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Abstract
Restoration of acid secretion after treatment with covalently-bound proton pump inhibitors may depend on protein turnover and on

reversal of inhibition by reducing agents such as glutathione. Glutathione incubation of the H+,K+-ATPase isolated from omeprazole or

pantoprazole-treated rats reversed 88% of the omeprazole inhibition but none of the pantoprazole inhibition. The present study was

designed to measure binding properties of omeprazole or pantoprazole in vivo. Rats were injected with 14C-omeprazole or 14C-

pantoprazole after acid stimulation. The specific binding to the gastric H+,K+-ATPase was measured at timed intervals as well as reversal

of binding by glutathione reduction. The stoichiometry of omeprazole and pantoprazole binding to the catalytic subunit of the H+,K+-

ATPase was 2 moles of inhibitor per mole of the H+,K+-ATPase phosphoenzyme. Omeprazole bound to one cysteine between

transmembrane segments 5/6 and one between 7/8, pantoprazole only to the two cysteines in the TM5/6 domain. Loss of drug from

the pump was biphasic, the fast component accounted for 84% of omeprazole binding and 51% of pantoprazole binding. Similarly, only

16% of omeprazole binding but 40% of pantoprazole binding was not reversed by glutathione. The residence time of omeprazole and

pantoprazole on the ATPase in vivo depends on the reversibility of binding. Binding of pantoprazole at cysteine 822 is irreversible whereas

that of omeprazole at cysteine 813 and 892 is reversible both in vivo and in vitro. This is consistent with the luminal exposure of cysteine

813 and 892 and the intra-membranal location of cysteine 822 in the 3D structure of the H+,K+-ATPase.

# 2004 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-esopha-

geal reflux disease (GERD and NERD) [1]. These current

PPIs are substituted pyridyl methyl sulfinyl benzimidazole

prodrugs that accumulate in the acidic secretory canalicu-

lus of the parietal cell (luminal surface of the gastric

ATPase) due to protonation of the pyridine [2,3]. In this

compartment they then undergo an acid-catalyzed chemi-

cal rearrangement that is necessary for their activity that

follows a second protonation on the benzimidazole at a

much lower pKa [3]. This result in rearrangement to the
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active form of these compounds which is a thiophilic

cation, which then reacts with one or more cysteines

accessible from the exoplasmic surface of the pump to

form a covalently inhibited enzyme. The reactive species

may be either a sulfenic acid or the sulfenamide that is

formed by dehydration of the sulfenic acid [2,3]. The

sulfenamide is the form that can be isolated in acidic

solutions but the sulfenic acid is a necessary intermediate

in the formation of the sulfenamide [3,4]. Recent chemical

evidence suggests that the protonated PPI binds to the

pump and then undergoes activation due to the second

protonation to the sulfenic acid [3]. Since the rate of this

activation differs between different PPIs, different sites of

reaction with cysteines available on the luminal surface of

the H+,K+-ATPase are possible.

Identification of the cysteines in the catalytic a-subunit

of the pump protein that react with the various proton pump

inhibitors produced the rather surprising result that differ-

ent proton pump inhibitors react with different cysteines
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[5–7]. The catalytic subunit of the pump has ten trans-

membrane segments and several cysteines are possibly

accessible from the exoplasmic surface, the site of activa-

tion of the PPIs. While all PPIs reacted with cysteine 813 at

the exoplasmic entry into 6th transmembrane segment

(TM6) of the alpha subunit of the pump, omeprazole

was also able to bind to cysteine 892 in the loop between

TM7 and TM8, lansoprazole with cysteine 321 at the end

of TM3 and pantoprazole with cysteine 822 now known to

be deeper within the membrane domain of TM6, by about

2.5 turns of the alpha helix [5–10]. Labeling of cysteine

813 correlated with inhibition of the enzyme by omepra-

zole whereas that of cysteine 892 did not [11].

Two factors are considered relevant in terms of their

efficacy and 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 dura-

tion of action much longer than that predicted from their

plasma half-life. This covalent binding was thought to

irreversibly inhibit the ATPase and recovery of acid secre-

tion then to depend entirely on de novo pump biosynthesis

[12]. However, acid secretion and H+,K+-ATPase activity

after omeprazole treatment returned with a half-life of

only 15–20 h in rat [13–15] and �17 h in dog [16], about

three times faster than the half-life of the a-subunit of the

pump which is 54 h [13]. Acid secretion in man also returns

faster than expected from protein turnover for omeprazole.

However, in people, pantoprazole has duration of action

compatible with recovery due only to pump biosynthesis

[17,18].

It is therefore possible that the more rapid restoration of

acid secretion in the case of omeprazole depends on the

tertiary structure of the inhibitory complex and that the rate

of reversal of the inhibition by glutathione or other redu-

cing agents in the parietal cell could be different for

omeprazole and pantoprazole due to their different

cysteine binding sites. The concentration of glutathione

in the rat stomach is about 3.3 mmole per gram of wet

tissue [19]. Access of these agents to the sites of inhibition

on the pump could occur during membrane recycling or

glutathione could be secreted into the canaliculus of the

parietal cell. In studies in isolated rabbit gastric glands

various disulfide reducing agents, such as cysteine and

glutathione were able to reverse omeprazole inhibition

[15]. Moreover, reduction of cellular glutathione levels

by cylohexene-1-one enhanced omeprazole inhibition [20].

Previously, we had investigated the reversal of in vivo

inhibited gastric H+,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 incubation in vitro. It was observed that

incubation with 10 mM GSH at 37 8C reversed the inhibi-

tion due to prior treatment with omeprazole, R-omepra-

zole, S-omeprazole, lansoprazole, and rabeprazole. 88% of

omeprazole inhibition was reversed by glutathione. In

contrast, neither DTT nor glutathione were able to reverse
pantoprazole inhibition in either resting or stimulated

membranes [21].

There have been several pharmacokinetic and pharma-

codynamic analyses of proton pump inhibition [17,22,23].

The essential parameters for covalent inhibition are not as

well defined as those for the more usual class of reversible

inhibitor, where the plasma level is the most important

determinant of activity. The most important parameters for

PPI inhibition were thought to be either the area under the

curve or more recently plasma residence time above

threshold since the covalent nature of the inhibition results

in a duration of action longer than the plasma residence

time [24–26]. A property that has not been considered is

the stability of covalent binding of the PPI on the pump.

Thus, we have now investigated the kinetics of omeprazole

or pantoprazole binding to the gastric H+,K+-ATPase at

timed intervals after intravenous administration of labeled

compounds to fasted rats.
2. Materials and methods

2.1. Materials

14C-omeprazole and 14C-pantoprazole sodium salt were

gifts of Wyeth Pharmaceutical Company. 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 guide-

lines for use of animal subjects. Male rats (Sprague–

Dawley, 280–310 g) were used.

2.3. Preparation of crude gastric membrane containing

rat gastric H+,K+-ATPase labeled by 14C-omeprazole

and 14C-pantoprazole

Rats were fasted for 24 h with free access to water. Rats

were maximally stimulated by subcutaneous histamine

(40 mg/kg) and carbachol (20 mg/kg) injection and radio-

active 14C-omeprazole or 14C-pantoprazole was adminis-

tered by IV injection at 1 mCi/kg of animal with a dosage

of 20 mmole/kg (N = 4–6 per each group) through the tail

vein. The rats were sacrificed at 0.5, 1, 2, 6, 12, and 24 h. At

each time point the stomachs were opened and washed

with a phosphate buffered saline (pH 7.4) buffer, and kept

in a 15 ml borosilicate bottle on ice, and then used for

scraping the gastric mucosa. From each rat, the corpus

mucosa was scraped and the tissue was then resuspended in

3.5 mL of a homogenization buffer composed of 0.25 M

sucrose, 2 mM N-ethyl maleimide (NEM, to prevent sec-

ondary labeling of unreacted cysteines), 2 mM EDTA,

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

2.4. 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 [21]. Briefly, an aliquot of the membrane frac-

tion (1 mg) was run on mini slab SDS-gel (8%) together

with given amounts of hog gastric H+,K+-ATPase mem-

branes (0.05–0.3 mg) which are about 85% pure. The

quantity of H+,K+-ATPase was determined 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 a soft-

ware, Image J (version 1.29x, Wayne Rasband, National

Institutes of Health, USA).

2.5. Omeprazole and pantoprazole binding to the

H+,K+-ATPase

The specificity of protein binding was determined by

SDS-gel electrophoresis. An aliquot of crude membrane

fraction was run on a tricine gel (10–16.5% gradient). One

lane of the gel was sliced at 2 mm width and each slice was

dissolved in a tissue dissolving solution (DuPont Solva-

bleTM, NEN research products) and the counts, measured.

In another method, the same amount of rat membranes was

precipitated as described below and the precipitated pro-

tein was counted. From the gel, all counts were recovered

on the H+,K+-ATPase band, which showed the same counts

as obtained from the precipitated protein.

The crude membrane fraction (200 mg) from every

stomach were isolated and counted to give the total amount

of compound accumulated in the membranes at given time.

The amount of omeprazole or pantoprazole covalently

bound to the enzyme was determined by either SDS-gel

analysis as described above or by protein precipitation.

Here, the same amount of crude membranes (200 mg) from

each stomach was precipitated by a nine-fold excess of ice-

cold methanol on ice for 20 min, and then centrifuged at

maximum speed of an Eppendorf centrifuge for 3 min. The

supernatant was removed and the pellet was again resus-

pended in 0.8 ml of ice-cold methanol, and centrifuged to

remove trace amounts of non-bound PPI. Precipitated

materials were dissolved in 0.3 ml of 50 mM Tris–HCl,

0.2% SDS, pH 7.0, and 1 mM NEM, and counted for 14C

isotope content, which reflects the PPI level that is cova-
lently protein-bound. The absolute amount of drug bound

per mg of gastric H+,K+-ATPase was calculated by divid-

ing the pmol compound bound to the 97 kDa protein on the

gel by the ng of H+,K+-ATPase present on the gel at that

molecular weight as defined by Western analysis.

2.5.1. Effect of reducing agents on binding

An aliquot of enzyme was resuspended in a buffer

composed of 50 mM Tris–HCl, pH 7.4, in the presence

or absence of 10 mM glutathione (GSH) or dithiothreitol

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

0.1 mg/ml. 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

Eppendorf centrifuge for 2 min. The precipitated pellet

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

centrifuged again to remove trace of non-bound PPI.

Precipitated materials were dissolved in 0.3 ml of

50 mM Tris–HCl, 0.2% SDS, pH 7.0, and 1 mM NEM,

and counted 14C isotope content.

The binding refractory to reducing agents was deter-

mined by treatment of with the strong reducing agent, tri-

(carboxyethyl)phosphine (TCEP) as follows. An aliquot

was incubated at 37 8C for 1 h in the presence or absence of

10 mM TCEP. An aliquot of �15 mg of the H+,K+-ATPase

was taken out and precipitated by adding nine-fold excess

of ice-cold methanol and counted. About 6% binding was

not reversed by this very strong reducing reagent for both

omeprazole and pantoprazole showing that a small fraction

was bound by non-disulfide bonds.

2.5.2. Identification of regions of binding by trypsin

cleavage

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

ATPase were diluted up to total 0.5 mL by adding

0.25 M sucrose, 0.2 M Tris–HCl, pH 8.2. Trypsin 80 mg

in 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 pellet was briefly washed with 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. 100 ml 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.

G1 vesicles were treated by the same method as described

above and run on one lane next crude membrane digest for

comparing transmembrane segments. This method has

been previously described in detail and has allowed iden-

tification of the different sites of labeling by proton pump
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inhibitors [5,7]. The gel was transblotted on a PVDF

membrane as previously described [27]. A film was devel-

oped to obtain the autoradiogram from the PVDF blot.

2.5.3. Identification of pantoprazole-labeled

TM5/segment by thermolysin digestion

To confirm the dual site of labeling by pantoprazole as

compared to omeprazole in the TM5/6 region, further

digestion experiments are necessary. Here, [14C] panto-

prazole-labeled gastric vesicles were prepared as pre-

viously described [5,8] and used for identification of the

pantoprazole-binding sites. [14C] Pantoprazole-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 reac-

tion 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-malei-

mide (F-MI) by dissolving in a buffer (0.8 ml) composed of

20 mM Tris–HCl, pH 6.7, 0.2 mM fluorescein-5-malei-

mide, and 0.5% SDS. The F-MI is used here to identify

any unreacted cysteines. The membrane digest sample was

combined with an electrophoresis sample buffer and

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

50 mA constant current as previously described [5,8].

The lowest region at 4.5–6.2 kDa molecular weight range

contained a fluorescent band representing the TM1/2 seg-

ment and the [14C] pantoprazole-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 car-

ried out in a buffer composed of 30 mM Tris–HCl, pH 8.0,

0.03% SDS at 120 V constant voltage for 6 h. The elec-

troelution buffer was carefully removed and replaced with

a new buffer composed of 10 mM Tris–HCl, pH 8.0, 0.01%

SDS. Electrodialysis was carried out at 100 V constant

voltage for 1 h. The eluate containing the TM1/2 and TM5/

6 segments, which was above the membrane caps, 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 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 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. The samples were

placed on top of a 1.5 mm gradient slab gel using the

Tricine buffer method [8]. The upper half of the gel

consisted of 10% (34:1 acrylamide/methylene bisacryla-

mide) to 21% (17:1 acrylamide/methylene bisacrylamide)

gradient gel and the lower half of the gel consisted of 21%

(17:1 acrylamide/methylene bisacrylamide). 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 con-

stant current, in a transfer buffer of 150 mM glycine,

20 mM Tris–HCl, 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 benzimidazole.

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.
3. Results

We administered 20 mmole/kg of labeled omeprazole or

pantoprazole intravenously after histamine and carbachol

stimulation to induce full stimulation of acid secretion

thereby maximizing binding of the labeled inhibitors to the

H+,K+-ATPase [15,23,28,29].

3.1. Labeling of intact stomach

After intravenous injection, both proton pump inhibitors

were rapidly accumulated in total gastric tissue and then

the counts decreased. After 2 h, elimination of the PPIs

from the stomach slowed markedly. The loss of counts over

the first two hours probably represents elimination of a

large fraction of drug that was not covalently bound to the

pump, whereas the slow phase represents loss of covalently

bound counts. There was no significant difference of total

distribution to the stomach between omeprazole and pan-

toprazole.

3.2. Quantification of the H+,K+-ATPase in

gastric membranes

Coomassie staining and Western blot analysis identified

the position of the catalytic subunit of the H+,K+-ATPase at

97 kDa. The intensity of Coomassie staining at 97 kDa was

a little higher than that of the Western blot as previously

reported [30]. Since Western blot analysis with anti-

body12.18 is specific for the gastric H+,K+-ATPase [31],
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Fig. 1. Quantitative analysis of the gastric H+,K+-ATPase in the gastric membranes. The quantity of H+,K+-ATPase was determined by Western blot analysis

with Ab12.18 and comparing the intensity with the given amounts of hog gastric H+,K+-ATPase. The typical example in this figure shows that six different

pantoprazole labeled gastric membranes (P1–P6) prepared from six different rats have 11.7–16.3% of H+,K+-ATPase in the membrane fraction. Similar data

were obtained with omeprazole.
the amount of the H+,K+-ATPase in the gastric membrane

was determined by immunoblot quantification [21].

Fig. 1 shows a typical quantitative analysis for the

gastric H+,K+-ATPase for a preparation of pantoprazole-
Fig. 2. Site of covalent binding. (A) An aliquot of crude gastric membrane fractio

16.5% gradient) and immunoblotted. Omeprazole (OPZ) and pantoprazole (PNZ

subunit. (B) An aliquot of crude membrane from omeprazole-treated rat was run i

each slice was dissolved in a tissue dissolving solution (DuPont SolvableTM, NEN r

with pantoprazole.
treated membranes prepared at a 24 h time point. The

relationship between the staining for H+,K+-ATPase

and pixel numbers generated from Western blot of

hog gastric H+,K+-ATPase fitted a binomial equation,
n from omeprazole or pantoprazole treated rat was run on a tricine gel (10–

) bind at a protein band of 97 kDa, which is the gastric H+,K+-ATPase a-

n 10–16.5% gradient gel. One lane of the gel was sliced at 2 mm width and

esearch products), and radioactivity determined. Similar data were obtained
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Fig. 4. Removal of omeprazole or pantoprazole binding by GSH.

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 % labeling at the different times of GSH incubation is shown. The

points are average of % PPI binding from five experiments at each given

time point and the error bars at each time point represent the standard

deviation.
y = 4 � 10�09 � x2 + 10�05 � x � 6 � 10�05 where x is the

number of pixel and y is the amount of the H+,K+-ATPase.

Each group (N = 4–6) of crude membranes prepared at

given time was analyzed by this method using hog gastric

H+,K+-ATPase standards (50–300 ng) in the same gel and

Western blot. One set of typical data is shown in Fig. 1.

3.3. Compound binding to the H+,K+-ATPase

The proteins in the crude membranes were separated by

SDS–PAGE to identify the binding site of the two PPIs.

Fig. 2A and B shows that the proton pump inhibitors bind

only to the protein band at 97 kDa confirming previous

data [5,7,8].

From the gel, all counts were present at the position of

the H+,K+-ATPase a-subunit, and the radioactivity found

here was the same as that obtained from the precipitated

protein (deviation was <1.5%). For example, in Fig. 3B,

the sum of the counts at the H+,K+-ATPase was 772 cpm.

When the same amount of crude membrane was methanol

precipitated as described in experimental procedure, the

precipitated protein provided 783 cpm.

3.4. The residence time of omeprazole and pantoprazole

on the gastric H+,K+-ATPase in fasting rats

Previous in vitro data have shown that omeprazole binds

two omeprazole molecules per phosphoenzyme [32].

About 2.6 nmole of omeprazole was bound to 1 mg of

isolated hog gastric H+,K+-ATPase-containing vesicles

under acid transporting conditions. One milligram of

ATPase contains about 1.3 nmole of phosphoenzyme
Fig. 3. Time course of loss of omeprazole or pantoprazole 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 experi-

mental procedure using fasted rats. Radioactive 14C-omeprazole or 14C-

pantoprazole was administered by IV injection at 1 mCi/kg of animal with a

dosage of 20 mmole/kg (N = 4–6 per each group) through the tail vein. The

rats were sacrificed at 1, 2, 6, 12, and 24 h. At each time point the stomachs

were opened and the binding amounts of proton pump inhibitor were

measured per mg of the H+,K+-ATPase. Diamonds (^) represent average

amounts of pantoprazole (PNZ) binding per mg of the H+,K+-ATPase at

each given time point and open squares (&) represent average amounts of

omeprazole (OPZ) binding per mg of the H+,K+-ATPase. Error bars

represent the standard deviation of amounts of PPI binding (n = 4–6 for

each time point).

Fig. 5. Autoradiogram of trypsin digest of the gastric membrane prepared at

1 h after PPI treatment in vivo. After isolation of the labeled membranes,

they were digested by trypsin as described in Section 2 and the digest

separated by SDS–PAGE to identify the labeled region of the ATPase. OPZ

and PNZ represent trypsin digest of omeprazole and pantoprazole-treated

gastric membranes, respectively. TM7/8 represents a peptide fragment

containing 7th and 8th transmembrane segments containing Cys892 and

TM5/6 represents a peptide fragment containing the 5th and 6th transmem-

brane segments, which contain Cys813 and 822. Only the OPZ lane shows

labeling of TM7/8 and an additional minor band below TM7/8, which is a

TM7 fragment due to further trypsin cleavage.
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[2,33]. Here also, based on the immunoblot analysis, a

maximum binding of 2.7 nmole of omeprazole or panto-

prazole per mg of the H+,K+-ATPase was obtained at 1 h as

shown in Fig. 3 Thus, in vivo, omeprazole and pantopra-

zole seem to have same stoichiometry, namely, 2 moles of

PPI per mole phosphoenzyme.

Full inhibition was reported to be obtained at �1 h after

intravenous administration [22,34]. Maximum binding of

PPI at 1 h in this experiment fits well with the known full

inhibition obtained at 1 h. The rate of loss of both ome-

prazole and pantoprazole from the H+,K+-ATPase was

biphasic with a distinct first fast phase and a distinct

subsequent slow phase, each showing first-order kinetics.

3.5. Removal of omeprazole or pantoprazole binding

by glutathione and other reducing agents

It has been shown that glutathione (GSH) can reverse the

inhibition by omeprazole in gastric glands and of the

gastric H+,K+-ATPase [20,21,32,35]. Similarly, GSH can

reverse the inhibition of rabeprazole [36] and lansoprazole

[37]. Fig. 4 shows that GSH can remove either omeprazole
Fig. 6. Thermolysin digestion of fifth and sixth transmembrane segment. The left

gel. (�T) represents undigested TM1/2 and TM5/6 segments and (+T) represents

band of F-MI fluorescence contained the TM1/2 segment given the N-terminal s

radioactivity of the corresponding regions of the left panel. The band labeled by pa

sequence, NIPE shown by the second arrow. The band at 3.5 kDa shown by the third

is due to cleavage prior to cysteine 822 with retention of the counts bound to cyste

The radioactivity at each cysteine appears to be about equal.
or pantoprazole from the H+,K+-ATPase following in vivo

labeling.

However, reversal of covalent binding had different

characteristics for omeprazole or pantoprazole as shown

in Fig. 5 for GSH treatment of enzyme isolated after 2 h

labeling in vivo. Only 16% of omeprazole counts were not

removed by GSH whereas 40% of pantoprazole counts

remained stable under identical conditions. These data are

similar to the spontaneous loss of counts determined above.

However, about 6% of omeprazole and pantoprazole

binding was not removed by tri(carboxyethyl)phosphine

(TCEP), a strong reducing agent, which suggests that about

6% of in vivo PPI binding is not bound via a disulfide bond.

Probably this refractory, non-reducible binding must be a

carbon–sulfur or nitrogen–carbon bond on the enzyme

after the reactive pyridinium sulfenic acid undergoes a

substitution of pyridinium group with enzyme thiol as a

minor reaction pathway. It is known that there is a minor

reaction pathway of activation where the pyridinium sul-

fenic acid or sulfenamide forms a thioamide, which would

not be affected by reducing agents [38,39], presumably

accounting for these data.
panel represents fluorescein-5-maleimide (F-MI) fluorescence image of the

the thermolysin digest. The rectangle highlights the regions of interest. The

equence, QLA (first arrow). The rectangular insert to the right shows the

ntoprazole at 5.6 kDa is the TM5/6 segment which starts with a N-terminal

arrow has also as its N-terminal sequence, NIPE, showing that loss of counts

ine 813 as shown by the sequences defined with cysteine highlighted in red.
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3.6. The binding sites of omeprazole or pantoprazole

As found from studies of labeling of the isolated hog

gastric ATPase [7] omeprazole binds to both the TM5/6

and the TM7/8 membrane domains as shown in the tryptic

digest pattern of Fig. 5. Pantoprazole does not bind to

the TM7/8 domain but only to TM5/6 as also shown in

Fig. 5 [5].

Omeprazole binding at Cys813 has been identified by

thermolysin cleavage of omeprazole-labeled TM5/6 [8].

Here, pantoprazole binding to both Cys813 and Cys822

was also confirmed by thermolysin cleavage. After trypsin

digestion followed fluorescein-5-maleimide (F-MI) label-

ing in the presence of SDS, all transmembrane segments

were labeled with either [14C]pantoprazole or F-MI. On

first gradient gel, the pantoprazole-labeled TM5/6 segment

overlapped with the TM1/2 segment labeled with F-MI.

These fragments were not detected by Coomassie staining,

but only by [14C]pantoprazole or F-MI fluorescence. These

fragments were separated on a second gel after a second

thermolysin digestion. [14C] pantoprazole-labeled TM5/6

was then separated from F-MI labeled TM1/2 as shown in

Fig. 6. The [14C]pantoprazole-labeled TM5/6 segment did

not show any F-MI labeling, which shows that both

cysteines (cysteine 813 and 822) in the TM5/6 had been

labeled by [14C]pantoprazole [5]. Further thermolysin

digestion of these fragments resulted in approximately

half of the label being lost. The N-terminal sequence of

the labeled peptides at both 5.6 and 3.5 kDa was NIPE [8].

The tryptic fragment of 5.6 kDa (TM5/6) contains

two cysteines, Cys813 and Cys822, and the thermolysin-

digested 3.5 kDa fragment contains only one cysteine,

Cys813, and has lost the sequence, L821CTDIFPSV-

SLAYEK. Hence, the loss of counts following thermolysin

digestions is due to cleavage before the Cys 822 as shown

in Fig. 6 The radioactivity of this C terminal fragment

is lost due to loss of this small peptide since it cannot be

retained on the PVDF. These results strongly suggest

that both Cys813 and Cys822 were labeled by pantopra-

zole. These data are consistent with the prolonged resi-

dence time of pantoprazole on the ATPase in vivo, where

Cys 822 is not accessible to glutathione in contrast to

Cys 813.
4. Discussion

The binding of omeprazole and pantoprazole to the

ATPase depends on accumulation in the acidic space

(secretory canaliculus) of the active parietal cell due to

protonation of the pyridine (pKa � 4.0), which is followed

by protonation of the benzimidazole nitrogen at the very

low pH of the secretory canaliculus of the stimulated

parietal cell, which results in activation of the C-2 position

of the benzimidazole which then reacts with the fraction of

the pyridine which is unprotonated [3].
It seems likely that the monoprotonated drug binds to the

enzyme. Then both drugs then convert to a cationic sul-

fenic acid, which reacts with cysteines in the pump. In

solution the sulfenic acid dehydrates to form the cyclic

sulfenamide [4,40]. The rate of activation at acidic pH is

significantly slower for pantoprazole than omeprazole,

which probably accounts for their binding to different

cysteines on the pump. Omeprazole binds to cysteine

813 in the loop between TM5/6 and to cysteine 892 in

the loop between TM7/8 [7]. Pantoprazole binds also to

cysteine 813 but also to cysteine 822 in TM6 [5,8]. With

the availability of 3D crystals of the homologous SERCA

Ca-ATPase [41,42] it can be inferred that cysteine 813 is

located within a luminal vestibule of the pump between

TM5 and TM6 and that cysteine 822 on TM6, is located 2.5

turns of the alpha helix into the membrane domain. Hence,

the slower activation of pantoprazole allows access of the

protonated drug to both cysteine 813 and 822 followed by

sulfenic acid induced disulfide bond formation. Both of

these residues are in the transport domain of the enzyme.

Cysteine 813 is also in the binding region of K+-compe-

titive inhibitors of the H+,K+-ATPase such as the imidazo-

pyridine, SCH 28080, that are more effective also in their

protonated form [43,44]. Cysteine 892 is on the luminal

surface of loop between TM7 and TM8 outside the trans-

port domain. This is consistent with the demonstration that

binding to cysteine 892 does not affect pump activity [11].

From the predicted 3D structure, cysteines 813 and 892

should be accessible to reducing agents whereas cysteine

822 should not be. This concept was verified by showing

that H+,K+-ATPase activity following in vivo inhibition

was restored after DTT or GSH treatment of the inhibited

enzyme in the case of omeprazole but not after pantopra-

zole treatment [21].

The inhibition of acid secretion by omeprazole has a

longer duration of action than that expected from its

plasma half-life due to the covalent inhibition of the pump

than that expected based on its plasma half-life [45,46].

However, the recovery of acid secretion is much faster than

that expected from the half-life of the pump protein alone

which is about 54 h. [13,16-18]. The duration of action of

pantoprazole appears to be prolonged as compared to

omeprazole [17,18,22,34]. In rats, after full inhibition by

intravenous administration of PPI, �15% of acid secretion

activity was restored from pantoprazole-treated rats at

3.5 h [22,34], while �40% of activity was restored from

omeprazole-treated rats at 3.5 h [23,34]. The hypothesis

investigated here was that this longer duration of action

could be correlated with the differences in binding sites on

the pump of the two inhibitors. Thus far, no detailed

investigation has been carried out on the labeling of the

H+,K+-ATPase in vivo.

The binding stoichiometry assay of in vivo labeled

enzyme showed that about 2 moles of both omeprazole

and pantoprazole were bound per mole phosphoenzyme of

the H+,K+-ATPase, as has been found for isolated enzyme
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under acid transporting conditions [2]. This finding would

be consistent with binding to two cysteines per mol active

enzyme, cysteine 813 and 892 for omeprazole and cysteine

813 and 822 for pantoprazole on each molecule of inhib-

ited pump.

Analysis of the residence time of omeprazole and pan-

toprazole on the ATPase catalytic subunit over 24 h

showed that there was a fast phase with a steep decline

in the first 12 h and then a prolonged slow phase from 12–

24 h. The loss of counts was therefore biphasic, with both

components showing first order kinetics.

The biphasic mode of pantoprazole decay can be

approximately fitted to the equation

CðpantoÞ ¼ 1:39e�0:1193t þ 1:35e�0:0139t

and that of omeprazole fitted to

CðomepÞ ¼ 1:39e�0:1193t þ 1:35e�0:0139t

Pantoprazole labeling at 3.5 h reported here is 85% of

maximal binding, which is well fit with the finding that

�15% of acid secretion activity was restored in pantopra-

zole-treated rats at 3.5 h [22,34]. Pantoprazole binding at

TM5/6 as shown in Fig. 5 is known to inhibit the acid

secretion [5,8]. In the case of omeprazole, 78% of maximal

labeling was found at 3.5 h while �40% of activity was

reportedly recovered from omeprazole-treated rats at 3.5 h

[23,34], which suggests that a significant fraction of ome-

prazole labeling is not responsible for inhibition. It is

likely, based on earlier results [8,11], that this is due to

labeling at Cys892 in TM7/8, which is not related to

inhibition of acid secretion.

From the analysis of the biphasic mode of PPI decay, the

fast component of omeprazole accounts for 84% of the

total omeprazole bound and the slow component for only

16%. In contrast, the fast and slow components of panto-

prazole are approximately equal accounting for 51 and

49% of binding, respectively.

A similar difference in stability of binding of omepra-

zole or pantoprazole to the pump in vivo was also found

when labeled pump was treated with GSH in vitro. Only

16% of the omeprazole counts were resistant to GSH

treatment corresponding to the slow phase of dissociation

in vivo whereas 40% of pantoprazole labeling resisted GSH

treatment. This also approximates the amount of slow

dissociating inhibitor found in vivo with pantoprazole

labeling.

The simplest explanation for the biphasic kinetics and

the difference between omeprazole and pantoprazole is

that omeprazole labeling at cysteine 813 and cysteine 892

is reversed in vivo by access of reducing agents such as

GSH to the luminal surface of the pump whereas panto-

prazole binding at cysteine 813 is also reversible. Loss of

drug from these sites would account for the fast phase of

loss of either of the bound drug. The rapid phase of in vivo

reversal of binding could be explained by the secretion of
GSH by the stomach [19,36] or may occur as the pumps

cycle between the resting and stimulated state from cana-

liculus to vesicular tubules and vice versa.

The slow phase of pantoprazole dissociation is due to the

irreversible binding at cysteine 822, approximately equal

to its binding at cysteine 813. The binding to either cysteine

813 or 822 is sufficient for inhibition of acid secretion since

these cysteines are located in the ion transport pathway

enclosed by TM4, TM5 and TM6. In the case of omepra-

zole, removal of the drug from cysteine 813 allows

acid secretion to be restored. However, since cysteine

822 is in the transport domain of the pump close to the

ion binding sites at 820 and 824 [47], failure to remove

pantoprazole from this site by reduction in vivo will result

in a longer dwell time and more stable inhibition of acid

secretion after a single dose of this drug as compared to

omeprazole.

There is a distinction in the rate of activation of ome-

prazole or pantoprazole in acidic solutions, where the

activation of omeprazole is faster than that of pantoprazole

[3]. Based on this kinetics of acid activation of two drugs, it

seems that the initial step is binding of the mono-proto-

nated drug close to cysteine 813 in the luminal vestibule of

the pump. Incubation with omeprazole sulfide, which

cannot be activated but is structurally similar to omepra-

zole competes with omeprazole, resulting in reducing

omeprazole-labeling at cysteine 813 [7]. This strongly

suggests that indeed mono-protonated omeprazole binds

to the pump probably close to cysteine 813. If there is rapid

activation to the sulfenic acid at this site, then there will be

rapid covalent labeling at cysteine 813, preventing further

reaction at cysteine 822. When activation to the sulfenic

acid is slower, the protonated drug can reach cysteine 822

before reaction has occurred at cysteine 813 [3]. Panto-

prazole thus can react with both cysteines in this region of

the enzyme.

Under in vitro acidifying conditions where there is a less

acidic pH than in vivo, there does not appear to be reaction

with omeprazole at cysteine 822 [7]. However, the data

obtained in vivo in terms of labeling and reversal in terms

of dissociation of counts or restoration of ATPase activity

suggest, that at the higher acidity obtained in vivo, that

there is indeed some relatively minor access of the slowly

reacting fully di-protonated omeprazole to cysteine 822

and activation at this site, accounting for the 12% irrever-

sibility of ATPase activity ex vivo and the 16% of counts

bound to the enzyme that are not removed by GSH. This

additional binding would be accounted for by the presence

of the more stable di-protonated form of omeprazole [3] at

the pH of 0.8 of the secretory canaliculus which is not

found at the �pH 3.0 of acidified gastric vesicles in vitro.

The clinical implication of these data suggest that the

inhibition by pantoprazole may be longer lasting than that

of omeprazole, which might imply better night-time con-

trol of acidity by the former. However, this has not been

evaluated in any clinical trials to date.
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