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a b s t r a c t

Tenatoprazole is a prodrug of the proton pump inhibitor (PPI) class, which is converted to the

active sulfenamide or sulfenic acid by acid in the secretory canaliculus of the stimulated

parietal cell of the stomach. This active species binds to luminally accessible cysteines of the

gastric H+,K+-ATPase resulting in disulfide formation and acid secretion inhibition. Tena-

toprazole binds at the catalytic subunit of the gastric acid pump with a stoichiometry of

2.6 nmol mg�1 of the enzyme in vitro. In vivo, maximum binding of tenatoprazole was

2.9 nmol mg�1 of the enzyme at 2 h after IV administration. The binding sites of tenato-

prazole were in the TM5/6 region at Cys813 and Cys822 as shown by tryptic and thermolysin

digestion of the ATPase labeled by tenatoprazole. Decay of tenatoprazole binding on the

gastric H+,K+-ATPase consisted of two components. One was relatively fast, with a half-life

3.9 h due to reversal of binding at cysteine 813, and the other was a plateau phase

corresponding to ATPase turnover reflecting binding at cysteine 822 that also results in

sustained inhibition in the presence of reducing agents in vitro. The stability of inhibition

and the long plasma half-life of tenatoprazole should result in prolonged inhibition of acid

secretion as compared to omeprazole. Further, the bioavailability of tenatoprazole was two-

fold greater in the (S)-tenatoprazole sodium salt hydrate form as compared to the free form

in dogs which is due to differences in the crystal structure and hydrophobic nature of the

two forms.

# 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Proton pump inhibitors (PPIs) are now widely used for

treatment of both erosive and non-erosive gastro-esophageal

refluxdisease (GERDandNERD) [1]. Current PPIs used clinically

are substituted pyridylmethylsulfinyl benzimidazole pro-
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drugs. They accumulate in the acidic secretory canaliculus

of the parietal cell (luminal surface of the gastric ATPase) and

then undergo an acid-catalyzed chemical rearrangement,

resulting in an active thiophilic species, a sulfenic acid or

sulfenamide, that binds to various cysteines accessible from

the luminal surface of the gastric H+,K+-ATPase, forming
Sachs).

.
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disulfides [2,3]. Recent chemical evidence suggests that the PPI

protonated on the pyridine nitrogen binds to the pump and

then undergoes activation to the sulfenic acid due to a second

protonation on the benzimidazole nitrogen [3]. The efficacy of

these drugs depends on their covalent binding to the pump so

that their effect far outlasts their plasma residence time above

threshold, which is about 10–120 min. However, at the time of

administration, the parietal cell must be secreting acid, since

this is required for their activation from prodrug to the active

species. Given the relatively short residence time and the fact

that not all pumps are activated by breakfast or other meals,

the effect of the drugs is cumulative, reaching steady state on

once a day dosing after about 3 days. In principle, benefit

would be achieved with a PPI with a longer residence time, as

appears to be the casewith esomeprazole, the S-enantiomer of

omeprazole. Tenatoprazole (TPZ) has a residence time of

about 9 h, suggesting it might show even superior efficacy,

especially at night.

Tenatoprazole (TU-199), 5-methoxy-2-(4-methoxy-3,5-

dimethyl-pyridin-2-ylmethanesulfinyl)-1H-imidazo[4,5-b]pyr-

idine, is a novel proton pump inhibitor which is similar to the

chemical structure of omeprazole, a widely used proton pump

inhibitor. The difference between tenatoprazole and omepra-

zole is that tenatoprazole has an imidazo[4,5-b]pyridine

moiety, where omeprazole has a benzimidazole moiety. This

reduces the rate of metabolism, allowing a longer plasma

residence time but also decreases the pKa of the fused-

imidazole N as compared to the current PPIs (Fig. 1).

Tenatoprazole belongs to the class of covalent proton pump

inhibitors and inhibits gastric H+,K+-ATPase with potency

similar to omeprazole. However, the anti-secretory and anti-

ulcer effects of tenatoprazole were reported to be two to four

times more potent than those of omeprazole with long-lasting

effects on gastric acid secretion [4,5]. In human studies,

tenatoprazole was more potent than esomeprazole. Particu-

larly, the pH> 4 holding time was higher during the night for

tenatoprazole than for esomeprazole. Hence, the duration of

nocturnal acid breakthrough was significantly less for tenato-

prazole than for esomeprazole [6]. Tenatoprazole exerted a

morepotent acid inhibition than esomeprazole during first 48 h

in healthy volunteers. These differences resulted from better

night-time acid control with tenatoprazole 40 mg than esome-

prazole 40 mg. The duration of nocturnal acid breakthroughs

was significantly reduced for both night-time periods [7].

Furthermore, tenatoprazole provided a prolonged duration of

acid suppression and a shorter nocturnal acid breakthrough in

healthy volunteers, even after stopping the drug [8].

Previously, we had investigated the reversal of in vivo

inhibited gastricH+,K+-ATPase by treating the enzyme isolated

from PPI-treated rats with disulfide reducing agents and

measuring recovery of ATPase activity as a function of time of
Fig. 1 – Chemical structure of om
incubation in vitro and the different binding property between

omeprazole and pantoprazole [9,10]. Two factors are con-

sidered relevant in terms of their efficacy, their biological

target, the gastric acid pump that is the final step in acid

secretion, and their covalent binding to cysteines of the acid

pump that provides duration of action much longer than that

predicted from their plasma half-life. The sites of binding of

different PPIs varied between binding at Cys813 (omeprazole)

and Cys813 and Cys822 (pantoprazole). Binding of pantopra-

zole at Cys822was stablewith a half-life similar to the enzyme

turnover,while binding at Cys813was sensitive to glutathione,

providing a shorter half-life of binding at this site. Inhibition

was retained due to the second binding site at cysteine 822, in

the membrane domain of the ATPase [9,10]. Binding of PPI at

Cys822 was related to a slower activation rate of pantoprazole

as compared to omeprazole [3]. Tenatoprazole activation was

slower than pantoprazole at pH 1.3, which suggests that

tenatoprazole may also access Cys822.

In this study, in vitro and in vivo inhibitory activity of

tenatoprazole with identification of binding sites was inves-

tigated. Also, we studied the residence time of binding in vivo,

and reversal of tenatoprazole binding by a reducing agent ex

vivo. We also investigated the basis for the differential

solubility of the sodium salt of S-tenatoprazole as compared

to the racemate or the free base.
2. Materials and methods

2.1. Materials

Hog stomachs were obtained from local slaughter house,

Farmer-Johns. Hog gastric H+,K+-ATPase was prepared from

the fundic mucosa of the stomach. Male rats (Sprague–

Dawley, 200–250 g) were used. 14C-tenatoprazole, 14C-(R)-

tenatoprazole, and 14C-(S)-tenatoprazole were gifts of

Negma-Lerads, Les Hameaux Cedex, France. All reagents

were analytical grade or higher.

2.2. Animals

The animal study was approved by the Animal Care and Use

Committee of VA Greater Los Angeles Healthcare System and

fulfilled National Institutes of Health guidelines for use of

animal subjects. Male rats (Sprague–Dawley, 200–250 g) were

used.

2.3. Hog gastric H+,K+-ATPase enzyme preparation

The gastric H+,K+-ATPase was prepared from hog gastric

mucosa by previously published methods, which involve
eprazole and tenatoprazole.
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differential and density gradient centrifugation [11]. The

gastric fundic mucosa was scraped from the stomach and

then homogenized in a solution of 0.25 M sucrose, 5 mMPipes/

Tris, pH 6.8, 1 mM EDTA, and 1 mM EGTA. The homogenate

was centrifuged at 11,000 rpm in a Sorvall GSA rotor for

45 min. The supernatant was centrifuged at 34,000 rpm in a

Beckman type 35 rotor for 1 h. The microsomal pellet was

resuspended in a solution of 0.25 M sucrose, 5 mM Pipes/Tris,

pH 6.8, 1 mM EDTA, and 1 mM EGTA. The microsomal

suspension was further purified using a Z-60 zonal rotor

[12]. The vesicles obtained have been shown to be over 90%

cytoplasmic side out and ion tight. The potassium imperme-

ability of the vesicles was determined by the difference in K+

stimulation of ATPase activity in the presence of KCl alone and

in the presence of KCl and the potassium ionophore, nigericin.

The specific activity in the presence of nigericin was 120 mmol

ATP hydrolyzed mg�1 protein h�1, and in the absence of

nigericin, 10 mmol mg�1 h�1. Thus, greater than 90% of the

K+-stimulated ATPase activity was dependent on the addition

of nigericin indicating K+ impermeability of 90% of the hog

gastric vesicles.

2.4. Characterization of in vitro inhibition of tenatoprazole

2.4.1. Acridine orange uptake in hog gastric H+,K+-ATPase
enzyme

Acridine orange uptake was measured by a previously

described method [13]. The enzyme suspension (20 mg ml�1)

was incubated at 37 8C in a buffer composed of 5 mMPipes/Tris

(pH 6.95), 2 mM MgCl2, 150 mM KCl, 3 mg ml�1 of valinomycin,

1 mMacridine orange, in the presence of 0.1 mMglutathione, in

a SPEX spectrofluorometer for 5 min. Inhibitor (20 mM), ome-

prazole or tenatoprazole, was added and fluorescence was

measuredbyexcitationat490 nmandemissionat530 nm.After

60 s,ATP (2 mM)wasadded to initiateacridineorangeuptakeas

a measure of intra-vesicular acidification.

2.4.2. In vitro inhibition of tenatoprazole on the gastric H+,K+-

ATPase
The inhibition was carried out as follows. The enzyme

(4 mg ml�1) was incubated at 37 8C for 1 h in a buffer composed

of 5 mM Pipes/Tris (pH 6.6), 2 mM MgCl2, �150 mM KCl,

1 mg ml�1 of valinomycin, 2 mM ATP, in the presence of

0.1 mM glutathione and inhibitor (0, 0.2, 0.5, 1, 2, 5, and 10 mM).

The ATPase activity of the enzyme was measured in the

presence of nigericin as follows. 0.5 ml of a buffer composed of

5 mM Pipes/Tris (pH 6.6), 2 mM MgCl2, 4 mg ml�1 of nigericin,

4 mM [g-32P]ATP, and 0.1 mM glutathione was added to the

control or inhibited enzyme suspension (0.5 ml) to initiate

generation of inorganic phosphate [32Pi]. The final composi-

tion of the enzyme reaction suspension was: enzyme

(2 mg ml�1), 5 mM Pipes/Tris (pH 6.6), 2 mM MgCl2, �75 mM

KCl, 0.5 mg ml�1 of valinomycin, 2 mg ml�1 of nigericin, 2 mM

[g-32P]ATP with <1 mM ATP, and 0.1 mM glutathione. The

enzyme suspensionwas incubated for 30 min and the reaction

was stopped by adding ice-cold 1 ml ammonium molybdate

solution (four parts of 4.5% ammonium molybdate and one

part of 70% perchloric acid). Ice-cold butyl acetate (2 ml) was

added and vortexed to extract the inorganic phosphate. The

butyl acetate layer was separated from aqueous layer by
centrifugation and an aliquot of butyl acetate (1 ml) was taken

out for counting. Basal Mg-ATPase activity was measured in

the same mixture in the absence of KCl and background ATP

hydrolysis was measured in the absence of added enzyme.

Gastric H+,K+-ATPase activity was calculated by subtracting

Mg-ATPase activity and background ATP hydrolysis from the

activity in the presence of K+, and Mg-ATPase activity was

obtained by subtracting background ATP hydrolysis from the

activity obtained in the absence of K+. The IC50 of tenatopra-

zole, omeprazole, or esomeprazole was determined.

2.4.3. Determination of in vitro binding stoichiometry of
tenatoprazole
The stoichiometry of tenatoprazole binding was determined

on an enzyme preparation that consisted of 85% ATPase as

follows. The gastric H+,K+-ATPase (20 mg ml�1) was incubated

at 37 8C for 0.5 h in a buffer composed of 5 mM Pipes/Tris (pH

6.6 or 7.0), 2 mM MgCl2, �150 mM KCl, 3 mg ml�1 of valinomy-

cin, 2 mM ATP, in the presence of 0.1 mM glutathione and

inhibitor (20 mM). Glutathione does not penetrate the intact

vesicles and prevents non-acid activated binding to the

outside surface of the acid-transporting vesicles.

The reaction mixture was centrifuged at 100,000 � g for 1 h

and the membrane pellet was resuspended in a buffer

composed of 50 mM Tris/HCl, pH 7.0, at 1 mg ml�1 protein.

An aliquot was taken out to measure the enzyme activity. The

other aliquot was taken out to measure binding of [14C]-

tenatoprazole to the enzyme. In a typical run, an aliquot

containing 20 mg of the enzyme was precipitated by adding

nine-fold excess of ice-coldmethanol and incubating on ice for

30 min. The radioactivity of the precipitated protein was

determined to measure the nanomole of tenatoprazole bound

per milligram of the H+,K+-ATPase.

2.4.4. Identification of regions of tenatoprazole binding site by
trypsin cleavage
The gastric H+,K+-ATPase (0.2 mg ml�1) was incubated at 37 8C

in a solution composed of 0.25 M sucrose, 150 mM KCl, 50 mM

Tris/HCl, pH 7.0, 2 mM MgCl2, 2 mg ml�1 valinomycin, 1 mM

EGTA/Tris, 2 mM ATP, 1 mM glutathione, and 10 mM C14-

tenatoprazole for 30 min. The enzyme suspension was

centrifuged at 110,000 � g for 1 h. The pellet was resuspended

in 0.25 Msucrose, 50 mMTris/HCl, pH 8.2, at a concentration of

1 mgml�1 with the addition of 0.2 mg ml�1 trypsin. The

digestion was stopped by addition of 10� trypsin inhibitor.

These trypsin digested membranes were centrifuged at

110,000 � g for 1 h, and the pellet was washed with 50 mM

Tris/HCl, pH 8.2, and resuspended in 50 mMTris/HCl, pH 8.2, at

a protein concentration of 1 mgml�1. An aliquot was treated

with 1% SDS and 0.2 mM fluorescein maleimide (F-MI) to

determine unreacted cysteines in the transmembrane seg-

ments. The digested membranes were size fractionated by

SDS-PAGE using 12–20% tricine gradient gels. All fluorescent

bands detected were separated and sequenced and radio-

activity measured.

2.4.5. Identification of tenatoprazole-binding sites by
thermolysin digestion
To further identify the site of labeling by tenatoprazole in the

TM5/6 region, additional digestion was carried out as
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described previously [10,13]. Here, [14C] tenatoprazole-

labeled gastric vesicles (0.8 mg) were extensively digested

with trypsin (0.2 mg) in a buffer (1 ml) composed of 0.25 M

sucrose, 50 mM Tris/HCl, pH 8.2, for 60 min. The reaction

was stopped by adding 2 mg of soybean trypsin inhibitor.

The membrane digest was spun in a Beckman L5 centrifuge

using a Ti-65 rotor at 100,000 � g for 60 min. The pellet was

labeled with fluorescein-5-maleimide (F-MI) by dissolving in

a buffer (0.8 ml) composed of 20 mM Tris/HCl, pH 6.7, 0.2 mM

fluorescein-5-maleimide, and 0.5% SDS. The F-MI was used

here again to identify any unreacted cysteines. The

membrane digest sample was combined with an electro-

phoresis sample buffer and applied to a 10–20% tricine big

slab gel and run at 50 mA constant current as previously

described [10,13]. The lowest region at 4.5–6.2 kDa molecular

weight range contained a fluorescent band representing the

TM1/2 segment and the [14C] tenatoprazole-labeled TM5/6

segment. This band was sliced from the gel. The labeled

peptide fragments were electroeluted from the gel slices

using Bio-Rad Electroeluter Model 422 equipped with a

Membrane Caps (molecular cut-off 3.5 kDa). Electroelution

was carried out in a buffer composed of 30 mM Tris/HCl, pH

8.0, 0.03% SDS at 120 V constant for 6 h. The electroelution

buffer was carefully removed and replaced with a new buffer

composed of 10 mM Tris/HCl, pH 8.0, 0.01% SDS. Electro-

dialysis was carried out at 100 V constant for 1 h. The eluate

was separated and diluted by adding three-fold excess

volume of a buffer composed of 10 mM Tris/HCl, 3 mM

CaCl2, pH 8.0. The eluate was concentrated by filtration

through an Amicon Ultra Centrifugal Filter Device-4500

MWCO (Millipore) down to 0.2 ml. The eluate was divided

into two portions. One portion served as a control, and the

other portion was digested further with 30 mg of thermolysin

(Sigma, Protease Type X) at 37 8C for 24 h to further cleave

TM5/6. After digestion, the samples were combined with

10 ml of 2 M sucrose and 0.25% bromphenol and placed on top

of a 1.5-mm gradient slab gel 16% (17:1 acrylamide/

methylene bisacrylamide) gel. The gel was run in the cold

room (4 8C) for 18 h at 45 mA constant current along with a

lane for CNBr-cleaved fragments of horse myoglobin (Sigma,

17–2.5 kDa) as molecular weight standards. The peptides

were transferred electrophoretically to PVDF membranes

(Millipore) for 18–24 h in the cold room (4 8C) in a tank

transfer apparatus at 120 mA constant current, in a transfer

buffer of 150 mM glycine, 20 mM Tris, and 20% methanol. A

sandwich of three sheets of Whatman 3-mm filter paper

was placed on either side of the gel, which had a prewetted

PVDF membrane on the anode side. After transfer, the

blots were rinsed twice in distilled water and stained with

0.1% Coomassie Blue in 10% glacial acetic acid and 45%

methanol. In every case, a duplicate lane was run to

provide material for sequencing as well as for either

counting or autoradiography. Reducing agents were absent

in all experiments since these remove the bound PPI.

Standard curves of ln(Mr) as a function of relative mobility

were used to estimate the Mr of the peptide products of

digestion. The accuracy of the Mr determination appeared to

be within 10% based on predicted tryptic cleavage sites

within the primary sequence of catalytic subunit of the

enzyme.
2.5. Characterization of in vivo inhibition of
tenatoprazole

2.5.1. Preparation of crude gastric membrane containing rat

gastric H+,K+-ATPase labeled by 14C-S(�)-tenatoprazole, 14C-
R(+)-tenatoprazole, and 14C-(R,S)-tenatoprazole
Rats were fasted for 24 h with free access to water. Rats

were maximally stimulated by subcutaneous histamine

(40 mg kg�1) and carbachol (20 mg kg�1) injection and radio-

active 14C-(R)-tenatoprazole, 14C-(S)-tenatoprazole, or 14C-

(R,S)-tenatoprazole were administered by intravenous injec-

tion at 0.1 mCi kg�1 in each animal with a dosage of

20 mmol kg�1 (N = 4–6 per each group) through the tail vein.

The rats were sacrificed at timed intervals, 1, 2, 4, 6, 12, and

24 h. The stomachs were opened and washed with a

phosphate buffered saline (pH 7.4) buffer. The corpus was

separated, blotted with paper, and kept in a 15 ml borosilicate

bottle on ice. From each rat, the corpus mucosa was scraped

and the tissue was then resuspended in 3.5 ml of a homo-

genization buffer composed of 0.25 M sucrose, 2 mM EDTA,

2 mM EGTA, and 10 mM Pipes/Tris, pH 7.4. The mucosal

suspension was homogenized with 15 strokes of Teflon pestle

at 2000 rpm in a Potter–Elvehjem homogenizer. All operations

were done at 2–4 8C. The homogenate was centrifuged at

1600 � g for 30 min at 4 8C, and the pellet was discarded. The

supernatant was centrifuged at 100,000 � g at 4 8C for 60 min

to give the crudemembrane pellet. This membrane pellet was

resuspended in 2 ml of a buffer composed of 0.25 M sucrose,

10 mM Pipes/Tris, pH 7.4. About 12% of the membrane protein

was the gastric H+,K+-ATPase.

2.5.2. Quantification of the H+,K+-ATPase in the crude
gastric membranes
The amount of gastric H+,K+-ATPase in each crude membrane

fraction was quantified by the method described previously

[10]. Briefly, an aliquot of themembrane fraction (1 mg)was run

on amini slab SDS-gel (8%) togetherwith given amounts of hog

gastric H+,K+-ATPase membranes (0.05–0.3 mg) which are

about 85% pure. The quantity of H+,K+-ATPase was deter-

mined by Western blotting of the membranes with the

monoclonal antibody Ab12.18 and by comparing the staining

intensity in the membrane fraction with the known amounts

of hog gastric H+,K+-ATPase. Staining intensity was analyzed

by using the software, Image J program (Version 1.29x, Wayne

Rasband, National Institutes of Health, USA).

2.5.3. Reversal of H+,K+-ATPase activity
An aliquot of 14C-tenatoprazole labeled enzyme was resus-

pended in a buffer composed of 50 mMTris/HCl, pH 7.4, in the

presence or absence of 10 mM glutathione (GSH) or dithio-

threitol (DTT), at a H+,K+-ATPase protein concentration of

0.02 mg ml�1. For incubation of the microsomal membranes

with glutathione as a reducing reagent, the vesicles were

made leaky by five cycles of freezing and thawing. These

enzyme aliquots were incubated in the presence of 10 mM

reducing reagent at 37 8C. At timed intervals up to 1 h, the

potassium-stimulated gastric H+,K+-ATPase activity was

measured.

The ATPase assay was performed at 37 8C bymeasurement

of Pi released fromATPusing butyl acetate extraction as above.
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Basal K+-stimulated activity was determined in the absence of

reducing reagents at zero time of incubation.

A 50 ml aliquotwas taken fromeach incubationwith 10 mM

reducing reagent and added to the K+-activity assay buffer

(950 ml) composed of 20 mMKCl, 50 mMTris/HCl, pH 7.0, 2 mM

MgCl2, 2 mg ml�1 nigericin, 1 mM EGTA/Tris, 400 mM ouabain,

1 mM oligomycin, 10 nM bafilomycin, and 1 mM ATP. These

inhibitors are added to reduce non-specific ATPase activity

and nigericin added to ensure K+ permeability of the resting

membrane fraction. Basal Mg-ATPase activity was measured

in the samemixture in the absence of KCl and backgroundATP

hydrolysis measured in the absence of added enzyme. All

assays were performed at 37 8C for 30 min and stopped by

adding ice-cold 1 ml stop solution (one part of 60% perchloric

acid and four parts of 4.5% ammonium molybdate) on ice.

Butyl acetate (2 ml) was added and the reaction mixture

extracted. An aliquot of butyl acetate (1 ml) was taken out and

used to measure free inorganic phosphate. All measurements

were in triplicate. In the experiments with glutathione, the

resting membranes were subjected to five cycles of freeze

thawing to enable access of glutathione to the exoplasmic

surface of the enzyme.

Gastric H+,K+-ATPase activity was calculated as above by

subtracting Mg-ATPase activity and background ATP hydro-

lysis from the activity in the presence of K+, and Mg-ATPase

activity was obtained by subtracting background ATP hydro-

lysis from the activity obtained in the absence of K+. Reversal

of inhibition was expressed as percent control activity

obtained after exposure to either 10 mM dithiothreitol or

10 mM glutathione.

2.5.4. Effect of reducing agents on binding
An aliquot of enzyme was resuspended in a buffer composed

of 50 mMTris/HCl, pH 7.4, in the presence or absence of 10 mM

glutathione or dithiothreitol, at a H+,K+-ATPase protein

concentration of 0.1 mg ml�1. These enzyme aliquots were

incubated at 37 8C. At timed intervals, an aliquot containing

15 mg of the H+,K+-ATPase was taken out and precipitated by

adding nine-fold excess of ice-cold methanol and kept on ice

for 20 min, then, centrifuged at maximum speed of an

Eppendorf centrifuge for 2 min. The precipitated pellet was

resuspended in 0.3 ml of ice-cold methanol, and centrifuged

again to remove any residual non-bound PPI. The precipitated

materials were dissolved in 0.3 ml of 50 mM Tris/HCl, 0.2%

SDS, pH 7.0, and 1 mM N-ethyl maleimide (NEM), and counted

for their 14C isotope content.

2.5.5. Identification of tenatoprazole-binding regions of rat
gastric H+,K+-ATPase labeled in vivo

Crude membranes containing 100 mg of the H+,K+-ATPase

were diluted to 0.5 ml by adding 0.25 M sucrose, 0.2 MTris/HCl,

pH 8.2. Trypsin 80 mg dissolved in 80 ml of 0.1 M Tris/HCl, pH

8.2, was added and the mixture was incubated for 30 min at

37 8C. The samples were kept on ice and soybean trypsin

inhibitor 800 mg dissolved in 100 ml of 50 mM Tris/HCl (pH 8.2)

was added. The membranes were centrifuged at 100,000 � g

for 1 h (at 4 8C). The pelletwas briefly rinsedwith 1 ml of 0.25 M

sucrose, 0.1 M Tris/HCl, pH 7.4, then, dissolved in 400 ml of

0.01 mM NEM, 0.1 M Tris/HCl, pH 7.4, with 0.2% SDS. To this

solution, 100 ml of sample buffer composed of 40% sucrose,
0.01% phenol blue, and 0.1 M Tris/HCl, pH 7.4, was added. One

hundred microliters of sample having 25 mg of the H+,K+-

ATPase was applied on a 10–20% tricine big slab gel and run at

50 mA constant. Hog gastric vesicles were treated by the same

method as described above and run on one lane next to the

crude membrane digest for comparing transmembrane seg-

ments. The gel was transblotted on to a PVDFmembrane and a

film was developed to obtain the autoradiogram from the

PVDFblot. Thismethodhas beenpreviously described in detail

and has allowed identification of the different sites of labeling

by proton pump inhibitors [10].

2.5.6. Pharmacokinetics of (S)-tenatoprazole sodium salt, (S)-
tenatoprazole free form, and (R,S)-tenatoprazole free form
(R,S)-Tenatoprazole free form (50 mg kg�1) or (S)-tenatoprazole

sodium salt hydrate (50 mg kg�1) was orally administered

to dogs and the plasma level of tenatoprazole was measured

as a function of time course. Similarly, (S)-tenatoprazole

free form (100 mg kg�1) or (S)-tenatoprazole sodium salt

hydrate (100 mg kg�1) was orally administered to dogs and

the plasma level of tenatoprazole was measured as a function

of time.

2.6. Crystal structure of (R,S)-tenatoprazole free form and
sodium salt hydrate, (S)-tenatoprazole free form and sodium
salt hydrate form and their solubility

2.6.1. Crystal structure of (R,S)-tenatoprazole free form, (R,S)-
tenatoprazole sodium salt hydrate, (S)-tenatoprazole free form,
and (S)-tenatoprazole sodium salt form

An X-ray powder diffraction spectrum was obtained using

PANalytical X’pert pro diffractometer (PANalytical Inc.) and a

single crystal was analyzed using Bruker Smart 1000 CCD

diffractometer (Bruker-Axs Inc.).

Crystals of the compounds were prepared as follows. (R,S)-

Tenatoprazole sodium salt dihydrate was completely dis-

solved in minimum volume of methanol in a vial loosely

closed, and placed in a hood at room temperature until crystal

growth. (S)-Tenatoprazole sodium salt hydrate was dissolved

in ethyl acetate and ethanol with one drop of water in a vial

without a cap. The vial was placed in a jar containing hexane,

then, the jar was tightly closed and kept at room temperature

until crystals growth. (R,S)-Tenatoprazole free form or (S)-

tenatoprazole free form was crystallized from ethyl acetate.

2.6.2. Solubility measurement of tenatoprazole free form
and sodium salt form
(R,S)-Tenatoprazole free form, (R,S)-tenatoprazole sodium salt

hydrate, (S)-tenatoprazole free form, and (S)-tenatoprazole

sodium salt form were dissolved in water with excess

amounts of materials and filtered. The volumes were

measured and dried in vacuo for 24 h. Residual materials

were weighed. Solubility was determined as weight per

volume. Alternatively, the solution filtered was diluted and

its UV absorbance at 310 nm and the concentration were

determined.

2.7. Statistical analysis

The results were expressed as mean values � S.D.
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Fig. 2 – Inhibitory activity of tenatoprazole and omeprazole.

(Panel A) Acridine orange uptake of the gastric H+,K+-

ATPase under acid transporting condition as described in

Section 2. Decrease of fluorescence indicates acridine

orange uptake in the gastric vesicle, which is induced by

inside-acidification of the sealed vesicles. The rate of

inhibition by omeprazole is faster than that of

tenatoprazole under these conditions. (Panel B) The

inhibition by omeprazole and tenatoprazole at different

concentrations. OPZ and TPZ represent omeprazole and

tenatoprazole, respectively. The calculated IC50 for

omeprazole is 0.4 mM and for tenatoprazole is 3.2 mM. The

results were expressed as mean valuesW S.D. of at least

three experiments.
3. Results

Tenatoprazole is 5-methoxy-2-(4-methoxy-3,5-dimethyl-pyr-

idin-2-ylmethanesulfinyl)-1H-imidazo[4,5-b]pyridine and the

main structural difference between tenatoprazole and ome-

prazole is that an imidazo[4,5-b]pyridine ring replaces the

benzimidazole ring of omeprazole. This results in different

chemical, physical, and biological properties of tenatoprazole.

These differences result in different pharmacological activity

of tenatoprazole as compared to omeprazole.

3.1. In vitro inhibition by tenatoprazole

3.1.1. Inhibitory activity of tenatoprazole on the hog gastric
H+,K+-ATPase

When the gastric H+,K+-ATPase of the membrane vesicles

pumps acid into the sealed vesicle interior, acridine orange, a

weak base, is accumulated and the fluorescence is quenched

due to stacking of the dye allowing measurement of

acidification of the gastric vesicles as described previously

[13]. When PPI becomes activated by acid, the active form of

PPI inhibits enzyme activity, resulting in elevation of the

intravesicular pH and restoration of the fluorescence of

acridine orange. Omeprazole provided a faster restoration of

acridine orange fluorescence than tenatoprazole (Fig. 2, Panel

A). This shows that omeprazole inhibits proton transport

faster than tenatoprazole. Fig. 2(Panel B) shows that the rate of

inhibition of ATPase activity by omeprazole is faster thanwith

tenatoprazole at given concentration below 2 mM. The IC50

measured at pH 6.6 was 0.4 mM for omeprazole and 3.2 mM for

tenatoprazole. The previously determined IC50 of omeprazole

was 0.47 mM [14].

3.1.2. Stoichiometry of tenatoprazole of the gastric H+,K+-
ATPase labeled in vitro
Using hog gastric H+,K+-ATPase, inhibition by tenatoprazole

was measured in the presence of glutathione to find the

stoichiometry of tenatoprazole bound to the H+,K+-ATPase. In

this experiment, the reaction medium pH was 7.0 and the

incubation time was 30 min with 20 mM of inhibitor. Glu-

tathione prevented non-selective binding of auto-activated

tenatoprazole and reduced non-selective binding to the

outside face of the enzyme.

Tenatoprazole labeled only the gastricH+,K+-ATPase alpha-

subunit as has been found for other PPIs [10,13,15,16]. Table 1

summarizes the binding stoichiometry of tenatoprazole

comparing binding and %inhibition. Approximately

2.6 nmol mg�1 of tenatoprazole was bound to the H+,K+-

ATPase, the same was found for rabeprazole [17], pantopra-

zole, and omeprazole [10]. The two enantiomers (R)- or (S)-

tenatoprazole gave the same stoichiometry of binding with

88% inhibition. There was virtually equal binding of the (R)-,

(S)-, and (R,S)-forms of the compound.

3.1.3. Identification of regions of binding by trypsin cleavage
Tenatoprazole-labeled peptide fragments generated by tryp-

sin digestion were separated by SDS-PAGE (Fig. 3). Tenato-

prazole labeled only the peptide containing fifth and sixth

transmembrane segments, as was found for pantoprazole

labeling [10,15]. These contain two cysteines, cysteine 813 in
the luminal vestibule and cysteine 822 in the sixth transmem-

brane domain.

3.1.4. Thermolysin digestion of tenatoprazole-labeled peptide
fragment
In order to identify the cysteine labeled by tenatoprazole, the

labeled TM5/6 segment was cut from the gel. Tenatoprazole

labeling was done with either 14C-(R,S)-tenatoprazole, 14C-

(R)-tenatoprazole, or 14C-(S)-tenatoprazole. The peptide was

eluted from the gel and was further digested with thermo-

lysin. A fragment of 3.5 kDa due to thermolysin digestion,

having N-terminal sequence, NIPE, retains about half of

original tenatoprazole labeling compared to the fragments of

5.6 and 6 kDa, having N-terminal sequence, SIAY and NIPE,

respectively, before thermolysin digestion. The rest of the

counts eluted off the gel since they were present in a very

small fragment cleaved off by thermolysin. Fig. 4 shows a

typical PVDF membrane pattern after transblotting from the

gel and the counts of 14C-tenatoprazole of each 1 mm gel

slice from the top to the bottom in dotted area. All

enantiomers of tenatoprazole provide very similar results

(data not shown).



b i o c h em i c a l p h a rma c o l o g y 7 1 ( 2 0 0 6 ) 8 3 7 – 8 4 9 843

Table 1 – In vitro inhibition binding and inhibition by
tenatoprazole

TPZ (nmol mg�1 of
gastric HK-ATPase)a

%Inhibitiona

(R,S)-Tenatoprazole 2.56 � 0.08 87.8 � 1.2

(R)-Tenatoprazole 2.66 � 0.21 88.3 � 1.9

(S)-Tenatoprazole 2.56 � 0.06 88.8 � 3.3

a The stoichiometry and %inhibition were determined by aver-

aging the results of three experiments.
3.2. In vivo inhibition by tenatoprazole

3.2.1. Residence time of tenatoprazole on the gastric H+,K+-

ATPase in fasting rats
Previous in vivo data have shown that omeprazole and

pantoprazole bind with maximum binding of 2.7 nmol of

omeprazole or pantoprazole mg�1 of the H+,K+-ATPase at 1 h-

postdose [10]. Tenatoprazole provided slow activation in vivo,

which was predicted by its chemical activation rate [3].

Maximum binding of tenatoprazole was achieved at 2 h at

2.94 � 0.47 nmol mg�1 of total H+,K+-ATPase as shown in Fig. 5.

After maximum binding of tenatoprazole, tenatoprazole

binding up to 24 h-postdose in vivo could be described by a

first exponential equation,

CðTPZÞ ¼ 1:824e�0:176t þ 1:141:

This first component is mainly from a fast decay with a

half-life 3.9 h and the plateau of 1.141 at 24 h-postdose is
Fig. 3 – Trypsin digestion of tenatoprazole-labeled H+,K+-ATPas

gastric H+,K+-ATPase as described in Section 2.4.4. (Panel A) Th

and the corresponding fluorescence of the F-MI labeled peptide

digest of the gastric vesicles labeled by either the racemate of t

(Panel B) [14C] counts per each slice of gel lane. The TM5/6 fragm

tenatoprazole.
related to binding that decayswith a half-life corresponding to

protein turnover (�54 h) [10,18]. Stimulated and resting

membrane fractions were isolated as previously described

[11,19,20] and the binding stoichiometry of each was mea-

sured. No significant difference was found (data not shown).

3.2.2. Effect of reducing agents on tenatoprazole binding
to the H+,K+-ATPase
Given the likely tertiary structure of the catalytic subunit of

the ATPase, cysteine 813 that is present in the luminal

vestibule of the pump should be readily accessed by an in vivo

reducing agent such as glutathione that is present in parietal

cells at about 3.3 mmol g�1 of wet tissue [21]. In contrast,

cysteine 822 is located 2.5 turns (�8 Å) into the a helix of

transmembrane 6 in the membrane domain and is likely to be

inaccessible to reducing agents.

Fig. 6 shows that GSH can differentially remove tenato-

prazole or omeprazole radioactivity from the H+,K+-ATPase

following in vivo labeling. Only 16% of omeprazole counts

were not removed by GSH [9,10]. The GSH stable portion of

tenatoprazole labeling was 33.6 � 1.2%.

3.2.3. Recovery of H+,K+-ATPase activity by DTT
reduction of PPI-inhibited enzyme
Tenatoprazole was intravenously administered to male rats

and gastric acid secretionwas shown to be fully inhibited. The

gastric H+,K+-ATPase was isolated and enzyme activity was

measured. About 20–30% of enzyme activity was observed

even though acid secretion in vivo was fully inhibited.

Residual enzyme activity may represent the portion of the
e. Tenatoprazole was allowed to label the isolated

e SDS-PAGE of the Coomassie-stained trypsin digest (left)

fragments (right). (R,S)-, (R)-, and (S)-TPZ represent trypsin

enatoprazole or (R)- and (S)-tenatoprazole, respectively.

ent is the only membrane component labeled by
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Fig. 4 – Thermolysin digestion of tenatoprazole-labeled TM5/6 fragment. ST represents the lane without thermolysin

digestion and +T represents thermolysin-digested data. The dotted area was sliced and counted and sequenced. Blue

circles represent the fragments before digestion and the red circle represents digested fragment.

Fig. 5 – Time course of loss of tenatoprazole binding to the

H+,K+-ATPase. At timed intervals, crude gastric

membranes were collected and 14C-labeling of the H+,K+-

ATPase measured as described in experimental

procedures using fasted rats. Radioactive 14C-

tenatoprazole was administered by IV injection at

0.1 mCi kgS1 of animal with a dosage of 20 mmol kgS1

(N = 4–6 per each group) through the tail vein. The rats

were sacrificed at 1, 2, 6, 12, and 24 h. ‘TPZ’ represents

tenatoprazole-bound gastric membrane. Diamonds (^)

represent average amounts of tenatoprazole binding per

milligram of the H+,K+-ATPase in total membrane fraction

at each given time point. The results were expressed as

mean valuesW S.D. Error bars represent the standard

deviation of amounts of tenatoprazole binding (N = 4–6 for

each time point).
enzyme located in the cytoplasmic tubules or tubulovesicles

that would not be inhibited by a PPI since this compartment is

not making acid.

DTT treatment of omeprazole-labeled enzyme resulted in

full recovery of activity after 60 min [9] but DTT did not restore

the enzyme activity inhibited by tenatoprazole. There was no

difference in reversibility of the different forms of tenatopra-

zole, (R)-, (S)-, or (R,S)-tenatoprazole (Fig. 7). Glutathione also

did not reverse inhibition by tenatoprazole.

3.2.4. Trypsin digestion of in vivo tenatoprazole-labeled
gastric membranes
From trypsin digestion of C14-tenatoprazole-labeled gastric

membranes (Fig. 8), only TM5/6 fragment has the inhibitor

bound as found for in vitro labeling.

3.3. Pharmacokinetics of (S)-tenatoprazole sodium salt
hydrate form and (S)-tenatoprazole free form

The bioavailability of (S)-tenatoprazole free form was com-

pared to (S)-tenatoprazole sodium salt hydrate form in vivo.

This study showed (S)-tenatoprazole sodium salt hydrate

provided a higher Cmax and AUC than (S)-tenatoprazole free

form. The pharmacokinetic results of the dog study are

displayed in Table 2. The plasma level of tenatoprazole as a

function of time is shown in Fig. 9.

The difference in bioavailability can be explained by the

different solubility of the sodium salt of the S-form which in

turn can be explained by the difference in the crystal structure.
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Fig. 7 – Comparison of the time dependent reversal of

inhibition of tenatoprazole with omeprazole which is

induced by reducing agent. Racemic (R,S)-, S-, and R-

omeprazole, racemic (R,S)-, R-, and S-tenatoprazole were

compared using ex vivo PPI-inhibited H+,K+-ATPase. An

aliquot of the PPI-inhibited enzyme in vivo was incubated

with 10 mM DTT (37 8C), and its activity assayed at

different times after DTT addition. Activity was calculated

as the percent of the activity of control ATPase which was

not inhibited. The results were expressed as mean

valuesW S.D. of at least three experiments.

Fig. 6 – Removal of tenatoprazole or omeprazole binding by

glutathione. Crude gastric membranes, prepared at 2 h

after IV injection of 14C-labeled drug, were incubated with

10 mM GSH and the amount of labeled H+,K+-ATPase was

determined as described in the experimental procedure.

The percent labeling at the different times of GSH

incubation is shown. The points are average of percent PPI

binding from five experiments at each given time point

and the error bars at each time point represent the

standard deviation. TPZ and OPZ represent tenatoprazole

and omeprazole, respectively. OPZ-2 h or TPZ-2 h

represents the enzyme preparation of 2 h-postdose of

omeprazole or tenatoprazole, respectively. The results

were expressed as mean valuesW S.D. of five

experiments.
3.4. Crystal structures of (S)-tenatoprazole free form and
(S)-tenatoprazole sodium salt hydrate and their solubility

The crystal form of (S)-tenatoprazole sodium salt hydrate was

quite different from that of (R,S)-tenatoprazole sodium salt. In

the crystal of (S)-tenatoprazole sodium salt hydrate, two diff-

erent packing structures of molecules were observed (Fig. 10).

One packing expanded in the x-axis and the other packing

expanded in the y-axis of Fig. 10. This latter packing is loose,

resulting in rapid water access and hence greater solubility.

(S)-Tenatoprazole was crystallized from ethyl acetate

containing trace of water. Crystalline packing of molecules

is shown in Fig. 11. The imidazopyridine rings overlapped each

other to form a crystal exposing a hydrophobic surface.

Solubility of (S)-tenatoprazole sodium salt hydrate was

65 mgml�1 of water, while the free form of both (R,S)- and (S)-

tenatoprazole was almost insoluble in water due to exposure

of the hydrophobic face and limited access of water.
4. Discussion

Proton pump inhibitors such as omeprazole, lansoprazole,

rabeprazole, pantoprazole, and tenatoprazole are prodrugs.
Table 2 – Pharmacokinetic parameters of (S)-tenatoprazole fre

Dose Tmax (h)

(S)-Tenatoprazole Na salt (100 mg kg�1) 1.3

(S)-Tenatoprazole free form (100 mg kg�1) 2.5
All proton inhibitors are converted to active sulfenamide and/

or sulfenic acid by acid, which binds the gastric H+,K+-ATPase

resulting in acid secretion inhibition. PPIs have different

conversion rates depending on pH [3]. At pH 1.3, half-lives of

chemical conversion to active form(s) in the absence of thiol

agents were 4.7 min for omeprazole, 3.2 min for lansoprazole,

9.3 min for pantoprazole, and 12.8 min for tenatoprazole. At

pH 2.3, half-lives of PPIs were observed as 7.3 min for

omeprazole, 5.3 min for lansoprazole, 13 min for pantopra-

zole, and 25.9 min for tenatoprazole [3]. This suggests that,

under acid secretion condition, tenatoprazole is slower in

converting into the active form in stimulated parietal cell.

4.1. In vitro study of the inhibition of tenatoprazole in
comparison with omeprazole

Inside-out sealed gastric vesicles prepared from hog stomach

can create a pH gradient of about 4 pH units across the pump

membrane [22,23]. Acidification of the vesicle inside to about

pH 3 by K+/H+ exchange across gastric membranes enables PPI

activation and labeling, resulted in inhibition of the pump

activity in the acid-transporting gastric vesicles by binding to

luminally accessible cysteines [13,24,25]. Measuring acridine

uptake of the gastric vesicles in the presence of PPIs provides

an estimate of the rates of PPI activation, even though acridine

orange uptake reduces the activation rate of PPI due to interior

buffering by acridine orange [25]. When acridine orange

uptake under acid transporting condition is measured as a
e form and sodium salt hydrate form

Cmax (ng ml�1) AUCt(0�8 h) (ng h ml�1)

183 021 822 785

104 751 434 017
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Fig. 8 – Autoradiogram of trypsin digest of the gastric membrane prepared at timed intervals after PPI treatment in vivo.

After isolation of the labeled membranes, they were digested by trypsin as described in Section 2.5.5. and the digest

separated by SDS-PAGE to identify the labeled region of the ATPase. Left panel is a typical Coomassie-stained PVDF

membrane and right panel is a typical autoradiogram of trypsin digest. Each lane indicates digestion of tenatoprazole-

labeled sample prepared for different lengths of time. TM5/6 represents a peptide fragment containing the fifth and sixth

transmembrane segments. Tenatoprazole was labeled only at TM5/6 in vivo.
function of time, this showed that inhibition of tenatopra-

zole was slower than that of omeprazole (Fig. 2, Panel A). The

IC50 of tenatoprazole and omeprazole at medium pH 6.6 was

3.2 and 0.4 mM, respectively (Fig. 2, Panel B). The gastric

H+,K+-ATPase can generate a pH of about 3.0 inside the

gastric membrane vesicles. At pH 3.1, half-lives of omepra-
Fig. 9 – The plasma level of tenatoprazole after oral

administration. In dogs (N = 3), a dose (100 mg kgS1) of (S)-

tenatoprazole free form or sodium salt was administrated

orally using a capsule contained the compounds as

crystallized powder. (S) TU-199 and (S) TU-199 Na

represent (S)-tenatoprazole free form and (S)-tenatoprazole

sodium salt hydrate form. The results were expressed as

mean values.
zole and tenatoprazole were 9 and 30 min, respectively [3].

This slow activation of tenatoprazole compared to that of

omeprazole explains why tenatoprazole restored the fluor-

escence of acridine orange slowly and why the IC50 for

tenatoprazole is higher than that of omeprazole in isolated

gastric H+,K+-ATPase.

4.2. Identification of the cysteine sites of the proton pump,
where tenatoprazole is covalently bound

Tenatoprazole binds at the catalytic subunit of the gastric acid

pumpwith a stoichiometry of 2.6 nmol mg�1 of the enzyme in

vitro. In vivo, maximum binding of tenatoprazole was

2.9 nmol mg�1 of the enzyme. Binding stoichiometry of

tenatoprazole in vitro and in vivo was very similar to those

of rabeprazole, omeprazole, and pantoprazole [10,17].

The catalytic subunit of the gastric H+,K+-ATPase has 10

transmembrane segments and several cysteines accessible

from the exoplasmic surface, the site of activation of the PPIs.

While all PPIs reacted with cysteine 813 at the exoplasmic

vestibule entry into sixth transmembrane segment (TM6) of

the alpha subunit of the pump, omeprazole was also able to

bind to cysteine 892 in the loop between seventh transmem-

brane segment (TM7) and eighth transmembrane segment

(TM8), lansoprazole with cysteine 321 at the end of third

transmembrane segment (TM3) and pantoprazole reacted also

with cysteine 822 deeperwithin themembranedomain of TM6

[10,13,15,16,26]. The binding domain of tenatoprazole was

TM5/6, which contains Cys813 and Cys822. Thermolysin

digestion of TM5/6 labeled by tenatoprazole shows that



b i o c h em i c a l p h a rma c o l o g y 7 1 ( 2 0 0 6 ) 8 3 7 – 8 4 9 847

Fig. 10 – Crystalline molecular packing of (S)-tenatoprazole sodium salt hydrate. (Panel A) Crystal structure of (S)-

tenatoprazole sodium salt hydrate and (Panel B) unit cell of the crystals.
tenatoprazole labeled both Cys813 and Cys822, as previously

found for pantoprazole labeling [10].

4.3. In vivo labeling of tenatoprazole on the gastric H+,K+-
ATPase

No reversal of the inhibited pump by PPIs is seen even after

overnight incubation of the inhibited enzyme in vitro [27–29];

hence, the disulfide bonds are stable in the absence of disulfide

reducing agents. If synthesis of new pump protein is the only

means of generation of active enzyme, in vivo, covalent

inhibition of the enzyme would be reversed only by de novo

pump synthesis. In vivo, the half-life for synthesis of the

catalytic subunit under control conditions or with omeprazole

inhibitionhas been shown to be�54 h [18]. However, half-lives

of recovery of acid secretion with decay of PPI binding were

much shorter than that of de novo pump synthesis [18].

The decay of omeprazole and pantoprazole binding was

composed of two components. One was a fast decay and the

other was a slow decay with kinetics similar to the pump

enzyme turnover. Most omeprazole binding (about 84%) and

half of pantoprazole binding decayed with a half-life 6 h [10].

Maximumbinding of tenatoprazole in vivo was obtained at

2 h after IV administration, while omeprazole and pantopra-

zole maximized at 1 h [10]. Stoichiometries of tenatoprazole
Fig. 11 – Crystalline packing of (S)-tenatoprazole free form with

form and (Panel B) unit cell of the crystal.
binding were 2.52 � 0.56 nmol mg�1 of the enzyme at 1 h and

2.94 � 0.47 nmol mg�1 of the enzyme at 2 h. Stoichiometry at

1 h was lower than that of sample at 2 h, which suggests that

tenatoprazole is slowly activated and bound to the ATPase.

The final stoichiometry of maximum binding of tenatoprazole

in vivo was very similar to those of omeprazole and

pantoprazole. Decay of tenatoprazole binding on the gastric

H+,K+-ATPasewas composedof two components. Onewas fast

decay with a half-life 3.9 h and the other was a plateau, which

must be derived by slow decay similar to the protein turnover

as shown in pantoprazole decay. Omeprazole is known to bind

initially in the canaliculus at the site of acid secretion [30,31].

This suggests that tenatoprazole also binds the pump enzyme

at the canaliculus. However, redistribution of the ATPase [32]

after tenatoprazole binding enables arrival of tenatoprazole-

bound enzyme into the microsomal membrane fraction.

4.4. Reversibility of the binding of tenatoprazole to the
ATPase

The time course of tenatoprazole labeling shows maximum

binding at 2 h (Fig. 5). The sample prepared at 2 h showed 66%

cleavage of tenatoprazole labeling by GSH, which is

1.95 nmol mg�1 of the enzyme. Irreversible labeling (34% of

total labeling) was 0.99 nmol mg�1 of the enzyme (Fig. 6). It is
unit cell. (Panel A) Crystal structure of (S)-tenatoprazole free
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known that GSH-sensitive labeling site is Cys813 and that the

GSH-insensitive site is Cys822 [9,10]. This result suggests that

66%of tenatoprazole binds at Cys813 and 34%of tenatoprazole

binds at Cys822.

The enzyme at 2 h had about 20–30% enzyme activity

(Fig. 7), which suggests about 20–30% of the enzyme was not

labeled under this experiment condition. Non-labeling of PPI

suggests that about 20–30% of the enzyme is located in the

resting tubulovesicles or tubules when PPI was administrated.

However, a reducing agent did not recover the activity of

tenatoprazole-labeled enzyme, while it enabled to recover the

activity of omeprazole-labeled enzyme (Fig. 7). Difference

among the racemates, (R)-, and (S)-PPIs does not provide any

differences of activity recovery. The stereo-specificity of PPI

does not affect acid-derived chemical activation of PPI;

therefore, it does not affect binding sites. PPI-binding at

Cys822 is not reversed by GSH or DTT reduction and inhibitory

activity is retained [9,10]. Non-recovery of tenatoprazole-

inhibited enzyme and GSH-insensitive tenatoprazole binding

site also shows that tenatoprazole binds at Cys822 together

with at Cys813. Both cysteines are in the transport pathway of

the enzyme and TM6 conformational changes are required for

enzyme cycling; hence, binding at either cysteine 813 or 822 is

sufficient for full enzyme inhibition [33].

4.5. In vivo labeling site of tenatoprazole

Tenatoprazole labeling in vivowas only at TM5/6 aswas found

in vitro. Omeprazole in vivo labeling occurredmostly at TM5/6,

then somewas found at TM7/8 at cysteine 892which is distant

from the transport domain of the ATPase [10]. In vivo labeling

of tenatoprazolewas very similar to that of pantoprazole being

seen only at TM5/6 [10,15]. Tenatoprazole was found to have

long-lasting and potent effects on gastric acid secretion [4].

This long-lasting activity must be due to either non-reversi-

bility by glutathione like pantoprazole binding or long-lasting

plasmahalf-life. In this study it is shown that one aspect of the

long-lasting activity of tenatoprazole is due to binding of

tenatoprazole at Cys822.

4.6. Pharmacokinetics of (S)-tenatoprazole free form and
sodium salt hydrate form related with crystal structure and
solubility

(S)-Tenatoprazole sodium salt hydrate form provided almost

twice the AUC as compared to the free form in dogs. In this

experiment, the dog studies were performed with a similar

capsule formulation; the capsules contained the compounds

as crystallized powder without excipients. The difference in

AUC could be explained by the fact that the crystal structure

and hydrophobic nature of the powder of free acid may have

resulted in clusters of material to be formed, which would

delay the access of water molecules to the drug. The free from

of tenatoprazole is almost insoluble inwater. Poor solubility of

free form in water may reduce homogenous contact to the

intestine cell layer, resulting in poor absorption compared to

sodium salt. The crystal structure of (S)-tenatoprazole free

form shows hydrophobic imidazopyridine and pyridine are

exposed outside, resulting in very poor solubility in water due

to limited water access. The crystal structure of (S)-tenato-
prazole sodium salt hydrate shows good exposure of the

sodium atoms to water molecules outside with a larger

volumeof 1841.7 Å3. This larger exposure of the crystal interior

to water enables better contact with the aqueous solution,

increasing the solubility. The pharmacokinetics of the sodium

salt compared to the free form suggest that better solubility

results in better absorption, resulting in a higher AUC.

The clinical implication of these data suggests that the

inhibition by tenatoprazole may be longer lasting than that of

omeprazole, which might imply better night-time control of

acidity by the former. However, this has not been evaluated in

any properly controlled clinical studies to date.

Knowledge of the mechanism and in vitro and in vivo

binding of tenatoprazole as an acid-activated prodrug allows

prediction of many of its properties. Firstly, since this prodrug

is a covalent inhibitor, its duration of action outlasts its

presence in the blood. Since PPIs require acid activation, they

are most effective when the parietal cells are stimulated,

hence are usually given 30–60 min after meals. Since most of

PPIs such as omeprazole, lansoprazole, and rabeprazole

generally have a short plasma half-life (60–90 min) [34] and

not all acid pumps are active at any one time, their effect is

cumulative, reaching steady state on once a day dosing by the

third day, inhibiting about 70% of all pumps. However, the

half-life of tenatoprazole is about 9.3 h in human, which

enables to reach steady state in shorter time compared to

other PPIs [6–8]. If there is significant acid secretion at night

resulting in night-time GERD, it is difficult to control this with

currently available PPIs. The long half-life of tenatoprazole in

the plasma combined with slow decay of tenatoprazole

binding to the pump may enable prolonged duration of acid

suppression to control nocturnal acid breakthrough.
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