
u n i ve r s i t y  o f  co pe n h ag e n  

Lansoprazole inhibits the cysteine protease legumain by binding to the active site

Bosnjak, Tatjana; Solberg, Rigmor; Hemati, Paya Diana; Jafari, Abbas; Kassem, Moustapha;
Johansen, Harald Thidemann

Published in:
Basic & Clinical Pharmacology & Toxicology

DOI:
10.1111/bcpt.13230

Publication date:
2019

Document version
Peer reviewed version

Citation for published version (APA):
Bosnjak, T., Solberg, R., Hemati, P. D., Jafari, A., Kassem, M., & Johansen, H. T. (2019). Lansoprazole inhibits
the cysteine protease legumain by binding to the active site. Basic & Clinical Pharmacology & Toxicology,
125(2), 89-99. https://doi.org/10.1111/bcpt.13230

Download date: 23. maj. 2023

https://doi.org/10.1111/bcpt.13230
https://curis.ku.dk/portal/da/persons/abbas-jafari-kermani(5e3e2a32-ea48-4337-a4b6-4cfd19e20eaf).html
https://curis.ku.dk/portal/da/persons/moustapha-saad-eldeen-kassem(d34ca9b4-ec69-4793-9542-f0442b257902).html
https://curis.ku.dk/portal/da/publications/lansoprazole-inhibits-the-cysteine-protease-legumain-by-binding-to-the-active-site(de9679c7-17fa-420d-9bd9-b3992dd251e5).html
https://curis.ku.dk/portal/da/publications/lansoprazole-inhibits-the-cysteine-protease-legumain-by-binding-to-the-active-site(de9679c7-17fa-420d-9bd9-b3992dd251e5).html
https://doi.org/10.1111/bcpt.13230


A
cc

ep
te

d
 A

rt
ic

le

This article has been accepted for publication and undergone full peer review but has not 
been through the copyediting, typesetting, pagination and proofreading process, which may 
lead to differences between this version and the Version of Record. Please cite this article as 
doi: 10.1111/bcpt.13230 
This article is protected by copyright. All rights reserved. 

Lansoprazole inhibits the cysteine protease legumain by binding to  

the active site 

 

 

Tatjana Bosnjak1, Rigmor Solberg1, Paya Diana Hemati1, Abbas Jafari2, Moustapha Kassem2, 

3, Harald Thidemann Johansen1* 

 

 

1. Department of Pharmaceutical Biosciences, School of Pharmacy, University of Oslo, 0316 
Oslo, Norway 

 

2. Department of Cellular and Molecular Medicine, Novo Nordisk Foundation Center for 
Stem Cell Biology (DanStem), University of Copenhagen, Copenhagen, Denmark. 

 

3. Department of Endocrinology and Metabolism, Odense University Hospital & University 
of Southern Denmark, Odense, Denmark. 

 

 

* Correspondence should be addressed: Harald Thidemann Johansen, Department of 
Pharmaceutical Biosciences, School of Pharmacy, University of Oslo, PO Box 1068 
Blindern, 0316 Oslo, Norway. E-mail: h.t.johansen@farmasi.uio.no   

(Received 19 December 2018; Accepted 20 February 2019) 

 

Running title: Cysteine proteases are targets for lansoprazole  

 

Keywords: Asparaginyl endopeptidase (AEP); cathepsin B; proton pump inhibitor; 
lansoprazole; legumain 

 

Abbreviations: AEP, asparaginyl endopeptidase; ALP, alkaline phosphatase; ELISA, 
enzyme-linked immunosorbent assay; GSH, glutathione; hBMSC, human bone marrow-
derived skeletal (mesenchymal) stem cells; HEK293, human embryonic kidney 293 cells;  
M38L, monoclonal legumain over-expressing HEK293 cells; PPI, proton pump inhibitor. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Disclosure statement: The authors have no conflict of interest or financial ties to disclose. 
 
 

Summary 

Proton pump inhibitors (PPIs) are prodrugs used in the treatment of peptic ulcer diseases. 

Once activated by acidic pH, the PPIs subsequently inhibit the secretion of gastric acid by 

covalently forming disulphide bonds with the SH groups of the parietal proton pump, i.e. the 

H+/K+ -ATP-ase. Long-term use of PPIs has been associated with numerous adverse effects, 

including bone fractures. Considering the mechanism of activation, PPIs could also be active 

in acidic micro-environments such as in lysosomes, tumours and bone resorption sites. We 

hypothesized that the SH group in the active site of cysteine proteases could be susceptible 

for inhibition by PPIs. In this study, the inhibition by lansoprazole was shown on the cysteine 

proteases legumain and cathepsin B by incubating purified proteases or cell lysates with 

lansoprazole at different concentrations and pH conditions. The mechanism of legumain 

inhibition was shown to be a direct interaction of lansoprazole with the SH group in the 

active site, and thus blocking binding of the legumain-selective activity-based probe MP-L01. 

Lansoprazole was also shown to inhibit both legumain and cathepsin B in various cell models 

like HEK293, M38L and RAW264.7, but not in human bone marrow-derived skeletal 

(mesenchymal) stem cells (hBMSC-TERT). During hBMSC-TERT differentiation to 

osteoblasts, lansoprazole inhibited legumain secretion, alkaline phosphatase activity, but had 

no effects on in vitro mineralization capacity. In conclusion, lansoprazole acts as a direct 

covalent inhibitor of cysteine proteases via disulphide bonds with the SH group in the 

protease active site. Such inhibition of cysteine proteases could explain some of the off-target 

effects of PPIs. 
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Introduction 

Proton pump inhibitors (PPIs) are substituted benzoimidazole prodrugs and extensively used 

in the treatment of acid-related disorders in the gastro-intestinal tract, including peptic ulcers, 

gastro-oesophageal reflux disease (GERD), Barrett’s oesophagus and Zollinger-Ellison 

syndrome (1). Taken orally, the lipophilic PPIs easily move across cell membranes and are 

absorbed by the intestine (2). These weak bases concentrate in acidic compartments where a 

cascade of chain reactions occurs at low pH, thus forming sulphonamides which are the 

active forms of PPIs (3). The irreversible covalent binding of PPI molecules to cysteines of 

the gastric proton pump (the H+/ K+-ATPase) inactivates the pump (4). The acidic pH of the 

stomach causes the specificity of PPIs towards thiol groups of the parietal proton pumps. 

Concerns have been raised regarding possible off-target effects of PPIs in acidic 

compartments other than the stomach. Recently, PPIs have been suggested as a novel 

anticancer strategy due to their ability to target and inactivate proton pumps and thus increase 

the extracellular acidic pH in tumours (5, 6). Inhibitory effects of PPIs have also been 

observed in the renal collecting duct (7), in osteoclast resorptive pits (8) and on lysosomal 

enzymes (9, 10). The short-term use of PPIs causes only mild side effects, whereas long-term 

exposure has been associated with osteoporosis and bone fractures (11-16). In fact, since 

2010, all manufacturers of PPIs in the USA are required by the FDA (Food and Drugs 

Agency) to label the drugs with a warning about possible hip, wrist and spine fractures when 

used in high doses or for an extended period of time (>1 year) (17). 

 

Lysosomes are acidic organelles (pH 3.5) with membrane proton pumps (18). Activity of 

lysosomal enzymes depends on low pH, and neutral or basic pH can cause loss of activity 

(19). The cysteine protease legumain or asparaginyl endopeptidase (AEP), is mainly confined 

to the lysosomes (20), however, translocation to other cell compartments like the cell nuclei 
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has been reported, as well as secretion to the extracellular environment (21, 22) and detection 

in plasma (23). Legumain is ubiquitously expressed in mammalian tissues but increased 

levels have been reported in solid tumours (24) and unstable atherosclerotic plaques (25).  

Legumain is suggested to have multiple functions both intra- and extracellularly. Recently, 

the involvement of legumain in atherosclerosis (23) and neurodegenerative diseases such as 

stroke, ischaemia, Alzheimer’s disease, amyotrophic lateral sclerosis (ALS) and multiple 

sclerosis (MS) has been reported (26). In bone homeostasis, the C-terminal fragment of 

legumain has been described as an osteoclast inhibitory factor (OIP-2) in vitro and a possible 

inhibitor of bone resorption in vivo (27). Recently, we reported that legumain regulates 

osteoblast differentiation through degradation of the bone matrix protein fibronectin (28).  

Herein, we have investigated the effects of lansoprazole on legumain and cathepsin B. Our 

results show that lansoprazole directly inhibits legumain by binding to the active site of the 

protease and does not regulate the pH of the lysosomes.  

 

Materials and methods 

The study was conducted in accordance with the Basic & Clinical Pharmacology & 

Toxicology policy for experimental and clinical studies (29). 

 

Chemicals and reagents 

Bafilomycin A1, bovine serum albumin, CHAPS (3-((3-cholamidopropyl) 

dimethylammonio)-1-propanesulfonate), citric acid, dexamethasone, 1,25-dihydroxyvitamin 

D3, DTT (dithiothreitol), E64 G418 (geneticin), β-glycerophosphate, CA-074, lansoprazole, 

L-ascorbic acid, L-glutathione reduced, Na2HPO4, Na2EDTA, PD MiniTrap G-25  and p-

nitrophenyl phosphate were purchased from Sigma-Aldrich, St. Louis, MO, USA. Peptide 

substrates (Z-Ala-Ala-Asn-AMC, Z-Arg-Arg-AMC and recombinant human cathepsin B 
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were purchased from Bachem, Bubendorf, Switzerland. Chameleon® Duo Protein Ladder, 

donkey anti-goat IR Dye 680LT red, IRDye® 800CW BoneTag™, Odyssey® Blocking Buffer, 

Precision Plus Protein Standards and Streptavidin IR Dye 800CW were obtained from LI-

COR, Cambridge, UK. Goat anti-human legumain antibody (AF2199), recombinant human 

prolegumain and total legumain ELISA kit (DY4769) were purchased from R&D Systems, 

MN, USA. LysoSensor™ Green DND-189, Dulbecco’s modified Eagles medium (DMEM) 

and Minimal Essential Media (MEM) were obtained from ThermoFischer Scientific, MA, 

USA. L-buthionine sulfoximine was from Cayman Chemical, Michigan, USA.  

 

Legumain purification and cell culturing  

Bovine mature active legumain (36 kDa) was obtained by isolation and purification from 

bovine kidneys by a protocol described by Yamane et al. (30). The murine macrophage-like 

cell line RAW 264.7 (American Type Culture Collection (ATCC), Rockville, MD, USA), 

HEK293 (Human Embryonic Kidney 293 cells, ATCC) and  M38L (legumain over-

expressing HEK293) (22) cells were cultured in Dulbecco’s modified Eagles medium 

(DMEM) with 4 mM L-glutamine, 4.5 g glucose, 1 mM sodium bicarbonate, 10% (v/v) foetal 

calf serum, 0.5% (v/v)  fungizone, and 1% (100 units/ml) penicillin and (100 µg/ml) 

streptomycin. In addition, M38L cells were added 800 μg/ml G418. Cells were maintained at 

37°C and 5% CO2 in a humidified incubator. The cells were seeded in 6-well plates at a 

density of 5x105 cells per well 24 hr prior to stimulation with lansoprazole (final 

concentrations 0-10 µM) for 48 hr.  

 

Human bone marrow-derived multipotent stromal (skeletal or mesenchymal) stem cells 

(hBMSC) stably transfected with the catalytic subunit of the human telomerase reverse 

transcriptase gene (hTERT) (31) were grown in basal medium containing Minimal Essential 
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Media (MEM) with L-glutamine, 10% (v/v) foetal bovine serum, and 1% penicillin (100 

U/ml) and streptomycin (100 µg/ml). The cells were seeded at a density of 2 x 105 cells/cm2, 

and at 80% the cells were differentiated using osteoblast induction medium containing basal 

medium (above) with 10 mM β-glycerophosphate, 50 µg/ml L-ascorbic acid, 10 nM 

dexamethasone, 10 nM 1, 25-dihydroxyvitamin D3 (32) and stimulation with lansoprazole (0-

10 µM)  for 3, 7, 14 and 21 days. Induction medium was renewed every 3-4 days.  

 

Harvesting of conditioned media and cell lysates  

At time of harvesting, the conditioned media were collected and the cells were lysed. The 

conditioned media were centrifuged at 800 rpm for 10 min. at 4°C and the supernatants were 

frozen at -70°C or immediately analysed. Cell lysates were obtained by washing adherent 

cells in 1xPBS before adding lysis buffer (100 mM sodium citrate, 1 mM disodium-EDTA, 

1% n-octyl-β-D-glucopyranoside, pH 5.8). After three cycles of freezing (-70°C) and thawing 

(30°C), the lysates were centrifuged at 10 000 x g for 5 min. and the supernatants were frozen 

at -70°C or directly analysed.  Total protein concentrations in lysates were measured 

according to Bradford (33) and performed according to the manufacturer (BioRad 

Laboratories, Hercules, CA, USA) in a microplate reader (Wallac Victor 3, Perkin Elmer, 

Boston, MA, USA), by measuring absorbance at 595 nm. Bovine serum albumin (0-400 

µg/ml) was used to establish a standard curve for the calculation of total protein 

concentrations. All measurements were performed in triplicates.  

 

 Cysteine protease activity measurements 

The proteolytic activity of legumain was measured by recording the cleavage of the peptide 

substrate Z-Ala-Ala-Asn-AMC as described elsewhere (34). In brief, 20 µl of cell lysates 

were added to black 96-well microtiter plates (Corning Life Science, Lowell, MA, USA). 
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Immediately after addition of 100 µl assay buffer (39.5 mM citric acid, 121 mM Na2HPO4, 1 

mM Na2EDTA, 0.1% CHAPS and 1 mM DTT) and 50 µl peptide substrate solution (final 

concentration 10 µM), kinetic measurements based on increase in fluorescence 

(360EX/460EM) over 10-60 min. were performed at 30°C in a microplate reader. The 

inhibitor E64 (final concentration 1 µM) was included in the assay to distinguish asparaginyl 

endopeptidase activity from cathepsins. The legumain-specific probe MP-L01 (35) was 

kindly provided by Marcin Drag and Marcin Poreba (University of Wroclaw, Poland). 

Cleavage of the peptide substrate Z-Arg-Arg-AMC was used to determine proteolytic activity 

of cathepsin B. In brief, 10 µl of cell lysates was added to black 96-well microtiter plates. 

Immediately after addition of 110 µl assay buffer (200 mM Na-acetate, 4 mM Na2EDTA, 

0.01% CHAPS and 1 mM DTT, pH 5.5) and 50 µl peptide substrate solution (final 

concentration 10 µM), kinetic measurements were performed at 360EX/460EM during 10 

min. at 30°C in a microplate reader. 

 

Immunoblotting and enzyme-linked immunosorbent assay (ELISA) 

Samples were prepared for SDS-PAGE electrophoresis by addition of 2 µl DTT and 5 µl 

4xNuPAGE LDS sample buffer. The samples were run together with either 3 µl Precision 

plus proteins standards or Chameleon® Duo Protein Ladder on NuPAGE 4-12 % gels (Life 

Technologies) using the supplied NuPAGE MOPS SDS running buffer, prior to transfer to 

the nitrocellulose membrane (0.45 μm; Hybond ECL, Amersham Biosciences, Boston, MA, 

USA) in the Trans-Blot® Turbo™ Transfer System (Bio-Rad, Copenhagen, Denmark) for 30 

min. using 20% methanol, 25 mM Tris and 0.2 M glycine, pH 8.3. Ponceau staining was used 

to verify protein transfer. The membranes were blocked for 1 hr at room temperature with 

Odyssey® Blocking Buffer (1:2 in TBS) and probed with goat anti-human legumain 

(AF2199; 1:200) in T-TBS overnight at 4°C. Membranes were then washed 4 times in T-TBS 
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buffer and detected using donkey anti-goat IR Dye 680LT (1:20 000) for 1 hr at room 

temperature. The biotinylated MP-L01 (35) probe was detected using Streptavidin IR Dye 

800CW (1:2500). After another washing procedure, membranes were briefly dried and 

analysed using Odyssey-CLx Imaging System (LI-COR). 

 

A commercial total legumain ELISA kit was used to determine concentrations of legumain in 

conditioned media according to the manufacturer’s protocol.  

  

Alkaline phosphatase activity  

Alkaline phosphatase (ALP) activity was used as a marker for osteoblast differentiation and 

measured in hBMSC-TERT cells after 3, 7, 14 or 21 days of osteoblast differentiation, as 

previously described (36). In brief, media was removed and the cells were washed once with 

1x PBS and subsequently fixed in 3.7% formaldehyde. Formaldehyde was removed and 2 ml 

ALP-substrate, 1 mg/ml p-nitrophenyl phosphate in buffer (50 mM NaHCO3, 1 mM MgCl2, 

pH 9.6), was added. Absorbance was measured immediately at 405 nm and 37°C and again 

after 1-2 h. ALP activity was expressed as nanoOD/min.  

 

Quantification of matrix mineralization 

Mineralization as a marker of osteoblast differentiation was measured after 3, 7, 14 or 21 

days of hBMSC-TERT cell differentiation using a labelled calcium chelating agent, 

BoneTag™, as described elsewhere (37). In brief, 24 hr before measurements, BoneTag™ 

(final concentration 2 pmol/ml) was added to the cells. The next day, the conditioned media 

was removed and the cells were washed with PBS before adding 500 µl PBS in each well and 

scanning at 800 nm using Odyssey-CLx Imaging System (LI-COR). 
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Cell viability measurements 

Cell viability was analysed using CellTiter 96 AQueous One Solution Cell Proliferation Assay 

(Promega, Madison, WI, USA) according to the manufacturer’s protocol. In brief, 

2 × 104 hBMSC-TERT cells were seeded in quadruplicates in 96-well plates. The next day, 

osteoblast induction medium with lansoprazole (final concentration 0-10 µM) was added. 

Fresh medium was supplied every 3-4 days and after 7, 14 or 21 days MTS reagent was 

added to the cells and incubated for up to 2 hr before absorbance was measured at 490 nm in 

a microplate reader. 

 

Lysosomal pH measurement 

Lysosomal pH was measured using LysoSensor™ Green DND-189. Human BMSC-TERT or 

M38L cells were seeded in Nunc™ Lab-Tek™ 4-well Chambered Coverglass 

(ThermoFischer Scientific). After 24 hr, the cells were exposed to bafilomycin A1 (20 nM; 

positive control) or lansoprazole (10 µM). Four hours later, the cells were stained with the 

acidotropic dye LysoSensor™ Green DND-189 (1 µM). Following 2-hr incubation, media 

were changed and the cells immediately imaged with a fluorescence microscope (Nikon 

Eclipse TE300; 100x magnification) and analysed by the NIS elements BR software.  

 

Size exclusion chromatography 

PD MiniTrap G-25 desalting columns were used for removal of low-molecular weight 

compounds in hBMSC-TERT cell lysate. In brief, the column was equilibrated with a buffer 

(200 mM Na-acetate, 4 mM Na2EDTA, 0.01% CHAPS, pH 5.5) after which 500 µl of cell 

lysate was passed through the column. Cathepsin B activity measurements were performed as 

described above after incubation of the eluate with or without lansoprazole (10 µM) for 2 hr. 
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Statistical analysis 

The data are represented as mean ± SEM. Kruskal-Wallis, Mann-Whitney, Sidak’s multiple 

comparison or Spearman's rank correlation coefficient test were performed when appropriate. 

Statistical significance was considered at p˂0.05. All calculations were performed with 

GraphPad Prism (Version 7.0; GraphPad Software, Inc., San Diego, CA, USA). 

 

Results 

Lansoprazole directly binds and inhibits purified bovine legumain 

Lansoprazole requires acidic pH for prodrug activation. Thus, to study whether lansoprazole 

could directly bind and inhibit cysteine proteases, lansoprazole (1 or 10 µM) was incubated in 

buffers with pH-values ranging from 3.0 to 7.5 prior to addition of the protease purified 

bovine legumain (36 kDa). In the absence of DTT, lansoprazole directly inhibited legumain 

in a pH-dependent manner (Fig. 1A). Legumain alone showed high activity in the acidic pH 

ranges (3.5-6.0) with a maximum at approximately pH 5.5-6. Incubation with 10 µM 

lansoprazole completely inhibited legumain at all pH values, while 1 µM lansoprazole only 

showed a partial inhibition. When DTT was added to the assay buffer reaction mixture the 

inhibitory effect of lansoprazole on legumain was completely abolished (Fig. S1A). 

Similarly, after complete inactivation of legumain by lansoprazole (10 µM), 50% of legumain 

activity was recovered after excess of DTT (100 µM) was added to the bovine legumain-

lansoprazole complex. The concentration of lansoprazole needed for legumain inhibition was 

determined in legumain assay buffer (pH 5.8). Legumain inhibition was detected at 

lansoprazole concentration above 100 nM, with a complete inhibition observed at 10 µM 

(Fig. 1B). To investigate whether lansoprazole had the same effect on human legumain, 

recombinant human prolegumain was auto-activated at pH 4.0 to the intermediate active 46 
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kDa form. Subsequent incubation with lansoprazole (10 µM) resulted in 17% inhibition of 

legumain activity measured in the presence of 1 mM DTT. 

 

To study a possible class effect of lansoprazole on cysteine proteases, cathepsin B was 

included. Recombinant human cathepsin B was not active in the absence of a reducing agent 

but the addition of DTT abolished a possible inhibition by lansoprazole (data not shown). To 

overcome this obstacle, hBMSC-TERT cell lysate which showed high cathepsin B activity 

was used. Size exclusion chromatography was applied to the lysate to deplete potential low 

molecular reducing substances naturally occurring in the cells which could be expected to 

interfere with lansoprazole. In the chromatographed lysate, lansoprazole (10 µM) inhibited 

cathepsin B activity by 50% (Fig. 1C). A specific cathepsin B inhibitor, CA-074 (1 µM) was 

used as negative control and showed a complete inhibition of cathepsin B activity (data not 

shown).  

 

In order to investigate the mechanism of lansoprazole inhibition, purified bovine legumain 

was incubated at pH 5.8 with an irreversible, biotinylated, legumain-selective activity-based 

probe (MP-L01, 10 µM) (35) in the absence or presence of 10 µM lansoprazole and analysed 

by immunoblotting (Fig. 2). Formation of a legumain-probe complex of 36 kDa was detected 

when legumain was incubated with the MP-L01 probe alone (lane 3) and prior to the addition 

of lansoprazole (lane 4). However, when legumain was first exposed to preactivated 

lansoprazole, the probe failed to bind (lane 5) showing that the MP-L01 probe competed with 

lansoprazole for binding to the active site of legumain. 
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Lansoprazole inhibits cysteine proteases in living cells 

Once a direct inhibition of purified legumain by lansoprazole was verified, it was interesting 

to study whether the same could be seen in living cells. In cells, there are numerous SH-

containing proteins which also could act as targets for lansoprazole. To examine the effects of 

lansoprazole on legumain and cathepsin B in living cells, different cell lines were exposed to 

various concentrations of lansoprazole (0-10 μM). Indeed, HEK293, M38L cells and RAW 

264.7 macrophages showed a dose-dependent inhibition of both legumain and cathepsin B 

with increasing concentrations of lansoprazole after 48 h of treatment (Fig. 3A-C). However, 

neither legumain nor cathepsin B were affected in hBMSC-TERT cells after 48-hr incubation 

with lansoprazole (Fig. 3D). Furthermore, we collected and analysed the corresponding 

conditioned media for measurements of secreted legumain using ELISA. Cells treated with 

increasing concentrations of lansoprazole showed decreased legumain secretion directly 

correlated to the protease inhibition seen in HEK293, M38L cells and RAW 264.7 

macrophages, but not in hBMSC-TERT cells (data not shown).  

 

Lansoprazole does not alter lysosomal pH 

To study whether lansoprazole could affect lysosomal proton pumps, LysoSensor™ Green 

DND-189 was used. LysoSensor is an acidotropic dye which emits green fluorescence in 

environments of low pH. Human BMSC-TERT or M38L were exposed to bafilomycin A1 

(20 nM final concentration) as a positive control for V-ATP-ase inhibition. The untreated 

controls (Fig. S2A/D) showed strong green fluorescence in the lysosomes, in comparison to 

the cells treated with bafilomycin A1 (Fig. S2B/E). In contrast, cell treatment with 

lansoprazole (10 µM) left the acidic lysosomal pH unaffected and accordingly did not seem 

to inhibit lysosomal proton pumps (Fig. S2C/F). 
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Glutathione does not protect legumain or cathepsin B against lansoprazole in hBMSC-TERT 

cells 

 

In order to determine whether glutathione serves as a protective agent for cysteine proteases 

in hBMSC-TERT cells, lansoprazole was incubated in a buffer (pH 5.8) with or without 

glutathione (final concentration 5 mM) prior to the addition of either purified bovine 

legumain or hBMSC-TERT cell lysate. Legumain activity was almost completely abolished 

after exposure of both legumain sources to 10 µM lansoprazole; however, preincubation of 

lansoprazole with glutathione before adding the enzyme significantly protected legumain 

activity (Fig. S1B-C).  

To further study this phenomenon, hBMSC-TERT cells were cultured with or without 

lansoprazole (10 µM) and a specific inhibitor of glutathione synthesis, L-buthionine 

sulfoximine (BSO, 500 µM). In the presence of BSO, legumain and cathepsin B activity 

remained unaffected by lansoprazole (data not shown). Glutathione Fluorescent Detection Kit 

(EIAGSHF Life Technologies Corporation, Frederick, USA) was used in order to quantify 

the total glutathione level in cells treated with or without lansoprazole but no significant 

difference in GSH level was observed (data not shown). Also, five times higher GSH level 

was detected in HEK293 compared to hBMSC-TERT cells (data not shown).  

 

Lansoprazole does not inhibit legumain or cathepsin B during osteoblast differentiation of 

hBMSC-TERT cells 

To further study the effect of lansoprazole on hBMSC-TERT cells, the cells were allowed to 

differentiate to osteoblastic cells in osteoblast induction media for 3, 7, 14 or 21 days in the 

absence or presence of lansoprazole (10 µM). Conditioned media and cell lysates were 

harvested and immediate measurements were performed. Legumain and cathepsin B 
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activities were both decreased in a time-dependent manner during 3-21 days of culturing but 

were not affected by the presence of lansoprazole (Fig. 4A-B, respectively). On the other 

hand, lansoprazole had effect on legumain secretion which was significantly reduced after 14 

and 21 days (Fig. 4C).  Furthermore, the osteoblast marker ALP was reduced in cells treated 

with lansoprazole compared to controls on all days measured, although not significantly (Fig. 

4D). During differentiation to the osteoblastic lineage, progenitor cells mineralize the 

extracellular matrix (ECM) by depositing calcium phosphate (hydroxyapatite 

[(Ca)10(PO4)6(OH)2]) into collagen-rich ECM and as differentiation progresses, the 

mineralization increases. When quantifying mineralization during 21 days of osteoblast 

differentiation using IRDye® 800CW BoneTag™, no significant difference was observed in 

cells treated with lansoprazole compared to control (Fig. 4E). The possible cytotoxicity of 

lansoprazole on hBMSC-TERT cells was examined by MTS cell viability assays after 7, 14 

and 21 days, and showed no cytotoxic effect of the lansoprazole concentrations used (Fig. 

S3). 

 

Discussion 

This work demonstrates for the first time that the PPI lansoprazole directly inhibits the 

cysteine protease legumain, and that the inhibition is through S-S interactions with the active 

site and not indirectly through inhibition of lysosomal proton pumps.  

 

PPIs in the active form of sulphonamides are able to react with sulfhydryl groups.  In the very 

low pH at the parietal cell canaliculi membrane, inhibition of the proton pump by this 

mechanism causes increased gastric pH. However, Liu et al. (9) showed that various PPIs 

(omeprazole, lansoprazole and pantoprazole) also at moderately acidic pH (pH 5.0) could 

form adducts with SH-containing peptides. This observation suggests that PPIs could target 
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other SH-containing proteins present in moderately acidic environments. Accordingly, Liu et 

al. showed inhibition of lysosomal enzymes like acid phosphatase, myeloperoxidase and β-N-

acetylglucosaminidase by PPIs in both cultured cells and mouse spleen (9). Our results 

indicate that lansoprazole directly inhibits lysosomal legumain in a pH- and concentration-

dependent manner, showed by using either purified bovine legumain, or various cell line 

models. In HEK293, M38L and RAW 264.7 cells, lansoprazole inhibited both legumain and 

cathepsin B, but not in hBMSC-TERT cells. We hypothesized that the observed cellular 

inhibition of cysteine protease activity could either be caused by direct inhibition of the 

proteases and/or increased lysosomal pH due to inhibition of lysosomal proton pumps. 

 

Inhibition by lansoprazole of legumain or cathepsin B was counteracted by the presence of 

reducing agents like dithiothreitol (DTT) or glutathione. This indicated that lansoprazole 

directly formed S-S bonds with the SH group of the cysteine in the active site of the 

proteases. This mechanism was confirmed by using the legumain-selective activity-based 

probe MP-L01, which binds irreversibly to the active site of legumain (35). MP-L01 

competed with lansoprazole for binding to legumain and thus confirmed a direct binding of 

lansoprazole to the active site. When a surplus of DTT was added to the bovine legumain-

lansoprazole complex, 50% of legumain activity was recovered. A stronger reduction 

potential of DTT than lansoprazole could explain why DTT caused dissociation of 

lansoprazole from legumain and subsequent activity restoration. When recombinant human 

prolegumain was auto-activated to the 46 kDa intermediate active form and subsequently 

incubated with lansoprazole, DTT was needed in the activity measurements, thus inhibition 

by lansoprazole was only 17%. In contrast, mature bovine legumain was purified under 

reductive conditions using beta-mercaptoetanol and showed activity without additional 
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reductive agent present. This indicates that the interaction between legumain and 

lansoprazole probably depends on the legumain form, pH and redox state. 

 

The inhibitory effect of PPIs on the H+/K+-ATPase in parietal cells causes increased gastric 

pH. While the H+/K+-ATPases found in parietal cells are responsible for gastric acidification, 

vacuolar (V type) H+-ATPases have a similar role in renal collecting ducts, osteoclast 

resorptive pits, tumours and lysosomes. In the present study, the sensitivity of V-ATPases to 

lansoprazole was tested using a pH-sensitive fluorescent dye, LysoSensor™ Green DND-

189, and showed that lansoprazole did not affect lysosomal pH in treated cells. This 

observation indicates that the observed cellular effects on lysosomal enzymes were not due to 

increased lysosomal pH. Previously, omeprazole has been shown to inhibit vacuolar ATPases 

in bone tissue (7) and  renal collecting duct (38), however, at very high concentrations (≥100 

µM). It should be noted that the maximum plasma concentration of clinically administered 

lansoprazole is approximately 2.2-4.8 µM (39, 40). On the other hand, the plasma 

concentration represents the PPI prodrug and the level of active sulphonamides that could 

accumulate in acidic areas in the body might reach higher concentrations. The tissue 

concentrations of lansoprazole or other PPIs are not known and need further investigations.  

 

In contrast to the other cell lines studied, lansoprazole (10 µM) did not inhibit legumain or 

cathepsin B in hBMSC-TERT cells. It is known that hBMSC have the ability to efficiently 

manage oxidative stress, which might be due to high cellular levels of glutathione (41). 

Glutathione (GSH) contains a cysteine which could provide a SH group for lansoprazole, 

thereby possibly protecting cysteine proteases in these cells. Moreover, PPI inhibition of 

proton transport has been reported to be prevented by compounds with thiol groups (42, 43). 

In line with the mentioned studies, legumain activity was shown to be protected from 
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lansoprazole by glutathione in the present report.  However, when inhibiting glutathione 

production in hBMSC-TERT cells by BSO, a specific inhibitor of glutathione synthesis, we 

did not observe increased sensitivity to lansoprazole. In addition, when measuring GSH 

levels in the used cell lines, five times higher GSH concentration was detected in HEK293 

compared to hBMSC-TERT cells which indicated that GSH is not crucial for protection of 

legumain and cathepsin B from direct inhibition by lansoprazole. Taking into consideration 

the protecting effect of thiol compounds shown in this report, we suggest that other SH-

containing proteins could act as protectors of cysteine proteases from inhibition by 

lansoprazole in hBMSC-TERT cells.  
An often discussed mechanism for increased occurrences of fractures and osteoporosis 

among PPI users is that inhibition of gastric acid production leads to calcium malabsorption. 

Indeed, patients with achlorhydria have significantly lower absorption of calcium carbonate 

compared to patients with normal acid secretion (44). However, studies are contradictory and 

limited. Proper functioning and development of osteoblasts is crucial for normal bone 

metabolism and health. Previously, we reported for the first time that legumain is present in 

the hBMSC secretome (45). Moreover, legumain is initially upregulated during osteoblast 

differentiation but subsequently downregulated after 7 days (45). Our recent observations 

show that legumain levels are inversely correlated with hBMSC commitment to the 

osteoblast lineage (28). MTS analysis of hBMSC-TERT cells showed that cell viability was 

not affected by up to 21 days exposure of lansoprazole. In addition, we did not observe 

significant effects of lansoprazole on formation of mineralized matrix in osteogenic hBMSC 

cultures, whereas ALP activity seemed to be decreased, indicating a defective commitment of 

hBMSC toward the osteoblastic lineage. This observation, which is in line with a previous 

report from Costa-Rodrigues et al. (46), suggests a role of compromised bone formation in 
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increased risk of fragility fractures in patients with long-term use of lansoprazole (11). Our 

results at least indicate that mineralization by osteoblasts is not affected by lansoprazole. 

Furthermore, we observed that treatment of hBMSC cultures with lansoprazole reduced 

legumain secretion. Choi and colleagues have previously shown that the C-terminal fragment 

of secreted prolegumain can block osteoclast formation (27, 47). Therefore, decreased 

legumain production in the bone microenvironment may lead to impaired inhibition of 

osteoclast function and enhanced bone resorption, contributing to decreased bone mass and 

increased fracture risk in patients with long-term PPI treatment. In line with the present 

report, a very interesting observation on osteoblast differentiation was that lansoprazole 

inhibits another cysteine protease, the deubiquitinating enzyme CYLD (48). 

 

An interesting aspect of the PPIs is that they are being considered as anticancer drugs due to 

the inhibition of vacuolar ATP-ases responsible for acidification of the extracellular tumour 

micro-environment (5, 6). It is known that tumours secrete proteases, e.g. legumain and 

cathepsins. It is thought that these proteases are stabilized and activated in the acidic 

extracellular micro-environment and by the presence of glycosaminoglycans (GAGs) (49, 

50). In addition, recent findings suggest that cystatin amyloid fibrils could help stabilize 

legumain and cathepsin B extracellularly (51). Overexpression of legumain in cancer cells 

and on the surface of tumour-associated macrophages (52) has been linked to invasive 

metastasis of several cancer types, such as colorectal, breast, prostate and gastric carcinomas 

(21, 53-55) which could be explained by the ability of legumain to activate  proMMP-2 and 

process cathepsins (56, 57). Additionally, inhibition of legumain was reported to reduce 

cancer metastasis (58). These findings and the results of the present report support the 

hypothesis that PPIs could halt or slow down cancer development and migration by directly 

inhibiting cysteine proteases in the tumour or its micro-environment.  
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We have shown for the first time that legumain is inhibited by lansoprazole in a direct 

manner. A similar effect on cathepsin B suggests that lansoprazole exerts a class effect on 

cysteine proteases, proteolytic enzymes with ubiquitous expression and multiple functions. 

This effect should be taken into consideration not only in relation to off-target adverse effects 

by PPIs but also in a drug repositioning strategy where inhibition of cancer cells by PPIs 

shows promising results (6, 58).  

 

AUTHOR CONTRIBUTIONS 

TB, RS and HTJ conceived and designed the experiments. TB and PDH performed the 

experiments. TB, RS and HTJ drafted the manuscript. MK and AJ have provided the 

hBMSC-TERT4 cells, read and approved the final manuscript.  

 

ACKNOWLEDGEMENTS 

The authors would like to thank Hilde Nilsen for excellent technical assistance, as well as 

Marcin Drag and Marcin Poreba (University of Wroclaw, Poland) for the MP-L01 probe. 

This work was supported by the University of Oslo, Odense University Hospital and 

University of Southern Denmark, Odense, Denmark. 

 

COMPETING FINANCIAL INTERESTS 

The authors declare no competing financial interests. 

  



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

References 

1. Strand DS, Kim D, Peura DA. 25 Years of Proton Pump Inhibitors: A Comprehensive 
Review. Gut Liver. 2017;11(1):27-37. 
2. Brandstrom A, Lindberg P, Bergman NA, Tekenbergshjelte L, Ohlson K, Grundevik I, et 
al. Chemical-Reactions of Omeprazole and Omeprazole Analogs .5. The Reaction of N-Alkylated 
Derivatives of Omeprazole Analogs with 2-Mercaptoethanol. Acta Chem Scand. 1989;43(6):587-94. 
3. Olbe L, Carlsson E, Lindberg P. A proton-pump inhibitor expedition: The case histories 
of omeprazole and esomeprazole. Nat Rev Drug Discov. 2003;2(2):132-9. 
4. Shin JM, Kim N. Pharmacokinetics and pharmacodynamics of the proton pump 
inhibitors. J Neurogastroenterol Motil. 2013;19(1):25-35. 
5. Lu ZN, Tian B, Guo XL. Repositioning of proton pump inhibitors in cancer therapy. 
Cancer Chemother Pharmacol. 2017;80(5):925-37. 
6. Spugnini EP, Citro G, Fais S. Proton pump inhibitors as anti vacuolar-ATPases drugs: a 
novel anticancer strategy. J Exp Clin Cancer Res. 2010;29:44. 
7. Mattsson JP, Vaananen K, Wallmark B, Lorentzon P. Omeprazole and Bafilomycin, 2 
Proton Pump Inhibitors - Differentiation of Their Effects on Gastric, Kidney and Bone H(+)-
Translocating Atpases. Biochimica Et Biophysica Acta. 1991;1065(2):261-8. 
8. Mizunashi K, Furukawa Y, Katano K, Abe K. Effect of omeprazole, an inhibitor of H+, 
K+-ATPase, on bone resorption in humans. Calcified Tissue Int. 1993;53(1):21-5. 
9. Liu W, Baker SS, Trinidad J, Burlingame AL, Baker RD, Forte JG, et al. Inhibition of 
lysosomal enzyme activities by proton pump inhibitors. J Gastroenterol. 2013;48(12):1343-52. 
10. Yepuri G, Sukhovershin R, Nazari-Shafti TZ, Petrascheck M, Ghebre YT, Cooke JP. 
Proton Pump Inhibitors Accelerate Endothelial Senescence. Circ Res. 2016;118(12):e36-42. 
11. Zhou B, Huang Y, Li H, Sun W, Liu J. Proton-pump inhibitors and risk of fractures: an 
update meta-analysis. Osteoporos Int. 2016;27(1):339-47. 
12. Eusebi LH, Rabitti S, Artesiani ML, Gelli D, Montagnani M, Zagari RM, et al. Proton 
pump inhibitors: Risks of long-term use. J Gastroenterol Hepatol. 2017;32(7):1295-302. 
13. De Bruyne P, Ito S. Toxicity of long-term use of proton pump inhibitors in children. 
Arch Dis Child. 2018;103(1):78-82. 
14. Vestergaard P, Rejnmark L, Mosekilde L. Proton Pump Inhibitors, Histamine H2 
Receptor Antagonists, and Other Antacid Medications and the Risk of Fracture. Calcified Tissue Int. 
2006;79(2):76-83. 
15. Yang YX, Lewis JD, Epstein S, Metz DC. Long-term proton pump inhibitor therapy and 
risk of hip fracture. JAMA. 2006;296(24):2947-53. 
16. Haastrup PF, Thompson W, Sondergaard J, Jarbol DE. Side Effects of Long-Term Proton 
Pump Inhibitor Use: A Review. Basic Clin Pharmacol Toxicol. 2018;123(2):114-21. 
17.
 https://www.fda.gov/drugs/drugsafety/postmarketdrugsafetyinformationforpatients
andproviders/ucm213206.htm [Internet]. U.S. FOOD & DRUG ADMINISTRATION. 2010. 
18. Xu H, Ren D. Lysosomal physiology. Annu Rev Physiol. 2015;77:57-80. 
19. John B. Lloyd RWM. Biology of the Lysosome. Harris JR, editor. New York: Springer 
Science + Buisness Media, LLC; 1996. 411 p. 
20. Dall E, Brandstetter H. Structure and function of legumain in health and disease. 
Biochimie. 2016;122:126-50. 
21. Haugen MH, Johansen HT, Pettersen SJ, Solberg R, Brix K, Flatmark K, et al. Nuclear 
legumain activity in colorectal cancer. PLoS One. 2013;8(1):e52980. 
22. Smith R, Johansen HT, Nilsen H, Haugen MH, Pettersen SJ, Maelandsmo GM, et al. 
Intra- and extracellular regulation of activity and processing of legumain by cystatin E/M. Biochimie. 
2012;94(12):2590-9. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

23. Lunde NN, Holm S, Dahl TB, Elyouncha I, Sporsheim B, Gregersen I, et al. Increased 
levels of legumain in plasma and plaques from patients with carotid atherosclerosis. Atherosclerosis. 
2017;257:216-23. 
24. Liu C, Sun CZ, Huang HN, Janda K, Edgington T. Overexpression of legumain in tumors 
is significant for invasion/metastasis and a candidate enzymatic target for prodrug therapy. Cancer 
Research. 2003;63(11):2957-64. 
25. Papaspyridonos M, Smith A, Burnand KG, Taylor P, Padayachee S, Suckling KE, et al. 
Novel candidate genes in unstable areas of human atherosclerotic plaques. Arterioscler Thromb Vasc 
Biol. 2006;26(8):1837-44. 
26. Zhang Z, Xie M, Ye K. Asparagine endopeptidase is an innovative therapeutic target for 
neurodegenerative diseases. Expert opinion on therapeutic targets. 2016;20(10):1237-45. 
27. Choi SJ, Reddy SV, Devlin RD, Menaa C, Chung H, Boyce BF, et al. Identification of 
human asparaginyl endopeptidase (legumain) as an inhibitor of osteoclast formation and bone 
resorption. J Biol Chem. 1999;274(39):27747-53. 
28. Jafari A, Qanie D, Andersen TL, Zhang Y, Chen L, Postert B, et al. Legumain Regulates 
Differentiation Fate of Human Bone Marrow Stromal Cells and Is Altered in Postmenopausal 
Osteoporosis. Stem Cell Reports. 2017;8(2):373-86. 
29. Tveden-Nyborg P BT, Lykkesfeldt J. Basic & Clinical Pharmacology & Toxicology Policy 
for Experimental and Clinical studies. 2018;123(3):233-5. 
30. Yamane T, Takeuchi K, Yamamoto Y, Li YH, Fujiwara M, Nishi K, et al. Legumain from 
bovine kidney: its purification, molecular cloning, immunohistochemical localization and degradation 
of annexin II and vitamin D-binding protein. Bba-Protein Struct M. 2002;1596(1):108-20. 
31. Simonsen JL, Rosada C, Serakinci N, Justesen J, Stenderup K, Rattan SI, et al. 
Telomerase expression extends the proliferative life-span and maintains the osteogenic potential of 
human bone marrow stromal cells. Nat Biotechnol. 2002;20(6):592-6. 
32. Jafari A, Isa A, Chen L, Ditzel N, Zaher W, Harkness L, et al. TAFA2 induces skeletal 
(stromal) stem cell migration through activation of Rac1-p38 signaling. Stem Cells. 2018. 
33. Bradford MM. A rapid and sensitive method for the quantitation of microgram 
quantities of protein utilizing the principle of protein-dye binding. Anal Biochem. 1976;72:248-54. 
34. Johansen HT, Knight CG, Barrett AJ. Colorimetric and fluorimetric microplate assays 
for legumain and a staining reaction for detection of the enzyme after electrophoresis. Anal 
Biochem. 1999;273(2):278-83. 
35. Poreba M, Solberg R, Rut W, Lunde NN, Kasperkiewicz P, Snipas SJ, et al. Counter 
Selection Substrate Library Strategy for Developing Specific Protease Substrates and Probes. Cell 
Chem Biol. 2016;23(8):1023-35. 
36. Jafari A, Siersbaek MS, Chen L, Qanie D, Zaher W, Abdallah BM, et al. Pharmacological 
Inhibition of Protein Kinase G1 Enhances Bone Formation by Human Skeletal Stem Cells Through 
Activation of RhoA-Akt Signaling. Stem Cells. 2015;33(7):2219-31. 
37. Moester MJC, Schoeman MAE, Oudshoorn IB, van Beusekom MM, Mol IM, Kaijzel EL, 
et al. Validation of a simple and fast method to quantify in vitro mineralization with fluorescent 
probes used in molecular imaging of bone. Biochem Bioph Res Co. 2014;443(1):80-5. 
38. Sabolic I, Brown D, Verbavatz JM, Kleinman J. H+-Atpases of Renal Cortical and 
Medullary Endosomes Are Differentially Sensitive to Sch-28080 and Omeprazole. Am J Physiol. 
1994;266(6):F868-F77. 
39. Andersson T, Holmberg J, Rohss K, Walan A. Pharmacokinetics and effect on caffeine 
metabolism of the proton pump inhibitors, omeprazole, lansoprazole, and pantoprazole. Br J Clin 
Pharmacol. 1998;45(4):369-75. 
40. Shin JM, Kim N. Pharmacokinetics and Pharmacodynamics of the Proton Pump 
Inhibitors. J Neurogastroenterol. 2013;19(1):25-35. 
41. Valle-Prieto A, Conget PA. Human mesenchymal stem cells efficiently manage 
oxidative stress. Stem Cells Dev. 2010;19(12):1885-93. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

42. Im WB, Blakeman DP, Sachs G. Reversal of antisecretory activity of omeprazole by 
sulfhydryl compounds in isolated rabbit gastric glands. Biochim Biophys Acta. 1985;845(1):54-9. 
43. Fujisaki H, Shibata H, Oketani K, Murakami M, Fujimoto M, Wakabayashi T, et al. 
Inhibitions of acid secretion by E3810 and omeprazole, and their reversal by glutathione. Biochem 
Pharmacol. 1991;42(2):321-8. 
44. Ivanovich P, Fellows H, Rich C. The absorption of calcium carbonate. Ann Intern Med. 
1967;66(5):917-23. 
45. Kristensen LP, Chen L, Nielsen MO, Qanie DW, Kratchmarova I, Kassem M, et al. 
Temporal profiling and pulsed SILAC labeling identify novel secreted proteins during ex vivo 
osteoblast differentiation of human stromal stem cells. Mol Cell Proteomics. 2012;11(10):989-1007. 
46. Costa-Rodrigues J, Reis S, Teixeira S, Lopes S, Fernandes MH. Dose-dependent 
inhibitory effects of proton pump inhibitors on human osteoclastic and osteoblastic cell activity. 
Febs J. 2013;280(20):5052-64. 
47. Choi SJ, Kurihara N, Oba Y, Roodman GD. Osteoclast inhibitory peptide 2 inhibits 
osteoclast formation via its C-terminal fragment. J Bone Miner Res. 2001;16(10):1804-11. 
48. Mishima K, Kitoh H, Ohkawara B, Okuno T, Ito M, Masuda A, et al. Lansoprazole 
Upregulates Polyubiquitination of the TNF Receptor-Associated Factor 6 and Facilitates Runx2-
mediated Osteoblastogenesis. EBioMedicine. 2015;2(12):2046-61. 
49. Berven L, Johansen HT, Solberg R, Kolset SO, Samuelsen ABC. Autoactivation of 
prolegumain is accelerated by glycosaminoglycans. Biochimie. 2013;95(4):772-81. 
50. Caglic D, Pungercar JR, Pejler G, Turk V, Turk B. Glycosaminoglycans facilitate 
procathepsin B activation through disruption of propeptide-mature enzyme interactions. Journal of 
Biological Chemistry. 2007;282(45):33076-85. 
51. Dall E, Hollerweger JC, Dahms SO, Cui H, Haussermann K, Brandstetter H. Structural 
and functional analysis of cystatin E reveals enzymologically relevant dimer and amyloid fibril states. 
J Biol Chem. 2018;293(34):13151-65. 
52. Lin Y, Wei C, Liu Y, Qiu Y, Liu C, Guo F. Selective ablation of tumor-associated 
macrophages suppresses metastasis and angiogenesis. Cancer Sci. 2013;104(9):1217-25. 
53. Gawenda J, Traub F, Luck HJ, Kreipe H, von Wasielewski R. Legumain expression as a 
prognostic factor in breast cancer patients. Breast Cancer Res Tr. 2007;102(1):1-6. 
54. Ohno Y, Nakashima J, Izumi M, Ohori M, Hashimoto T, Tachibana M. Association of 
legumain expression pattern with prostate cancer invasiveness and aggressiveness. World J Urol. 
2013;31(2):359-64. 
55. Li N, Liu Q, Su Q, Wei C, Lan B, Wang J, et al. Effects of legumain as a potential 
prognostic factor on gastric cancers. Med Oncol. 2013;30(3):621. 
56. Chen JM, Fortunato M, Stevens RA, Barrett AJ. Activation of progelatinase A by 
mammalian legumain, a recently discovered cysteine proteinase. Biol Chem. 2001;382(5):777-83. 
57. Shirahama-Noda K, Yamamoto A, Sugihara K, Hashimoto N, Asano M, Nishimura M, et 
al. Biosynthetic processing of cathepsins and lysosomal degradation are abolished in asparaginyl 
endopeptidase-deficient mice. J Biol Chem. 2003;278(35):33194-9. 
58. Qi Q, Obianyo O, Du Y, Fu H, Li S, Ye K. Blockade of Asparagine Endopeptidase Inhibits 
Cancer Metastasis. J Med Chem. 2017;60(17):7244-55. 

 

 

 

 



A
cc

ep
te

d
 A

rt
ic

le
Figures 

Fig 1. Inhibition of cysteine pro
concentrations. Buffers containing ei
(final concentration 50 mM) and Na
NaOH to different pH values ran
concentration 0-10 µM) was incubat
temperature for 10 min., followed by 
B; final concentration 0.55 μM) or 50
for 30 min. (A and B) or 2 hr (C)
measured using fluorogenic peptide s
activity with or without (□) 1 μM lans
Legumain activity at different lansop
control, Kruskal-Wallis test). C. Cath
pH 5.5 (n=3). 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

oteases by lansoprazole at different pH valu
ither citric acid (final concentration 50 mM) or H
aCl (final concentration 100 mM) were adjuste
nging from 3.0 to 7.5. Lansoprazole (10 µl;
ted with each buffer (70 μl in A/B; 40 µl in C) a

the addition of 20 µl  purified bovine legumain 
0 µl hBMSC-TERT4 lysate; C). After further incu
 at room temperature, protease activity (dF/sec
substrates and expressed as mean ± SEM A. Leg
soprazole (▲; n=4) or 10 μM lansoprazole (●; n=
razole concentrations at pH 5.8 (n=5; *p<0.05 a
hepsin B activity with or without 10 μM lansopra

ues or 
HEPES 
ed with 
; final 
t room 
(A and 

ubation 
c) was 
gumain 
=3). B. 
against 

azole at 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

 

 

 

 

 

 

 

 

Fig 2. The legumain selective activity-based probe MP-L01 competes with lansoprazole for 
binding to the active site of legumain. Lane 1; purified bovine legumain alone. Lane 2; 
lansoprazole (final concentration 10 µM) was preactivated in assay buffer (pH 5.8) for 10 
min. at room temperature. Subsequently, purified bovine legumain (final concentration 2.5 
µM) was added before incubation for 30 min. at 30°C. Lane 3; legumain was incubated with 
MP-L01 (final concentration 10 µM) for 5 min. at 30°C. Lane 4; legumain and MP-L01 were 
incubated as in lane 3 prior to the addition of lansoprazole and incubation as in lane 2. Lane 
5; legumain and lansoprazole were incubated as in lane 2 prior to the addition of MP-L01 as 
in lane 3. After incubations, blotting was performed and legumain was detected at 600 nm 
(red, upper panel) using Odyssey-CLx Imaging System, whereas the biotinylated MP-L01 
probe was detected at 800 nm (green, middle panel). Lower panel is a merger of upper and 
middle panels and co-localization of legumain and probe is shown in yellow.  
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