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Abstract. We have investigated the effects of extracel-pressed and involved in numerous cell functions, such as
lular and intracellular pH on single channel and macro-cell volume regulation (Nilius et al., 1996; Strange et al.,
scopic (macropatches) currents through volume-1996; Nilius et al., 1998; Okada, 1997), transport of
regulated anion channels (VRAC) in endothelial cells. organic osmolytes, and possibly proliferation (for review
Protonation of extracellular binding sites with an seeNilius et al., 1996, 1993). Although macroscopic
apparent pK of 4.6 increased voltage independent of th& RAC current activation and regulation was studied in
single-channel amplitude. Cytosolic acidification had adetail, data on proton modulation are rather scarce. It
dual effect on VRAC currents: on the one hand, it in- has been shown that intracellular alkalinity reduced the
creased single channel conductancé B§% due to pro- outwardly rectifying CT current (ORCC) induced by hy-
tonation of a group with an apparent pK of 6.5 and a Hill potonicity in osteoclasts and neuroblastoma cells (Gerard
coefficient of 2. On the other hand, it reduced channelet al., 1998; Sakai et al., 1999). In our previous work we
activity due to protonation of a group with an apparentdemonstrated that VRAC of cultured endothelial cells is
pK of 6.3 and a Hill coefficient of 2.1. This dual effect permeable to lactate and bicarbonate ions, and that the
enhances the macroscopic current at a slightly acidic pHnacroscopic whole-cell VRAC current is modulated by
but inhibits it at more acidic pH. Cytosolic alkalization extra- and intracellular protons in the physiological pH
also reduced channel activity with a pK of 8.4 and a Hill range (Nilius et al., 1998). We have also reported that
coefficient of 1.9, but apparently did not affect single- calixarenes inhibit VRAC in a pH-dependent manner by
channel conductance. binding at a site inside the channel, most probably at
These data show that VRAC channels are main-istidine residues (Droogmans et al., 1998, 1999). The
tained in an active state in a narrow pH range around théunctional importance of these residues has recently been
normal physiological pH and shut down outside thisdemonstrated for CICI channels, where they are part of a
range. They also show that HEPES-buffered pipette sopore forming segment (Fahlke et al., 1997).
lutions do not effectively buffer pH in the vicinity of the Here we present data on the effects of protonation on
VRAC channels. VRAC at the single-channel level in cell-attached
patches and on macroscopic current measured in cell-
Key words: Endothelium — Volume-regulated anion attached macropatches. These data describe modulation
channels — Open pore properties — Extracellular ancPf the pore properties of VRAC likely resulting from
intracellular pH — Volume regulation direct binding of protons at sites reachable from the in-
tra- and extracellular side. Most importantly, we show
that VRAC can only be activated in a window of intra-
Introduction cellular pH between approximately 6.5 and 8.0.

Anion channels regulated by cell volume (volume- Mmaterials and Methods
regulated anion channels, VRAC) are ubiquitously ex-

CELLS

_— Cultured endothelial cells from bovine pulmonary artery (cell line
Correspondence taB. Nilius CPAE, ATCC CCL-209) were grown in Dulbecco’s modified Eagle’'s



14 R.Z. Sabirov et al.: pH and Volume-regulated Anion Channels

Table 1. Composition of extracellular solutions (m

Solution NaCl KCI Ac or Bu NHCI CaCl, MgCl, HEPES Glucose
Krebs 150 6 — — 15 1 10 10
HTS — 100 — — 15 1 10 10
HTS-pHo., — 80 20 — 15 1 10 10
HTS-pHign — 80 — 20 15 1 10 10

Table 2. Composition of the intracellular (pipette) solutions

Solution CsCl Cs-asp Cs-ac CaCl EGTA MgCl, HEPES NgATP
Pip 7.2 100 40 1.93 5 1 10 4
Pip 6 100 40 0.3 10 1 10 4
Pip 7.2-ac 100 40 1.93 5 1 10 4
Pip 6-ac 100 40 0.3 10 1 10 4

medium with 2 nu L-glutamine, 100ug - mi™* streptomycin, 100 lution. At the beginning of patch-clamp recording the Krebs solution
U - mI™* penicillin and 20% fetal bovine serum at 37°C in a fully was replaced by HTS and cells were allowed to swell during 57 min.
humidified atmosphere of 10% GOn air. They were detached by Cell-attached single-channel and macropatch membrane currents were
exposure to 0.05% trypsin in a Eaand Mg**-free solution and plated measured with an EPC-7 (Heka-Electronics, Lambrecht/Pfalz, Ger-
on gelatin coated coverslips for electrophysiological experiments (formany) patch-clamp amplifier. Voltage protocols were controlled by a
more detailsseeNilius et al., 1997). 386-based computer coupled to a DigiData 1200 (Axon Instruments,
Foster City, CA) interface. Currents were filtered at 1 kHz and
sampled at 2 kHz. Data acquisition and analysis were done using
pCLAMP (Axon Instruments, Foster City, CA) and ASCD (Guy
The composition of the various extracellular solutions is summarized inProogmans) software. The hypotonic bath solution contained 180 m
Table 1. The pH of Krebs solution and hypotonic high-K solutions K" to nullify the resting membrane potential. Assuming 140 fK"];
(HTS) were adjusted to 7.4 with KOH. For hypotonic high-K solutions in the cytosol, the expected membrane potential of a predominantly
with low pH (HTS-pH,,) and hypotonic high-K solutions with high K*-permeable m(_embrane would be -8 mV. However, the resting
pH (HTS-pH,q1), the pH value was first adjusted to 7.4 with KOH, and membrane potential of (_:PAE cglls scattered betweep_ -10 and =70 mV
then to the desired value using eithem KOH or 1 m HCI. Although and is not solely determined by its K-conductance (Nilius et al., kP97
the buffering capacity of HEPES is low outside the pH range 7-8, weTherefore, we did not make any further corrections for patch-
preferred to use a single buffer to avoid potential direct effects of othefmembrane potentials. CPEA cells express a number of different ion

buffers, since these are mostly anions that might affect VRAC channel§hannels (Nilius et al., 199]. However, most of them are only re-
in some other way related to its permeation and/or block. vealed during a specific stimulation, while at resting conditions the cell

The osmolality of Krebs solutions, as measured with a vapormembrane conductance is rather low and composed mainly of an in-
pressure osmometer (Wescor 5500, Schlag, Gladbach, Germany), w¥@rdly rectifying K’-conductance and a Gtonductance, presumably
320 + 5 mOsm. The osmolality of HTS solutions wa©/225 mOsm representing basal activity of VRAC-channels, since it can be inhibited
and did not significantly change when 20vnKCl was replaced by by cell shrinkage. The pipette solution contained” @s block the
either K acetate (ac) K butyrate (bu) in HTSsgklor by ammonium inward rectifier. In very rare occasions we also observed VRAC-like
chloride in HTS-pHg, In some experiments we used thé kéno- channels in nonstimulated cells. In some patches, which were excluded
phore nigericin (0.5.M) to change intracellular pH by adjusting the pH from further analysis, a maxi-Cl channel was active.
of the HEPES-buffered extracellular medium.

The standard pipette solution for cell attached measurements con-
tained (in mu): 100 CsCl, 1 MgCJ, 1.5 CaCl}, 10 HEPES, pH 7.4
adjusted with CsOH (21+ 4 mOsm). Pipette solutions with higher pH INTRACELLULAR PH CHANGES AND INTRACELLULAR
were obtained by shifting the pH of this standard solution with CsOH. PH MEASUREMENT
To obtain pipette solutions of lower pH, the standard pipette solution
was mixed with the appropriate amount of a solution containing)(m
100 CsCl, 1 MgC]J, 1.5 CaC} and 10 nm aspartic acid to keep the Tl
concentration constant in all pipette solutions.

Table 2 shows the composition of the various pipette solutions
used in the whole cell experiments.

SOLUTIONS

Intracellular pH was changed using acetate and ammonium based
buffer solutions (Table 1). The rationale was that acetate can pass the
membrane in non-ionized form and shift the internal pH by releasing a
proton upon dissociation (Sharp & Thomas, 1981). This method was
used by Tsai et al. (1995) to control intracellular pH of oocytes ex-
pressing an epithelial inwardly rectifying K-channel, ROMK1. A simi-
ELECTROPHYSIOLOGY lar effect can be expected for ammonium-based buffers as well. Intra-
cellular pH was assessed from the ratio of the fluorescence signals
CPAE cells grown on gelatin-coated coverslips were transferred to themitted at 510 nm in cells loaded with’,2'-biscarboxylethyl-
experimental chamber and thoroughly washed with normal Krebs so5(6)carboxyfluorescein-tetra-acetoxymethyl ester (BCECF/AM, mo-
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lecular Probes, Junction City, OR) and excited alternatively at wave-p +180 mV CcC +18omv E +180mv

lengths of 440 and 490 nm. More details about the loading and cali-

bration procedyre can be found in our recent paper (Nilius et al., 1998) 100V 100 mv 100 MV
All experiments were done at room temperature (20—-22°C).

DATA ANALYSIS f‘.)-...ﬁ "

Dose-response data for proton block of single-channel amplitudes were
fit to the equation:

b

wherey is the single-channel current or single-channel conductance at

a given pH, Pk= -log(K), whereK is the apparent dissociation con- <
stant for H, a is a limiting value ofy, bis a titratable part o, andn S L

is the Hill coefficient.

The bell-shaped pH-dependence of the macropatch reldtive,
(N = number of channelsp, = open probability) was fit to the
equation:

| 200 ms ['n

1
T [1+ 10PKaPHNa) 1 1 10PT PRI

y 2

pK, and pK, represent the apparent dissociation constants of the acti-

3
vation and deactivation binding sites of ldnd n, and n, the corre- =)
sponding Hill coefficients. 200 ms
Data were analyzed in Origin 5.0 (MicroCal Software). Pooled | e

data are given as mearsgm. Significance was tested at the 0.05 level. ) i
100 Cl 50 CI/50 asp 100 asp

Fig. 1. Representative single-channel current traces recorded in cell-
attached patch mode on cells pre-swollen with hypotonic solution at
three different pipette Clconcentrations, i.e., 10, 50 (C) and 0

(E), CI” being replaced with aspartate. Par@]9 andF represent the
corresponding ensemble averaged currents.

Results

EFFECT OF EXTRACELLULAR PROTONS ONSINGLE
VRAC CHANNELS

Single channel events were consistently observed in cellat positive potentials, which is a typical feature of VRAC
attached patches on cells swollen in hypotonic solutionchannels (Voets et al., 1997). Replacing® @s the pi-

but rarely in cells exposed to isotonic solution. Channelpette solution with NMDG did not affect the single chan-
activity observed in pre-swollen cells disappeared if cellsnel current amplitudes, indicating that the current is not
were exposed to isotonic solutiodata not showjp Ina  carried by cations. These observations together with the
few instances, single channel activity was induced inoutwardly rectifying property of these channete¢ be-
patches, which were silent in isotonic conditions, if thelow) provide strong evidence that these single channel
cell was perfused with hypotonic bath solution. Lower- currents occur through VRAC and are activated by cell
ing CI” in the pipette solution from 100 to 50nmre-  swelling. Channels with similar amplitude, rectification
duced the current amplitude at +180 mV from 9.2 + 1.1and gating kinetics were also observed inBIC cells

t0 4.7 £ 0.7 pA O = 4). Complete substitution of Cby  (Voets et al., 1997), in human intestinal epithelial cells
aspartate further decreased the single channel curre(®kada et al., 1994; Tsumura et al., 1996) and C6 glioma
amplitude { = 0.85 + 0.2 pA at +180 mV), which is cells (Jackson & Strange, 1995).

consistent with the previously reported permeation of  Extracellular acidification by decreasing the pH of
aspartate through VRAC (Nilius et al., 1997 Figure 1  pipette solution to 3.5 led to a significant increase in
shows selected traces at three different pipetteoBh-  single-channel current amplitude with no visible change
centrations during a step from 0 to +180 mV and back toin channel gating (Fig. 2 andB). The effect was most
-100 mV, and the corresponding ensemble averaged cuprominent on outward currents, whereas inward current
rents. It is evident from these traces that the €llbsti-  were practically unchanged. The mean channel ampli-
tution affects outward but not inward current amplitudes.tude at +140 mV was 13.9 + 0.3 pAi (= 6 patches)
They also clearly show inactivation of outward currentscompared to 7.2 + 0.1 pAn(= 6 patches) at pH 7.4.
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Fig. 2. Extracellular acidification increases outward current through
single VRAC channels A) Representative cell-attached single-channel Fig. 3. Concentration- and voltage-dependence of the proton effects on
recordings at different test potentials using a pipette solution bufferedsingle VRAC channels.A) Concentration-response relations between
at either pH 7.4 (left panel) or 3.5 (right panel). The potential was single-channel current amplitudes measured at the indicated test-
stepped from a holding potential of ~50 mV to the various test poten-potentials and pH of pipette solution. Each point is a mean of 4-14
tials for 1 sec. B) Current amplitude histograms from 21 (pH 7.4, left) measurements from 5—7 different patches. The curves represent fits to
and 14 (pH 3.5, right) records elicited by step-pulses from a holdinggg. (1) for a Hill coefficientn — 2 (seeMaterials and Methods)Bj
potential of ~50 to +140 mV.Q@) Single-channel current-voltage rela- voltage-dependence of the corresponding apparent dissociation con-
tions at pH 7.4 (mean of 4-14 measurements; data from 6 patches) anglants for H obtained from the fits i\. The vertical bars represent the
pH 3.5 (mean of 5-12 measurements; data from 6 patches). errors in the estimated values as obtained from the weighed fit to the
data in panel.

In contrast, the current amplitudes at -140 mV of —2.5 outward current at higher pH. FiguréA¥hows the ti-

0.1 pA (h = 6 patches) at pH 3.5 and of —2.3 £ 0.1 pA tration curves of single-channel outward currents at dif-
(n = 6 patches) at pH 7.4 were not significantly differ- ferent test potentials. At all test potentials, current am-
ent. The outward current amplitudes were obtained fronplitudes were pH-insensitive for pH values ranging from
amplitude histograms, those at negative potentials weré to 9. At pH values lower than 6, the channel currents
more difficult to assess because of the high open channgjradually increased and reached a plateau at pH values
probability at these potentials. They were therefore deless than 4. All curves could be fitted to Eq. (1) using a
rived from single channel current events during recovenHill coefficient of n = 2, which is consistent with the
from inactivation, i.e., channel inactivation was inducedbinding of at least two protons at the external mouth of
by a preceding step to positive potentials, and channethe channel. This binding was voltage-independent, as
activity was recorded during a second step to negativéts pK value of 4.65 at +40 mV was nearly identical to
potentials. The correspondingV relations of these that of 4.58 at +140 mV (Fig.B). This finding suggests
single channel currents, as obtained from 6 patches, athat carboxyl groups (presumably Asp and/or Glu) are
shown in Fig. Z, which clearly shows the outwardly involved in the regulation of the single-channel conduc-
rectifying property of the current and the reduction of tance of VRAC by extracellular pH.
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EFFECT OFINTRACELLULAR PROTONS ONSINGLE A 6.0 (acetat

VRAC CHANNELS PH 6.0 (acetate) o
VRAC channels showed fast and irreversible run down % c
in excised inside-out patches. We have therefore used an pH 7.4 (acetate)

indirect way to study the effects of changes in intracel-

lular pH on single-channel VRAC currents, which in o

addition does not significantly disturb the cytosolic en- o, 10 pA
vironment, i.e., permeable acetate- and ammonium- c

based buffers combined with parallel measurements of

pH; using a pH-sensitive fluorescent dye. Since both in- PH 9.0 (ammonium)

tracellular acidification and alkalization reduced channel o

activity (see beloy we first established an on-cell mac- c

ropatch at normal pH that contains a large number of  5— events
VRAC channels, switched then to the desired pH and 0 100 200
recorded channel activity shortly before activity com- B

pletely ceased. FigureAMshows such traces of single- 70 4

channel outward current measured at +140 mV on a cell
perfused with an acetate buffer at pH 6 or 7.4 and an
ammonium buffer at pH 9 (the pipette solution was
HEPES-buffered at pH 7.4). The corresponding ampli-

tude histograms are shown at the right of the currenty [pS?O_
traces. Itis obvious that the current amplitude at pH 6.0

is significantly larger than at pH 7.4 using the same
buffer or an ammonium-buffered bath solution of pH 9.0,
indicating that intracellular protonation increases single- | . . .
channel conductance. Titration curves, representing the 6 7 8 9
dependence of single channel conductance on measured pH

intracellular pH (Fig. 8) could be fitted to Eq. (1), giv-

ing a pK of 6.5 andh = 2. These findings are consistent Fig. 4. Effect of intracellu!ar pH on the curr_ent through single VRAC
with binding of two protons at the internal mouth of the channels. &) Representative on-cell recordings of VRAC channels at

hannel. B f the rather limited effects of chan +140 mV from cells perfused with bath solutions buffered using the
channel. because orthe rathe €d Elects Ol Changeg i ,eq membrane-permeable buffesegTable 1). Corresponding

in pH; we did not analyze the voltage-dependence o#current amplitude histograms are shown at the right of each trace.

intracellular protonation in more detail. Traces at pH 6 and 9 were obtained from multi-channel patches before
It should be noted that at severe acidification andchannel activity disappeared completel) Single-channel conduc-

alkalinization the open probability of the channels wastance measured at 140 mV as a function of the actually measured

still high at moderate test-potentials, and closures Wer%}tri:eg‘g'a;g:s(igigg“f?gfnscgngeéiﬁi"’:ggtp(’i“tt Leepsresﬁ:gssgﬁdmlm”

. . - - patches.

ﬁ?\'/y 3\?:3\2;?;1 n?)tt ;eblfgl\tlglzjr?rl]%? e\l)?;)tlg?g?hgfe:f]}%gtslggrepresents the fit to Eq. (1) with pK and n of respectively 6. 5 and 2.

channel kinetics quantitatively because of the slow gat-

ing of the channels. The limited effects of pH on single whole-cell VRAC currents (Nilius et al., 1998). How-

channel amplitude and kinetics of gating neverthelesgVver, intracellular acidification to pH 6 (FigAS middle

suggest that intracellular pH affects the number of activepanel) strongly decreased the amplitude of the macro-

channels rather than their open-channel probability. ~ patch-current, which is not only in contrast with the in-
creased single-channel current amplitude at this intracel-

lular pH as described above, but also with our previously
EFFECT OFINTRACELLULAR PROTONS ONMACROPATCH reported data of a slight potentiation of the whole-cell
VRAC CURRENTS macroscopic current with pipette solutions buffered at

pH 6 with HEPES (Nilius et al., 1998). The effect of
The high density of VRAC channels in swollen CPAE intracellular acidification was only partially reversible.
cells enabled us to record membrane currents of 100Fhe correspondingrV curves in Fig. B before admini-
1000 pA (at -140 mV) in macropatches obtained withstration of low pH and after washout clearly show the
low-resistance pipettes (0.5+4€)). These macropatch characteristic outward rectification of VRAC currents.
currents (Fig. B, top panel) show the characteristic out- The time course of the pHiependent current reduc-
ward rectification and voltage-dependent inactivation oftion was rather slow and required several minutes to
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Fig. 5. Effect of intracellular acidification on VRAC currents through a macropatch in cell-attached mdgdguirent traces elicited by 1 sec steps
from a holding potential of —=50 to £140 mV in 20 mV increments. Upper traces were recorded at pH 7.4, the middle traces after about 5 mi
perfusion with acetate buffer at pH 6.0, and the lower traces after wasB)@ufrent-voltagel¢V) relationships in normal solution (diamonds),

after inhibition of the macropatch VRAC current by low intracellular pH (triangles), and after washout (squares). Data points represent elsrrent lev
measured at the beginning of the voltage step from the records in

complete (Fig. 8). The effect was also voltage- apparent pK of 8.4 andn, = 1.9 enhances channel
independent, as can be assessed from the minor effect attivity (N -p,), whereas protonation of another site with
intracellular acidification on the ratio of the currents an apparent pKof 6.3 andn, = 2.1 reduces it.
measured at +100 and -100 mV (FigA,ottom) and
which could possibly be due to a contamination with
background currents. A similar effect was observed if WHOLE-CELL VRAC CURRENTS AND
the cytosol was alkalinized during perfusion with a bathNTRACELLULAR pH
solution buffered at pH 9 with 20 mammonium chlo-
ride (Fig. 8). Current inhibition developed faster dur- These changes iN - p, are at variance with our previ-
ing alkalization than during intracellular acidification ously published whole cell data (Nilius et al., 1998)
and was fully reversible upon return to normal pH. Thewhere we observed a slightly enhanced current density in
voltage dependence of current inhibition (Fid,6ower  cells dialyzed with a HEPES buffered pipette solution at
panel) might be slightly more pronounced than duringpH 6. We have repeated these experiments and were still
acidification, but this feature has not been further inves-able to record large VRAC currents in a cell dialyzed
tigated. with a HEPES buffered pipette solution at pH 6 and
Figure 8 summarizes normalized current values atsuperfused with a HEPES buffered extracellular solution
+140 mV from various patches as a function of the mea{Fig. 7A). In addition, extracellular acidification by itself
sured intracellular pH. The various current amplitudesdid not significantly affect the whole-cell VRAC current,
were first normalized to their value at pH 7.4 for the nor did the addition of acetate or butyrate (2t
same patch and then converted\to p, values using the pH 7.4 fot show). Adding these permeable buffers at
single-channel current amplitudes from Fig3.4From  pH 6 caused however a fast and nearly complete inhibi-
our single-channel recordingsde aboveit appeared tion of the whole cell current. This effect could be re-
that N rather thanp, was affected by intracellular pH, versed in the presence of 2vnacetate by changing the
indicating that the bell-shaped dependenceNofp, pH to 7.4.
mainly represents the effect of intracellular pH on the In another experiment@ata not show)) we dialyzed
number of active channels. The pH dependence could beells with pipette solutions in which 40nmaspartate was
fitted by assuming the presence of two intracellular regu+eplaced by 40 m acetate and found large VRAC cur-
latory sites (Eq. (2)). Protonation of a site(s) with anrents if that solution was buffered at pH 7.4 but only
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A B HTS
pH6.0 pH 9.0 A
— — pHB, HEPES
+100 mV

+100 mV

50 pApE

pH7.4,20Ac
HTS

0.5 uM nigericin
B pHB6.0

50 pA/pF

Fig. 7. Modulation of whole-cell VRAC currents under different buff-
Fig. 6. The time course of VRAC current inhibition by changes in ernng gondmons. Time course of the VRA.C currgnt at+100 m.V act-
. . . vated in a HEPES-buffered 25% hypotonic solution at pH 7.4 in a cell
intracellular pH. A) Peak current amplitudes measured in a cell- . . ; - -
. dialyzed with a HEPES buffered pipette solution at pH 6 (indicated by
attached macropatch during test pulses to £100 mV of 500 msec du- )
. . . . . top bar). ) Changing the extracellular pH to 6 has no pronounced
ration applied every 10 sec as a function of time. The horizontal bareffect on the current. whereas the same change in pH but in the pres-
indicates the administration of low-pH acetate-bath solution buffered at ; 9 P P

pH 6.0. The bottom panel represents the time course of the ratio of botfy °¢ of 20 mu acetate completely abolishes the current. The current

. N TS slowly recovers in the continued presence of acetate after returning to

current amplitudes, indicating that the current inhibition is largely volt- — A

: - . . . pH 7.4. B) Application of 0.5um nigericin at pH 7.4 does not affect
age-independentB] A similar experiment as inA) but with an am- . -

. " . VRAC, but a subsequent reduction of extracellular pH to 6 drastically
monium-bath solution buffered at pH €)Y Current amplitudes at +140 . = "

. . nhibits it.

mV from 4-6 macropatches normalized to the corresponding curren
amplitude at pH 7.4 (HEPES buffer) and corrected for changes in single

channel conductance as a function of the actually measured pH. The . . . ..
solid line represents the best fit to Eq. (2) with parameters; pk8.4 ered plp'ette.S.OIUtllon at pH 6 (FIgBY. Appllcatlon of
andn, = 1.9, pK, = 6.3 andn, = 2.1. 0.5 um nigericin did not affect the current, but a subse-

guent reduction of extracellular pH to 6 almost com-

. . é)letely abolished it.
minute currents if it was buffered at pH 6. These data ar Taken together, these results imply that a HEPES

in agreement with the macropatch results, but discreparytered pipette solution is not able to buffer the local pH
with the whole-cell currents with HEPES-buffered pi- i, ihe intracellular vicinity of the VRAC channel as ef-

. oo ) . nWL'ectiver as in case when the cell was superfused with
patible with either a direct effect of the non-ionized form low-pH bath in the presence of permeable buffers or
of intracellular acetate, which is more abundant at pH 6during a proton load of the cell induced by nigericin.

on VRAC or with distinct buffering properties of HEPES

and acetate (or butyrate) near the plasma membrane. We

can also not rule out a direct effect of the permeableDiscussion

buffers on VRAC, and have therefore used in another

experiment the H ionophore nigericin to abolish the The present study demonstrates that VRAC channels are
transmembrane proton gradient when VRAC was acti-sensitive to both extracellular and intracellular pH. In
vated at pH 7.4 in a cell dialyzed with an HEPES buff- contrast to sodium- and potassium channels, for which
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protonation of an extracellular binding site was shown toternal pipette solution buffered at pH 6.0 which were
suppress single-channel conductance (Zhang & Siegektonsistently larger than the current measured under the
baum, 1991; Sabirov et al., 1997), binding of kb at same conditions with a pipette solution buffered at pH
least two extracellular sites increases the conductance gf4. This apparent contradiction with the present data
VRAC channels in a voltage-independent manner. Theould be due to washout of an intracellular component
pK value of these sites of 4.6 suggests that the extracekesponsible for the Hdependent inhibition of VRAC.
lular proton sensor is composed of carboxyl residues oHowever, this explanation is rather unlikely since inhi-
Asp and/or Glu. It is rather unlikely that endothelial pition of whole-cell VRAC currents also occurred in
cells will ever face such low pH values, but other cell cells dialyzed with an 40 m acetate pipette solution
types, such as osteoclasts, also express VRAC (Kelly &juffered at pH 6.0. The experiments with nigericin also
al., 1994) and function normally in a low-pH environ- exclude a direct inhibitory effect of acetate. The diver-
ment. In such case extracellulaf4kgulation may have  gent whole-cell results with HEPES and acetate buffered
a certain physiological significance. The biophysical ba-pipette solutions at pH 6 can be explained if we assume
sis of the effect is probably an increase in the positiveiat the faster diffusion rate of the permeable buffers
electrostatic potential at the outer entrance of the POr&rovides a more effective pH buffering near the cell
that increases the local anion concentration, and therguemprane than the HEPES buffered pipette solution.
fore the probability of ion passage through the pore. Ay ig feasible that near the plasma membrane the re-
similar increase in single-channel conductance at 10Wyictaq diffusion of HEPES is at least partially counter-

ex?racellular' PH has been described previously for Ahalanced by the intrinsic buffering capacity and trans-
anion-selective channel formed by Staphylococcal alphas o brane Fi extrusion mechanisms, which result in a

toxin in lipid bilayers (Krasilnikov & Sabirov, 1989) and less acidic submembrane pH compared to that of the

a sarcoplasmic chloride channel reconstituted in I|p|dpipette solution. This less acidic local pH could explain

bilayers (Townsend_ & Rosenberg, 1995). the increase in VRAC current, which was also observed
The effects of intracellular protons on VRAC are {iuring slight acidification in macropatches.

more complex. Protonation of a group with an apparen Protons affect anion-selective channels in many dif-

PK of 6.5 enhances single channel conductance. On thPerent ways. Moderate acidification to pH 5-6 inhibits,

other hand, the bell-shaped pH dependende o, sug- and alkaline pH enhances the macroscopic conductance

gests a dual effect of cytosolic pH on channel gating. . . .
Protonation of a group with an apparent pK of 8.4 en_of native muscle Cl channels (Hagiwara & Takahashi,

hances, whereas protonation of a site with a pK of 6.3-974: Palade & Barchi, 1977) and a cloned counterpart
reducesN - p,, whigh results in a peculiar pdeepen- of these channels, QICl (Rychkov etal., 1996, 1997) and
dence with a maximum around normal pH and a nearlyStrongly affects their gating (vVaughan et al., 1991). In-
complete abolishment of channel activity at 1 to 2 pH_hlpmon by acidic extracellular pH was also shown _for
units more acidic or alkaline pH. It is not clear whether Mini Cl-channels from the basolateral surface of parietal
the sites that affect single channel conductance (pK of€lls (Kajita et al., 1995), Ca activated CI currents
6.5) and channel activity (pK of 6.3) represent the samdCaCC) in colon carcinoma (T84) epithelial cells
groups or not. In any case, the pK value of this group(Arreola et al., 1995), and for cloned CIC4 and CIC5
(groups) Suggests either His or LyS Note that for aChannels (Fned”ch et al., 1999, Mo et al., 1999) In
cloned inward rectifier K-channel, ROMK1, the intra- contrast, a chloride channel frofforpedo Electroplax
cellular inactivating proton-sensitive site with a pK of (Hanke & Miller, 1983) and cloned CIC2 channels (Jordt
6.79 (Tsai et al., 1995) has recently been identified as & Jentsch, 1997) were activated by low extracellular pH
Lys residue at position 80 (Fakler et al., 1996). due to change in open probability. Insensitive to extra-
The descending part of the pH-dependence at alkacellular pH, CFTR-channels can be turned to highly pH-
line pH (Fig. @) gives evidence for yet another proton sensitive by R352H mutation (Guinamard et al., 1995).
binding site (pbK= 8.4,n = 1.9) which, in contrast to Intracellular acidification inhibited CFTR-type ClI chan-
the acidic one, increases channel activity updnbithd-  nel in epithelial cells from sweat ducts (Reddy et al.,
ing, but has no effect on single-channel current ampli-1998) and in mouse thick ascending limb (Guinamard et
tude. This residue could be Lys, Tyr or Arg. al.,, 1995) by interference with phosphorylation of R-
We have described in a recent publication the effectslomain. The distinct pH-sensitivity profile of VRAC al-
of extra- and intracellular pH on whole-cell VRAC cur- lows distinguishing it from other types of CTthannels
rents measured using ruptured patches (Nilius et aland may be a valuable tool for its molecular identifica-
1998). Alkalization was found to inhibit the whole-cell tion. From this point of view, CIC2, CIC4 and CIC5
VRAC current, consistent with the present data in cell-have a quite different pH-sensitivity and should be ex-
attached patches. However, we also observed macraluded as molecular candidates for the VRAC channel of
scopic current measured in whole-cell mode with an in-CPAE cells. Unfortunately, the interaction of the most
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promising candidate CIC3 with protons has not beerHanke, W., Miller, C. 1983. Single chloride channels from Torpedo
studied yet. electroplax. Activation by protonsl. Gen. Physiol82:25-45

In conclusion, the VRAC channel is maintained in Jackson, P.S., Strange, K. 1995. Single-channel properties of a volume-

n active state in a narrow pH ran round the normal sensitive anion conductance. Current activation occurs by abrupt
an aclive state anarrow pr range arou € norma switching of closed channels to an open stateGen. Physiol.

physiological pH, and is shut down whenever the cyto- 105643660

plasm gets more acidic or alkaline. A specific feature ofjordt, S.E., Jentsch, T.J. 1997. Molecular dissection of gating in the
the pH-dependence of the VRAC current is that its maxi-  CIC-2 chloride channeEMBO J.16:1582-1592

mum is located at a pH slightly below the normal basalKajita, H., Morishima, S., Shirakata, Y., Kotera, T., Ueda, S., Okuma,
value, which means that moderate acidification increases M- Okada Y. 1995. A mini Cl channel sensitive to external pH in

ionic flow through this channel. The concomitant en- Zhseg_ts’?izljteral membrane of guinea-pig parietal cali$hysiol.

hanced HC@-influx through VRAC may thereby coun- o "\ £.m., Dixon, S.J., Sims, S.M. 1994. Outwardly Rectifying
teract the original acidification, as suggested previously  chioride Current in Rabbit Osteoclasts Is Activated by Hyposmotic
(Nilius et al., 1998). The descending part of pH-  Stimulation.J. Physiol.475:377—389

dependence at low pH may serve as a delimiter (or negakrasilnikov, O.V., Sabirov, R.Z. 1989. lon transport through channels
tive feedback) which shuts the channels at sufficiently formed in lipid bilayers by Staphylococcus aureus alpha-toxin.

low pH and prevents cell death due to extreme acidifi- _Gen- Physiol. Biophys:213-222 _ ,
cation Mo, L., Hellmich, H.L., Fong, P., Wood, T., Embesi, J., Wills, N.K.

1999. Comparison of amphibian and human CIC-5: similarity of
functional properties and inhibition by external pH.Membrane
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