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Abstract

Background—The H,K-ATPase, consisting of α and β subunits, belongs to the P-type ATPase 

family. There are two isoforms of the α subunit, HKα1 and HKα2 encoded by different genes. The 

ouabain-resistant gastric HKα1-H,K-ATPase is Sch28080-sensitive. However, the colonic HKα2-

H,K-ATPase from different species shows poor primary structure conservation of the HKα2 

subunit between species and diverse pharmacological sensitivity to ouabain and Sch28080. This 

study sought to determine the contribution of each gene to functional activity and its 

pharmacological profile using mouse models with targeted disruption of HKα1, HKα2, or HKβ 

genes.

Methods—Membrane vesicles from gastric mucosa and distal colon in wild type (WT), HKα1, 

HKα2 or HKβ knockout (KO) mice were extracted. K-ATPase activity and pharmacological 

profiles were examined.

Results—The colonic H,K-ATPase demonstrated slightly greater affinity for K+ than the gastric 

H,K-ATPase. This K-ATPase activity was not detected in the colon of HKα2 KO, but was 

observed in HKβ KO with properties indistinguishable from WT. Neither ouabain nor Sch28080 

had a significant effect on the WT colonic K-ATPase activity, but orthovanadate abolished this 

activity. Amiloride and its analogues benzamil and 5-N-ethyl-N-isopropylamiloride inhibited K-
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General Significance: Characterization of the pharmacological profiles of the H,K-ATPases is useful for understanding the relevant 
knockout animals and for considering the specificity of the inhibitors.
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ATPase activity of HKα1-containing H,K-ATPase; the dose dependence of inhibition was similar 

for all three inhibitors. In contrast, the colonic HKα2-H,K-ATPase was not inhibited by these 

compounds.

Conclusions—These data demonstrated that the mouse colonic H,K-ATPase exhibits a ouabain- 

and Sch28080-insensitive, orthovanadate-sensitive K-ATPase activity. Interestingly, 

pharmacological studies suggested that the mouse gastric H,K-ATPase is sensitive to amiloride.

Keywords

targeted gene disruption; potassium transport; proton transport; P-type ATPase; distal colon; 
amiloride

1. Introduction

The H,K-ATPase is an integral membrane protein that actively transports protons (H+) and 

potassium (K+) ions across the plasma membrane and is important for acid-base balance and 

potassium homeostasis [1]. The H,K-ATPase belongs to the P-type ATPase family and 

consists of two essential subunits, α and β. The α subunit contains ATP and cation binding 

sites responsible for ATP hydrolysis and electroneutral exchange of H+ and K+. The highly 

glycosylated β subunit is involved in the correct packing, plasma membrane localization, 

and stabilization of the holoenzyme [2]. There are two isoforms of the α subunit (HKα1 and 

HKα2) and each exhibits a unique tissue distribution. The HKα1 isoform is expressed in the 

stomach, kidney and other tissues [3, 4]. The HKα1 isoform in the gastric parietal cells is the 

motor of the ion transport system responsible for acid secretion. The gastric H,K-ATPase is 

sensitive to the P-type ATPase inhibitor orthovanadate, and to the more specific inhibitors 

Sch28080 and omeprazole, but is insensitive to ouabain, a Na,K-ATPase inhibitor [5]. The 

HKα2 isoform is expressed in the distal colon, skin, kidney, prostate and uterus [6], 

principally expressed in distal colon epithelial cells and renal collecting duct. Colonic H,K-

ATPase was initially characterized as a ouabain-insensitive activity in the rabbit descending 

colon epithelium membranes [7]. Biochemical studies found that the apical membranes from 

rat distal colon epithelial cells contain both ouabain-sensitive and ouabain-insensitive K-

ATPase activities [8, 9].

HKα2 has been cloned from several species [10–13]. The mammalian interspecies 

difference in amino acid composition of the α2-subunit of the colonic H,K-ATPase is about 

15%, in contrast to only 1–2% difference in amino acid sequence of gastric H,K-ATPase 

and Na,K-ATPase from different species. The properties of the colonic H,K-ATPase have 

been studied in several functional expression systems including Xenopus oocytes [13–18], 

HEK 293 cells [19–21] and baculovirus expression system [22–24]. These studies yield 

rather diverse results, especially regarding the pharmacological sensitivity to ouabain and 

Sch28080. This might be due to the different species, and functional expression systems 

used. Most functional expression studies have been performed with rat colonic H,K-ATPase 

[15, 16, 21–23]. Expression of rat HKα2 in Xenopus oocytes resulted in Sch28080-

insensitive and poor ouabain-sensitive K+-activated rubidium uptake and K-ATPase activity, 

with IC50 values at 0.4–0.6 mM or 1 mM respectively [15, 16]. Rat HKα2 expressed in 

HEK293 cells resulted in a ouabain- and Sch28080-insensitive, orthovanadate-sensitive K-
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ATPase activity and rubidium uptake [21]. Similar result was observed with rat HKα2 

expressed in baculovirus expression system [23]. However, rat HKα2 without pairing β-

subunit expressed in insect Sf9 cells displayed a ouabain-resistant, Sch28080-sensitive K-

ATPase activity with 18% inhibition at 0.1 mM Sch28080 [22]. Overall, the functionally 

expressed rat colonic H,K-ATPase is rather insensitive to the inhibition of Sch28080 and 

ouabain. Bufo marinus bladder H,K-ATPase expressed in Xenopus oocytes displays 

intermediate sensitivity to ouabain and Sch28080 with Ki of 25 μM and 230 μM respectively 

[13]. Expression of human HKα2 in Xenopus oocytes, HEK 293 cells and baculovirus 

expression system resulted in similar Sch28080 and ouabain-sensitive rubidium uptake and 

ATPase activity [18, 20, 24]. However, guinea pig HKα2 expressed in HEK 293 cells shows 

intermediate ouabain-sensitivity (IC50 value of 52 μM) but resistance to Sch28080 [19]. 

Thus, there is a need to characterize the pharmacological profile of the colonic H,K-ATPase 

in mouse, given the ability to examine the impact of single gene disruption in the intact 

animal.

In recent years, mouse models with targeted disruption of the HKα1, HKα2, or HKβ genes 

[25–27] have been generated, allowing the contribution of the specific gene to functional 

activity to be unambiguously deciphered. In the present study, we measured K-ATPase 

activity in the native tissues of wild type mice compared to the HKα1, HKα2 or HKβ 

knockout (KO) mice. Use of the KO mice allows the wild type enzymatic activities to be 

specifically linked to each gene in question. Results from our study of HKα1 knockout mice 

were consistent with the reported properties of the enzyme, thereby validating the assay 

conditions. Comparison of the K-ATPase activity between wild type and HKα2 knockout 

mice demonstrated that the colonic H,K-ATPase exhibits a ouabain- and Sch28080-

insensitive, orthovanadate-sensitive K-ATPase activity. Interestingly, our pharmacological 

studies suggested that the gastric H,K-ATPase is sensitive to amiloride.

2. Materials and Methods

2.1 Animals

All animal studies were performed in accordance with the VAMC IACUC. All mice were 

housed and bred in the VAMC animal facility with free access to standard lab chow (Harlan) 

and water. Mice between 10–20 weeks were used for the experiments. For HKα1 knockout 

mice [27], heterozygous 129 Black Swiss mice were bred for wild type and knockout, and 

siblings were used for each experiment. The genotypes of the experimental mice were 

confirmed by polymerase chain reaction (PCR) analysis of genomic DNA extracted from the 

mouse tail. PCR reactions used two gene-specific primers and one neomycin resistance 

gene-specific primer. Primers a1.1 (5’-GCC TGT CAC TGA CAG CAA AGA GG-3’) and 

a1.2 (5’-GGT CTT CTG TGG TGT CCG CC-3’) amplified a 175-bp fragment from the 

HKα1 wild type allele. Primer a1.1 and neo-specific primer a1.3 (5’-CTG ACT AGG GGA 

GGA GTA GAA GG-3’) amplified a 310-bp fragment from the mutant allele. For HKα2 

C57BL/6 Black 6 knockout mice [25], primers a2.1 (5’-CTG GAA TGG ACA GGC TCA 

ACG-3’) and a2.2 (5’-GTA CCT GAA GAG CCC CTG CTG-3’) amplified a 154-bp 

fragment of exon 20 from wild type allele. Primer a2.1 and neo-specific primer a1.3 

amplified a 298-bp fragment from mutant allele containing portions of exon 20 and the 
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neomycin resistance gene. For H,K-ATPase β BALB/c knockout mice [26], primers b.1 (5’-

CCT CAC ACA GAG GAG ACT A-3’) and b.2 (5’-TGC CCA GTG TCC GGG TTC 

CA-3’) amplified a 134-bp fragment from wild type allele. Primer b.2 and the neo-specific 

primer b.3 (5’-ATA TTG CTG AAG AGC TTG GCG GC-3’) amplified a 650-bp fragment 

from the mutant allele that contains portions of exon 1 and neomycin resistance gene.

2.2 Isolation of gastric and distal colon membrane protein

Mice were anesthetized by intraperitoneal injection of sodium pentobarbital (200 mg/kg 

body weight) then euthanized by cervical dislocation. Epithelial cells from the stomach were 

removed by scraping with a glass slide then homogenized in buffer (250 mM sucrose, 2 mM 

MgCl2, 1 mM EGTA·Tris, 25 mM Tris·HCl, pH 7.2) containing protease inhibitors (2 μg/ml 

aprotinin, 2 μg/ml leupeptin, and 0.5 μM phenylmethyl sulfonyl fluoride) [28]. The 

homogenate was centrifuged at 1,000 × g for 10 min to remove fragmented cells and debris. 

The supernatant was centrifuged 15 min at 13,000 × g to pellet organelles. The resulting 

supernatant was further centrifuged at 100,000 × g for 1 h to pellet the plasma membrane 

fraction. The final pellet was homogenized in suspension buffer (2 mM MgCl2, 1 mM 

EGTA·Tris, 25 mM Tris·HCl, pH 7.2) containing protease inhibitors. Resuspended gastric 

membrane vesicles were quickly frozen by dry ice/acetone and stored at −70 °C. The 

concentration of isolated membrane protein was measured using the BCA Protein Assay Kit 

from Pierce Biotechnology, Inc. (Rockford, IL) using bovine serum albumin as a standard.

For collection of distal colonic membrane protein, the epithelial cells of the distal colon 

were scraped and the membrane vesicles were isolated by differential centrifugation as 

described above. The resuspended membrane vesicles were then permeabilized according to 

Forbush [29], mixed with 100 μl treatment solution (1.0 mg/ml lauryl sulfate Tris, 1% BSA, 

in suspension solution), incubated at 22°C for 10 min, mixed with 500 μl ice-cold 

suspension solution with 0.3% BSA, then stored on ice until assays were performed.

2.3 K-ATPase activity assays

K-ATPase activity was determined by measuring inorganic phosphate hydrolyzed from 

(γ-32P) ATP according to the protocol of Codina et al. [9] with some modifications. Briefly, 

in a total reaction volume of 100 μl, 0.5–1 μg membrane protein was used in the reaction 

solution containing 30 mM Tris·HCl, pH 7.2, 1 mM EDTA·Tris, 0.1 mM EGTA·Tris, 4 mM 

MgCl2, 3 mM ATP·Tris, 4.0 μg/ml oligomycin without or with 2.5 mM KCl. Gastric K-

ATPase activity was measured in the presence of 1.0 mM ouabain. The reaction was 

initiated by the addition of 3.0 mM ATP with 1–10 × 106 cpm of (γ-32P) ATP, incubated at 

37°C for 30 min, then stopped by 500 μl ice-cold 15% (W/V) charcoal. The supernatant was 

filtered (0.45 μM, Whatman) then analyzed on a Beckman scintillation counter. K-ATPase 

activity was defined as the difference between ATPase activity measured in the presence and 

absence of 2.5 mM KCl and expressed as micromoles of inorganic phosphate librated per 

milligram protein per hour.
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2.4 Statistical analysis

Results were expressed as mean values ± se (standard error) from the indicated number of 

animals (n). Comparison of the K-ATPase activities between groups was performed by 

Student’s t test. A P value < 0.05 was considered statistically significant.

3. Results

Since the K+-dependent ATP hydrolysis activity of the gastric enzyme has been well-

established, wild type and HKα1 knockout mice were used to validate the K-ATPase assay. 

As expected, wild type murine gastric membrane vesicles exhibited ouabain-resistant, 

Sch28080- and orthovanadate-sensitive K-ATPase activity. The specific activity was 8.8 ± 

1.0 μmol/mg/h (n = 6). Gastric membranes from HKα1 knockout animals were devoid of 

this K-ATPase activity. As well, the K-ATPase activity was measured in the gastric 

membrane vesicles from BALB/c WT (HKβ KO strain), yielding similar K-ATPase activity 

to that of the gastric membranes of 129 Black Swiss HKα1 WT. However, measurable K-

ATPase activity was absent in the gastric membranes of HKβ knockouts (Fig. 1A). The 

apparent Km for K+ of the gastric H,K-ATPase was 77 μM (Fig. 1B). Additionally, we 

confirmed that the ouabain-resistant gastric K-ATPase activity was inhibited by both 

Sch28080 and orthovanadate (Fig. 1C).

The colonic K-ATPase activity in the membrane vesicles extracted from the distal colon of 

wild type mice was 0.88 ± 0.11 μmol/mg/h (n = 6). K-ATPase activity of the colonic 

membrane was absent in the age-matched HKα2 knockout mice (Fig. 2A), which 

demonstrated that the K-ATPase activity measured in the wild type distal colon was directly 

attributable to the colonic HKα2 subunit. Since HKβ is able to support the H,K-ATPase 

activity when it is co-expressed with HKα2 in vitro [15, 19], we used the HKβ knockout 

mouse as a tool to determine the role of HKβ in the K-ATPase activity in mouse distal 

colon. We measured the K-ATPase activity from HKβ WT distal colon, which is statistically 

indistinguishable from the activity of the colonic membranes from C57BL/6 Black 6 HKα2 

WT. The K-ATPase activity in the colonic membrane vesicles of HKβ knockout mice was 

1.06 ± 0.13 μmol/mg/h (n = 3), which is not significantly different from the activity of the 

wild type (Fig. 2A). Therefore, HKβ is not essential for the K-ATPase activity in the mouse 

distal colon.

We further studied the activation and pharmacological properties of the colonic K-ATPase. 

A K+ concentration of 0.2 mM fully stimulated the colonic K-ATPase activity. The apparent 

Km for K+ derived from the double-reciprocal plot was 40 μM (Fig. 2B). Sch28080, a 

specific inhibitor of the gastric H,K-ATPase, did not inhibit the colonic K-ATPase activity. 

Ouabain, a specific inhibitor of Na,K-ATPase, had no effect on the colonic K-ATPase 

activity. On the other hand, orthovanadate completely inhibited the K-ATPase activity in 

distal colon membrane vesicles (Fig. 2C).

Previous data has shown that P-type ATPases bind amiloride derivatives [30]. Therefore, we 

tested whether amiloride or the high affinity amiloride analogues that inhibit either the 

epithelial Na+ channel (ENaC) benzamil or the Na-H exchangers 5-N-ethyl-N-

isopropylamiloride (EIPA) could inhibit the colonic and gastric K-ATPase activities. 
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Amiloride is routinely used for the inhibition of the sodium transport and is a potent 

inhibitor of sodium ion uptake: it inhibits most Na+-transport systems such as ENaC in 

urinary epithelia at low concentrations (< 1 μM) and the plasma membrane Na/H exchanger 

at higher concentrations (1–100μM). Benzamil inhibits ENaC more selectively than 

amiloride whereas EIPA is a more specific inhibitor of Na-H exchangers than amiloride 

[31]. To our surprise, we found that amiloride specifically inhibited the K-ATPase activity 

of the gastric, HKα1-containing H,K-ATPase. Amiloride had no effect on the K-ATPase 

activity of the colonic, HKα2-containing H,K-ATPase (Fig. 3A). In contrast, 100 μM 

amiloride caused ~65% decrease in gastric K-ATPase activity, and 1.0 mM amiloride 

completely inhibited the gastric K-ATPase activity. Amiloride derivatives benzamil and 

EIPA had similar inhibitory effects on the gastric K-ATPase activity (Fig. 3B). Nigericin, a 

polyether antibiotic and ionophore that permits electroneutral exchange of K+ and H+ across 

the membrane, was used to insure the ion permeability of the membrane vesicles. The 

addition of 1 μM nigericin had no effect on the inhibition of gastric K-ATPase activity by 

amiloride (Fig. 3C).

4. Discussion

By comparing the colonic K-ATPase activity in the native tissue of the wild type and 

knockout mice of HKα2, we demonstrated that HKα2 is responsible for colonic K-ATPase 

activity and that the mouse colonic K-ATPase activity was ouabain and Sch28080-

insensitive. However, earlier studies obtained from the functional expression systems with 

HKα2 from different species demonstrate different degrees of ouabain-sensitivity, for 

example, human nongastric H,K-ATPase is sensitive to ouabain inhibition with Ki of ~13 

μM [18] and a similar sensitivity was observed in Bufo marinus [13]. The ouabain sensitivity 

of the rat colonic H,K-ATPase from different studies is comparable, in the range of 0.4–1 

mM, whereas in some studies 1 mM does not inhibit the activity. Sch28080 usually does not 

inhibit the rat colonic H,K-ATPase. The amino acid identity of colonic H,K-ATPase 

between species is more divergent than that of gastric H,K-ATPase and Na,K-ATPase, 

which could contribute to its wide range of sensitivity to ouabain inhibition. The mouse 

variant is very similar to the rat in amino acid composition and may have similar properties.

Additionally, it is possible that there is a difference between the biochemical properties of 

membrane vesicle preparations from the native cells and oocytes/insect cell expression 

systems. We used membrane fractions purified from mouse native tissue and showed that 

mouse colonic H,K-ATPase is ouabain and Sch28080-insensitive. The colonic pump was 

initially characterized as a ouabain-insensitive H,K-ATPase in the rabbit descending colon 

epithelium membranes [7]; a both ouabain- and Sch28080-insensitive Na+-independent K-

ATPase activity was identified in the apical membrane of rat distal colon [9]. As well, rat 

colonic H,K-ATPase extracted from baculovirus expression system exhibited very low 

affinity for ouabain (IC50 = 4 mM) in the presence of K+, but was sensitive to ouabain 

inhibition (IC50 = 0.05 mM) in the presence of Na+ [23]. By comparison, in the present 

study, we examined the differential properties of H,K-ATPase from native membrane 

vesicles of wild type and knockout animals, and demonstrated that mouse colonic H,K-

ATPase is not sensitive to ouabain inhibition in the presence of K+. The native membrane 

vesicles have a heterogeneous collection of ATPases including H,K-ATPase and Na,K-
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ATPase, and ouabain is a poor inhibitor of rodent Na,K-ATPase. Thus there are limits for 

using native membrane vesicles to clearly define the ouabain-sensitivity of mouse colonic 

H,K-ATPase in the presence of Na+. The ouabain-sensitivity of mouse colonic H,K-ATPase 

could be determined under different ion conditions using an over-expression system such as 

the baculovirus expression system, provided that the lipid properties of the expression cell 

system have a composition similar to the cells that natively express the enzyme.

Recently, our laboratory has found that ouabain inhibits the HKα2 containing H,K-ATPase 

as determined by studies in isolated perfused tubule in wild type and knockout mice [32]. 

Dherbecourt et al. also identified that HKα2 is responsible for a ouabain- and Sch28080-

sensitive K-ATPase activity in renal collecting duct using wild type and knockout mice fed a 

potassium-depleted diet [33]. The explanation for the difference in the pharmacological 

profiles of the K-ATPase activity in mouse distal colon versus the renal collecting duct is 

presently unclear. Although dietary K-depletion upregulates renal H,K-ATPase, K-depletion 

has no effect on colonic H,K-ATPase [34–36]. Therefore, the colonic and renal H,K-ATPase 

have different regulatory mechanisms and likely have different functions.

Kinetic studies showed that the apparent Km for K+ for the gastric H,K-ATPase is 77 μM 

and is 40 μM for the colonic H,K-ATPase, indicating that colonic and gastric H,K-ATPase 

have moderate differences in sensitivity to K+ stimulation. However, a lower affinity for K+ 

with Km around 1mM was reported for rat colonic H,K-ATPase [15, 16, 21–23]. It is worth 

noting that Km studies of the rat colonic H,K-ATPase were performed in the functional 

expression systems. In the other hand, we measured the Km for K+ of the colonic H,K-

ATPase with membrane vesicles from mouse native tissue, which has the advantage of 

examining the enzyme where the necessity of ancillary proteins or full maturation of the 

holoenzyme complex in vivo is not an issue. Similar differences in Km for K+ were reported 

for the colonic H,K-ATPase from guinea pig as well. When it is expressed in HEK-293 

cells, the guinea pig distal colon H,K-ATPase has a Km value of 0.68 mM [19], which is 

much higher than the 0.055 mM Km for K+ reported for the colonic H,K-ATPase from 

guinea pig colonic epithelia cells [37]. One explanation for this discrepancy is that the β-

subunit used in the functional expression systems (either gastric HKβ or NaKβ) associated 

with the colonic H,K-α subunit may have conferred different affinity for cations. The 

colonic H,K-ATPase α-subunit is likely to associate with its endogenous β-subunit in the 

colon, resulting in higher affinity for K+. Data from other native tissues also showed 

relatively high affinity to K+, for examples, a value of 0.2 mM was reported by using the 

microsomes from native tissue [38] and microdissected segments of rabbit nephron [39]. 

Oligomycin was used in our assay solution to inhibit background ATPase activity. However, 

Swarts et al. reported that oligomycin inhibits the rat colonic H,K-ATPase expressed in sf9 

cells [23]. If the similar oligomycin inhibition of the enzyme activity occurs in the mouse 

native tissue then the use of oligomycin in the assay might influence the value of the K-

ATPase activity measured and K+ affinity determined.

We detected the K-ATPase activity in the colonic membrane vesicles of HKβ knockout 

mice. Although HKβ and NaKβ1 are equally capable of supporting K-ATPase activity when 

they are co-expressed with HKα2 in vitro [15, 19], the presence of colonic K-ATPase 

activity in HKβ knockout mice demonstrates that the HKβ subunit is not necessary for the 
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colonic K-ATPase activity in the mouse distal colon. Our data support the association of 

HKα2 with a β-subunit other than HKβ subunit. NaKβ1 is the most likely candidate since 

immunoprecipitation and immunohistochemistry experiments demonstrated that HKα2 

assembled with NaKβ1 in rat distal colon, renal medulla, and prostate [40–42]. In fact, 

coexpression of rat HKα2 and NaKβ1 in HEK293 cells yielded a ouabain- and Sch28080-

insensitive, orthovanadate-sensitive K-ATPase activity and rubidium uptake [21].

The loss of the ouabain-resistant and Sch28080-sensitive K-ATPase enzymatic activity in 

HKα1 and HKβ knockout mice accounts for their achlorhydria phenotype [26, 27]. An 

amiloride concentration of up to 1 mM is widely used for the inhibition of sodium transport 

by NHE3, the predominant Na-H exchanger at the apical membrane of the proximal tubule 

[31]. Our data suggest that in our preparation the inhibition of gastric K-ATPase activity by 

amiloride was not caused by the change in the membrane potential since amiloride inhibited 

gastric K-ATPase activity in the presence of nigericin as well. This observation is consistent 

with the finding of Ganser and Forte that nigericin has no additional stimulatory effect on 

the K-dependent portion of ATPase activity in bullfrog oxyntic cell microsomes [43]. Our 

finding that the inhibition of gastric H,K-ATPase activity by amiloride, benzamil, and EIPA 

with similar dose dependence supports the hypothesis that amiloride inhibits HKα1 by a 

mechanism that is not dependent on inhibition of ENaC or a Na-H exchanger. Although 

amiloride inhibits Na+-transport in the mammalian stomach [44], a previous study has 

shown that amiloride treatment has no effect on collecting duct H,K-ATPase activity during 

rat distal renal tubular acidosis [45]. Whether this reflects the small abundance of this 

enzyme under “normal” conditions will require further study. However, a photolabile 

amiloride derivative – 5-(N-ethyl-[2-methoxy-4-nitrobenzyl]) amiloride (NENMBA) was 

reported to inhibit purified canine Na,K-ATPase activity through its binding and disruption 

of the cation transport domain of the α-subunit of the Na,K-ATPase [30]. Given the 

observations of Swarts and coworkers [46], it is possible that amiloride inhibits the gastric 

H,K-ATPase by a similar mechanism.

In conclusion, we used genetically engineered HKα2 knockout mice to demonstrate that an 

orthovanadate-sensitive, ouabain- and Sch28080-resistant K-ATPase activity in the mouse 

distal colon was encoded by HKα2. Amiloride inhibited the gastric but not the colonic H,K-

ATPase. The gastric H,K-ATPase β subunit is not essential for the K-ATPase activity of 

HKα2 in mouse distal colon. The characterization of the pharmacological properties of the 

mouse gastric and colonic H,K-ATPases presented here will be important for the planning 

and interpretation of future studies concerning these enzymes in knockout mouse models.
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Figure 1. 
K-ATPase activity in the gastric membrane vesicles of mice (A) Gastric K-ATPase activity 

was determined in the gastric membrane vesicles of wild type (WT), HKα1 knockout (α1 

KO), and HKβ knockout (β KO) mice in the presence of 1 mM ouabain. Values (in 

micromole ATP hydrolyzed per mg membrane protein per hour) are means ± se from the 

indicated number of animals (n). (B) K-dependent ATPase activity was measured in the 

gastric membrane vesicles extracted from HKα1 wild type mice. K-ATPase activity of 

mouse gastric mucosa was fully stimulated by 1.0 mM K+. Inset, double-reciprocal plot of 

1/V versus 1/[S] indicates apparent Km of 77 μM for the gastric K-ATPase activity. (C) 

Gastric K-ATPase activity was measured in the presence of 1 mM ouabain or in the 

presence of ouabain plus 100 μM Sch28080, or ouabain plus 100 μM orthovanadate. Values 

are means ± se from the indicated number of animals (n). Comparisons between groups were 

performed by Student’s t-test.
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Fig. 2. 
K-ATPase activity in the colonic membrane vesicles of mice. (A) Colonic K-ATPase 

activity was determined in the colonic membrane vesicles of HKα2 wild type (WT), HKα2 

knockout (α2 KO), and HKβ knockout (β KO) mice. Values (in micromole ATP hydrolyzed 

per mg membrane protein per hour) are means ± se from the indicated number of animals 

(n). Comparisons between groups were performed by Student’s t-test. NS stands for no 

statistically significant difference between groups. (B) K-dependent ATPase activity was 

measured in the colonic membrane vesicles extracted from wild type mice. Maximal 

stimulation of K-ATPase activity was reached at K+ concentration of 200 μM. Inset, 

Lineweaver-Burk plot of 1/V versus 1/[S] indicates apparent Km of 40 μM for the colonic K-

ATPase activity. (C) Colonic K-ATPase activity was measured in the absence of inhibitor or 

in the presence of 2 mM ouabain, or 100 μM Sch28080, or 100 μM orthovanadate. Values 

are means ± se from the indicated number of animals (n). * indicates P<0.001, statistically 

different from the colonic K-ATPase activity in the absence of inhibitor by Student’s t-test.
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Fig. 3. 
Effects of amiloride and derivatives on the colonic and gastric K-ATPase activity. (A) 

Colonic K-ATPase activity was measured as a function of the concentration of amiloride. 

(B) Gastric K-ATPase activity was measured as a function of the concentration of amiloride 

(□, solid line), or benzamil (○, dashed line), or EIPA (△, dotted line). (C) K-ATPase 

activity was measured as a function of the concentration of amiloride in the absence (■, 

solid line) or presence of 1 μM nigericin (●, short dashed line). Values are means ± se of 3 

animals.
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