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Abstract

Background/Aims: ROMK channels mediate potas-
sium secretion and regulate NaCl reabsorption in the
kidney. The aim was to study the functional implica-
tions of the interaction between ROMK2 (Kir1.1b) and
two glycolytic enzymes, glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and enolase-a, which were
identified as potential regulatory subunits of the chan-
nel complex. Methods: We performed a membrane
yeast-two-hybrid screen of a human kidney cDNA li-
brary with ROMK2 as a bait. Interaction of ROMK2
with GAPDH and enolase was verified using GST pull-
down, co-immunoprecipitation, immunohistochemis-
try and co-expression in Xenopus oocytes. Results:
Confocal imaging showed co-localisation of enolase
and GAPDH with ROMK?2 in the apical membrane of
the renal epithelial cells of the thick ascending limb.
Over-expression of GAPDH or enolase-a in Xeno-
pus oocytes markedly reduced the amplitude of
ROMK2 currents but did not affect the surface ex-
pression of the channels. Co-expression of the

glycolytically inactive GAPDH mutant C149G did not
have any effect on ROMK2 current amplitude. Con-
clusion: Our results suggest that the glycolytic en-
zymes GAPDH and enolase are part of the ROMK2
channel supramolecular complex and may serve to
couple salt reabsorption in the thick ascending limb
of the loop of Henle to the metabolic status of the
renal epithelial cells.

Copyright © 2011 S. Karger AG, Basel
Introduction

It is increasingly recognized that the specificity of
signalling at the cell membrane is dependent on local sub-
cellular concentration gradients caused by the limited
mobility of intracellular ions, metabolites, second mes-
sengers and regulatory enzymes in the sub-membrane
zone [1, 2]. This “metabolic compartmentation” or “meta-
bolic channelling” is especially important in
supramolecular signalling complexes, which may include
channels, transporters, receptors, anchoring proteins, pro-
tein kinases and/or phosphatases [3-6]. In ion channel
research, the coupling between energy metabolism and
electrical activity of the cells has received a lot of atten-
tion. The best studied examples are the ATP-sensitive
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potassium channels (K, -channels), which are inhibited
by intracellular ATP and activated by intracellular Mg-
ADP. K -channels are octamers consisting of four ion
channel subunits (Kir6.1 or Kir6.2) and four regulatory
subunits (SUR1 or SUR2) belonging to the ATP-binding
cassette (ABC protein) superfamily [7]. The regulation
of cardiac K, -channels has been extensively studied
[1, 8] and it has been proposed that the channels physi-
cally interact with metabolically active enzymes such as
adenylate kinase [9], lactate dehydrogenase [10], creat-
ine kinase [10, 11], and pyruvate kinase [12]. The open
probability of K, -channels is modulated not only by ATP
and Mg-ADP but also by various intermediates of carbo-
hydrate or fatty acid metabolism produced in the close
proximity of the membrane [1, 2, 12, 13].

Much less is known about the metabolic regulation
of the renal potassium channels of the Kirl.1 subfamily,
also denoted ROMK channels because these K" chan-
nels have first been cloned from the Renal Outer Me-
dulla[14, 15]. Alternative splicing generates three ROMK
isoforms, ROMK1 (Kirl.la), ROMK2 (Kirl.lb) and
ROMKS3 (Kirl.Ic) that differ in their N-terminus. The
three ROMK splice variants are all localized to the api-
cal membrane of renal epithelial cells, but they have dif-
ferent functional roles. ROMK?2 channels are expressed
in the thick ascending limb (TAL) of Henle’s loop, where
they form the small-conductance (35 pS) renal K* chan-
nels responsible for recycling potassium across the api-
cal membrane. K*-efflux through these channels is re-
quired to maintain avid NaCl reabsorption through the
NKCC2 co-transporter and thus represents an important
element of the urinary concentrating mechanism.
ROMKZ2 channels are also expressed in the distal con-
voluted tubule and in the cortical collecting duct (CCD),
where they contribute to the fine-tuning of potassium
balance. Loss-of-function mutations in the ROMK gene
cause Bartter syndrome, a hereditary salt-wasting neph-
ropathy [16, 17].

Recent findings suggest that the ROMK channels
in the TAL, like K, _-channels, might be regulated by an
ABC protein, the cystic fibrosis transmembrane regula-
tor (CFTR), and that the interaction with CFTR may
render the channel sensitive to intracellular ATP[18, 19].
However, there are some important differences between
classical K, -channels and ROMK channels: the inter-
action between ROMK channels and CFTR is likely to
be indirect [20] and regulated by protein kinase A [19],
and the sensitivity of ROMK to intracellular ATP is much
lower than that of cardiac or pancreatic K, -channels

ATP
[14]. In our present study, we have identified two glyco-

lytic enzymes, glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) and enolase, as accessory subunits of
ROMK?2. Co-expression of ROMK?2 with GAPDH or
enolase-a in Xenopus oocytes resulted in a decrease in
channel activity without influencing the trafficking of the
channels to the cell surface. Co-expression of ROMK2
with a glycolytically inactive mutant of GAPDH [21] did
not decrease channel activity. Our results suggest that
GAPDH and enolase-a. form an integral part of the
ROMK?2 channel macromolecular complex. The close
association of the channel with two glycolytic enzymes
may serve to couple the energy metabolism of renal epi-
thelial cells with K* secretion into the lumen of the distal
sections of the nephron.

Materials and Methods

Ethical approval

For experiments involving Xenopus oocytes adult female
African clawed frogs (Xenopus laevis) were used. The frogs
were anaesthetised by putting them in water containing 1g/1
tricaine. Stage-V oocytes were obtained from ovarian lobes.
Anaesthesia and operation were carried out in accordance with
the principles of German legislation with approval of the animal
welfare officer of the Medical Faculty of Marburg University
under the governance of the Regierungspriasidium Giessen (the
regional veterinary heath authority).

Molecular cloning and mutagenesis
Full length ROMK?2 and GAPDH or enolase-o. was cloned into
membrane yeast two hybrid bait (pBT3C and pBT3N) and prey
(pPR3C and pPR3N) vectors (MoBiTec Molecular Biotechnol-
ogy, Gottingen, Germany) as described previously [22], using
Sfil sites, such that the insert is in-frame to the downstream
and upstream reporter cassette, respectively. All constructs
used for studies in Xenopus oocyte were subcloned between
the 5' and 3' UTR of the Xenopus B-globin gene in the modified
pOGH vector to increase expression efficiency. Complementary
RNA transcripts were synthesised with the mMessage
mMachine kit (Ambion, Huntingdon, UK). For surface quanti-
fication, a plasmid with ROMK2 containing an external
hemagglutinin (HA) epitope tag was used [22]. For GST fusion
proteins, cDNA encoding the carboxyl (164-372aa) and amino
terminal amino acids (1-57aa) of ROMK2 were PCR amplified
and subcloned in the glutathione S-transferase (GST) expres-
sionvector, pPGEX4T-1 (GE Healthcare, Piscataway, NJ) via EcoRI
and Sall restriction sites. A catalytically inactive mutant of
GAPDH (C149G) was made as described by Tisdale et al. [21].

Split-ubiquitin membrane yeast two hybrid assay

The split-ubiquitin membrane yeast-two-hybrid assay
(MoBiTec, Gottingen, Germany) was used to identify proteins
that interact with ROMK?2. The C-terminal half of ubiquitin
(Cub), along with an artificial transcription factor (TF) was fused
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to the C terminus of ROMK2 (Fig. 1A). Yeast strains express-
ing the bait were transformed with a human kidney cDNA li-
brary (prey) carrying a mutant of the N-terminal half of ubiquitin
(Nub-G) which has a low affinity for the Cub moiety. Interac-
tion between bait and prey proteins brings Cub and Nub-G
together and activates the transcription factor complex. This
complex enters the nucleus and activates the reporter genes,
resulting in histidine-prototroph cells that are able to grow on
medium lacking histidine and turn blue in a B-galactosidase
assay. A ROMK2 bait vector for type I proteins (pBT3C,
MoBiTec) was used for screening. Identification of positive
clones, recovery of library plasmids and identification of prey
sequences were performed according to the manufacturer’s
guidelines. In brief, the S. cerevisiae reporter strain NMY51
was transformed with the ROMK2 bait plasmid and the correct
expression of the bait was verified by Western blot using LexA
mouse monoclonal antibody (Santa Cruz Biotechnology). To
verify the correct topology of the bait and the correct function
of the screen ROMK2 was also co-transformed with positive
(pAI-Alg5) and negative (pDL2-Alg5) control preys supplied
by the manufacturer (MoBiTec, Gottingen, Germany). pAI-Alg5
contains the entire open reading frame of the yeast resident ER
protein Alg5 fused to wild-type Nub moiety, which has a high
affinity for Cub (positive control), whereas pDL2-Alg5 con-
tains Alg5 fused Nub-G, which has a low affinity for Cub (nega-
tive control). The highest level of selection stringency for
screening was applied by using a selection medium lacking
leucine, tryptophan, histidine and adenine (-LWHA).

The yeast strains expressing the bait were transformed
with human kidney cDNA library (Molecular Biotechnology).
Protein-protein interaction was determined by growth on -
LWHA plates. Positive colonies were further verified using the
second marker -galactosidase. The nucleotide sequence of
the positive colonies was determined by sequencing, and the
identity of the encoded putative interacting protein was deter-
mined by data base search (Blastx).

Immunohistochemistry

Immunohistochemical double labelling procedures were
performed using mouse anti-GAPDH (1:500), mouse anti-eno-
lase (1:500) (Abcam, UK) and rabbit anti-ROMK (1:500)
(Alomone Laboratories, Jerusalem, Israel). Mice were
anesthetized by an injection of pentobarbital sodium (0.06 mg/
g body wt ip). The abdominal cavity was opened and kidneys
were perfused retrogradely through the abdominal aorta using
3% paraformaldehyde and processed for cryosectioning.
Cryosections were treated with 0.5% Triton X-100 in PBS for 30
min for better antigen retrieval; unspecific binding was blocked
with 5% milk powder in PBS for 30 min. The primary antibodies
(diluted in 5% milk powder) were sequentially applied for 1 h at
room temperature, followed by application of appropriate sec-
ondary fluorescent Cy3-, Cy2-conjugated antibodies (1:300)
(Dianova, Hamburg, Germany) for 2 h. Sections were washed,
coverslipped with PBS-glycerol, and analyzed in a Leica DMRB
microscope equipped with a SPOT 32 camera and MetaView
3.6a software (Diagnostic Instruments; Universal Imaging) or
a Zeiss confocal microscope (LSM 5 Exciter).

GST-pull-down studies

Glutathione-S-transferase (GST) and GST fusion proteins were
expressed in the BL-21 bacterial strain by induction with B-D-
thiogalactopyranoside as described previously [23] and incu-
bated with glutathione-sepharose 4B beads for 1 h at 4°C. GST
or GST fusion proteins were then incubated for 3 h at 4°C with
HEK293 cell lysate. The beads were washed five times with 1
ml of pulldown buffer (50 mm Tris-HCI, pH 7.4, 150 mm NaCl, 5
mm EDTA, 0.1% Triton X-100). Bound proteins were eluted by
boiling in SDS gel sample buffer, resolved on an SDS gel by
electrophoresis and visualized by autoradiography. The fol-
lowing antibodies were used (all from Santa Cruz Biotechnol-
ogy, UK): anti GST (1:1000), anti GAPDH (1:1000), anti enolase
(1.1000) primary antibodies and anti rabbit HRP conjugate
(1:10000) secondary antibody.

Co-Immunoprecipitation

Immunoprecipitations  were carried out using
Immunoprecipitation Kit - Dynabeads® Protein G (Invitrogen)
following the manufacturer’s instructions. Briefly, Protein G
Dynabeads were coated with mouse anti -His antibodies (GE
Healthcare) under rotation for 1-2 hr at 4°C. Flp-In-293/ROMK2
cells stably expressing His tagged ROMK?2 [22] were used in
this study. Triton X-100 lysates prepared from HEK293 cells or
Flp-In-293/ROMK?2 were used for immunoprecipitations. Anti-
body coated beads were incubated with the lysates under ro-
tation for 2-6 hr at 4°C. Dynabeads coated with antigen-anti-
body complex were washed extensively (4x) with the wash buffer
supplied by the manufacturer. The proteins on Dynabeads were
eluted by boiling at 95°C for 5 min in SDS sample loading buffer
and separated on a 10 or 12 % SDS-PAGE under reducing con-
ditions. Proteins were transferred to nitrocellulose membrane
and probed with either rabbit anti GAPDH (1:1000) (Santa Cruz
Biotechnology) or rabbit anti enolase (1:1000) (Santa Cruz Bio-
technology) or anti His (1:1000) (GE Healthcare) antibody. The
membrane was washed and incubated with HRP-conjugated
secondary antibody (1:10,000), and the bands were detected
using the SuperSignal kit (Pierce).

Voltage-clamp measurements
Defolliculated Xenopus laevis oocytes were obtained as de-
scribed previously [22] and were injected with 50 nl nuclease
free water containing cRNA (10 pg of ROMK2 and 1 or 10 ng of
GAPDH, enolase-a or barttin), and then stored at 16°C in ND96
solution containing (mM) 96 NaCl, 2 KCl, 1 MgCl2, 1,8 CaCl2
and 5 HEPES (pH 7.4), supplemented with 100 pg/ml gentamycin
and 2.5 mM sodium pyruvate. Two to three days following
injection, two-electrode voltage-clamp measurements were
performed at room temperature with a Gene Clamp 500 amplifier
(Axon Instruments, Union City, USA) as described previously
[22]. To test whether the resting membrane potential was large
enough and to confirm oocyte viability, initial electrode
impalements were made in standard ND96 solution. Membrane
voltage was clamped over the range -100 to +60 mV in 20 mV
steps. In order to describe the intrinsic rectifying properties of
the expressed channels, symmetrical potassium conditions
were established by replacing the bath solution with KD96
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solution containing (mM): 98 KCI, 1 MgCl,, 1,8 CaCl, and 5
HEPES (pH 7.4). K* currents were recorded in bath solution
containing KD96. Experiments were repeated in at least three
different batches of oocytes derived from different frogs. Since
the ROMK2 current amplitude varied between batches the data
of each batch were normalised, i.e. the mean ROMK2 current
amplitude measured under control conditions was taken as 1
and the relative current magnitude measured in the presence of
overexpressed glycolytic enzymes was determined. The nor-
malised data from the different batches were combined.

Surface expression analysis

Surface expression of HA-tagged ROMK2 channels in Xeno-
pus oocytes was analysed two days after injection with the
cRNA (1 ng/oocyte of ROMK?2 alone or together with 10 ng of
GAPDH or enolase-a.) as described previously [22, 24]. Oocytes
were incubated for 30 min in ND96 solution containing 1%
BSA at 4°C to block non-specific binding of antibodies. Subse-
quently, oocytes were incubated for 60 min at 4°C with 1 mg/ml
rat monoclonal anti-HA antibody (clone 3F10, Roche Pharma-
ceuticals, Basel, Switzerland) in 1% BSA/ND96, washed 6x at
4°C with 1% BSA/ND96 and incubated with 2 mg/ml peroxi-
dase-conjugated affinity-purified F(ab)2 fragment goat anti-rat
immunoglobulin G antibody (Jackson ImmunoResearch, West
Grove, PA, USA) in 1% BSA/ND96 for 60 min. Oocytes were
washed thoroughly, initially in 1% BSA/ND96 (at 4°C for 60
min) and then in ND96 without BSA (at 4°C for 15 min). Indi-
vidual oocytes were placed in 20 pl SuperSignal Elisa Femto
solution (Pierce, Chester, UK) and, after an equilibration period
of 10 s, chemiluminescence was quantified in a luminometer
(Lumat LB9507, Berthold Technologies, Bad Wildbad, Germany).
With each construct surface expression of 15 oocytes was ana-
lysed in one experiment, and at least three experiments (~ 40
oocytes) were carried out. The luminescence produced by water
injected oocytes or oocytes expressing WT-ROMK without
HA epitope was used as a reference signal (negative control).
To verify equal expression of all HA-tagged ROMK2 fusion
proteins in Xenopus oocytes, total protein was extracted from
10 oocytes for each construct as described previously [22],
and subjected to protein electrophoresis and immunoblotting.
Nitrocellulose membranes were blocked overnight at room tem-
perature in Tris Buffered Saline with 0.1 % Tween 20 (TBS-T)
containing 5 % non-fat milk (NFM). Rat anti-HA monoclonal
antibody (Roche, Germany; 1:1000) and secondary goat anti-
rat HRP conjugate antibodies (Jackson ImmunoResearch, West
Grove, PA, USA; 1:5000) were diluted in 5% NFM, incubated
for 1 h each. Following each antibody incubation the mem-
brane was washed three times for 10 min in TBS-T buffer. Bound
antibodies were assayed using ECL plus western blotting de-
tection system (Amersham Biosciences, UK).

Single-channel recordings in HEK293 cells
Single-channel measurements were carried out as described
previously [25, 26]. Data acquisition was performed with an
Axopatch 200B amplifier (Axon Instruments) and A/D converter
(PCI-MIO 16-XE-10, National Instruments) and data evaluation
and acquisition software developed in our laboratory
(PC.DAQLI.1). The sampling rate was 10 kHz; the filter cut-off

A
B
LW -LWHA B-Gal
ROMK2 + GAPDH . . -
ROMK2 + Enolase-a. . . +
ROMK2 + pDL2-Alg5 . . -
+

ROMK2 + pAl-Alg5 . . o

Fig. 1. ROMK interacts with GAPDH and enolase-a. (A) Mem-
brane yeast two hybrid construct used in this study. ROMK2,
fused to the C-terminal half of ubiquitin (Cub) along with an
artificial transcriptional factor (TF) and a downstream reporter
cassette, was used as bait. (B) Yeast strains showing positive
interaction between ROMK2 and GAPDH or enolase-o.. Shown
are plates with selective drop-out medium lacking leucine and
tryptophan (-LW), indicating the transformation of both bait
and prey vectors; with selective drop-out medium lacking leu-
cine, tryptophan, histidine and adenine (-LWHA), indicating
the expression of reporter genes HIS3 and ADE2; and with
B-galactosidase as a second reporter assay, indicating posi-
tive interaction. ROMK2 was also co-transformed with posi-
tive (pAl-AlgS) and negative (pDL2-Alg5) control preys sup-
plied by the manufacturer (see Methods).

frequency was 2 kHz. The pipette solution contained (mM): 60
KCl, 65 K-glutamate, 5 EGTA, 2 MgCl,, 3 K,ATP, 0.2 Na,GTP
and 5 HEPES (pH 7.2 with KOH) in HEK293 cells stably
expressing ROMK2 channels. The pipette resistance was ~4
MQ. The bath solution contained 135 NaCl, 10 HEPES, 10
Glucose, 5 KCl, 2 Na-Pvruvat, 1 MgCl,, 1 CaCl,, 0.33 Na H,PO,
(pH 7.4 with NaOH). The temperature was 22-23°C.

Statistical Tests

Data are reported as means = S.E.M. Statistical signifi-
cance was determined using Student’s #-test. n the Figures,
statistically significant differences to control values are marked
by asterisks (¥*P <0.01, **P <0.001 and ***P <0.0001); n.s.
indicates non-significant differences (P > 0.05).
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Fig. 2. Co-immunoprecipitation
and GST pulldown of GAPDH and

enolase-o. with ROMKZ2. (A) Cell Input

lysates of Flp-In-293/ROMK2 sta-

ble cells expressing His tagged 49kDa— (-
ROMK?2 were immunoprecipitated

(IP) with anti-His antibody, and IP: His / 1B: His
immunoblotted (IB) with anti-

GAPDH or anti-enolase antibod- B HEK-293
ies. (B) HEK293 cell lysate was Input P

used as a negative control. (C)
GST fusion proteins containing | ...

the amino (N) and carboxy (C) ter- .
minus of ROMK2 were
recombinantly expressed in bac-
teria and immobilized on glutath-
ione-sepharose beads. HEK293
cell lysate was used in the pull-

IP: His / 1B: His

ROMKZ2 ROMK2

down assays. The proteins bound N-ter C-ter
in the pull-down assay were blot-
ted and stained with anti-GAPDH S0 kba
and anti-enolase antibodies. 33 kDa
anti- GST

Flp-In-293/ROMK2

IP
W 35KDamm

35 kDa

Flp-In-293/ROMK2 Flp-In-293/ROMK2

Input IP Input P

acem il

IP; His / IB: Enclase-o

N —
—

IP: His / IB: GAPDH

HEK-293 HEK-293
Input IP Input IP
35 kDamm S 50KDA mm  uii—
IP: His / IB: GAPDH IP: His / I1B: Enclase-a
HEK-293 ROMKZ2 ROMK2 HEK-293 ROMKZ ROMKZ2
lysate GST N-er  C-er lysate GST  N-ter C-ter
- 50 kDa —‘ -_— —
anti- GAPDH anti- Enolase-a

Results

Identification of two glycolytic enzymes as

ROMK? interacting proteins

In a quest for novel regulatory subunits of the renal
potassium channel ROMK, we performed a yeast-two-
hybrid screen with a human kidney cDNA library using
ROMK?2 (the ROMK isoform which shows the highest
expression along the TAL) as bait. We used the split-
ubiquitin variant of the yeast-two-hybrid system because
it enables the use of full length integral membrane pro-
teins as baits and because it preferentially screens for
interactions with integral membrane proteins and mem-
brane associated proteins (see Methods). The screening
of about 1000 clones revealed two putative interacting
proteins: the glycolytic enzymes GAPDH and enolase-
a. The interaction between these two enzymes and
ROMK?2 was confirmed by a direct yeast-two-hybrid
assay using ROMK2 as bait and GAPDH or enolase as
prey. In both cases a his*/ade*/lacZ* phenotype was
obtained (Fig. 1B), indicating robust interaction.

To further verify the interaction we performed co-
immunoprecipitation studies using cell lysates from a cell
line stably expressing His-tagged ROMK?2 (Flp-In-293
cell line, Invitrogen). Lysates from HEK?293 cells were
used as a negative control. We detected GAPDH and
enolase-a protein in the anti-His immunoprecipitates of
Flp-In-293/ROMK2 cells expressing His tagged ROMK?2,

as illustrated in Fig. 2A; (typical result of two independ-
ent experiments). No GAPDH or enolase-a protein was
detected in the anti-His immunoprecipitates of HEK293
cells (Fig. 2B).

To test whether the intracellular regions of ROMK2
can interact with native GAPDH and enolase at physi-
ological expression levels we employed a glutathione-S-
transferase (GST) pull-down assay. GST alone, GST
fused to the C-terminus of ROMK2 (amino acids 164-
372), and GST fused to the N-terminus of ROMK?2
(amino acids 1-57) were conjugated to glutathione-
Sepharose beads and incubated with the lysates of
HEK?293cells. GAPDH and enolase, which are
endogenously expressed in HEK293 cells, were detected
at an apparent molecular size of 35 and 50 kDa respec-
tively (Fig. 2C; n =3 experiments). The GST-fusion pro-
tein with the C-terminus of ROMK2 captured GAPDH
efficiently, whereas the N-terminus did not appear to in-
teract with GAPDH. GST-fusion proteins with either the
N-terminus or with the C-terminus of ROMK2 captured
enolase; the interaction of the C-terminus of ROMK2
with enolase was more robust than the interaction of the
N-terminus (Fig. 2C). Control experiments showed that
purified GST did not capture either enolase or GAPDH
in this assay (Fig. 2C). Thus the interaction with the two
glycolytic enzymes appears to be mediated by the intrac-
ellular regions of ROMK?2. Both the N- and the C-termi-
nal intracellular region of ROMK?2 channel are involved
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in the interaction with enolase, whereas the C-terminal
region of ROMK2 appears to be responsible for the in-
teraction with GAPDH.

To obtain more information on the possible co-lo-
calisation of ROMK?2 with the glycolytic enzymes in the
intact kidney we performed immunohistochemical experi-
ments on cryosections from mouse kidney. Confocal
imaging of enolase and GAPDH showed a broad distri-
bution of both proteins in renal epithelia (Fig. 3A,B). The
sections through the thick ascending limb (TAL) show
that enolase and GAPDH could be found in the cytosol
of the epithelial cells as well as in the basolateral and
apical membranes. Interestingly, the intensity of the stain-
ing of both enolase and GAPDH was highest at the api-
cal side of the cells (left column, green arrows). ROMK-
2 channels were exclusively localised to the apical mem-
brane of the epithelial cells (middle column, red arrows),
although some of the cells were apparently not labelled
(white arrows), as has been observed previously [27, 28].
The cross sections through the tubules marked with an
asterisk (upper panels of Fig. 3A and B) are also shown
at higher resolution (lower panels). It can be seen that
the glycolytic enzymes and ROMK channels were par-
tially co-localised at the apical side of the TAL (yellow
arrows). Very similar results were obtained with rat kid-
ney sections (n = 2 experiments; not illustrated). Thus, it
appears that in native cells the bulk of GAPDH and eno-
lase is localised to the cytosol, but a distinct fraction of
the enzymes is associated with the apical membrane.

Functional consequences of the interaction be-

tween glycolytic enzymes and ROMK?2

To investigate the functional relevance of the inter-
action of ROMK2 with GAPDH and enolase-o., we co-
expressed the channel and the glycolytic enzymes in Xerno-
pus oocytes and measured ROMK currents with the two-
electrode voltage clamp technique. With normal K* con-
centration in the bath solution (2 mM), expression of
ROMK?2 channels induced outwardly rectifying currents
reversing near the calculated potassium equilibrium po-
tential (not illustrated). In the presence of symmetrical
K" concentrations across the membrane, expression of
ROMK?2 induced currents with weak inward rectifica-
tion (Fig. 4A,B), as expected for ROMK channels [29].
When ROMK?2 cRNA (10 pg) was co-injected with
GAPDH (1 ng) or enolase-a (1 ng) into Xenopus oocytes
a significantly decreased ROMK current amplitude was
observed (Fig. 4A-C). Co-expression of ROMK?2 with
both GAPDH and enolase-a was associated with an even
further decrease in current amplitude (Fig. 4C, red bars).

>

Enoclase

mouse, overview

mouse, overview mouse, detail

mouse, detail

Fig. 3. Immunohistochemical labelling of ROMK2, enolase
and GAPDH in renal epithelial cells of the thick ascending limb
and the collecting duct. Confocal imaging of immunostained
cryosections of mouse kidney. (A) Co-localization of enolase-
o and ROMK in TAL and collecting duct. (B) Co-localization of
GAPDH and ROMK in TAL and collecting duct. The scale bars
are 100 um. The tubules marked with an asterisk are shown at
3.5x higher magnification in the lower rows of (A) and (B).
Note strong apical enolase and GAPDH signals in epithelial
cells of the TAL. These data are typical for two experiments on
mouse kidney sections.

To find out whether the amount of cRNA injected
influenced the effects of GAPDH and enolase-o on
ROMK current we repeated this experiment with a higher
amount of cRNA (10 ng/oocyte) coding for GAPDH and
enolase-a (Fig. 4C, green bars). Under these conditions
the reduction in current amplitude caused by GAPDH
was somewhat more pronounced (p < 0.01), but the re-
duction in current amplitude caused by co-expression of
enolase-o. or of both enzymes was very similar (com-
pare red and green bars in Fig. 4C). Co-expression of
ROMK?2 with barttin (10 ng cRNA/oocyte) did not influ-
ence ROMK currents, indicating that co-injection of ad-
ditional cRNA per se had no measurable effect. Finally,
co-expression of a glycolytically inactive GAPDH mu-
tant (C149G) with ROMK?2 did not cause a decrease in
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Fig. 4. Co-expression of ROMK?2 with GAPDH, enolase-a. or
glycolytically inactive GAPDH in Xenopus oocytes. (A) Rep-
resentative whole cell currents from Xenopus oocytes injected
with ROMK2 alone (left) or co-injected with ROMK2 plus
GAPDH. (B) ROMK2 current-voltage relationships measured
under various conditions (see key). (C) Statistics of the effect
of co-expression of GAPDH, enolase-a, barttin and an
enzymatically inactive mutant of GAPDH on ROMK current
amplitude. Currents with and without co-injection of glyco-
lytic enzymes were measured in the same batches of oocytes at
-100 mV and normalised. The amount of ROMK cRNA injected
was 10 pg throughout. In the left panel 1 ng cRNA of GAPDH
or enolase-a (or 1 ng of either enzyme) was injected (red bars).
In the right panel 10 ng cRNA of GAPDH or enolase-a. (or 10 ng
of either enzyme) was injected green bars) The blue bars show
that co-injection of barttin (10 ng) or GAPDH®'*¢ had no sig-
nificant effect. The error bars represent s.E.M; the number of
oocytes from which the data were obtained is indicated in brack-
ets; *¥*P <0.01, ***P <0.001 Vs ROMK2, n.s, not significant.

ROMK current (Fig. 4C, blue bar), in contrast to wild
type GAPDH. This finding suggests that the enzymatic
activity of GAPDH may play a role in the modulation of
ROMK currents.

Effect of glycolytic enzymes on ROMK?2 surface

expression

To test the possibility that the decrease in ROMK2
current amplitude observed in the presence of glycolytic

Fig. 5. Effects of GAPDH and enolase-a. on currents and sur-
face expression of ROMK?2 channels. (A) Normalised currents
measured at -100 mV in Xenopus oocytes 48 h after injection of
10 pg wt ROMK2 cRNA, 10 pg HA-tagged ROMK2 cRNA, and
1 ng HA-tagged ROMK2 cRNA (black bars). The reduction in
ROMK current observed after co-expression of the channel
with GAPDH (1 ng/oocyte) or with enolase-a. (1 ng/oocyte) is
indicated by the red, green and blue bars for the different con-
ditions. The error bars represent s.E.M; the number of oocytes
from which the data were obtained is indicated in brackets. (B)
Effects of co-expression of GAPDH or enolase-a or both on
the surface expression of HA-tagged ROMK2 channels as de-
termined by a luminometric assay (see Methods); 1 ng ROMK2
cRNA was injected; ».s. indicates a change that is not statisti-
cally significant (p > 0.05). Non-injected and water injected
oocytes were taken as controls to assess antibody specificity.
(C) Western blots of HA-tagged ROMK2 protein in total oocyte
lysates. No major changes in protein expression were detected.

enzymes was due to a change in surface expression we
introduced a hemagglutinin (HA)-tag in the first extra-
cellular loop of ROMK?2 and studied the effect of GAPDH
or enolase-a. on the surface expression of the channels
with a luminometric technique (see Methods). When in-
jected at identical concentrations (10 pg/oocyte), HA-
tagged ROMK?2 produced a much lower current ampli-
tude than WT-ROMK2 (Fig. 5A, compare black bars).
However, the reduction in current amplitude caused by
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co-expression of GAPDH or enolase-a could still be
observed. When injected at a higher concentration (1 ng/
oocyte), HA-tagged ROMK?2 yielded currents identical
to those observed for the WI-ROMK?2 (10 pg). Under
these conditions the decrease in channel activity caused
by co-expression of GAPDH or enolase-a. was similar
to that observed with wild-type ROMK2 (Fig. 5A, com-
pare red and blue bars). Thus, it appears that the addition
of the HA-tag impedes the trafficking of ROMK2 chan-
nels to the surface membrane but does not change the
properties of the channels or the modulation of the chan-
nels by glycolytic enzymes. These findings are consist-
ent with previous studies showing that addition of an HA
tag does not alter the functional properties of ROMK
channels [22, 30, 31].

The surface expression of ROMK?2 channels ex-
pressed in Xenopus oocytes was measured using a
luminometric technique described previously [22]. When
oocytes were injected with 1 ng cRNA coding for HA-
tagged ROMK2 channels a robust luminescence signal
could be measured which was not observed in oocytes
expressing wild-type ROMK2 without HA-epitope (data
not shown). Co-expression of GAPDH or enolase-a, or
both together, produced no significant change in the sur-
face expression of ROMK2 (Fig. 5B). Western blots
confirmed approximately equal expression of all HA-
tagged ROMK2 proteins in Xenopus oocytes (Fig. 5C),
although in the case of enolase there was a trend to par-
tial reduction of protein expression. Taken together, our
results suggest that the decrease in ROMK current am-
plitude observed after co-expression with the glycolytic
enzymes GAPDH or enolase-o. was not due to a de-
crease in the surface expression of the channel.

Effect of glycolytic enzymes on ROMK?2 single-

channel conductance

To test for changes in single-channel properties we
carried out cell-attached measurements of single ROMK?2
channels in HEK293 cells stably expressing ROMK2 [22]
with and without transient transfection of GAPDH. Fig-
ure 6A shows typical cell-attached measurements in a
permanent cell line expressing ROMK2 channels. The
amplitude of single-channel currents became larger when
positive pipette potentials were applied. The correspond-
ing all-point histograms are shown in Fig. 6B. The single-
channel conductance was determined from single-chan-
nel current-voltage relations (Fig. 6C). There was no sig-
nificant change in single-channel conductance when the
cells stably expressing ROMK2 channels were (i) not
transfected with any glycolytic enzymes, (ii) transiently
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Fig. 6. Effects of GAPDH on the conductance of ROMK2
channels. (A) Single ROMK2 channels measured in cell-at-
tached patches in HEK293 cells transfected with ROMK?2. The
pipette potential is indicated below the traces. (B) All-point
histograms of the currents shown in panel (A). (C) Single-chan-
nel current voltage relation. (D) Conductances of ROMK?2 chan-
nels with and without co-transfection of GAPDH or GAPDH¢'%%¢.

transfected with the active (wild-type) form of GAPDH,
or (iii) transfected with the glycolytically inactive form of
GAPDH (C149G mutant).

Discussion

We have obtained evidence that two key glycolytic
enzymes, GAPDH and enolase-a., can bind to the renal
potassium channel ROMK?2 and pursued the question how
this interaction can modulate renal function. The follow-
ing findings support the idea that the interaction between
the channel and the two enzymes may indeed take place
in intact cells and may be functionally relevant in the regu-
lation of ion homeostasis: (1) Our membrane yeast two
hybrid screen identified GAPDH and enolase-a as pro-
teins interacting with ROMK2. (2) Our co-
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immunoprecipitation studies showed that ROMK?2 can
interact with native (non-transfected) GAPDH and eno-
lase-a. (3) Our GST-pulldown studies showed that the
C-terminus of ROMK2 can interact with native GAPDH
and that both the C and the N-terminus of ROMK2 can
interact with native enolase-o.. (4) Immunohistochemis-
try experiments in sections of mouse and rat kidney
showed that GAPDH and enolase were co-localised with
ROMK?2 channels in the apical membrane of renal epi-
thelial cells of the TAL. (5) Our voltage-clamp measure-
ments in Xenopus oocytes showed a decrease in the
current amplitude of ROMK2 when the channel was co-
expressed with GAPDH or enolase-a. (6) Co-expres-
sion of a glycolytically inactive mutant of GAPDH
(C149G) had no effect on the amplitude of ROMK cur-
rents. (7) Our surface expression studies in Xenopus
oocyte showed that co-expression of GAPDH or eno-
lase-a had no effect on the surface expression of ROMK.
(8) Our single channels measurements in HEK293 cells
suggest that over-expression of GAPDH has no effect
on the single-channel conductance of ROMK2 channels.

The decrease in ROMK?2 current amplitude ob-
served after co-expression with GAPDH or enolase-a
could be due to (i) a reduction of the number of channels
at the cell surface membrane, (ii) a change in single-chan-
nel properties, or (iii) a change in channel gating. Since
surface expression and single-channel conductance were
found to be unchanged our results suggest, by exclusion,
that over-expression of GAPDH or enolase-a caused a
decrease in open probability of the channels. Unfortu-
nately, we did not succeed in demonstrating this directly
in HEK293 cells over-expressing GAPDH. It turned out
that the variability in the number of channels per patch
was too large to allow a reliable comparison of single-
channel kinetics under different experimental conditions.
Thus, the detailed mechanisms by which GAPDH and
enolase-a modulate the gating of ROMK channels re-
quire further investigation.

The simplest interpretation of our results is that
ROMK?2 might be part of a supramolecular complex that
directs metabolic intermediates to regulatory sites, which
may either be localised to the channel protein itself or to
accessory proteins. In cytoskeletal proteins, effects of
GAPDH which are independent of its catalytic activity
have been described [21, 32]. Thus, an alternative inter-
pretation of our present findings is that a conformational
change of the potassium channel protein brought about
by the binding of GAPDH and/or enolase-a was respon-
sible for the change in open probability of ROMK2. How-

ever, in view of the finding that metabolically inactive
GAPDH had no effect on ROMK2 current amplitude,
we consider this possibility unlikely.

The potassium recycling across the apical membrane
of epithelial cells is essential for salt reabsorption in the
TAL and thus plays an important role in urine concentra-
tion. The salt reabsorption in the TAL usually occurs
against a large osmotic gradient and requires a high en-
ergy turnover, as indicated by the numerous mitochon-
dria present in the epithelial cells lining the TAL. In view
of the large energy expenditure of these cells a coupling
between energy status (turnover rate of GAPDH and
enolase) and open probability of ROMK channels could
be physiologically very relevant. It could serve to match
salt reabsorption in the renal medulla and oxygen supply
via the vasa recta.

In conclusion, previous work has shown that two
scaffolding proteins, an A-kinase anchoring protein and
the Na*/H" exchange regulatory factor 2 interact with
ROMK channels (reviewed in [13]). Our present study
shows that the supramolecular complex surrounding
ROMK channels also includes GAPDH and enolase-a.
These glycolytic enzymes may modulate the open prob-
ability of the channels, probably by local production of
metabolic intermediates. The open probability of ROMK
channels is an important determinant of the amount of
salt reabsorption by the epithelial cells in the TAL. Our
results suggest that ROMK channels, via their associa-
tion with glycolytic enzymes, may serve to couple salt
reabsorption to the metabolic status of the epithelial cells
in the TAL of Henle’s loop.

Abbreviations

ROMK?2 (renal outer medulla potassium channel
splice variant 2); GAPDH (glyceraldehyde-3-phosphate
dehydrogenase); GST (glutathione S-transferase).
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