5 mM) were provided by BellBrook Laboratories (Madison, WI).
34,35

 4-(2-

Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) was obtained from AppliChem 

(Darmstadt, Germany), Tris(hydroxymethyl)aminomethane (Tris) from Carl Roth GmbH 

(Karlsruhe, Germany). ATP (100 mM), Brij
® 

L23, calcium chloride, dimethyl sulfoxide 

(DMSO) and ethylenediaminetetraacetic acid (EDTA) were purchased from Sigma-Aldrich 

(Steinheim, Germany). Sodium 1-amino-4-(1-naphthylamino)-9,10-dioxo-9,10-

dihydroanthracene-2-sulfonate (PSB-06126) was synthesized as previously described.
19

 The 

assay buffer consisted of 5 mM CaCl2 and 80 mM Tris with the pH value adjusted to 7.4. The 

detection reagent buffer consisted of 200 mM HEPES, 400 mM EDTA and 0.2% Brij
®

 L23 

with the pH value adjusted to 7.5. 

 

Instruments 

FP measurement was performed on a BMG PheraStar FS plate reader (BMG Labtech GmbH, 

Ortenberg, Germany) at an excitation wavelength of 590 nm and an emission wavelength of 

675 nm (50 nm bandwidth). The free tracer reference was set to 20 mP. Black 384-well flat 

bottom small volume microplates with a non-binding surface from Greiner Bio-One GmbH 

(Frickenhausen, Germany) were used. 

 

Transfection and membrane preparations of human NTPDases 

COS-7 cells were transiently transfected with a plasmid encoding either human NTPDase1, 

human NTPDase2, human NTPDase3, or human NTPDase8. Cell membranes were prepared 

as described elsewhere.
36,37

 Briefly, COS-7 cells (in 15 cm dishes) were transfected with an 

expression vector (pcDNA3) incorporating the cDNA that encodes each ecto-nucleotidase 

using Lipofectamine (Invitrogen) and harvested 40–72 h later. For the preparation of protein 

extracts, transfected cells were washed three times with 95 mM NaCl and 45 mM Tris, pH 

7.5, at 4°C, collected by scraping using the same buffer supplemented with 0.1 mM PMSF 

and washed twice by centrifugation (300 × g, 10 min, 4°C). The cells were then resuspended 

in harvesting buffer supplemented with 10 mg mL
-1

 aprotinin and sonicated. Nucleus and 

cellular debris were discarded after another centrifugation (300 × g, 10 min, 4°C) and the 

resulting supernatant (hereinafter called protein extract) was aliquoted and stored at -80°C 
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until use. Protein concentration was estimated by a Bradford microplate assay using bovine 

serum albumin as a standard.
38

  

 

Preparation of standard solutions and detection reagents 

Nucleotide solutions at concentrations equal to 2.5 x final substrate concentration of 20 µM 

ATP or 10 µM ADP in assay buffer were prepared. A 10 mM stock solution of PSB-06126 

(sodium 1-amino-4-(1-naphthylamino)-9,10-dioxo-9,10-dihydroanthracene-2-sulfonate) in 

DMSO was prepared. It was further diluted to a 1 mM solution in 10% aq. DMSO, and an 

appropriate serial dilution in 10% aq. DMSO was prepared. An in-house drug library 

(http://www.pharma.uni-bonn.de/www/pharmchem1-en/mueller-laboratory/compound-

library) consisting of 438 diverse compounds addressing many different targets in 10% aq. 

DMSO (100 µM) was prepared in 96-well plates, each well containing a single compound. 

The ADP detection reagent was prepared by adding ADP antibody (final concentration 23 

µg/mL), ADP Alexa 633 tracer (final concentration 4 nM) and the detection reagent buffer 

(final concentration of 20 mM HEPES, 40 mM EDTA and 0.02% Brij-35, pH 7.5) to distilled 

water. The AMP/GMP detection reagent was prepared by adding AMP/GMP antibody (final 

concentration 8 µg/mL), AMP/GMP Alexa 633 tracer (final concentration 8 nM) and the 

detection reagent buffer (final concentration of 20 mM HEPES, 40 mM EDTA and 0.02% 

Brij-35, pH 7.5) to distilled water. 

 

Enzyme fluorescence polarization assay procedure 

Substrate solutions, either 4 µL ATP (50 µM) or ADP (25 µM) and 2 µL of 10% aq. DMSO, 

or inhibitor solution, respectively, were added to a well of a 384-well microplate (final 

concentrations of substrate and DMSO were 20 µM ATP, or 10 µM ADP, and 2% DMSO). 

The final DMSO concentration was 2% to facilitate screening of compounds that possess low 

water-solubility. The reaction was initiated by adding 4 µL of the appropriate enzyme 

suspension in assay buffer to each test well. The plate was incubated for 10 min at 37°C. To 

stop the reaction 10 µL of the appropriate detection reagent containing optimal antibody and 

tracer concentration was added to each well. The FP signals were read on the plate reader 

after equilibration for 1 h (ADP assay) or 2 h (AMP assay) at room temperature (with orbital 

shaking). 

 

Antibody optimization
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Due to the linear correlation between ATP concentration and ADP antibody concentration the 

quantity of ADP antibody required for enzyme reactions can be determined using the equation 

y = mx + b, where x = ATP concentration (µM) in the 10 µL enzyme reaction, y = ADP 

antibody concentration (µg/mL) in the detection reagent, m (slope) = 1.08, and b (y-intercept) 

= 1.0.
34

 

To determine the optimal antibody concentration for using the AMP assay by working under 

initial velocity conditions an antibody titration was performed in the presence of an initial 

substrate concentration of 10 µM ADP (0% conversion) and additionally in the presence of a 

9 : 1 ratio of substrate : product (9 µM ADP : 1 µM AMP) which mimics 10% conversion.
30 

Twelve different concentrations of antibody ranging from 0.061 to 125 µg/mL were used in 

combination with 8 nM of AMP tracer. The appropriate detection reagent (10 µL) was added 

to 10 µL of nucleotide solution in a well of a 384-well plate (in duplicates). The assay was 

performed as described above and the results were plotted as mP versus log antibody 

concentration using sigmoidal dose-response (variable slope) curve fitting (GraphPad Prism 4, 

GraphPad Software Inc., San Diego, CA, USA). 

 

Standard curves 

Standard curves were determined using decreasing amounts of the substrate ATP or ADP and 

increasing amounts of the product ADP or AMP. The nucleotide mixtures represented 0%, 

0.5%, 1%, 2%, 3%, 5%, 7.5%, 10%, 12.5%, 15%, 20%, 50% and 100% of substrate 

conversion. To 10 µL of the nucleotide substrate : product solution 10 µL of the appropriate 

detection reagent was added and the plates were incubated as described above before 

fluorescence polarization measurements. The polarization values (mP) were plotted against 

ADP or AMP concentrations, respectively (half-logarithmic representation). 

 

Enzyme titrations 

For determination of the optimal enzyme concentration, titrations were performed in the 

presence of 20 µM ATP (human NTPDase2, human NTPDase3 or human NTPDase8) or 10 

µM ADP (human NTPDase1). Therefore different enzyme concentrations were incubated 

with the substrate and 10% DMSO (final concentration 2%) for 10 min at 37°C in a 384-well 

microplate. The assays were further performed as described above and the results were fitted 

to a non-linear regression curve using GraphPad Prism. To determine the optimal enzyme 

concentration, the obtained polarization values for different enzyme concentrations were 

inserted into the appropriate standard curves and the amount of formed product was 
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calculated. The enzyme concentrations that lead to ≤ 10% conversion of substrate were used 

for further experiments. 

 

Assay validation 

The validation of the assay performance for each enzyme was quantified by calculation of the 

Z´-factor using the formula of Zhang et al.:
39 

Z´ = 1 - �3 · σ+ + 3 · σ�
µ

+
	-  µ� � 

where σ+ and σ- are the standard deviations and µ+ and µ- are the mean values of the positive 

and negative controls, respectively. A series of negative and positive controls was measured. 

For each, positive and negative controls, 16 wells were analyzed. For the positive controls 4 

µL of the appropriate NTPDase was added to 2 µL of 10% DMSO solution and 4 µL of 

substrate solution. After the enzymatic reaction time 10 µL of the detection reagent was 

added. For the negative controls 4 µL of the appropriate enzyme solution was added to 2 µL 

10% DMSO solution and 4 µL of substrate solution in a well which already contained 10 µL 

of the detection reagent (enzyme reaction was stopped immediately). The assay was 

performed as described above in three separate experiments and the Z´-factors were 

calculated. 

The plate was incubated for 10 min at 37°C. To stop the reaction 10 µL of the appropriate 

detection reagent containing optimal antibody and tracer concentration was added to each 

well. 

Enzyme inhibition assays 

A solution of the NTPDase inhibitor PSB-06126 (2 µl in 10% aq. DMSO) was added to 4 µL 

ATP solution in a well of a 384-well plate. To start the enzymatic reaction 4 µL of human 

NTPDase3 suspension were added. The enzymatic reaction was stopped as described above. 

Three separate inhibition experiments were performed, each in duplicates. The concentration-

inhibition curve was fitted using GraphPad Prism 4, the IC50 value was determined and the Ki 

value was calculated by using the Cheng-Prusoff equation.
40

 

 

Screening of a drug library 

For screening of a small drug library (438 compounds) 4 µL of human NTPDase3 suspension 

were added to a well of a 384-well plate containing 2 µL compound solution in 10% aq. 

DMSO (100 µM) and 4 µl substrate solution, resulting in a final concentration of 20 µM test 

compound (2% DMSO) and 20 µM ATP. Positive controls containing only 10% DMSO (no 
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inhibitor) and negative controls containing inactivated enzyme by addition of the detection 

reagent at the beginning of the 37°C incubation period, were included. The enzymatic 

reaction was stopped as described above, and after fluorescence polarization measurements 

the percent inhibition was calculated using the formula below: 

Inhibition	�%� = � mPpositive control -	mPcompound

mPpositive control	-	mPnegative control

� · 100 

where mP is milli polarization value. 

The Z´-factor was determined according to the equation described above. 
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Results and discussion 

 

Enzyme fluorescence polarization assay 

All NTPDase screening assays described so far show many drawbacks and are not ideally 

suited for HTS campaigns. In the present study we report on the establishment of a new assay 

procedure for the detection of NTPDase activity using a fluorescence polarization 

methodology. Fluorescence polarization is based on the assessment that molecule size affects 

the polarization of fluorescence emission.
41

 When a fluorescent molecule is excited with 

plane-polarized light, the intensity of the emitted light can be monitored in vertical and 

horizontal planes to the excitation plane and the resulting polarization value (P) can be 

calculated using the following formula: 

P	 =  
I��
����� 	−  I��
�������I��
����� 	+  I��
������� 

where Ivertical is the fluorescence intensity measured in the vertical and Ihorizontal the 

fluorescence intensity in the horizontal plane. The polarization value is often expressed in 

millipolarization (mP) values and is low when a fluorescence molecule is attached to a small 

structure, and high when attached to a large molecule based on their different rotation rates 

during the excited state.
28,41,42

 This fact provides the basis for the newly established NTPDase 

screening assays using ATP or ADP as a substrate. The detection reagent consists of an Alexa 

Fluor 633-labeled ADP or AMP bound to an ADP or AMP antibody, respectively, leading to 

the measurement of high mP values (bound tracer = large molecule).
34,35

 During the 

enzymatic reaction unlabeled product ADP when using ATP as a substrate, for human 

NTPDase2, -3 and -8, or AMP when using ADP as a substrate, for human NTPDase1, is 

generated and displaces the tracer from the antibody leading to a decrease in fluorescence 

polarization (free tracer = small molecule).
34,35

 The choice of an Alexa Fluor 633 tracer in the 

far red wavelength range allows to overcome interference of test compounds due to 

autofluorescence and/or light scatter.
43

 A general procedure for the NTPDase fluorescence 

polarization assays is shown in Fig. 2. In a first step the enzymatic reaction is started in a 384-

well plate with a final volume of 10 µL in each test well. In a second step the reaction is 

stopped by addition of the appropriate detection reagent. After the equilibration time (third 

step) of 1 h (ADP assay) or 2 h (AMP assay) the polarization signal can be measured. The 

procedure shows that these newly developed FP-based assays easily allow the direct 

quantification of the enzymatic reaction products ADP or AMP in a 384-well format. The 

possibility to directly monitor ADP and AMP formation makes these assays also well suitable 

for the screening of a variety of enzymes including other nucleotide-metabolizing enzymes, as 
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well as kinases and phosphodiesterases. Only low amounts of enzyme suspension, substrate 

and test compound are required, which indicates the suitability of the assays for the screening 

of large compound libraries where enzyme preparation and/or compounds are valuable. 

Stopping of the enzymatic reaction by the addition of the EDTA-containing detection reagent 

is more gentle than the addition of sulfuric acid (e.g. in the malachite green assay) or by 

heating of the reaction mixture for denaturation of the protein (e.g. in CE-assays), and 

therefore less background signals occur in the presented assay procedure. Moreover, only 

short equilibration times of the samples and the detection reagent are required, which is an 

advantage for HTS in comparison to more time-consuming analytical methods (e.g. CE- or 

HPLC-assays). In order to achieve a sensitive, robust and reproducible method for the 

screening of NTPDases, several parameters had to be carefully optimized. 

 

Optimal antibody concentrations 

The antibody concentration is the main variable controlling the total polarization shift and the 

assay window in the novel fluorescence polarization assays.
30

 Therefore optimal antibody 

concentrations for using the ADP and AMP assays have to be determined in the presence of 

the relevant substrate. The substrate concentrations of ATP and ADP were set at 20 µM and 

10 µM, respectively. These low substrate concentrations were chosen, as they are below the 

described KM values of all NTPDases. An optimal ADP antibody concentration of 23 µg/mL 

was calculated for a substrate concentration of 20 µM ATP. Using this antibody concentration 

a substrate conversion of 10% (initial velocity conditions) resulted in an adequate assay 

window (shift of close to 159 mP).  

 

In order to determine the optimal antibody concentration for the AMP assay an antibody 

titration was performed in the presence of 0% conversion of substrate (10 µM ADP), and 10% 

conversion of substrate (9 µM ADP and 1 µM AMP), respectively. The 10% conversion rate 

of substrate simulates the amount of product formation expected in the enzyme assay. The 

measured polarization values were plotted against different antibody concentrations resulting 

in sigmoidal titration curves (Fig. 3A). The difference between the polarization values (∆ mP) 

of both curves was also plotted against the antibody concentration. An antibody concentration 

of 8 µg/mL resulted in a maximal difference and was used for further experiments (Fig. 3B). 

A substrate conversion of 10% resulted in a shift of close to 176 mP and thus leads to an 

adequate assay window. 
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By using the optimal antibody concentration the assays provide a very sensitive method for 

detecting enzyme activity working under initial velocity conditions with a good detection 

range. It is possible to use the assays for every substrate concentration of interest between 0.1 

µM–1000 µM for ATP and 1 µM–1000 µM for ADP, because the optimal antibody 

concentration can easily be adapted either by calculating (ADP assay) or by determining it by 

titration (AMP assay).
34,35

 The possibility to work with low substrate concentrations below the 

KM values of NTPDases simplifies the identification of competitive inhibitors in screening 

campaigns and will allow the screening of compounds with moderate solubility. Moreover, it 

will allow fragment-based screening, an emerging strategy in drug discovery, by which useful 

starting points for lead structure identification can be discovered from a library of low 

molecular weight compounds.
44 

 

Standard curves 

After determination of the optimal antibody concentrations, standard curves were generated to 

show a correlation between product formation and FP signal. Based on these curves 

quantification of the enzymatic reaction products ADP (for the substrate ATP) and AMP (for 

the substrate ADP) can be performed. Two standard curves for each initial substrate 

concentration of 20 µM ATP or 10 µM ADP, which mimic the enzyme reactions by 

decreasing the amounts of substrate and increasing the amounts of product, were prepared. A 

linear relationship could be shown for substrate conversions up to 20% (dotted line) (Fig. 3C 

and 3D), which allows for the calculation of product formation from polarization values. Only 

a low substrate conversion is required for an adequate polarization shift, which allows 

working under initial velocity conditions and demonstrates the high sensitivity of these 

assays. 

 

Enzyme titration 

In order to determine the optimal enzyme concentrations upon working under initial velocity 

conditions (<10% substrate conversion) enzyme titrations were performed at the selected 

substrate concentrations of 20 µM ATP (human NTPDase2, human NTPDase3 and human 

NTPDase8), or 10 µM ADP (human NTPDase1), respectively. The polarization values (mP) 

were plotted against the enzyme concentration (Fig. 4). The amount of nucleotide product for 

each enzyme concentration was calculated by using the standard curves and was further fitted 

against enzyme concentrations. A linear increase in product formation in relation to increasing 

enzyme concentrations was observed (Fig. 5). Enzyme concentrations which led to < 10% 
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conversion (dotted lines) of 20 µM ATP were determined to be lower than 0.5 ng/µL 

(NTPDase2), 0.5 ng/µL (NTPDase3), and 5.0 ng/µL (NTPDase8), and for 10 µM ADP to be 

lower than 1.0 ng/µL (NTPDase1). For each enzyme a polarization change of at least 130 mP 

was observed during the linear phase of the reaction, which reflects an adequate assay 

window. 

 

Assay validation 

After optimization of the assay parameters we evaluated the assays with regard to their 

suitability for HTS. The Z'-factors were calculated for assay validation according to the 

formula published by Zhang and coworkers.
39

 The Z´-factor is a characteristic statistical 

parameter, which is suitable for assay quality assessment. It takes full account of the 

variability in the measurements (positive and negative controls) and the signal dynamic range. 

To decide if an assay is suitable for HTS without further optimization, a Z´-factor of greater 

than 0.5 is required.
39

 The Z´-factors determined for the NTPDase assays measuring ADP 

were 0.77 (for NTPDase2), 0.70 (for NTPDase3), and 0.76 (for NTPDase8). For the assay 

measuring AMP a Z´-factor of 0.71 (for NTPDase1) was obtained. Thus, the assays show 

excellent robustness and reproducibility and are therefore well suitable for high-throughput 

screening. 

 

Enzyme inhibition assays 

For further validation of the FP assays enzyme inhibition studies were exemplarily performed 

with the FP-based NTPDase3 assay using the anthraquinone derivative PSB-06126 as a 

standard E-NTPDase inhibitor (Fig. 6).
19

 Anthraquinone derivatives with similarity to reactive 

blue 2 (RB-2) have been shown to be moderately potent inhibitors of NTPDases. PSB-06126 

was reported to inhibit rat NTPDase3 at low micromolar concentrations.
19

 The inhibition 

curve determined by the new FPIA-based assay is shown in Fig. 6. An IC50 value of 7.76 ± 

0.88 µM (n=3) was determined for PSB-06126 at human NTPDase3, and a Ki value of 4.39 ± 

0.50 µM could be calculated according to the Cheng-Prusoff equation assuming a competitive 

mechanism of inhibition as previously described for PSB-06126 at the rat enzyme.
19

 For 

comparison, the CE-based assay had yielded a Ki value of 1.50 ± 0.10 µM for PSB-06126 at 

rat NTPDase3. These results show that the newly developed and optimized assay method is 

suitable for detecting enzyme inhibition and leads to reliable results, as the determined Ki 

value is well in agreement with the published value at the closely related rat enzyme. 
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Screening of a drug library 

Since the development of potent and selective NTPDase inhibitors has not been successful so 

far, HTS of compound libraries could be a promising approach for the identification of novel 

scaffolds. To this end, we used the newly established FP-based NTPDase3 assay for the 

screening of a small library consisting of 438 structurally diverse drugs. They were tested at a 

final concentration of 20 µM. Compounds that showed at least 30% inhibition at 20 µM 

concentration were considered as hit compounds. The results are shown in Fig. 7. Two 

compounds were identified as inhibitors of human NTPDase3 (0.5% hit rate) and could be 

confirmed in a second confirmatory screen (data not shown). These compounds may represent 

useful starting points for the development of novel NTPDase inhibitors. These results, along 

with the determined Z´-factor of 0.87, show that the FP-based assay is suitable for compound 

library screening and the identification of novel inhibitors. Advantageously, the assay is very 

specific due to the direct detection of the enzymatic reaction product. The new FP-assay is 

expected to produce less false-positive results in HTS, than typically obtained in the current 

standard assays. 

 

Conclusions 

NTPDases are of increasing interest as attractive therapeutic targets for interfering with purine 

receptor-mediated signaling pathways. Novel FP-based ADP and AMP assays for detecting 

enzyme activity using recombinant NTPDases were therefore successfully established and 

validated (Z´-factor ≥ 0.70). They are very fast and highly sensitive, allowing the usage of 

substrate concentrations as low as 0.1 µM ATP, or 1 µM ADP, respectively. Thus, they allow 

to perform screening with substrate concentrations around or even below the KM value of the 

NTPDases.
34,35

 This simplifies the identification of competitive inhibitors and enables 

fragment-based screening approaches. In a first exemplary screening campaign >400 drugs 

were investigated for their potential to inhibit human NTPDase3 (Z´-factor: 0.87) and two 

compounds were identified and confirmed as inhibitors (0.5% hit rate). This demonstrates the 

suitability of the assay for compound library screening and the identification of novel 

inhibitors. The new FP assays show significant advantages in comparison with previously 

reported and utilized assays for monitoring NTPDase reactions. A direct detection and 

quantification of the products ADP, or AMP, respectively, is feasible in a 384-well format and 

drawbacks of other assay methods are avoided. A far-red shifted fluorophor (Alexa 633) is 

used, which leads to low assay interference from compound fluorescence and light scatter and 

therefore gives an excellent specificity and performance in FP assays.
43

 Moreover, these 
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assays can be used for detecting any ADP, AMP or GMP producing enzymes including other 

ecto-nucleotidases (e.g., APs and E-NPPs) and further nucleotide-metabolizing enzymes (e.g. 

soluble calcium-activated nucleotidase). They are therefore a promising technology for the 

screening of a variety of enzymes where low substrate concentrations have to be used and 

novel inhibitors are still lacking. A major advantage is that they allow the use of the natural 

substrates (like ATP or ADP) instead of artificial ones, which might produce results of 

questionable relevance. Finally, the low sample volume saves expensive enzyme preparations 

and test compounds. The newly developed FPIA assays will be highly useful for the 

identification and characterization of potent and selective NTPDase inhibitors which may 

have potential as drugs, e.g. for the treatment of cancer and immunodeficiency disorder, and 

as novel anti-bacterial therapeutics. 
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Fig. 1 Hydrolysis of adenine nucleotides by ecto-nucleotidases. NTPDases convert ATP to 

ADP + Pi and ADP to AMP + Pi. Hydrolysis of AMP to adenosine is catalyzed by ecto-5´-

NT. 
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Fig. 2 General procedure for NTPDase fluorescence polarization assays. Step 1: incubation of 

enzyme and substrate; step 2: detection reagent containing tracer and antibody is added; step 

3: equilibration for 1 h (ADP assay) or 2 h (AMP assay) at room temperature. The tracer is 

displaced by the nucleotide generated during the enzymatic reaction; step 4: read-out of the 

microplate. The displaced tracer can rotate faster (small molecule), which leads to a decrease 

in fluorescence polarization. 
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Fig. 3 Optimization of the assay parameters  

(A) Antibody titration curve in the presence of 10 µM ADP (■) and 9 µM ADP/1 µM AMP 

(▲). (B) Difference plot of the two antibody titration curves; the maximal difference was 

determined to be 8 µg/mL. (C) ATP/ADP standard curve (20 µM); dotted line: 20% 

conversion of substrate. (D) ADP/AMP standard curve (10 µM); dotted line: 20% conversion 

of substrate. 
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Fig. 4 Enzyme titration curves in the presence of 20 µM ATP (A, human NTPDase2; B, 

human NTPDase3; C, human NTPDase8) and 10 µM ADP (D, human NTPDase1). 

 

 

 

 

Page 22 of 29Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
st

A
cc

ep
te

d
M

an
us

cr
ip

t



 

 

Fig. 5 The amount of product generated during the enzymatic reaction was plotted against the 

enzyme concentration; dotted line: 10% product formation of ADP (A, human NTPDase2; B, 

human NTPDase3; C, human NTPDase8) and AMP (D, human NTPDase1). 
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Fig. 6 Concentration-inhibition curve of PSB-06126 at human NTPDase3 (IC50 = 7.76 ± 0.88 

µM, n = 3) determined by the FPIA-based NTPDase3 assay using ATP (20 µM) as substrate. 
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Fig. 7 High-throughput screening results of FPIA-based NTPDase3 assay using ATP as a 

substrate. A small compound library consisting of 438 compounds was screened at 20 µM 

concentration, enzyme inhibition (%) was calculated for each compound; dotted line: hit 

threshold of 30% inhibition (Z´-factor: 0.87). Two hit compounds (encircled points) were 

identified showing significant inhibition of NTPDase3. 
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