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Abstract: 

A series of isonicotinohydrazides derivatives were synthesized and tested against recombinant 

human and rat ecto-5'-nucleotidases (h-e5'NT & r-e5'NT) and alkaline phosphatase isozymes 

including both bovine tissue-nonspecific alkaline phosphatase (b-TNAP) and tissue specific calf 

intestinal alkaline phosphatase (c-IAP). These enzymes are implicated in vascular calcifications, 

hypophosphatasia, solid tumors and cancers, such as colon, lung, breast, pancreas and ovary. All 

tested compounds were active against both enzymes. The most potent inhibitor of h-e5’NT was 

derivative (E)-N'-(1-(3-(4-fluorophenyl)-5-phenyl-4,5-dihydro-1H-pyrazol-1-

yl)ethylidene)isonicotinohydrazide (3j) whereas, derivative (E)-N'-(4-hydroxy-3-

methoxybenzylidene)isonicotinohydrazide (3g) exhibited significant inhibitory activity against r-

e5'NT. In addition, the derivative (E)-N'-(4′-Chlorobenzylidene)isonicotinohydrazide (3a) was 

most potent inhibitor against calf Intestinal alkaline phosphatase and the derivative (E)-N'-(4-

hydroxy-3-methoxybenzylidene)isonicotinohydrazide (3g) was found to be most potent inhibitor 

of bovine tissue non-specific alkaline phosphatase. Furthermore, after assay binding modes of 

the most compounds against e5’NT (human and rat e5’NT) and AP (including b-TNAP and c-

IAP) was determined computationally. 

 

Introduction: 

All cells have the ability to release ATP, an extracellular nucleotide, either intrinsically or under 

a pathological condition. These molecules have an important role in regulation of a variety of 

physiological functions, such as inflammation, blood clotting, pain perception, immune 

reactions, smooth muscle contraction, cell proliferation, and cancer (1, 2). Ecto-nucleotidases are 
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surface-located enzymes, particularly regulating the availability of the important signaling 

molecules (nucleotides) in extracellular environment and are thus vital for maintaining normal 

cell functioning (3).  

Ecto-nucleotidases enzymes are categorized into four main groups: the alkaline phosphatases 

(APs), the ecto-5′-nucleotidases (e5 ′NT), the ecto-nucleoside-5′-triphosphate 

diphosphohydrolases (NTPDases) and the ecto-nucleotide pyrophosphatases 

(NPPs)(4). Ecto-5’-nucleotidase (e5 ′NT, EC 3.1.3.5) is widely distributed in the body, i.e. 

brain, liver, intestine and lymphocyte membrane (5). The enzyme attached to the extracellular 

surface membrane by glycosyl phosphatidyl inositol linkage with its catalytic site containing 

divalent cation i.e. Zn faces the extracellular surface (6). Eukaryotic ecto-5’-nucleotidase consist 

of two structural domain, i.e. C–terminal and N-terminal. Both terminals are connected with 

small hinge region that allows them to display greater domain movement and change their 

conformation i.e. open or closed (7). Ecto-5'-nucleotidase catalytic activity involves the 

dephosphorylation of nucleoside monophosphate into its respective nucleoside.  

Previous studies described the non-enzymatic function of e5'NT (CD73) in the body such as 

cell–cell, cell–matrix interactions (8-11), in drug resistance (12) and tumor-promoting functions 

(13). The expression of CD73 was associated with tumor metastasis, invasion and 

neovascularization. CD73 exhibited broad substrate specificity, but adenosine 5-monophosphate 

is highly preferable. There is a positive correlation of higher adenosine level with tumor 

progression and invasion (9). ADP and ATP are the physiological antagonist of ecto-5’-

nucleotidase with Ki values in the low micro molar range, even though these nucleotides shows 

instability as they can be easily hydrolyzed by other ectonucleotidases such as NTPDases, APs 

and NPPs (7). The structural analog of ADP has been synthesized. The potential role of e5'NT in 

various cancers has been elaborated in previous studies, therefore, e5'NT inhibitors are 

important pharmaceutical targets cancer and inflammatory diseases (14, 15) Until now, only few 

inhibitors have been discovered such as sulfonamides (16), anthraquinones (17) and 

polyoxometalates (POMs) (18) and various polyphenols (19). Sulphonamides and 

anthraquinones inhibit the catalytic site of enzyme by showing the competitive mechanism, 

whereas POMs and the polyphenol display noncompetitive mechanism of inhibition. Due to 

upregulation of e5'NTin various carcinomas, there is a need to synthesize novel inhibitors of 

e5'NT having less toxicity, more selectivity and potency towards its target. 
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Alkaline phosphatase (AP; EC 3.1.3.1), a metal containing enzyme, is involved in catalyses of 

phosphoryl transfer reaction. There is only one alkaline phosphatase found in Escherichia coli 

(ECAP), but four types of alkaline phosphatase isoenzymes have been isolated from humans. In 

humans, three isozymes are classified as tissue-specific: first one is placental (PLAP), second is 

germ cell (GCAP), and the third is present in intestine (IAP) (3). The fourth one tissue-

nonspecific (TNAP), 50% alike to the other three isozymes, is present in bone, liver, and kidney 

(20-22). TNAP gene is present on chromosome number 1p34–36 (23) and mutations in the 

TNAP gene resulted in hypophosphatasia, a hereditary disorder, characterized by defective bone 

mineralization (24). Evidences showed that the major role of TNAP in bones is hydrolysis of 

PPi, a potent inhibitor of mineralization, thus ensuring normal bone growth (25, 26).  

Different pathological conditions have been ensued due to high levels of APs (3). Consequently, 

it necessitates to design small, potent inhibitors of APs having ability to look at the causative 

mechanisms, or cure the diseases. Up till now, very few selective inhibitors of APs have been 

described due to high structural similarity between two isozymes; tissue-specific IAP and TNAP. 

AP is inhibited by various compounds on the basis of mechanisms of inhibition. L-

phenylalanine, imidazole, histamine and theophylline are uncompetitive inhibitors of alkaline 

phosphatase while phosphate, phosphoethanolamine and phenylphosphonate inhibit alkaline 

phosphatase competitively (27-29). Levamisole derivatives have also been found selective 

inhibitors of TNAP (30) while selective inhibitors of IAP such as ML260 (N-(2,5-

dimethylphenyl)-2-(2-oxo-2,3-dihydro-1,3-benzoxazole-6-sulphonamide acetamide) have also 

been reported (31). 

To determine the accurate mechanisms and the related consequences due to increased levels of 

nucleotides it is requisite for the screening of ecto-5’-nucleotidase inhibitors for the management 

of cancer, central nervous system and cardiovascular disorders. (3, 32). Previously 

isonicotinohydrazide derivatives have been synthesized and screened for In vitro potential of the 

compounds against Mycobacterium tuberculosis (33). Herein, we synthesized different 

isonicotinohydrazides derivatives and evaluated their AP and ecto-5’-nucleotidase inhibitory 

potential for the possible management of the ailments discussed above.  
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Results and Discussion 

Chemistry 

The synthetic layout of the aimed isonicotinohydrazones (3a-3j) is presented in the Scheme 1. 

Isoniazid 1 was condensed with a range of substituted aromatic and heteroaromatic aldehydes in 

dry ethanol, catalyzed by acetic acid to afford the desired hydrazones (3a-3j) in good yields 

(Scheme 1, Table 1). The structures of hydrazones (3a-3j) were established with 1H NMR 

spectroscopy. A broad singlet belongs to –NH- group of synthesized hydrazones was observed in 

the range of 12.26 to 11.87 (δ in ppm). Two sets of protons (H2′H6′ and H3′H5′) of 4-substituted 

pyridine ring appeared as two pseudoquartets or multiplets at δ 8.75 and 7.74 ppm. The 

characteristic singlet for –N=CH appeared between 7.1-7.7 ppm. The compounds were obtained 

in 65-90% yields depend upon the nature of substituents on aromatic ring and type of aldehyde 

(Table 1). 
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Scheme 1: Synthetic layout of isonicotinohydrazones (3a-3j) 
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Table 1: Synthesized isonicotinohydrazones (3a-3j) 

Compound Ar Yield (%) 

3a 4′-Chlorophenyl 80 

3b 4′-bromophenyl 85 

3c 4′-Fluorophenyl 78 

3d 4′-Methoxyphenyl 88 

3e 2′-hydroxyphenyl 70 

3f 3′-Nitrophenyl 79 

3g 
4′-Hydroxy-3′-

methoxyphenyl 
90 

3h 4′-pyridyl 68 

3i 3′-pyridyl 65 

3j 

 

70 

 

Alkaline Phosphatase and Ecto-5’-nucleotidase Activity and SAR: 

A series of N-ethylidene isonicotinohydrazide derivatives were synthesized and their biological 

potential was evaluated by performing in-vitro assays on both ecto-5'-nucleotidase (human and 

rat) and alkaline phosphatase isoenzymes (b-TNAP and c-IAP).  The derivatives were tested at 

concentration of 200 µM for APs and 100 µM for e5′NT. These derivatives exhibited more 

inhibition for e5′NT as compared to alkaline phosphatase even in lower micro molar range. All 

the derivatives exhibited initibion of h-e5′NT wth IC50±SEM in the range of 0.21±0.05 to 

13.8±0.12 µM and of r-e5′NT IC50±SEM = 0.21±0.05 to 7.13±0.63 µM. The most potent 

inhibitor of h- e5′NT was 3j having IC50±SEM = 0.19±0.02 exhibiting ≈1.9 fold selectivity over 

r- e5′NT. This compound also exhibited ≈222 fold improvement in inhibition as compared to 

reference standard i.e sulfamic acid (IC50±SEM = 42.1±7.8 µM). The detailed structural 

comparison of this derivative with other compounds suggested that the activity of this compound 

might be due to the presence of pyrazol ring. The most potent inhibitor of r-e5′NT was 3g having 

inhibitory value of IC50±SEM = 0.14±0.001 exhibiting ≈4.8 fold selectivity over h-e5′NT. This 
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compound also exhibited ≈552 fold improvement in inhibition as comared to reference standard 

i.e. sulfamic acid (IC50±SEM = 77.3±7.0 µM).  The comprehensive study of its structure in 

comparison with the other derivatives of the series suggested that the activity of this compound 

might be due to the presence of electron donating group on the phenyl ring i.e MeO at 4 position 

making the ring stable by electronic cloud. This compound exhibited ≈3.2 fold improvement in 

inhibition as compared to compound 3e (IC50±SEM = 0.45±0.03 µM) in which the phenyl ring 

was un-substituted. Similarly, ≈2.2 fold maximum inhibition was seen in 3g, its inhibitory 

potential was compared with 3d (IC50±SEM = 0.31±0.01 µM) in which the MeO was substituted 

to phenyl ring.  

When the activity of other derivatives was observed it can be suggested that the presence of 

electronegative substititution exhibited maximum inhibition of r-e5′NT as compared to h- e5′NT. 

The effect was interestingly observed in case of compounds 3a, 3b and 3c. Among these three, 

compound 3c exhibited maximum inhibitory value i.e IC50±SEM = 0.44± 0.02 µM and 

compound 3b the least inhibition i.e IC50±SEM = 7.13± 0.63 µM, having F and Br substitution 

respectively. The reverse effect was observed for h-e5′NT i.e. the compounds having less 

electronegative substitution exhibited more inhibition of h-e5′NT e.g compound 3b exhibited 

~31 fold selectivity over r-e5′NT. 

As for as alkaline phosphatase activity is concerned, the compounds were screened against two 

isozymes of APs i.e. b-TNAP, c-IAP. All synthetic compounds containing isonicotinohydrazide 

nucleus, showed potent inhibition against c- IAP, though, some were found to be potent 

inhibitors of b-TNAP comparable to their respective reference standards used in the study. 

 It is evident from Table-2 that compounds 3b, 3c, 3d, 3f, 3g, 3i and 3j showed potent b-TNAP 

inhibition with the inhibitory values (IC50) in the range of 0.35±0.01 to 4.13±0.91 µM as 

compared to standard inhibitor i.e. Levamisole with IC50 values 19.21±0.001 µM. The compound 

3g exhibited maximum inhibition potential against TNAP with IC50 values 0.35±0.01 µM. While 

the whole series (10 compounds) was found to be active against c-IAP with the inhibitory values 

of IC50 0.67±0.02 to 17.5±1.01 µM and showed more potency than the familiar reference 

standard used in this study i.e. L-Phenylalanine with IC50 values 80.21±0.001µM. Maximum 

inhibition activity against c-IAP with IC50 values 0.67±0.02 µM was exhibited by the compound 

3a. 
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Whereas the derivatives 3b, 3c, 3d, 3f, 3g, 3i and 3j showed dual inhibition against both the 

isoenzymes. All these compounds showed inhibitory values in the range of 0.35±0.01 to 

4.13±0.91 µM and 0.67±0.02 to 17.5±1.01 µM, against b-TNAP & c-IAP, respectively. 

Similarly the derivatives 3a, 3e, and 3h showed selective and potent inhibition of c-IAP with 

IC50 values in the range of 0.67±0.02 to 2.46±0.87 µM. Through a comprehensive study of the 

structure of the active compound it is clear  that potent activity against b-TNAP was due to the 

substitution at C-3 and C-4 of the benzene ring of hydrazide derivative with electron donating 

groups (-OH and –OCH3). The compound 3g showed potent inhibition against b-TNAP due to 

the presence of hydroxyl and methoxy groups on the benzene ring, thus promoting its activity. 

While the presence of electrophilic substitution (bromine) at the para position of the same 

nucleus (3b) reduces its activity against b-TNAP as compared to compound 3g. Electron 

donating groups (-OH and -OCH3) present at C-4 and C-3 of the benzene ring, enhancing  its 

nucleophilic character (more responsive towards electrophiles) thus, making it more reactive. It 

resulted in carbocation formation  due to stabilization of  the transition state of the benzene ring 

system, leading to faster reaction rate of electrophilic attack. This phenomenon bettered 

solubility of the compound in polar solvent (water) because anions are extremely solvated by H-

bonding. 

While the isonicotinohydrazide derivative (3a) showed potent inhibition of c-IAP with IC50 

values 0.67±0.02 µM, due to substitution on the benzene ring with chlorine, an electron 

withdrawing group. Since the electron withdrawing group (chlorine) is present at para position of 

the benzene ring, hence boosting its reaction rate and lessening nucleophilic property of the 

compound (less reactive towards electrophiles). Due to electronegativity, chlorine withdraws 

electron density from the benzene ring system, deactivates it weakly, develops an inductive 

withdrawal effect, the consequence of which is a slower rate of reaction. By donating electrons 

to the benzene ring system, chlorine also displays the resonance effect, but this effect is 

suppressed by inductive effect. Due to this attribute, 3a  showed increased  inhibition potential 

against c-IAP. 
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Table 2. Ecto-5′-nucleotidase and Alkaline Phosphatase inhibition activity by the synthesized compounds 

 Ecto-5-nucleotidase Alkaline Phosphatase 

Compound h- e5'NT 
IC50 (µM) 

±SEM 

r- e5'NT 
IC50 (µM) ±SEM 

b-TNAP 
IC50 (µM) ±SEM 

c-IAP 
IC50 (µM) ±SEM 

3a 1.67±0.58 1.08±0.24 48.95% 0.67±0.02 

3b 0.23±0.02 7.13±0.63 4.13±0.91 9.72± 1.51 

3c 6.76±0.16 0.44±0.02 2.26±0.56 17.5±1.01 

3d 13.78±0.12 0.31±0.01 0.56±0.06 1.74±0.16 

3e 1.34±0.26 0.45±0.03 45.14% 1.44±0.05 

3f 1.90±0.01 0.21±0.05 1.82±0.63 7.34±0.93 

3g 0.68±0.01 0.14±0.001 0.35±0.01 1.92±0.03 

3h 2.12±0.15 2.89±0.41 44.74% 2.46±0.87 

3i 0.21±0.05 3.01±0.12 2.43±0.86 1.46±0.06 

3j 0.19±0.02 0.36±0.01 1.06±0.26 3.98±0.96 

Sulfamic acid 42.1±7.8 77.3±7.0   

Levamisole   19.2±.001 - 

L-Phenylalanine   - 80.2±0.001 

The IC50 value is the concentration at which 50% of the enzymatic activity is inhibited. Ecto-5-nucleotidase (human 
and rat) activity was performed at final concentration of 100 µM while alkaline phosphatase (b-TNAP, c-IAP) 
activity was done at the final concentration of 200 µM.  

 

Homology Modeling 

From the Protein Data Bank, the X-ray structure of the closed form (PDB ID 4H2I) of human 

e5'NT was taken as structural templates for modeling of rat e5'NT (89 % sequence identity). 

Homology modeling was carried out using Molecular Operating Environment (MOE) 2014, 09 

(34). The active site region of the human and rat enzyme is highly conserved, with only one 

residue replacement, Phe500 (human) vs. Tyr502 (rat). The superposition of the human template 

structure and rat model of the closed (active) form yielded a Cα RMSD values of less than 0.5 Å. 

Ramachandran diagrams confirming high stereochemical quality of the models are provided as 

Supplementary Information. 
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Molecular Docking  

To model a putative binding mode of synthesized compounds, docking studies were carried 

using the crystal structure of the closed (active) form human e5’NT and the corresponding rat 

e5’NT homology model as well as previously reported models of bovine tissue non-specific and 

intestinal alkaline phosphatase..   

Molecular docking of the most potent compound 3j was performed using the human e5'NT 

crystal structure, while docking of compound 3g was carried out using the closed form of the rat 

e5'NT homology model. Compound 3j in the docking model with the human e5'NT closed form 

is involved in hydrogen bonding interactions with residue Asn390 and Asp506. These 

interactions are similar to those formed by an adenosine moiety (35). In the model, the dihydro 

pyrazole ring of the compound 3j was sandwiched between residue Phe417 and Phe500.  The 

fluorobenzene ring of compound 3j also formed putative hydrogen bonding interactions with 

Thr420 and Asp524. Docking of compound 3g into the rat e5'NT model resulted in putative 

hydrogen bonding interactions with residues Arg356, Asn247 and His245. Such interactions 

have also been reported in case of adenosine (35) as well as sulfonic acid derivatives (36). The 

pyridine ring of the compound formed stacking interaction with residue Phe419 (corresponding 

to residue Phe417 of human e5'NT) and Tyr502 (Phe500 residue of human e5'NT). The modeled 

binding modes of compound 3j and compound 3g are shown in Figure 1. 
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Fig. 1 Putative binding mode of compound 3j (colored green) in the human e5'NT crystal structure (brown) and 

compound 3g (colored magenta) in the rat e5'NT homology model (cyan). Hydrogen bonding interactions are shown 

as dashed green lines, pi-pi interactions as solid yellow lines, and interaction with fluorine interactions as dashed 

blue lines. 

In the docking model with bovine tissue non-specific alkaline phosphatase, the most potent 

compound 3g formed hydrogen bonding interactions with the catalytic Ser110 and with residue 

His338. Residue Arg184 and His451 also formed hydrogen bonding interactions with the 

inhibitor, consistent with previously observed interactions (37). Residue His451 interacted with 

the pyridine ring of the compound. In the case of calf intestinal alkaline, the most potent 

compound 3a formed putative hydrogen bonding interactions with residue Ser111 and Arg185 

and additional interactions were observed with His172. Figure 2 shows the putative binding 

mode of compound 3g and 3a in the models of bovine tissue non-specific and intestine specific 

alkaline phosphatase, respectively. 

 

Fig. 2 Putative binding mode of compound 3g (colored magenta) in the model of bovine tissue non-specific alkaline 

phosphatase (brown) and compound 3a (colored cyan) in calf intestinal alkaline phosphatase (green). Putative 

hydrogen bonding interactions are shown as green lines, stacking interactions as solid yellow lines, and pi-pi t-

shaped interactions as dashed purple dashed lines. 
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Conclusion 

The bioassay results of the synthesized series and their modelling and docking studies suggested 

that the derivatives of Isonicotinohydrazones possess significant activity against APs and e5’NT. 

The compound 3j was found to be most active against human e5’NT with an IC50 value of 

0.19±0.02. Compound 3a was determined to be most potent against c-IAP with an IC50 value of 

0.67±0.02 and compound 3g was found to be most active against rat e5’NT with an IC50 value of 

0.14±0.00, as well as potent against b-TNAP with an IC50 value of 0.35±0.01. These newly 

synthesized class of compounds can be used to develop novel drug candidates against defective 

bone mineralization, solid tumors and cancers of different organs. 

Acknowledgements 

J. Iqbal is thankful to the Organization for the Prohibition of Chemical Weapons (OPCW), The 

Hague, The Netherlands and Higher Education Commission of Pakistan for the financial support 

through Project No. 20-3733/NRPU/R&D/ 14/520 for the financial support. JS received support 

from the Canadian Institutes of Health Research (CIHR) and was also a recipient of a 

“Chercheur National” research award from the Fonds de recherche du Québec – Santé (FRQS). 

References: 

1. Zimmermann H, Mishra SK, Shukla V, Langer D, Gampe K, Grimm I, Delic J, Braun N. 
(2007) Ecto-nucleotidases, molecular properties and functional impact. An R Acad Nac 
Farm;73: 537-66 

2. Burnstock G (2007) Physiology and pathophysiology of purinergic neurotransmission. 
 Physiol Rev ;87: 659-797. 

3. al‐Rashida M, Iqbal J (2014) Therapeutic Potentials of Ecto‐Nucleoside Triphosphate 
Diphosphohydrolase, Ecto‐Nucleotide Pyrophosphatase/Phosphodiesterase, 
Ecto‐5′‐Nucleotidase, and Alkaline Phosphatase Inhibitors. Med Res Rev;34: 703-43. 

4. Zimmermann H (2000) Extracellular metabolism of ATP and other nucleotides. Naunyn 
Schmiedebergs Arch Pharmacol;362: 299-309. 

5. Bavaresco L, Bernardi A, Braganhol E, Cappellari AR, Rockenbach L, Farias PF, Wink 
MR, Delgado-Cañedo A, Battastini AMO (2008) The role of ecto-5′-nucleotidase/CD73 
in glioma cell line proliferation. Mol Cell Biochem;319: 61-8. 

6. Zimmermann H (1992) 5'-Nucleotidase: molecular structure and functional aspects. 
Biochem J;285: 345-65. 

7. Bhattarai S, Freundlieb M, Pippel J, Meyer A, Abdelrahman A, Fiene A, Lee S-Y, 
Zimmermann H, Yegutkin GG, Sträter N (2015) α, β-Methylene-ADP (AOPCP) 
Derivatives and Analogues: Development of Potent and Selective ecto-5′-Nucleotidase 
(CD73) Inhibitors. J. Med Chem;58: 6248-63. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

8. Vogel M, Kowalewski HJ, Zimmermann H, Janetzko A, Margolis RU, Wollny H-E 
(1991) Association of the HNK-1 epitope with 5'-nucleotidase from Torpedo marmorata 
(electric ray) electric organ. Biochem J;278: 199-202. 

9. Eroĝlu A, Canbolat O, Demirci S, Kocaoĝlu H, Eryavuz Y, Akgül H (2000) Activities of 
adenosine deaminase and 5′-nucleotidase in cancerous and noncancerous human 
colorectal tissues. Med Oncol;17: 319-24. 

10. Sadej R, Spychala J, Skladanowski AC (2006) Expression of ecto-5′-nucleotidase (eN, 
CD73) in cell lines from various stages of human melanoma. Melanoma Res;16: 213-22. 

11. Wang L, Zhou X, Zhou T, Ma D, Chen S, Zhi X, Yin L, Shao Z, Ou Z, Zhou P (2008) 
Ecto-5′-nucleotidase promotes invasion, migration and adhesion of human breast cancer 
cells. J Cancer Res Clin Oncol;134: 365-72. 

12. Ujhazy P, Berleth ES, Pietkiewicz JM, Kitano H, Skaar JR, Ehrke MJ, Mihich E (1996) 
Evidence for the involvement of ecto‐5′‐nucleotidase (CD73) in drug resistance. Int J 
Cancer;68: 493-500. 

13. Spychala J (2000) Tumor-promoting functions of adenosine. Pharmacol Ther;87: 161-
73. 

14. Jin D, Fan J, Wang L, Thompson LF, Liu A, Daniel BJ, Shin T, Curiel TJ, Zhang B 
(2010) CD73 on tumor cells impairs antitumor T-cell responses: a novel mechanism of 
tumor-induced immune suppression. Cancer Res.;70: 2245-55. 

15. Loi S, Pommey S, Haibe-Kains B, Beavis PA, Darcy PK, Smyth MJ, Stagg J (2013) 
CD73 promotes anthracycline resistance and poor prognosis in triple negative breast 
cancer. Proc Natl Acad Sci;110: 11091-6. 

16. Ripphausen P, Freundlieb M, Brunschweiger A, Zimmermann H, Müller CE, Bajorath Jr 
(2012) Virtual screening identifies novel sulfonamide inhibitors of ecto-5′-nucleotidase. J 
Med Chem;55: 6576-81. 

17. Baqi Y, Lee S-Y, Iqbal J, Ripphausen P, Lehr A, Scheiff AB, Zimmermann H, Bajorath 
Jr, Müller CE (2010) Development of potent and selective inhibitors of ecto-5′-
nucleotidase based on an anthraquinone scaffold. J Med Chem;53: 2076-86. 

18. Lee S-Y, Fiene A, Li W, Hanck T, Brylev KA, Fedorov VE, Lecka J, Haider A, Pietzsch 
H-J, Zimmermann H (2015) Polyoxometalates—Potent and selective ecto-nucleotidase 
inhibitors. Biochem Pharmacol;93: 171-81. 

19. Braganhol E, Tamajusuku AS, Bernardi A, Wink MR, Battastini AM (2007) Ecto-5′-
nucleotidase/CD73 inhibition by quercetin in the human U138MG glioma cell line. 
Biochim Biophys Acta;1770: 1352-9. 

20. Weiss MJ, Henthorn PS, Lafferty MA, Slaughter C, Raducha M, Harris H (1986) 
Isolation and characterization of a cDNA encoding a human liver/bone/kidney-type 
alkaline phosphatase. Proc Natl Acad Sci;83: 7182-6. 

21. Millan JL, Manes T (1988) Seminoma-derived Nagao isozyme is encoded by a germ-cell 
alkaline phosphatase gene. Proc Natl Acad Sci;85: 3024-8. 

22. Millán JL (2006) Alkaline phosphatases. Purinergic Signal;2: 335-41. 
23. Greenberg CR, Evans JA, McKendry-Smith S, Redekopp S, Haworth JC, Mulivor R, 

Chodirker B (1990) Infantile hypophosphatasia: localization within chromosome region 
1p36. 1-34 and prenatal diagnosis using linked DNA markers. Am J Hum Genet;46: 286-
92. 

24. Whyte MP (1994) Hypophosphatasia and the Role of Alkaline Phosphatase in Skeletal 
Mineralization. Endocr Res;15: 439-61. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

25. Hessle L, Johnson KA, Anderson HC, Narisawa S, Sali A, Goding JW, Terkeltaub R, 
Millán JL (2002) Tissue-nonspecific alkaline phosphatase and plasma cell membrane 
glycoprotein-1 are central antagonistic regulators of bone mineralization. Proc Natl Acad 
Sci;99: 9445-9. 

26. Johnson K, Goding J, Van Etten D, Sali A, Hu SI, Farley D, Krug H, Hessle L, Millán 
JL, Terkeltaub R (2003) Linked deficiencies in extracellular PPi and osteopontin mediate 
pathologic calcification associated with defective PC‐1 and ANK expression. J Bone 
Miner Res;18: 994-1004. 

27. Ghosh NK, Fishman WH (1966) On the mechanism of inhibition of intestinal alkaline 
phosphatase by L-Phenylalanine I. Kinetic studies. J Biol Chem;241: 2516-22. 

28. Farley JR, Tarbaux NM, Lau K-HW, Baylink DJ (1987) Monofluorophosphate is 
hydrolyzed by alkaline phosphatase and mimics the actions of NaF on skeletal tissues, in 
vitro. Calcif Tissue Int;40: 35-42. 

29. Hoylaerts M, Manes T, Millán J (1992) Molecular mechanism of uncompetitive 
inhibition of human placental and germ-cell alkaline phosphatase. Biochem J;286: 23-30. 

30. Debray J, Chang L, Marquès S, Pellet-Rostaing S, Le Duy D, Mebarek S, Buchet R, 
Magne D, Popowycz F, Lemaire M. (2013) Inhibitors of tissue-nonspecific alkaline 
phosphatase: design, synthesis, kinetics, biomineralization and cellular tests. Bioorg Med 
Chem; 21(24):7981-7. 

31. Ardecky RJ, Bobkova EV, Kiffer-Moreira T, Brown B, Ganji S, Zou J, Pass I, Narisawa 
S, Iano FG, Rosenstein C, Cheltsov A, Rascon J, Hedrick M, Gasior C, Forster A, Shi S, 
Dahl R, Vasile S, Su Y, Sergienko E, Chung TD, Kaunitz J, Hoylaerts MF, Pinkerton 
AB, Millán JL. (2014) Identification of a selective inhibitor of murine intestinal alkaline 
phosphatase (ML260) by concurrent ultra-high throughput screening against human and 
mouse isozymes. Bioorg Med Chem Lett;24(3):1000-4. 

32. Gendron F, Krugh O, Kong Q, Weisman G, Beaudoin A (2002) Purine signaling and 
potential new therapeutic approach: possible outcomes of NTPDase inhibition. Curr 
Drug Targets;3: 229-45. 

33. da Silva Lourenço MC, de Lima Ferreira M, de Souza MVN, Peralta MA, Vasconcelos 
TRA, Maria das Graças M (2008) Synthesis and anti-mycobacterial activity of (E)-N′-
(monosubstituted-benzylidene) isonicotinohydrazide derivatives. Eur J Med Chem;43: 
1344-7. 

34. Molecular Operating Environment (MOE). (2015)  
35. Knapp K, Zebisch M, Pippel J, El-Tayeb A, Müller CE, Sträter N (2012) Crystal 

structure of the human ecto-5′-nucleotidase (CD73): insights into the regulation of 
purinergic signaling. Structure;20: 2161-73. 

36. Iqbal J, Saeed A, Raza R, Matin A, Hameed A, Furtmann N, Lecka J, Sévigny J, Bajorath 
J (2013) Identification of sulfonic acids as efficient ecto-5′-nucleotidase inhibitors. Eur J 
Med Chem;70: 685-91. 

37. al-Rashida M, Ejaz SA, Ali S, Shaukat A, Hamayoun M, Ahmed M, Iqbal J (2015) 
Diarylsulfonamides and their bioisosteres as dual inhibitors of alkaline phosphatase and 
carbonic anhydrase: Structure activity relationship and molecular modelling studies. 
Bioorg Med Chem;23: 2435-44. 

 

 


