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Abstract. To examine the extracellular Naensitivity  Introduction
of a renal inwardly rectifying K channel, we performed
electrophysiological experiments af@nopusoocytes or  An intriguing feature of inwardly rectifying K currents
a human kidney cell line, HEK293, in which we had (], ) in native cells is their sensitivity to extracellular
expressed the cloned renal”kchannel, ROMK1 Na" ions. Two different types of Nasensitivity, N&
(Kirl.1). When extracellular Nawas removed, the block and N&-induced upregulation, have been observed
whole-cell ROMK1 currents were markedly suppressedupon changing the external Neoncentration. First,,
in both the oocytes and HEK293 cells. Single-channelbf frog skeletal muscle (Standen & Stanfield, 1979),
ROMK1 activities recorded in the cell-attached patch onguinea-pig ventricular myocytes (Biermans, Vereecke &
the oocyte were not affected by removal of Neomthe ~ Carmeliet, 1987), cat ventricular myocytes (Harvey &
pipette solution. However, macro-patch ROMK1 cur- Eick, 198%), tunicate egg cells (Ohmori, 1978) and
rents recorded on the oocyte were significantly sup-mouse clonal corticotrophs (Dousmanis & Pennefather,
pressed by Naremoval from the bath solution. A 1992) are known to be susceptible to voltage-dependent
blocker of Nd/H" antiporters, amiloride, largely inhib- blockage by extracellular Na Second, in tunicate eggs
ited the N& removal-induced suppression of whole-cell (Ohmori, 1978; Fukushima, 1982), cat ventricular myo-
ROMKZ1 currents in the oocytes. The pH-insensitive cytes (Harvey & Eick, 1988) and rat spinal cord astro-
K80M mutant of ROMK1 was much less sensitive to cytes (Ransom, Sontheimer & Janigro, 1996), has
Na’ removal. N& removal was found to induce a sig- been reported to be downregulated by a decrease in the
nificant decrease in intracellular pH in the oocytes usingextracellular N& concentration, implying a mechanism
H*-selective microelectrodes. Coexpression of ROMK1which is independent of Nadependent permeation and
with NHE3, which is a N&H" antiporter isoform of the  block. The recent cloning of several subfamilies of in-
kidney apical membrane, conferred increased sensitivityvard rectifiers opens the molecular mechanism of this
of ROMK1 channels to extracellular Nan both the  sensitivity to external Nato investigation.
oocytes and HEK293 cells. Thus, itis concluded thatthe  The first inward rectifier K channels to be identi-
ROMKZ1 channel is regulated indirectly by extracellular fied were an ATP-insensitive inward rectifief iKhannel
Na’, and that the interaction between NHE transporteffamily, IRK (Kir2.0), originally cloned from a mouse
and ROMK1 channel appears to be involved in themacrophage cell line (Kubo et al., 1993) and an ATP-
mechanism of Na sensitivity of ROMK1 channel via sensitive, weakly inward rectifier Kchannel family,
regulating intracellular pH. ROMK (Kirl.0), cloned from the rat kidney (Ho et al.,
1993; for reviewsee Hebert, 1995; Hebert & Wang,
1997). Inactivation of the inward current of IRK1 chan-
Key words: Na" sensor — Inward rectifier Kchan-  nel was shown to be induced by Nalock (Kubo et al.,
nel — ROMK — N&/H" antiporter 1993), whereas Nzblock was not observed in ROMK?2
channels (Zhou, Tate & Palmer, 1994; Choe, Sackin &
Palmer, 1998). However, Zhou et al. (1994) presented
I the data (Fig. 8) which show suppression of the inward
Correspondence toY. Okada currents of ROMK2 by replacement of extracellularNa
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Thus, there is a possibility that the ROMK channel is ELECTROPHYSIOLOGY

upregulated by extracellular NaTo address this possi-

bility, in the present study, we studied Nsensitivity of  Whole-cell oocyte currents were recorded by the two-microelectrode
ROMKZ1 channels that were expres@éelnopusoocytes voltage-clamp technique. Oocytes were impaled with two KCI-
and human HEK293 cells. We found that the ROMK1 filled micropipettes (tip resistance, 0.5+K)) that served as voltage

h i I | db lular*N recording and current injecting electrodes. When necessary, a
channel is actually upregulate y extracellular”Na grounded shield was placed between the micropipettes to reduce ca-

Also, the Nd sensitivity was found to be enhanced by pacitative coupling. Control bathing solution containedwjm90
coexpression with NHE3, which is a subtype of 4" NaCl, 10 KCI, 1 MgC} and 5 HEPES (pH 7.4). When necessary, NaCl
antiporters initially cloned from the rat kidney (Or- was isotonically replaced with NMDG-CI or mannitol. The elimina-
lowski, Kandasamy & Shull, 1992) and shown to be tion of both N& and CT by replacing with mannitol was precluded in

expressed in different segments of nephron including théNo-microeIectrode voltage-clamp due to the large change in series

. . . resistance. The bathing solution was continuously perfused at a rate of
macula densa (Amemiya et al., 1995). We provided evi- .5-3 ml/min through a recording chamber of 0.15 ml total volume.

dence that the interaction between NHE transporter angl,e pipette solution was the same as the bath solution. The oocyte was
ROMK1 channel is involved in the Nasensor mecha- kept at a holding potential of -60 mV, and a ramp pulse was applied
nism of ROMK1. from =100 to —20 mV at the rate of 1 mV/msec every 10 sec.
Cell-attached macro-patch or single-channel recordings were per-
formed on oocytes after manual removal of the vitelline envelope.
Materials and Methods Patch pipettes were filled with the above bathing solution. To nullify
the intracellular potential for single-channel recordings, oocytes were
exposed to depolarizing bath solution composed of)ni00 KCI, 10
EDTA and 10 HEPES (pH 7.3). In macro-patch experiments the bath
solution was the same as that for the two-microelectrode voltage-
clamp. In some experiments outside-out single-channel recordings
Stage V and VXenopuocytes were defolliculated by treatment (2-4 \yere carried out using the bath solution containingifm0 KCI, 90
hr) with 1 mg/ml collagenase (Type I: Sigma Chemical, St. Louis, MO) NaF (or 180 mannitol), 1 MgGland 5 HEPES-Tris (pH 7.2) as well as
in Ca’*-free ND 96 solution containing (m): 96 NaCl, 2 KCI, 1 e pipette solution containing (m): 80 KF, 20 KCI, 10 EDTA and 5
MgCl,, and 5 HEPES (pH 7.4), and incubated at 19°C in normal ND HEPES (pH 7.4). Single-channel recordings were at a variety of hold-
96 medium containing Cag{1.8 mv) and gentamicin (10Qug/ml). ing potentials by shifting the pipette potential (Vp). For macro-patch
Human embryonic kidney HEK293 cells were cultured in DMEM recordings, Vp was kept at 30 mV, and ramp pulses were applied from
culture medium supplemented with 10% fetal bovine serum, strepto-150 1o +150 mV at the rate of 1 mV/msec.
mycin (10pg/ml) and penicillin (40 units/ml) at 37°C in 5% GO Perforated whole-cell recordings were performed in HEK293
cells in control bathing solution containing 1 130 NaCl, 10 KClI,
2.6 CaCl, 1.8 MgCl, and 5 HEPES (pH 7.4). Pipettes were filled with
MOLECULAR BioLoGY the solution containing (m): 107 KCI, 1 CaC}, 1.2 MgCh, 10 EGTA
and 5 HEPES (pH 7.2)lus 120 ™ nystatin. When necessary, NaCl
The cDNA of rat ROMK1 was provided from Dr. Y. Kurachi (Osaka was isotonically replaced with NMDG-CI or mannitol. Transfected
University, Japan), and the cDNA of rat NHE3 was from Dr. Sh. cells were visualized by GFP fluorescence under an Olympus IX70
Wakabayashi (National Cardiovascular Center Research Instituteinicroscope with a high pressure mercury light source and epifluores-
Osaka, Japan). Fan vitro transcription the insert was subcloned cence optics (U-MWIB block, IX-FLA: Olympus, Tokyo, Japan). The
into pSP64 Poly (A) vector (Promega, Madison, WI). For mammalian cell was kept at holding potential 460 mV, and a ramp-pulse was
cell expression, the ROMK1 insert was subcloned into pcDNA3.1 applied from —100 to +100 mV at the rate of 1 mV/msec every 10 sec.
vector (Invitrogen, Groningen, Netherlands), containing the CMV When necessary, step pulses were applied from —100 to +100 mV in
promoter. The K80OM mutation of ROMK1 was introduced using 10-mV increments.
the QuickChang®” site-directed mutagenesis kit (Stratagene, La Currents were measured using an Oocyte Clamp amplifier (CA-1,
Jolla, CA). Dagan Instruments, Minneapolis, MN) for two-microelectrode voltage-
mRNAs were synthesized by linearization with an appropriate clamp, and an Axopatch 200A patch clamp amplifier (Axon Instru-
enzyme followed by transcription with T7 or SP6 polymerase using ments, Foster City, CA) for macro-patch and single-channel recordings
vitro transcription kits (Stratagene or Ambion, Austin, TX). The tran- from oocytes and for HEK293 whole-cell current measurements. Volt-
script concentration was spectrophotometrically estimated, and aliquotgge protocols were computer-controlled using an i-486-based personal
were stored at —80°CXenopusocytes were injected with ROMK1 or  computer (AST, Irvine, CA), coupled to TL-1 or DigiData 1200 (Axon
NHE3 mRNA or their 1:6 mixture using nano-injector (Drummond Instruments) interface. Currents were filtered at 1 kHz and sampled at
“Nanoject”, Drummond Scientific, Broomall, PA). For single-channel 5 kHz. Data acquisition and analysis were done using pCLAMP6
recordings, two-microelectrode voltage clamp measurements and ma¢Axon Instruments).
ropatch recordings, 5-10, 10-50 and 50-100 respectively, of
mRNA-containing solution (0.5 ng/nl) were injected.
HEK293 cells cultured at 40-70% confluence in 35-mm dishes RECORDING OF INTRACELLULAR pH
were transiently transfected using @ of LIPOFECTAMINE™
(Gibco BRL, Rockville, MD) with 1j.g DNA of each species accord- H*-selective microelectrodes were made and calibrated, as described
ing to the manufacturer’'s manual. GFP coexpression (@ bf GFP previously (Okada & Oiki, 1985; Ueda, Oiki & Okada, 1986). The
coding region containing vector added to DNA mixture: a gift from Dr. electrodes were first filled with Hselective ligand, tria-dodecylamine
K. Ueda, Kyoto University, Japan) was used to select the transfectegAmmann et al., 1981), and then backfilled with 100 idCI buffered
cells. with 10 mv HEPES-Tris at pH 7.0. Standard intracellular microelec-
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Fig. 1. Inhibitory effect of replacement of extracellular Naith NMDG™ on the macroscopic current of ROMK1 expressed Keaopusoocyte.

(A) Representative current traces elicited by voltage steps from —100 to +100 mV in 10-mV increments. The holding potential was —60 mV. Le
initial currents in N&-rich solution. Right: currents after 15-min perfusion with"Neee NMDG-CI solution. B) Time course of Naremoval-
induced inhibition of ROMK1 current. Peak outward currents at =20 mV are plotted as a function of time. Upper bar indicates the duration of N
replacement with NMDG. (C) Current-voltagel¢V) relationship (left) and normalized chord conductance (right) as a function of voltage. Current
levels were measured at the end of 100 msec step pulses (sh@ymaplied from a holding potential (-60 mV) to the indicated level. Symbols:
open circle, current measured immediately before changing to NMDG-CI; closed circle, current measured immediately after replacing NaCl w
NMDG-CI; closed triangle, current measured after complete inhibition in NMDG-CI solution; open triangle, current measured immediately afte
returning to the normal NacCl solution after maximal inhibition.

trodes filled with 31 KCI were used as a reference. Signals were placing the bath Nawith NMDG+, the K currents were
recorded with an electrometerl(_rr?odel FD223: WPI, Sarasota, FL)-markedIy suppressed without alteration of the overall
Ihzezm;:/n(:lopes)of the pH sensitivity of the electrodes used was _57'E)rofiles of currents recorded upon pulse applications
Experiments were performed at room temperature (23—(F|g' %A: right pa}nel). Flg_ur(:f' E'S.ShOWS the time course
25°C). Data are presented as the meases with the number of ~ Of Na@” removal-induced inhibition of ROMK1 current.
experimentsrf). The statistical significance®j of the data was evalu-  The rapid drop of macroscopic current observed upon
ated by paired or unpaired Studenttest. Na* removal is likely due to a change in junction poten-
tial and/or surface potential on the oocyte membrane,
because the drop was recovered immediately after restor-
Results ing extracellular N& ions. The mean % inhibition by
Na" removal was 49 + 2.7%n(= 6) at =20 mV. The
EXTRACELLULAR Na“" REMOVAL -INDUCED INHIBITION OF curr_e_nts b_efore and after Naemoval ha_d id_eal K se-
MACROSCOPICK® CURRENTS IN I(_ectlwty (Fig. 1C: Ief; panel). The rect|f|cat|on.proper—
ROMK1-ExPRESSINGOOCYTES ties of the current did not change, as shown in Fi@. 1
(right panel).

Expression of mRNA for ROMKZ1 resulted in a large
current with K selectivity and mild inward rectification
in the presence of extracellular Naf 90 mv (Fig. 1A:
left panel). At negative potentials up to =100 mV no
time-dependent inactivation, which is the sign of 'Na Figure 2A shows representative single-channel traces re-
block, was obviously observed. Around 15 min after re-corded fromXenopusoocytes under the cell-attached

Lack oF EFFecT oFNa" REMOVAL FROM THE PIPETTE
SOLUTION ON SINGLE-CHANNEL ACTIVITIES ON
ROMK1-ExXPRESSINGOOCYTES
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Fig. 2. Lack of effect of Na removal from the pipette solution on single ROMK1 channel activities in the cell-attached patckesapuoocytes.

(A) Representative single-channel records at -150 mV from oocytes expressing ROMK1 channel in cell-attached mode in the presence of NaCl
trace) and when the NaCl was replaced with 96 MMDG-CI (middle trace) or 180 m mannitol (bottom trace).B) Single-channel-V curves

in the presence of NaCh(= 8), NMDG-CI (n = 5) or mannitol 6 = 4) in the patch pipette. Each symbol represents the mean value and bar the
sem. (C) Gating kinetics of single ROMK1 channel in the presence of NaCl (control: left panel), NMB¥@ldle panel) and mannitol (right panel)

in the patch pipette.

patch-clamp configuration in a depolarizing bath solu-solution) constant. The macro-patch ROMK1 current
tion. Replacing NaCl with NMDG-CI or mannitol in the exhibited mild rectification under ramp clamp (Figh)3
pipette solution did not significantly alter the amplitude and was reversibly depressed by replacing” Math

of single-channel current (i);V relationships (Fig. B) NMDG™ in the bath (not the pipette) solution (FigB)3
and channel fast gating kinetics (FigCR In outside-out  Steady-state inhibition was 37.5 + 2.1% & 12) for
patches single ROMK1 channel activities, which wereoutward currents at the pipette potential (Vp) of =100
observed before rundown, were also insensitive to remV and 20.9 £ 2.1%r( = 10) for inward curents at Vp
moving NaCl from bathing solution by replacing with of +100 mV. Figure 4 shows effects of NaCl replace-
mannitol (data not showm = 4). Therefore, it is con- ment with mannitol on macro-patch currents. Steady-
cluded that single-channel properties of ROMK1 werestate inhibition was 26.9 + 5.8% and 17.9 + 4.2f0
insensitive to the change in the Neoncentration at the 10) at —Vp of +100 and —100 mV, respectively. These
external pore entrance of the channel. data indicate that the Nasensitivity is not due to the
direct action of extracellular Neaon the channel but due
to an indirect action via changes in some factor in the

.
ErFFecT oFNa” REMOVAL FROM THE BATH SOLUTION ON intracellular milieu.

ROMKZ1 CURRENTS IN CELL-ATTACHED
MAcRoO-PATCHES ONOOCYTES
Na'/H* ANTIPORTERMEDIATED Na" SENSITIVITY OF
Effects of changes in the external bath"ancentration ROMK1 CHANNELS IN OOCYTES
were observed under cell-attached configuration of
patch-clamp while keeping the Naoncentration at the Since the ROMK1 channel is very sensitive to intracel-
external channel pore entrance (exposed to the pipettelar pH (Tsai et al., 1995; Choe et al., 1997; McNicholas
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Fig. 3. Inhibitory effect of N& replacement with NMDG from bathing (but not pipette) solution on the ROMK1 currents through a macro-patch
in the cell-attached mode onX&nopusocyte. Q) |-V plots of currents before and 8 min after removal of Mans. Currents are shown as a function

of =Vp, since the membrane potential was not known. However, it is noted that the reversal potential was close to 0 mV to Vp. This fact sugge
that the membrane potential was close to the equilibrium potential tim khe oocyte which was highly expressing ROMK1 channé$. Time

course of changes in macro-patch currents recorded at —~Vp of —100 and +100 mV every 10 s before, during (at bar) aridreftevila
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Fig. 4. Inhibitory effect of NaCl replacement with mannitol in the bathing (but not pipette) solution on the ROMK1 currents through a macro-patc
in the cell-attached mode onXenopusocyte. ) Macropatch-V curves before and 10 min after removal of Na®) Time course of changes
in macro-patch currents recorded at —Vp of =100 and +100 mV every10 sec before, during (at bar) and after NaCl removal.

et al., 1998), a candidate for a messenger for coupling ofalized current at 3 min after amiloride application were
ROMK1 channel to extracellular Nanight be intracel- 0.928 + 0.0061f = 5) and 1.024 + 0.045n(= 4;P =
lular H" ions. Actually, the N&H" antiporter with sen-  0.045) in the absence and presence of amiloride, respec-
sitivity to amiloride (K, 5 = 4 um) has been functionally tively. This result suggests that the Naensitivity is
characterized foKenopusoocytes (Towle et al., 1991), mediated, at least in part by N&i* antiporters which are
and the NHE1 subtype of N&H™ antiporter (X1-NHE) endogenously expressed in oocytes.

has recently been cloned frokenopusoocytes (Busch, Intracellular pH measurements actually demon-
1997). Indeed, a blocker of the N&™ antiporter, strated a significant change in the intracellular pH value
amiloride (10uMm), largely slowed the time course of Na upon N& removal. Figure 6 shows an example of the
removal-induced inhibition (Fig. 5), though did not can- experiments with using Hselective microelectrodes.
cel the phenomenon itself. The mean values of the norThe effect was variable with maximal acidification rang-
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1.24 Na’-free (NMDG") 8A). Both the steady-state inhibition (FigB8&) and the
1 inhibition rate (Fig. 8b) were altered significantly by
S 1.1 coexpression with NHE3.
£ 1 These data indicate Nasensitivity of ROMK1
S 1.04 channel is, at least in part, due to the intracellular pH
- . change mediated by N&d™ antiporters.
® 0.9+
S 1 Na" SEnsITiviTy oF ROMK1 CHANNELS CONFERRED BY
§ 0.8 Co-exXPRESSION WITHNHE3 IN HUMAN KIDNEY
s HEK293 CeLLs
g o7 ] Whole-cell recordings showed that HEK293 cells endog-
T 06- enously express rather small currents ranging from 50 to
E ] control 200 pA at 100 mV with weak outward rectificatioddta
g 05- 10 1M amiloride not shown, n= 9). Transient transfection of these cells
s | with ROMK1 cDNA gave rise to expression of large
Z 04l K*-selective currents with amplitude of 2 to 5 nA. Co-
transfection with NHE3 did not affect the "Kcurrent
o 2 4 6 8 10 12 amplitude in the control bath solution. When NaCl was
min replaced with mannitol in the bathing solution, however,

remarkable suppression of ROMK1 current was ob-
currents inXenopusocytes after Nareplacement with NMDG. Cur- serv_ed without altering the Overa”- current profiles (Fig.
rents recorded at —100 mV were normalized to those at zero time. OpegA) n HEK29,3 (_:e,”S transfected with bqth ROMK1 .and
circles, normalized currents in the absence of amiloride; filled circles,NHES- The inhibitory effect was relatively reversible
normalized currents in the presence of i@ amiloride. (Fig. 9B and C). When ROMK1-expressing HEK293
cells were not cotransfected with NHE3, in contrast; Na
sensitivity of ROMK1 channel was much less prominent
ing from 0.05 to 0.2 pH units, and the mean value was(Fig. 10A: open column) than that in cells coexpressing
0.09 + 0.05 (0 = 8). These data suggest that Na both ROMK1 and NHE3 (hatched column). Replace-
dependent intracellular pH changes regulate the ROMKInent of extracellular Nawith NMDG™ also inhibited,
activity in oocytes. though less prominent than the case with mannitol, the
Fakler et al. (1996) established that the steep pHmnacroscopic ROMKL1 current by about 15% (open col-
sensitivity of ROMK1 channel is determined by a single umn in Fig. 1@). After coexpression with NHE3, more
amino acid residue, Ly, located in the N-terminal part profound inhibition of ROMKZ1 currents was again con-
close to the first membrane-spanning domain. Expresferred (hatched column). These results indicate thdt Na
sion of the KBOM mutant of ROMK1 resulted in large sensitivity of ROMK1 channel in markedly augmented
K*-selective current with weak rectification similar to by NHE3 expression in mammalian cells.
the wild type. This current also exhibited Ndependent
inhibition, which was, however, less prominent than thepjscussion
wild type. Figure 7 shows that the mutation K80OM sig-
nificantly decreased both steady-state inhibition (lefty;ccuanism oF Na* SensTviTY oF ROMKL CHANNELS
panel) and maximal rate of inhibition (right panel).
When ROMK1 and NHE3 were coexpressed, theWe demonstrate here that elimination of extracellular
Na"-dependent inhibition was largely augmented (Fig.Na" ions produces a prominent decrease in the macro-

Fig. 5. Effect of amiloride on the time course of whole-cell ROMK1

7.3r
7.21
x5 Na’- free ; g o
Q (NMDG") Fig. 6. Intracellular acidification in &enopus
oocyte induced by removal of extracellular Na
711 - :
Representative time course of the intracellular pH
change after replacing extracellular Naith
5 min NMDG". The bar indicates the duration of Na
7.0 elimination.
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60+ 6 cause the single-channel properties were not affected by
n=5 the presence of Ndn the extracellular pipette (not bath)
solution in the cell-attached patch membrane (Fig. 2).

. n= Cell-attached macro-patch experiments showed that the
T ROMK1 channel activity was affected by Naemoval
from the extracellular bath (not pipette) solution (Figs. 3
& 4). This fact indicates that changes in some intracel-
lular factor are responsible for Nalependent channel
regulation.
r As compared with the IRK family members (Sabi-
WT  K8OM rov, Okada & Oiki, 1997), the ROMK members, includ-
Fig. 7. Effects of the KBOM mutation on the Naemoval-induced ing ROMK:!‘ and ROMK2 (Tsal etal., 1995; Choe et al.,
inhibition of ROMKL currents inXenopusocytes. The percentage of 1997; McNicholas et al., 1998), have much more marked
steady-state inhibition (left panel) and maximal rate of % inhibition Sensitivity to intracellular pH. Thus, there is a possibility
(right panel) of currents recorded at ~100 mV by"Ndimination in  that N&/H" antiporters are involved in the sensitivity of
o e oo o s Sowhcasopl v “ROMKL chanmel to extracelr Na This hypothesi
effect of the mutation is 0.00016 for steady-statg inhibition and 0.076Was supported by the !nhlbltlng effect of .am"o“de (Fig.
for the inhibition rate. 5) on the N& removal-induced suppression of ROMK1

currents expressed Xenopusoocytes which are known

to express endogenously amiloride-sensitive NHE1

scopic K conductance of heterologously ROMK1- (Busch, 1997). This observation is similar to what was
expressing cells. This effect is similar to what was found with dimethylamiloride for the inwardly rectifying
shown for inwardly rectifying K currents of native cells K™ conductance of cat ventricular myocytes (Harvey &
including tunicate eggs (Ohmori, 1978; Fukushima,Eick, 198%). Direct measurements of intracellular pH
1982), cat ventricular myocytes (Harvey & Eick, 1839  changes with Ftselective microelectrodes provided ad-
and rat spinal cord astrocytes (Ransom et al., 1996) aditional support for the hypothesis (Fig. 6). Removal of
well as for inward K currents of ROMK2 expressed in extracellular N& did indeed acidify the bulk cytoplasm
Xenopusoocytes (Zhou et al., 1994). The effect is not by around 0.1 pH unit. It is possible that the local pH
due to Nd ion permeation, because the reversal potentiathange in the intracellular microenvironment in the vi-
did not shift upon removal of extracellular NéFig. 1C).  cinity of the membrane near the location of Wd" an-

A direct action of N3 on the ROMK1 channel from the tiporters and ROMK1 channels may exceed the pH
extracellular side cannot explain the Ngensitivity, be-  change in the intracellular bulk environment. More di-
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Fig. 9. Inhibitory effect of NaCl replacement with mannitol in the bathing solution on the whole-cell currents in HEK293 cells coexpressing with
ROMK?1 and NHES3. Q) Current traces elicited by voltage steps (=100 to +100 mV in 10-mV increments) from a holding potential of —-60 mV.
Whole-cell currents were recorded by perforated-patch whole-cell recordings from a cell in normal NaCl bath solution (left trace) and after 20-n
perfusion with N&-free mannitol bath solution (right tracesi) (Time course of the effects of NaCl replacement with mannitol in another HEK293
cell. The bar indicates the duration of NaCl eliminatidd) Effects of NaCl replacement with mannitol on ratryg curves recorded from a HEK293

cell. The data were collected from the maximum and minimum poin8. of

rect evidence for the involvement of N&l™ antiporters B . .
was obtained by the NHE3 coexpressiorXienopusoo- Na'-free (mannitol) Na'-free (NMDG")
cytes (Fig. 8) and in HEK293 cells (Figs. 9 and 10)."Na

sensitivity of ROMK1 channel was largely augmented n=5

by coexpression with NHE3, which is a Nbl*antiporter - 60 7 g 60

isoform of the kidney apical membrane (Soleimani et al., £ % =

1994; Amemiya et al., 1995; Biemensderfer et al., 1997, % 40 £ 40 -
Yoshioka, Suzuki & Kawakita, 1997; Rutherford et al., ¥ | ™" 5

1997). Furthermore, mutation of Lys 80, which is = e n=8

known to be primarily responsible for steep pH sensitiv- 20 20

ity of ROMKZ1 (Fakler et al., 1996), significantly dimin-

ished the Na sensitivity (Fig. 7), indicating an involve- O ot Rt s pvm g
ment of proton as a mediator. It should be noted, how- +NHE3 +NHE3

ever, that both amiloride and the K80M mutation did not
abolish the inhibition completely. Choe et al. (1997) Fig. 10. Effects of coexpression with NHE3 on the Naemoval-
showed that another amino acid at T51 on ROMK?2 (Cor_induced inhibition of whole-cell ROMK1 currents recorded at =100

: _mV in HEK293 cells. Open columns represent the data from the cells
responding to T70 on ROMK1) modulates the pH sen transfected with ROMK1 cDNA alone, and hatched columns the cells

sitivity of ROMK but that double mutant TS1E/K61M of cotransfected with cDNAs of ROMK1 and NHER)(Steady-state %
ROMK2 (corresponding to T70E/K80M) had the sameinhibition by replacement of NaCl with mannitoP(= 0.003). §)
insensitivity to pH at K61M. Thus, the partial effect of steady-state % inhibition by replacement of*"Neith NMDG* (P =

K80M mutation could not be ascribed to an involvement0.037).
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of T70 in pH sensitivity of ROMK1. Therefore, a low-conductance, weak inwardly rectifying"kchannel
mechanism other than that involving ME™* antiporters  in the apical membrane of the cortical collecting duct
(such as that involving N&Ca*, Na'-K*-2CI” or Na'-  (CCD) and the thick ascending limb (TAL) (Hebert,
CI™ transporters) may also contribute to the"N&nsing  1995; Hebert & Wang, 1997). Functional expression of
phenomenon of ROMK1 channels expressed in oocytek™ channels sensitive to intracellular pH and extracellu-
Since ROMK members primarily represent the renallar Na~ was found in the apical membrane of macula
potassium channels, we expressed ROMK1 in the celtlensa cells (Hurst et al., 1994). Functional expression of
line of human kidney origin, HEK293, and tested the Na'/H" antiporters was also demonstrated at the apical
Na“-sensing property in the mammalian renal cells. Sur-membrane of macula densa cells (Fowler et al., 1995).
prisingly, when the ROMK1 channel was expressedMolecular expression of the NHE3 protein was in fact
alone, its activity was only moderately suppressed byfound in the apical membrane of rat renal tubules includ-
removal of extracellular Naions (Fig. 10: open col- ing the macula densa (Amemiya et al., 1995). Taken
umns). However, Nasensitivity of ROMK1 channel together, there is a possibility that Naensitivity of
became marked after additional expression of NHE3ROMK conductance due to the cross-talk between
(Fig. 10: hatched columns). An interesting feature ofROMK channel and NHES3 is involved in regulation of
mammalian expression experiments was that removing(* secretion in CCD and Krecycling in TAL (Wang,
both N& and CT by replacing with mannitol (Fig. 14) Sackin & Giebisch, 1992; Giebisch, 1995), and also in
had on average a more profound effect than removal ofhe Na sensing mechanism in macula densa cells (Bell
Na“ alone by replacing with NMDG (Fig. 10B). This & Lapointe, 1997).
result may suggest that, in contrast to oocytes, HEK293
cells may be endogenously expressing some machinerghis work was supported by a Grant-in-Aid for International Scientific
(such as N&K*-2CI” or N&a'-Cl~ transporter) which can Research (#10044333) and that for Scientific Research on Priority Ar-

participate in modulation of ROMK1 Kchannels by eas of “Channel-Transporter Correlation” (#07276103) from the Min-
sensing Cl istry of Education, Science and Culture of Japan as well as by that from

. . Salt Science Foundation. The authors are grateful to Sh. Wakabayashi
The Iarge gradlent be.'tweel.’] the e.x.trace”mar and In_(Natl. Cardiovasc. Centr. Res. Inst., Osaka) for discussion and provid-
tracellular Ni con'centratlons, in addition to the MEeM- ing with NHE3 cDNA, to A.F. James (King's College, London) for
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cellular H" via Na'/H" antiporters but also to extrude with ROMK1 cDNA, to K. Ueda (Kyoto University) for help in GFP
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