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ABSTRACT 

H+-K+-ATPase (HKA) is composed of two different subunits: an alpha and a beta subunit. Previous studies have shown 
that in the kidney gastric HKA (HKA alpha 1) predominates under normal dietary conditions while colonic HKA (HKA 
alpha 2) predominates under potassium depleted conditions [1]. The purpose of the current study was to elucidate the 
association between the beta and different alpha subunits from stomach, colon and kidney under normal and potassium 
depleted conditions. Black Swiss mice were fed a potassium-free diet for 2 weeks, beta subunit expression of HKA in 
stomach mucosae, colon mucosae and renal outer medulla was examined and compared between normal diet and potas- 
sium depleted diet. In wild type (WT) mice, the concentrations of the beta subunit under potassium deficient conditions 
were found significantly increased compared with normal dietary conditions in colon mucosae (8.27 ± 0.73 vs 6.62 ± 
0.55 μg/μl, n = 7, p = 0.0416), whereas in cHKA (HKA alpha 2) mice colon mucosae, the concentrations of the beta 
subunit were statistically the same (5.05 ± 0.31 vs 4.76 ± 0.37 μg/μl, n = 13, p = 0.2833), and the concentration of the 
beta subunit stayed the same in renal outer medulla and stomach mucosae as well. The data indicate that potassium de- 
ficiency results in a significant increase in the levels of HKA beta subunit concentration in the colonic tissue of WT 
mice. The results indicate that the HKA beta subunit associates with the cHKA (HKA alpha 2) in order to mediate bi- 
carbonate reabsorption under potassium depletion (hypokalemia). 
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Colonic H+-K+-ATPase (cHKA); Outer Medullary Collecting Duct (OMCD) 

1. Introduction 

The outer medullary collecting duct segment of the ne- 
phron plays a pivotal role in systemic acid-base homeo- 
stasis via acid secretion and bicarbonate ( 3HCO ) reab- 
sorption [2]. The regulation of acid-base homeostasis is 
known to be mediated, in part, due to the activity of 
H+-K+-ATPase (HKA), a P-type ATPase [3]. Structur- 
ally, HKA is a heterodimeric protein composed of an 
alpha and beta subunit [4,5]. Molecular analysis has 
identified two H+-K+-ATPase isoforms; HKA alpha 1 
(gastric H+-K+-ATPase) and HKA alpha 2 (colonic H+- 
K+-ATPase) [6]. Both isoforms have been localized in 
the intercalated cells of the renal outer medullary col- 
lecting duct (OMCD) of mice, rats and rabbits; the loca- 
tion in which systemic acid-base homeostasis is regulated 
[7-9]. The HKA alpha subunit is a ~1000 amino acid pro- 
tein that contains the catalytic site in addition to func- 
tioning as the membrane pore through which ions are  

transported [10]. The HKA beta subunit is a ~300 amino 
acid protein with a 36 amino acid N-terminal cytoplas- 
mic domain, a single transmembrane domain and a gly- 
cosylated extracellular domain [11]. The beta subunit 
stabilizes the alpha subunit and signals translocation of 
the heterodimer to the membrane of the cell coupled with 
activation of the enzyme [12]. In the kidney HKA alpha 
1 (gHKA), originally isolated from the gastric mucosa, 
has been shown to function under normal dietary condi- 
tions, while HKA alpha 2 (cHKA), originally isolated 
from the colonic mucous membrane, has been shown to 
operate exclusively under potassium depleted (hypo- 
kalemic) conditions [13,14]. The present study examines 
the contribution of the HKA beta subunit to HKA alpha 
subunit activity in epithelial cells of the stomach, colon 
and kidney in wild type (WT) and HKA alpha 2 knock- 
out mice (KO) under normal and hypokalemic dietary 
conditions. 
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2. Methods 

2.1. Solutions 

The dissecting solution used contained (in mM): 146.8 
Na+, 3.0 K+, 2.5 Mg2+, 1.3 Ca2+, 124.4 Cl−, 25.0 3HCO , 
1.0 2 4 , 1.0 , 2.5  5.6 Glucose, and 
6.0 L-Alanine. Lysis buffer solution was prepared by 
combining (in mM) 134.5 Na+, 134.5 Cl−, 20.0 Trizma 
Base, 2.0 EDTA, 10% Glycerol and 1% Triton X-100. 
The standard PBS solution used throughout the experi- 
ment contained (in mM): 175.6 Na+, 153.8 Cl−, 2.1 

2 4  and 9.84 . The Bradford Reagent neces- 
sary for performing the Bradford Assay was generated by 
combining 40% Methanol, 10% acetic acid and 1.2 mM 
Coomassie blue.  

H PO

O

2
4HPO 

2
4HPO 

2
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2.2. Micodissection of Epithelia 

Hypokalemia was induced in the appropriate mice by 
providing a potassium free diet for 2 weeks. The mice 
were euthanized via a 1 cm3 intraperitoneal injection of 
sodium pentobarbital. The kidneys removed from mice 
were decapsulated, cross sectioned, and placed immedi- 
ately in a Petri dish containing dissecting solution. The 
renal medulla was isolated from the kidney cross sections, 
minced into smaller pieces and transferred to a second 
Petri dish containing dissecting solution maintained at 
4˚C. Samples of stomach mucosae were isolated by dis- 
secting out a portion of the stomach lining estimated to 
be 9 mm2. Colon mucosae were isolated by the removal 
of a section of the descending colon roughly 4 mm in 
length. Epithelia samples were stored separately in 1.5 
ml microfuge tubes at −24˚C. 

2.3. Tissue Lysing 

Stored epithelia samples were weighed and transferred to 
separate sterile 15 ml centrifuge tubes followed by the 
addition of lysis buffer in a concentration ratio of 1 ml 
lysis buffer to 4 mg of epithelia. While maintained on ice, 
the epithelia in lysis buffer were triturated until the epi- 
thelia had been completely dissolved into the buffer. The 
samples were subsequently aliquoted into 1 ml microfuge 
tubes and agitated for 2 hours at 4˚C. After agitation, the 
samples were centrifuged for 20 minutes at 12,000 rpm 
at 4˚C. The supernatant was aspirated and the sample 
transferred to a fresh microfuge tube maintained on ice. 

2.4. Preclearing Lysate 

125 µl of supernatant was loaded into a microfuge tube 
along with 1 µl of preclearing antibody and agitated for 1 
hour at 4˚C. 40 µl of Protein A Agarose was added to 
each sample on ice after which the samples were agitated 
for 1 hour at 4˚C followed by centrifugation for 5 min- 
utes at 4˚C at 12,000 rpm. The supernatant was aspirated 

and placed in a fresh microfuge tube maintained on ice. 
Mouse myeloma protein IgG1 was used to bind nonspe- 
cific proteins. Protein A Agarose binds to the Fc region 
of IgG1 molecules. The nonspecific protein IgG1-Protein 
A Agarose complex was removed to purify the sample. 

2.5. Immunoprecipitation 

500 µg of cell lysate from each aliquot was added to a 
new microfuge tube along with 1 µl of monoclonal anti- 
body Ma3-923 anti-mouse IgG raised against amino acid 
residues 1 - 13 or 15 - 28 located on the cytoplasmic side 
of the beta-subunit of H+-K+-ATPase. The sample was 
incubated with the monoclonal antibody overnight at 4˚C 
with agitation. 50 µl of Protein A bead slurry was added 
to each sample with agitation at 4˚C for 4 hours followed 
by centrifugation at 12,000 rpm for 5 minutes at 4˚C. The 
supernatant was decanted and the beads washed three 
times with lysis buffer. Following the last wash, 100 ml 
of PBS was added to each sample which was then boiled 
at 95˚C - 100˚C for 5 minutes. 

2.6. Bradford Assay 

The standard curve for the Bradford Assay was generated 
using bovine serum albumin in Bradford Reagent solu- 
tions in concentrations of: 0.00, 0.02, 0.04, 0.06, 0.10, 
and 0.15 µg/µl. The spectrophotometer absorbency was 
set at 595 nm and was calibrated using 180 µl of deion- 
ized water. 25 µl of each immunoprecipitated sample 
was combined with 100 µl of Bradford Reagent and 375 
µl of Millipore water for 15 minutes. Following the 15 
minutes incubation, 180 µl of each sample was loaded 
into a cuvette and analyzed for beta subunit concentra- 
tion. 

3. Statistics 

The data is expressed as means +/− standard error where 
appropriate. Prior to the experiment it was determined 
that a one-tailed, two sample t-test would be employed to 
analyze the data. The current study seeks to determine if 
the beta subunit concentration increases concurrently 
with any observed upregulation of HKA activity, thereby 
justifying the implementation of a one-tailed t-test. Em- 
ploying a one-tailed t-test also increases the power the 
analysis. The statistical analysis was performed using 
“R” software. p values < 0.05 were considered statisti- 
cally significant.  

Materials 

The knockout mice used for this experiment were gene- 
rated by Dr. Gary Shull’s laboratory at the University of 
Cincinnati. The potassium free mouse food was obtained 
from MP Biomedicals. The antibody and Protein A aga- 
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rose beads used were purchased from Thermo Scientific. 
All other chemicals were purchased from Sigma Aldrich.  

4. Results 

4.1. Beta Subunit Concentration in the Stomach 

In tissue samples isolated from the stomach, gastric HKA 
is the only HKA isoform present. An analysis of the beta 
subunit concentration in stomach tissue examines the 
association of the beta subunit with gastric HKA. In WT 
mice, the concentrations of the beta subunit under normal 
dietary and potassium deficient conditions were found to 
be 6.49 ± 0.63 and 7.10 ± 0.51 µg/µl (mean ± SE, n = 8) 
(Figure 1). The concentrations of the beta subunit under 
normal dietary and potassium deficient conditions in the 
stomach of KO mice were found to be decreased to 5.50 
± 0.47 and 5.24 ± 0.51 µg/µl (n = 12) respectively (Fig- 
ure 1). A statistical comparison of the beta subunit con- 
centration between normal dietary and potassium defi- 
cient conditions within each genotype yielded a p-value 
of 0.2467 in wild type mice and 0.3612 in knockout mice. 
This suggests that hypokalemia does not induce a signifi- 
cant increase in beta subunit concentration. 

4.2. Beta Subunit Concentration in the Colon 

In tissue samples from the colon, colonic HKA is the 
only HKA isoform present. An analysis of beta subunit 
concentration in colon tissue examines the association of 
the beta subunit with colonic HKA. In WT mice, the 

concentrations of the beta subunit under normal dietary 
and potassium deficient conditions were found to be 6.62 
± 0.55 and 8.27 ± 0.73 µg/µl (n = 7) (Figure 2). In KO 
mice, the concentrations of the beta subunit under normal 
dietary and potassium deficient conditions decreased to 
5.05 ± 0.31 and 4.76 ± 0.37 µg/µl (n = 13) respectively 
(Figure 2). A statistical comparison of the beta subunit 
concentration between normal dietary and potassium de- 
ficient conditions within each genotype yielded a p-value 
of 0.0416 in wild type mice and 0.2833 in knockout mice. 
This suggests that hypokalemia results in a significant 
increase of beta subunit concentration in the colon of 
wild type mice. 

4.3. Beta Subunit Concentration in the Kidney 

In tissue samples from the kidney, both colonic HKA and 
gastric HKA isoforms are present. In KO mice, with 
cHKA suppressed, a comparison of the association of the 
beta subunit with gHKA in the kidney is provided. In KO 
mice, the concentrations of the beta subunit under normal 
dietary and potassium deficient conditions are 5.54 ± 
0.43 and 5.14 ± 0.34 µg/µl (n = 18) (Figure 3). In WT 
mice both HKAs are present, however gHKA is the pri- 
mary transporter under normal dietary conditions while 
cHKA is the primary transporter under potassium defi- 
cient conditions. A comparison of beta subunit concen- 
tration in WT mice in the kidney offers a comparison of 
beta subunit association between gHKA and cHKA. In 
WT mice, the concentrations of the beta subunit under 

 

 

Figure 1. β subunit concentration in the stomach. In the absence of cHKA, the beta subunit concentration, and thereby its 
association with gHKA in the stomach, was measured in WT and KO mice under normal and potassium deficient conditions. 
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Figure 2. β subunit in the colon. In the absence of gHKA, the beta subunit concentration, and thereby its association with 
cHKA in the colon, was measured in WT and KO mice under normal and potassium deficient conditions. As a result of selec- 
tive gene knockout, cHKA is present only in the colonic tissue of WT mice. The level of beta subunit concentration in the KO 
mice demonstrate the level of concentration when disassociated with either alpha subunit. 
 

 

Figure 3. β subunit in the kidney. In the presence of both gHKA and cHKA, the beta subunit concentration in the kidney was 
measured in WT and KO mice under normal and potassium deficient conditions. The levels of beta subunit concentration in 
wild type mice offer a comparison of differences in its level of association between gHKA and cHKA. 
 
normal dietary conditions was found to be 5.68 ± 0.90 
while the beta subunit concentration under potassium de- 
ficient conditions demonstrated an increase to 5.94 ± 
0.87 µg/µl (n = 8) (Figure 3). A statistical comparison of 

the beta subunit concentration between normal dietary 
and potassium deficient conditions within each genotype 
yielded a p-value of 0.4236 in wild type mice and 0.2423 
in knockout mice. This suggests that hypokalemia does 
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not result in an increase of beta subunit concentration in 
the kidney. 

5. Discussion 

The current experiments demonstrate that potassium de- 
ficiency results in a significant increase in the levels of 
HKA beta subunit concentration in the colonic tissue of 
WT mice (Figure 2). The results indicate that the HKA 
beta subunit associates with the cHKA (HKA alpha 2) in 
order to mediate bicarbonate reabsorption under potas- 
sium depletion (hypokalemia). 

Our previous studies showed the expression levels of 
mRNA of gastric H+-K+-ATPase (gHKA) was abundant 
in the cortex and outer medulla but low in the inner me- 
dulla in the kidney [7]. The expression of colonic H+- 
K+-ATPase (cHKA) was not detected in the whole kid- 
ney, cortex, or medulla; cHKA is abundant in the mouse 
distal colon. Our experiments were conducted in wild 
type mice under normal dietary conditions. The kidneys 
weighed 0.223 ± 0.030 g (mean ± SD), plasma potas- 
sium and bicarbonate concentrations were 5.9 ± 0.1 and 
22 ± 3 mmol/L, respectively (mean ± SEM). In addition 
to normal diet, we had examined the expression levels of 
mRNA of gHKA and cHKA under hypokalemic dietary 
conditions [13]. Animals fed a potassium depleted diet 
developed significant hypokalemia at 10 days. Serum [K+] 
was 4.8 ± 0.5 in control and 3.1 ± 0.4 mEq/L in potas- 
sium depleted animals (p < 0.04, n = 4). The expression 
levels of mRNA of gHKA were suppressed by 56% in 
the potassium deleted animals (p < 0.05 vs normal, n = 3). 
cHKA mRNA levels were heavily induced in the potas- 
sium deleted animals (p < 0.001 vs normal, n = 3). Our 
current results of the beta subunit (Figure 3) suggest beta 
subunit possibly associates with a decreased gHKA and 
an increased cHKA in kidneys under potassium deficient 
conditions. The transgenic mice used in our experiments 
were gifts from Dr. Gary Shull’s lab (University of Cin- 
cinnati). In mouse stomach, Northern blot analysis (Shull’s 
lab) showed high levels of mRNA of the gHKA in the 
wild-type and the mRNA of gHKA was absent in the 
gHKA knockout mice. The levels of mRNA of the HKA 
beta subunit was 1.8-fold more abundant in the gHKA 
knockout than in the wild-type mice [15]. Northern blot 
analysis of cHKA mRNA in the colon and kidney 
(Shull’s lab) showed the cHKA mRNA was abundant in 
the colon, but only trace levels were in the kidney in the 
wild-type mice with normal diet. The wild-type mRNA 
of cHKA was sharply upregulated in the kidney in hypo- 
kalemic mice fed potassium free diet for 18 days [16]. 

The current finding is consistent with previously pub- 
lished studies that used coimmunoprecipitation to dem- 
onstrate the physiological association of cHKA beta sub- 
unit with cHKA alpha subunit during up-regulation of 

cHKA as a result of dietary K+ depletion [13,14,17]. This 
suggests the up-regulated enzyme activity of cHKA re- 
quires the association of cHKA alpha subunits with their 
beta counterparts. 

Previous studies conducted by Codina et al. have re- 
ported that cHKA alpha subunits have also been shown 
to assemble with Na+-K+-ATPase beta 1 subunit in the rat 
distal colon and renal medulla [18]. In addition, the co- 
expression of the alpha and beta subunits from different 
enzymes resulted in the activation of HKA, indicating 
that the Na+-K+-ATPase beta 1 subunit could act as a 
surrogate beta subunit for cHKA alpha subunit [19]. 
Grishin et al. have reported that HKA is capable of ex- 
changing Na+ (rather than H+) for K+ under certain cir- 
cumstances [20]. Similar results have been found in the 
colon which suggests that cHKA could potentially func- 
tion as a Na+-K+-ATPase under Na+ depletion diet. Hy- 
ponatremia (sodium deficiency) has been shown to result 
in an up-regulation of alpha subunit messages, protein 
abundance and apical membrane H+-K+-ATPase activity 
[21]. It is thought possible that the cHKA beta subunit 
could induce the activity of Na+-K+-ATPase due to its 
amino acid homology [22]. 

Previous studies in the kidney have demonstrated that 
potassium deficient conditions result in an increase in 
cHKA mRNA and protein expression levels, however the 
levels of expression for the gHKA alpha subunit have 
been shown to be unaffected by potassium deficiency 
[23,24]. The current study has examined the association 
between the gHKA alpha and beta subunits in the stom- 
ach in the absence of cHKA. The results suggest that the 
level of expression of the beta subunit, while associated 
with the gHKA alpha subunit, is not increased as is the 
case with beta subunits associated with cHKA in the co- 
lon. 

The decreased levels of beta subunit concentration in 
the stomach of wild type mice relative to the levels of 
beta subunit concentration in the colon of wild type mice 
can possibly be attributed to structural differences in gas- 
tric HKA and colonic HKA alpha subunits [25]. Previous 
studies have substantiated this notion by demonstrating 
that the two isoforms have different sensitivities to oua- 
bain, in addition to differences in spatial distribution [26]. 
One possible explanation for the proposed differences in 
beta subunit association with gHKA and cHKA in wild 
type mice is possibly due to the development of higher 
sensitivity to the colonic HKA alpha subunit in conjunc- 
tion with a lowered sensitivity to the gastric HKA alpha 
subunit under K+ depleted conditions. A previous study 
conducted by Crambert et al. has demonstrated that dif- 
ferent beta subunits confer different protease sensitivities 
to cHKA and that these structural changes can be ob- 
served in response to treatments with K+ and ouabain 
[27]. 
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Under hypokalemic conditions, an increase in colonic 
HKA alpha subunit mRNA and protein expression has 
been demonstrated in the OMCD of both rats and rabbits 
[28]. In the current study, the beta subunit concentration 
in the kidneys of wild type mice did not demonstrate a 
significant difference between individuals of a normal 
diet and those subjected to hypokalemia; this seems to 
contradict expectations. To account for this discrepancy, 
the current results suggest the possibility that a different 
beta subunit isoform related to Na+-K+-ATPase is being 
expressed in lieu of the HKA beta subunit. Previous 
studies in the renal medulla of rats have reported that 
cHKA alpha subunits have indeed associated with Na+- 
K+-ATPase beta 1 subunit [29]. This suggests that the 
Na+-K+-ATPase beta 1 subunit might be associating with 
the cHKA alpha subunit in the kidney of wild type mice, 
thereby generating the observed discrepancy given that 
the Na+-K+-ATPase beta 1 subunit would not be precipi- 
tated by an immunoprecipitation employing a mono- 
clonal antibody raised against the HKA beta subunit. 

In summary, potassium depletion is associated with an 
increased beta subunit concentration in the colon mucosa 
of wild type mice, consistent with the activation of the 
HKA alpha 2 isoform; this is likely the result of an at- 
tempt to conserve K+ coupled with an increase in H+ se- 
cretion (for bicarbonate reabsorption) in response to K+ 
depletion. It is possible that hypokalemia could result in 
the stimulation of the HKA beta subunit in order to sup- 
port the H+-K+-ATPase alpha 2 subunits enzymatic ac- 
tivities, thereby contributing to the enhanced compensa- 
tory bicarbonate reabsorption under the potassium de- 
pleted conditions. 
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