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Abstract

The H-K-ATPase (HKA), a potassium-dependent proton transporter in the outer medullary col-
lecting duct (OMCD) plays an important role in acid-base homeostasis. The OMCD contains two
HKA isoforms; gastric (HKAa1), dominant under normal dietary conditions (ND), and colonic
(HKAa2), induced under a K-free diet (KD). The enzymatic activity (EA) of HKA in the OMCD is in-
completely understood. The focus of the present study is elucidating the EA of the HKA in HKAa1
and HKAa2 knockout (KO) mice under ND and KD. KO mice were subjected to ND or KD for 10
days. Ten OMCD tubules were extracted, half placed in potassium-free media (Solution 2), half in
potassium-containing media (Solution 3). Fluorescence measurements are based on the hydroly-
sis of ATP to ADP, coupled with the oxidation of NADH. ADP is determined by a decrease in NADH
fluorescence. In K presence, NADH fluorescence of HKAa1 KO mice read 13.5 £ 0.7 ppm for ND and
10.3 £ 0.2 ppm for KD, indicating stimulation of the colonic isoform. HKAa2 KO mice averaged 6.8
+ 0.3 ppm for ND and 5.4 * 0.3 ppm for KD in solution 2 (p < 0.002). Solution 3 readings were 6.0 *
0.3 ppm for ND and 4.6 + 0.2 ppm for KD (p < 0.0005). K addition produced significant changes in
NADH fluorescence of ND and KD KO mice. The results demonstrated potassium depletion’s asso-
ciation with increased EA of H-K-ATPase in OMCD, consistent with the activation of HKAa2 isoform.
A significant difference in ATP production in HKAa2 KO mice is likely due to enhanced EA of H-
ATPase under potassium depletion.
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1. Introduction

The outer medullary collecting duct (OMCD) plays an important role in acid-base homeostasis by mediating
transepithelial bicarbonate transport and urinary acidification. Bicarbonate absorption by type A intercalated
cells (ICs) in the OMCD segment is thought to be mediated by an apical H-K-ATPase coupled to a basolateral
Chloride-Bicarbonate exchanger (AE1) [1]. The evidence for a predominant role of H-K-ATPase(s) in luminal
acidification is provided by studies that examine the effect of pharmacological agents and luminal K removal on
the rate of net bicarbonate absorption (J;,CO,) in the OMCD. Specifically, our previous studies indicate the pres-
ence of at least two H-K-ATPase (HK) isoforms, HKAal (gastric) and HKAa2 (colonic), in OMCD cells. HKAal
is sensitive to Sch-28080 and insensitive to ouabain, whereas HKAa2 is sensitive to ouabain and insensitive to
Sch-28080. Under potassium-depleted conditions, HKAa2 increased in its mMRNA or protein abundance and me-
diated bicarbonate absorptionin hypokalemia associated with metabolic alkalosis. We also demonstrated active
proton secretion (J,CO,), one-third of which was blocked by bafilomycin, a specific inhibitor of the H-ATPase.
Molecular studies have demonstrated the third H-K-ATPase isoform (HKJ) in the kidney. It has been reported
that HK# subunit is required for acid-secretory activity of parietal cells in vivo [2] [3].

The H-K-ATPase ion pump responds to changes in dietary potassium balance. Functional studies support a
significant role for the gHKA isoform under normal diet conditions, but do not support the same conclusion for
the cHKA isoform. Although much is known about the physiological function of the H-K-ATPase isoforms, very
little has been determined about the enzymatic activity of the transporters. The transporters work via active
transport of ATP, thus, the goal of the experiment was to determine the contribution of enzymatic activity to ion
transport. We had expected to see the enzymatic function to be consistent with the physiological function. In or-
der to determine the enzymatic activity, we used an ATPase assay that was successfully used in the past, in
which the hydrolysis of ATP to ADP is coupled via the oxidation of NADH [4].

2. Methods
2.1. Micro Dissection of Tubule Segments

After the kidneys were removed from the animals, they were placed on plastic dissecting dishes and cut into thin
horizontal slices. The slices were placed immediately into a dissecting solution containing NaCl 119 mM, KCL
3 mM, CaCl, 1 mM, MgSQO,4 1.2 mM, K,HPO, 1 mM, KH,PO, 1 mM, Glucose 5 mM, L-alanine 6 mM, and
NaHCO; 25 mM (Solution 1). The dissecting solution was maintained at 14°C. Ten individual tubules from the
OMCD were dissected from the darkened renal medulla [5].

2.2. Preparation of Nephron Segments for Enzyme Assay

Scientists have observed that to get the maximal ATPase activity in the micro-dissected renal segments, the tis-
sue must be given an osmotic and temperature shock [4] [6]-[9]. The increase in ATPase activity was due to an
increase in the permeability of cells to ATP. Therefore, the micro-dissected OMCD segments were transferred to
a micro-centrifuge containing 100 pl of a hypotonic solution (1.0 mM Imidazole, 1.0 mM MgCl,, and 0.50 mM
of EDTA) and placed in a —24°C freezer for 40 min. After 40 min, the sample was thawed. Half of the sample
was then placed in a K* free imidazole buffer (25.0 mM Imidazole, 30.0 mM MgCl,, 7.50 mM Sodium Azide,
Solution 2) while the remaining sample was put into a K* imidazole buffer (other chemicals were same as above,
Solution 3). Without K* in the imidazole buffer, the K-ATPase function would be inhibited. Additionally, So-
dium Azide was added to the buffer mixture to decrease the extraneous ATPases found within the tubules [4] [6]-

[9].

2.3. Incubation of Micro-Dissected Nephron Segments for ATP Hydrolysis

The ATP hydrolysis reaction was initiated by the addition of a starting buffer to each of the separated samples
(50 mM Imidazole, 1.8 mM Phosphoenolpyruvate, 3.3 mM Na,ATP, 0.05 mM NADH, 2.5 ul Lactate dehydro-
ganse, and 17.3 ul pyruvate kinase). Each sample was then placed in a 37°C water bath for 30 min. After 30 min,
one of each sample was put into a micro-cuvette and tested in a TD-700 Turner Microflurometer in which the
NADH fluorescence was measure [4] [6]-[9].



T. Downing et al.

2.4. ATPase Assay

The measurement of net ATP production is based on the hydrolysis of ATP to ADP with the subsequent oxida-
tion of NADH as shown in the equation below:

ATP 2T, ADP + Inorganic Phosphate

pyruvate kinase

ADP + Phosphoenolpyruvate —2==="" ATP + Pyruvate

Pyruvate + NADH — 2t dehydrogenase o N|AD 4+ | actate

The NADH fluorescence of the starting buffer was measured without the presence of tubule samples in order
to calibrate the machine and standardized the enzymatic relationship of NADH to ATP production. Previous stu-
dies demonstrated that the NADH fluorescence is inversely proportional to ADP generation [4] [6]-[9]. Thus,
ADP generated in the assay was determined by a decrease in NADH fluorescence.

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 statistical analysis was per-
formed using “R” software. p values < 0.05 were considered statistically significant.

4. Materials

The test species included genetically altered transgenic mice. The Brown Swiss HKAal KO mice did not con-
tain the gastric isoform while the HKAa2 KO mice did not contain the colonic isoform [10] [11]. Animals were
housed in the College of Science Animal Facility and were given a normal mouse diet ad lib. All animals were
cared for in accordance with United States Department of Agriculture animal guidelines. The mice were eutha-
nized by intraperitoneal injection of sodium pentobarbital (50 mg/ml) and for EA measurements; the kidneys
were used on the same day the animals were sacrificed.

5. Results

The experiment groups of mice we selected were HKAal KO and HKAa2 KO. These two types of transgenic
mice were under ND or KD diet. After 10 days of ND or KD diet, mice were sacrificed and tubules were dissect-
ed. Follow the procedure of EA measurements (mentioned in the method section). The ADP generated in the as-
say system is determined by a decrease in NADH fluorescence. There is a 1:1 relationship between ADP utiliza-
tion and NADH oxidation [4] [6].

As shown in Figure 1, in the presence of K* (Solution 3) the NADH fluorescence of HKAal KO mice read
13.5 + 0.7 ppm for ND and 10.3 + 0.2 ppm for KD, indicating stimulation of the colonic isoform. In the absence
of K* (Solution 2), the NADH fluorescence of HKAal KO mice read 14.81 + 1.26 ppm for ND and 10.20 + 0.3
ppm KD, which indicated an increased H-K-ATPase activity under low K* diet (See Table 1).

As shown below in Figure 2, HKAa2 KO mice averaged 6.8 + 0.3 ppm for ND and 5.4 + 0.3 ppm for KD in
K" free solution (Solution 2) (p < 0.002). K" containing solution (Solution 3) readings were 6.0 + 0.3 ppm for
ND and 4.6 + 0.2 ppm for KD (p < 0.0005). In HKAa2 KO mice in which the HKAa2 gene was disrupted, the
results show under K* containing solution (Solution 3) it is presumably mediated by the gastric H-K-ATPase.
Compared to K* free solution (Solution 2), the activity we observed presumably is due to H-ATPase (See Table
1).

Figure 3 shows a comparison of HKAal KO mice and HKAa2 KO mice under ND. Through this comparison,
we understand the difference and the regulation between gHKA and cHKA under ND. The results indicate in
HKAx2 KO mice, the activity of gHKA (observed in K containing solution) is closer to H-ATPase activity
(observed in K* free solution). As well as in HKAal KO mice, the activity of cHKA (observed in K* containing
solution) is closer to H-ATPase activity (observed in K* free solution). However, we see a significant increase in
activities of H-ATPase and cHKA in HKAal KO mice. In other words, without gHKAa1 gene there is up regu-
lation of H-ATPase and cHKA.

The results in Figure 4 show a comparison between HKAa1 KO mice and HKAa2 KO mice under KD. The
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HKAa 1 KO mice under Normal Diet versus Potassium Depletion Diet

Normal Diet vs KD: HKAo 1 KO

no K*

mean NADH fluorescence (ppm)

HKAo 1 KO: Normal HKAo 1 KO:KD

Figure 1. A comparison of NADH fluorescence of HKA«1 KO under a normal or K*
deprivation diet. The hydrolysis of ATP to ADP with the subsequent oxidation of
NADH. No K* and K refer to the solution type in which the tubules were incubated.
(p < 0.03 for comparison of HKAal KO ND vs. KD with no K*; p < 0.02 for com-
parison of HKAal KO ND vs KD with K*).

HKAa 2 KO mice under Normal Diet versus Potassium Depletion Diet

Normal Diet vs KD: HKAa 2 KO

no K*

mean NADH fluorescence (ppm)

HKAa 2 KO: Normal HKA«a2 KO: KD

Figure 2. A comparison of NADH fluorescence of HKAa2 KO under normal or K*
deprivation diet. The hydrolysis of ATP to ADP with the subsequent oxidation of
NADH. No K* and K* refer to solution type in which the tubules were incubated. (p <
0.001 for comparison of HKA«2 KO ND vs. KD with no K* as well as with K*).

data has shown a significant increase in cHKA and H-ATPase activities in the HKAal KO mice. It indicates that
a lack of HKAa1 gene can be compensated by an increase in activities mediated by cHKA and H-ATPase under
low K" conditions.

6. Discussion

It has been previously observed that gHKA is responsible for H" secretion and K" reabsorption under normal die-
tary conditions [3] [12]. cHKA does not play a role under normal conditions; however, it shows up regulation
under K* depletion.

Our previous data have shown that HCO3-reabsorption increases in the OMCD during chronic hypokalemia
[2]. Two possible mechanisms through which enhanced HCO; reabsorption can occur in the OMCD are via
the vacuolar-type proton pump (H-ATPase) and the H-K-ATPase, both of which are present in intercalated cells
(ICs). Hypokalemia is very commonly associated with metabolic alkalosis.

Hypokalemia causes metabolic alkalosis by three mechanisms. The initial effect is by causing a transcellular
shift in which K leaves and H" enters the cells, thereby raising the extracellular pH. The second effect is by
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Table 1. ND indicates normal diet, KD indicates potassium depletion diet, no K* re-
presents potassium free media/solution, and K* represents potassium-containing me-
dia/solution for the experiment. The data is expressed as means +/— standard error
where appropriate. p values < 0.05 were considered statistically significant. Mean NADH
values are inversely proportional to the ADP generated in the assay. N represents the

number of measurements.

Summary of the results from HKA«1 and HKA«2 KO mice under ND and KD

Source Mean NADH (ppm) SE n p-value
HKAa2 KO
(ND, no K" in Figure 2) 6.8+0.3 0.25 102
p <0.002
(ND, K" in Figure 2) 6.0+0.3 0.25 102
HKAal KO
(ND, no K" in Figure 1) 1481+1.26 1.26 9
p< 0.005
(ND, K" in Figure 1) 135+0.7 1.00 9
HKAa2 KO
(KD, no K" in Figure 2) 54+0.3 0.32 24
p <0.002
(KD, K" in Figure 2) 46+0.2 0.27 24
HKAal KO
(KD, no K" in Figure 1) 10.20+0.3 0.30 7
p <0.002
(KD, K" in Figure 1) 10.3+0.2 0.30 7

Comparison of HKA¢ 2 KO mice and HKAol KO mice under Normal Diet

Comparison of Normal Diet

18.00

16.00

14.00

12.00

10.00

8.00

mean NADH fluorescence (ppm)

HKAa 2 KO

no K*

HKAal KO

Figure 3. A comparison of NADH fluorescence of HKAal and 2 KO mice under a
normal diet. No K* and K* refer to the solution type in which the tubules were incu-
bated. (p < 0.001 for no K* comparison of HKAa1 KO and HKAa2 KO as well as for
K* comparison of HKAal KO and HKA«2 KO).

causing a transcellular shift in the cells of the proximal tubules resulting in an intracellular acidosis, which pro-
motes ammonium production and excretion. Thirdly, in the presence of hypokalemia, hydrogen secretion in the
proximal and distal tubules increases. This leads to further reabsorption of HCO; . The net effect is an increase
in the net acid excretion. During potassium depletion, which occurs as a consequence of a low-K " diet, JtCO2
increases in the OMCD. Much of the enhanced H* secretion associated with the K*—restricted diet was inhi-
bited by ouabain, a specific blocker of the cHKA.
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HKAo 2 KO mice and HKAoa1 KO mice under Potassium Depletion Diet

Comparison of KD Diet
14

no K*

12

10

no K*

mean NADH fluorescence (ppm)

HKAw2 KO HKAal KO

Figure 4. A comparison of NADH fluorescence of both HKA isoforms under K* de-
privation diet. No K™ and K" refer to the solution type in which the tubules were in-
cubated (p < 0.001 for no K* comparison of HKAal KO and HKAe2 KO as well as
for K™ comparison of HKAal KO and HKA02 KO).

Our current results are consistent with our previous outcomes by micro-perfusion that cHKA is increased and
mediated by K* depletion. It is most likely that cHKA plays an important role in disease states such as hypoka-
lemia [2] [12]-[14]. Based on our results that show gHKA had an increased ATP production under low K* diet, it
remains a possibility that there is another H-K-ATPase involved besides gHKA since the gHKA was presumed
to primarily operate under normal dietary conditions. It has been reported by other studies that non-gastric H-
K-ATPase presented under low K* conditions, [15]-[22] compared to our observation that a significant change in
ATP production under K* depletion, is likely due to an enhanced EA, a non-gastric H-K-ATPase, and H-ATPase,
a K" independent ATPase located in the OMCD tubule. To address this issue, additional experiments will be
needed to determine whether a non-gastric H-ATPase also plays a functional role along with gHKA during K*
depletion.

The design for our current experiment is by using K* free solution (Solution 2) and K* containing solution
(Solution 3) to assess H-K-ATPase, a K* dependent transporter and H-ATPase, a K* independent transporter.
The increase of EA with K* free solution is the indication of K* independent ATP activity. So it is suggested that
H-ATPase is increased under a K* depletion condition, which is also consistent with our previous micro-perfu-
sion study that showed H-ATPase had a significant increase under a low K* diet [1] [3] [5]. Intriguingly, we see
a difference between HKAa2 KO mice and HKA«1 KO mice with K* free solution.

The contribution of bafilomycin-sensitive H-ATPase to net acid secretion in tubules under low K* circums-
tances was unclear. Recently, it was shown that chronic K* depletion induces an increase in plasma membrane
H-ATPase activity in individual intercalated cells (ICs). Immunocytochemical localization of the proton translo-
cating H-ATPase showed that K*-deprivation produced an increase of intercalated cells (ICs) with H-ATPase
localized in the apical membrane [3] [12].

Our results have shown H-ATPase has a higher EA in HKAal KO mice, this indicates that H-ATPase plays a
significant role equal to the gHKA. When gHKA (HKA«1 gene) is disrupted, a compensatory mechanism through
H-ATPase activity is recognizable. Where as in HKAa2 KO mice (HKA«2 gene disruption), both H-ATPase and
gHKA contribute significantly whether under ND or KD conditions.

A further approach for H-ATPase is using a H-ATPase inhibitor to specifically evaluate activity of H-ATPase
by EA measurements, so that we can determine gHKA versus H-ATPase under ND and cHKA versus H-ATPase
under KD. A non-gastric H-K-ATPase has been reported in a variety of tissues; [23]-[25] additionally it was
shown by other studies that non-gastric H-K-ATPase was up regulated under low K* conditions [26]-[29]. The
non-gastric H-K-ATPase is not sensitive to Sch-28020, a specific inhibitor to gHKA. Research also shows that
non-gastric H-K-ATPase is associated with Na-K-ATPase that is sensitive to ouabain, an inhibitor of cHKA and
Na-K-ATPase [23] [24] [30].
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Our previous study has confirmed that ouabain can have inhibitory effects on cHKA and Na-K-ATPase be-
cause the structures of cHKA and Na-K-ATPase share substantial (63% - 65%) homology [1]-[3] [5] [31] [32].
Our future plan is to further investigate the activity of non-gastric H-K-ATPase by EA measurements. If we re-
move Na* from the media, we could possibly observe an activity due to a non-gastric H-K-ATPase compared to
in the presence of ouabain. This will allow us to see if the non-gastric H-K-ATPase is sensitive to ouabain. If so,
we are able to distinguish the activity whether it is from Na-K-ATPase or from the non-gastric H-K-ATPase. In
summary, the EA of gHKA is up regulated under a normal diet in HKAa2 KO mice, and the EA of cHKA is up
regulated under a low K diet in HKAal1 KO mice. A significant difference in ATP production in gHKA isoform
is likely due to the enhanced EA of H-ATPase under K* depletion.
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