
Nature © Macmillan Publishers Ltd 1997

letters to nature

NATURE | VOL 390 | 4 DECEMBER 1997 525

obtained by dissecting hypothalamic wedges (containing ventromedial and
arcuate nuclei) from 350-mm hypothalamic slices and incubating in 10 ml of
1 mg ml−1 protease (Type XIV, Sigma) in aCSF equilibrated with 95% O2, 5%
CO2, at room temperature for 1 h, followed by washing 5 times with 30 ml
aCSF. The wedges were resuspended in aCSF (10 ml) and dissociated by gentle
trituration. Dissociated neurons were plated into tissue-culture dishes
containing 1 ml of normal saline and 10 mM glucose and left for 20 min
before patching. Recordings were made using an Axopatch 200A patch-clamp
amplifier at room temperature with patch-pipettes (5–10 MQ) filled with the
following solution (in mM): KCl 140, CaCl2 1, MgCl2 1, HEPES 10, pH 7.2; and
for some outside-out recordings, KCl 140, CaCl2 3.25, MgCl2 1, EGTA 10, Mg-
ATP 2, HEPES 10, pH 7.2 (free Ca2+ of 100 nM). The bath solution (normal
saline) consisted of (in mM): NaCl 135, KCl 5, CaCl2 1, MgCl2 1, HEPES 10,
Glucose 3, pH 7.4 with NaOH; for current–voltage relations during inside-out
recordings, KCl 140, CaCl2 9.75, MgCl2 1, EGTA 10, HEPES 10, pH 7.2 (free
Ca2+ of 10 mM). Data were displayed on a chart recorder (Gould Easygraph),
and stored on DAT for off-line analysis. The potential across the membrane is
described following the usual sign convention for membrane potential (inside
negative). Outward current is shown as upward deflections on all single-
channel records. The data were analysed for current amplitude and average
activity (NfPo) as described previously30. ATP (Sigma) was made up as a 100-
mM stock solution in 10 mM HEPES, pH 7.2, and kept at −4 8C until required.
Tolbutamide and leptin were made up and applied to the bath as described
above. Significance levels in all cases were determined by Student’s t-test.
Results are expressed as the mean 6 s:e:m:
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Transmembrane signal transduction via heterotrimeric G pro-
teins is reported to be inhibited by RGS (regulators of G-protein
signalling) proteins1–4. These RGS proteins work by increasing the
GTPase activity of G protein a-subunits (Ga), thereby driving G
proteins into their inactive GDP-bound form5–7. However, it is not
known how RGS proteins regulate the kinetics of physiological
responses that depend on G proteins. Here we report the isolation
of a full-length complementary DNA encoding a neural-tissue-
specific RGS protein, RGS8, and the determination of its function.
We show that RGS8 binds preferentially to the a-subunits Gao
and Gai3 and that it functions as a GTPase-activating protein
(GAP). When co-expressed in Xenopus oocytes with a G-protein-
coupled receptor and a G-protein-coupled inwardly rectifying K+

channel (GIRK1/2), RGS8 accelerated not only the turning off but
also the turning on of the GIRK1/2 current upon receptor stimula-
tion, without affecting the dose–response relationship. We con-
clude that RGS8 accelerates the modulation of G-protein-coupled
channels and is not just a simple negative regulator. This property
of RGS8 may be crucial for the rapid regulation of neuronal
excitability upon stimulation of G-protein-coupled receptors.

To identify RGS proteins specifically expressed in neural cells, we
used the polymerase chain reaction (PCR) on cDNA from neuronally
differentiated P19 mouse embryonal carcinoma cells8, with degen-
erate oligonucleotide primers corresponding to the conserved
region (RGS domains) of known RGS proteins3. Three genes that
encode RGS domains were isolated and identified as RGS-r (ref. 9),
RGS2 (refs 4, 10) and RGS8 (ref. 3), respectively. We next investi-
gated messenger RNA expression for these three RGS proteins in
undifferentiated and neuronally differentiated P19 cells by reverse
transcription-PCR (RT-PCR) analysis. Although expression of
RGS2 and RGS-r mRNA was similar in both types of cell, that of
RGS8 mRNAwas significantly higher in differentiated cells (Fig. 1a).

As only a partial cDNA fragment of RGS8 has been isolated3, we
screened a rat hippocampus cDNA library with a PCR-amplified
fragment of RGS8 in order to isolate a full-length cDNA clone for
functional analysis. The isolated cDNA encoded a protein of 180
amino acids (Fig. 1b). Comparison of the predicted full-length
amino-acid sequence with the GenBank data base revealed signifi-
cantly similarity with several members of the RGS family. The
predicted amino-acid sequence was identical to the partial sequence
reported for RGS8 (ref. 3). Northern blot analysis indicated that
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RGS8 was expressed at high levels in rat brain and barely at all in
other tissues (Fig. 1c). A smaller transcript was detected in testis by
the RGS8 probe (Fig. 1c, lane 8). During brain development,
expression of RGS8 was detectable in 13-day-old embryos, increas-
ing gradually in later embryos and then markedly in neonates to
adults (Fig. 1d).

We next determined the specificity of RGS8 by in vitro binding6.
Hexa-histidine tagged RGS8 (His-tagged RGS8) was incubated with
rat brain membrane fractions treated with GDP and AlF−

4, as other
RGS proteins are known to have stronger binding to G proteins in
the presence of GDP and AlF−

4 (ref. 6). Complexes containing the
His-tagged RGS8 were purified on Ni2+-NTA–agarose and were
analysed by SDS–polyacrylamide gel electrophoresis (SDS–PAGE).
After Coomassie blue staining, a protein of relative molecular mass
40,000 (Mr 40K) recovered with RGS8 (Fig. 2a). By immunoblotting
using antisera specific for different subtypes of Ga subunit, we
found that Gao and Gai3 were selectively recovered with RGS8.
Only weak signals were visible for Gai 1 and 2, Gaz and Gaq/11
(Fig. 2b). Reconstitution studies have shown that RGS proteins
(RGS1, 4, 10 and GAIP) interact selectively with the Gi class of Ga
subunits but that they do not discriminate individual Gai sub-

types5–7. Our results show that RGS8 interacts selectively with Gao
and Gai3 in brain membranes where various subtypes of Ga exist.

To investigate how RGS8 regulates the function of Ga subunits,
we tested the effects of RGS8 on the GTP hydrolysis rate of Gao and
on the GDP–GTP exchange rate of Gao. The GTP hydrolysis rate
was measured by first making GTP bind to Gao under conditions in
which the nucleotide cannot be hydrolysed, so that the GDP–GTP
exchange did not limit the rate. RGS8 markedly increased the rate of
GTP hydrolysis of bovine Gao, whereas boiled RGS8 had no effect
(Fig. 3a). These results indicate that RGS8 functions as a GAP for
Gao. The GDP–GTP exchange rate of Gao was estimated by
measuring the steady-state GTP hydrolysis rate, which is limited
not by the rate of catalysis but by the slow exchange of GDP and
GTP. RGS8 did not significantly affect the GDP–GTP exchange rate
under these conditions (Fig. 3b). However, as the estimation of
GDP–GTP exchange rate here was done in the absence of stimula-
tion by an activated receptor, it remains to be seen whether RGS8
alters the fast GDP–GTP exchange rate on Gao upon stimulation by
receptor. As this step is probably too fast to be analysed biochemi-
cally, we decided to examine the kinetics of the response upon
receptor activation by using electrophysiological recording.

Figure 2 Interaction of RGS8 with Ga subunit. His-tagged RGS8 was incubated

with rat brain membranes treated with GDP and AlF−
4. After extraction with

detergent, complexes containing His-tagged RGS8 were purified by Ni2+-NTA–

agarose. a, Proteins bound to RGS8 were resolved by SDS–PAGE and detected

by staining with Coomassie brilliant blue. Lanes: 1, purified His-tagged RGS8;

2, recovered His-tagged RGS8 from buffer alone; 3, proteins recovered in the

absence of His-tagged RGS8; 4, proteins recovered in the presence of His-tagged

RGS8. Position of the 40K protein recovered with His-tagged RGS8 is indicated.

b, Identification of Ga subunit bound to RGS8. Rat-brain membrane proteins (top)

and proteins bound to His-tagged RGS8 (bottom) were analysed by immunoblot-

ting with antibodies against: lane 1, Gai1 andGai2; lane 2,Gai3; lane 3,Gaz; lane 4,

Gaq/11; lane 5, Gao.

Figure 1 Detection and characterization of RGS8. a, Expression of

RGS8, RGS2 and RGS-r during neural differentiation of P19 cells.

Expression of RGS8, RGS2 and RGS-r in undifferentiated (lane 1)

and neuronally differentiated (lane 2) P19 cells was examined by

using RT-PCR; the position of the primers is indicated by an arrow.

DNA size markers (100-bp ladder) are also shown (M). The

expected size of the PCR product is ,200 bp. b, Amino-acid

sequences of rat RGS8; the RGS domain is underlined. c, Northern

blot analysis of various rat tissues. Lanes: 1, brain; 2, heart; 3, lung;

4, stomach; 5, spleen; 6, liver; 7, kidney; 8, testis; and 9, backmuscle

(M. latissimus dorsi). Total RNA (20 mg) was electrophoresed,

transferred and then hybridized with full-length rat RGS8 cRNA

(top) or mouse glyceraldehyde 3-phosphate dehydrogenase

(GAPDH) cDNA (bottom). d, Northern blot analysis of RNA from

developingbrain.Lanes: 1, heads of 13-d embryos; 2–6, brains from

14-d,15-d,17-d,19-d, 21-d embryos, respectively; 7, 8, brains from 6-

d, 13-d neonates; and 9, adults. Total RNA (10 mg) was electro-

phoresed, transferredand then hybridized with full-length rat RGS8

cRNA (top) or mouse neurofilament (NF140K) cDNA (bottom).

Probes for GAPDH and NF140K have been described24. Arrow-

heads, migration positions of 28S and 18S rRNA markers.
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G-protein-coupled inwardly rectifying K+ channels are activated
directly by Gbg subunits11 released from pertussis-toxin-sensitive G
proteins of the Gi family, including Gi and Go (ref. 12). They are
activated by various G-protein-coupled receptors such as the m2
muscarinic receptor13, the D2 dopamine receptor13, metabotropic
glutamate receptors14, the GABAB receptor15, and m and d opioid
receptors16. As turning off the G-protein-coupled K+ channel upon
removal of the agonist is much faster than the rate of basal GTP
hydrolysis by purified Ga subunits17, soluble factors like GAP have
been proposed to be responsible for this rapid switching off 18.

We co-expressed the brain-type G-protein-coupled inwardly
rectifying K+ channels, GIRK119/GIRK2 heteromultimer16,20,21 and
D2 dopamine receptor (Fig. 4a) or m2 muscarinic receptor (Fig. 4b)
with or without RGS8 in Xenopus oocytes, and analysed the speed of
turning on and off upon agonist application under two-electrode
voltage clamp. Co-expression of RGS8 accelerated both turning on
and off (Fig. 4a, b). The increasing and decreasing phases were well
fitted by a single exponential function, and the time constants for
the fit, ton and toff, are shown in Fig. 4c. The acceleration of turning
on and off by RGS8 were statistically significant. Results were
similar when cardiac-type G-protein-coupled inwardly rectifying
K+ channel GIRK1/CIR22 was used instead of the brain type GIRK1/
GIRK2 (data not shown).

How can the acceleration of both the turning on and off of the
GIRK current be explained? One possibility is that RGS8 has a dual
function: that is, it can act as an off-rate accelerator (GAP) but also
as an on-rate accelerator (for example, an accelerator of GDP–GTP
exchange or of dissociation of Ga and Gbg). Another possibility is
that RGS8 simply functions as a GAP, and that the time required to
reach equilibrium upon receptor activation (1/(on-rate þ off-

Figure 3 Effects of RGS8 on GTP hydrolysis of Gao. a, The kinetics of GTP

hydrolysis during a single catalytic turnover by Gao alone (open squares) or by

Gao with RGS8 (filled squares) or with boiled RGS8 (circles). Released phosphate

is expressed as a percentage of the maximum level (3.3 pmol). b, Kinetics of

steady-state hydrolysis of GTP by Gao alone (open squares) or Gao with RGS8

(filled squares) or buffer (circles). Data are representative of at least two

independent experiments.

Figure 4 Effects of RGS8 on turning-on and turning-off kinetics, and on the dose–

response relationships of the G-protein-coupled inwardly rectifying K+ channel

(GIRK1/2) current upon stimulation of the receptors.a, GIRK1/2 and D2 dopamine

receptor without (upper trace) or with (lower trace) RGS8 were co-expressed in

Xenopus oocytes. Current traces at a holding potential of −120mV are shown.

50 nM dopamine was applied at the time indicated by the bars. The kinetics of the

turning on and off are faster for co-expression with RGS8. b, Same as in a, except

that co-expression was with the m2 muscarinic receptor instead of D2 dopamine

receptor. ACh (4 mM) was applied at the time indicated by the bars. c, Comparison

of the time constants ton and toff of the GIRK1/2 current upon stimulation of the D2

or m2 receptor, in the absence or presence of RGS8. From the traces in a and b,

the increasing and decreasing phases were fitted by a single exponential

function and ton and toff were obtained. The mean and standard deviation of ton

(n ¼ 14) were: (D2 receptor, RGS(−)); 2,905 6 576ms; (D2 receptor, RGS(+));

1,103 6 206ms; (m2 receptor, RGS(−)): 6,021 6 651ms; (m2 receptor, RGS(+)):

1;188 6 444ms. Those of toff (n ¼ 14) were: (D2 receptor, RGS(−)):

12,761 6 2,360ms; (D2 receptor, RGS(+)): 4,714 6 998ms; (m2 receptor, RGS(−)):

11,361 6 1,304ms; (m2 receptor, RGS(+)): 3,909 6 1,087 ms. Asterisks indicate

data judged to be significantly different from control values (P value , 0:05) by

Student’s unpaired t-test. d, Comparison of dose–response relationships upon

stimulation of the D2 receptor in the absence (triangles, broken line) and

presence (filled circles, solid line) of RGS8. Responses to all doses were tested

in a single oocyte and normalized. The average and s.d. of five oocytes were

plotted. Kd valuesandHill coefficients for fitting were 6.7 nM, 0.96, respectively, for

RGS8(−), and 10nM, 0.92 for RGS8(+). e, Same as in d, except that the m2 instead

of D2 receptor was used. Kd values and Hill coefficients for fitting were 0.21 mM,

0.68 for RGS8(−), and 0.25 mM, 0.89 for RGS8(+).
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rate)) is shortened by the increase in off-rate. If so, the equilibrium
should be shifted towards the GDP-bound form. However, the
equilibrium was not shifted, because the dose–response relation-
ships (Fig. 4d, e) and the amplitudes of basal and induced currents
(data not shown) were not significantly changed by RGS8. Thus our
observations cannot all be explained by assuming that RGS8
functions only as a GAP. We therefore propose that RGS8 functions
not only as a GAP but also as a on-rate accelerator, for example in
promoting GDP–GTP exchange or the dissociation of Ga and Gbg.

We have isolated a full-length cDNA encoding RGS8, a unique
member of the RGS family. Specific features of RGS8 are its
expression in the brain and its preferred binding to Gao and
Gai3. Biochemical reconstitution has revealed that RGS8 acts as a
GAP for Ga and functional studies in Xenopus oocytes showed that
RGS8 significantly accelerates the turning on of the K+ channel
upon addition of agonist, as well as turning off when the agonist is
washed out. Although RGS proteins have been proposed to be
negative regulators of G-protein-coupled signal transduction1, our
results indicate that they also accelerate the turning-on and -off
kinetics of G-protein signalling. As RGS8, Gao and GIRK1/2 are all
expressed in the brain, this accelerated response caused by RGS8
may occur in the brain to enable the resting potential and the firing
of neuronal cells to be rapidly regulated.
Note added in proof : Doupnik et al. reported similar electrophysio-
logical results on RGS 1, 3, and 4 (Proc. Natl Acad. Sci. USA 94,
10461–10466; 1997). M
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Methods

RT-PCR. To identify RGS proteins expressed in neuronally differentiated P19
cells, RT-PCR was used with degenerate primers corresponding to conserved
RGS domains as described3. Total RNA was isolated from P19 cells differen-
tiated by retinoic acid treatment. The first strand cDNA was synthesized as a
template of PCR. The amplified 200-bp DNA was cloned into pGEM-T vector
(Promega) and its sequence determined. Three rat RGS proteins, RGS8, RGS2
and RGS-r were identified. Primers specific for these three RGS proteins
(RGS8: 59-AGTTCAAGAAGACCAGGTCAACT-39, 59-TTTTCCCTGAGCTT-
GATCAAAACAA-39. RGS2: 59-TTGGCTTGTGAAGACTTCAA-39, 59-AAAC-
TGTACACCCTCTTCTGA-39, RGS-r: AGTTCAAGAAGATCCGATCAGCCA-
39, 59-ACATCGAAGCAACTGGTAGT-39) were synthesized and the expression
of each RGS was examined by RT-PCR using RNAs isolated from undiffer-
entiated and differentiated P19 cells.
Cloning of cDNA. Rat hippocampus cDNA library (generously provided by
K. Yamagata) was screened with the PCR-amplified fragment of RGS8. The
longest cDNA clone was sequenced on both strands.
Expression and purification of His-tagged RGS8. RGS8 was expressed as a
full-length protein with hexa-histidine tags at the amino terminus. A bacterial
expression plasmid of His-tagged RGS8 was constructed as follows. The entire
coding region of RGS8 cDNA was used to generate a PCR fragment and the
nucleotide sequence of the amplified DNA was confirmed by sequencing both
strands. The DNA fragment encoding RGS8 was cloned into the BamHI and
SmaI sites of pQE30 (Qiagen). The resultant plasmid was transformed into
E. coli, strain M15. His-tagged RGS8 was induced with 2 mM IPTG for 4 h and
extracted by sonication in 50 mM sodium phosphate, pH 7.4, 1.3 M NaCl, 10%
glycerol and 40 mM imidazole (sonication buffer). Lysates were clarified by
centrifugation and then applied to Ni2+-NTA–agarose (Qiagen) columns.
Columns were washed with sonication buffer containing 10 mM b-mercap-
toethanol. The proteins were eluted in a stepwise manner with increasing
concentrations of imidazole. His-tagged RGS8 was eluted with 0.4 M imidazole.
Binding assay of RGS8. RGS8–G protein binding was assayed as described6.
His-tagged RGS8 (10 mg) was incubated for 30 min at 5 8C with rat brain
membrane fractions (0.5 mg) treated with 10 mM GDP and 30 mM AlF−

4. After
extraction with 1% cholate, complexes containing His-tagged RGS8 isolated
with Ni2+-NTA–agarose were examined by SDS–PAGE. Proteins bound to
RGS8 were identified by immunoblotting with antibodies against Gai1 and
Gai2, Gai3, (Calbiochem-Novabiochem), Gao, Gaz and Gaq/11 (Santa Cruz
Biotechnology). Signals were detected with an ECL system (Amersham). The
membrane filters were exposed to X-ray films (Hyperfilm, Amersham) for

2 min to detect Gao and for 6 min for the other Ga proteins.
Analysis of GTP hydrolysis. Gao was purified from bovine brain as
described23. GTPase was assayed as described5. To obtain the catalytic rate of
GTP hydrolysis, Gao (0.21 mM) was loaded with 0.55 mM [g-32P]GTP in
50 mM Na-HEPES (pH 8.0), 2 mM dithiothreitol, 5 mM EDTA and 0.05%
C12E10 for 15 min at 208C, then the temperature was reduced by placing on ice
for 5 min. Before initiation of GTP hydrolysis, a 50-ml aliquot of the mixture
was removed and added to 750 ml of 5% (w/v) Norit in 50 mM NaH2PO4 (0 8C)
as the zero time point. Then, unlabelled GTP (166 mM), MgSO4 (16.6 mM),
and His-tagged RGS8 (1 mM) or buffer were added to the reaction mixture.
Aliquots (50 ml) were taken at the indicated intervals and added to 5% Norit.
The charcoal was removed by centrifugation and 400-ml aliquots of super-
natant containing 32Pi were counted by liquid scintillation spectrometry. To
examine steady-state hydrolysis of GTP, Gao alone (0.24 mM) or Gao with
0.88 mM His-tagged RGS8 were incubated at 20 8C with 6 mM MgSO4, 1.27 mM
[g-32P]GTP, and 3.2 mM cold GTP in 50 mM NaHEPES (pH 8.0), 1 mM EDTA,
2 mM dithiothreitol, and 0.05% C12E10. Aliquots (50 ml) were removed at the
indicated times and processed as described.
Two-electrode voltage clamp. Xenopus oocytes were treated with collagenase
(2 mg ml−1) for 2 h at room temperature to remove follicle cells and injected
with 50 nl of in vitro transcribed RNA solution (1 mg ml−1). Electrophysiological
recordings were made 2–4 d later at room temperature (23 6 2 8C) under two-
electrode voltage clamp (OC-725B-HV, Warner). Data were acquired and
analysed on a 80486-based computer using Digidata 1200 and pCLAMP
program (Axon Instruments). Intracellular glass microelectrodes were filled
with 3 M KCl; the resistance was 0.2–0.8 M ohm. The bath solution contained
90 mM KCl, 3 mM MgCl2, 20 mM GdCl3, 10 mM HEPES (pH 7.4). Concen-
trated stock (5×) agonist solution was applied to the bath (20% of bath volume)
so that the flow was not directed at the oocytes, and then mixed immediately by
pipetting. Rapid perfusion and vacuum suction was used to wash out agonists
in the bath. The exchange rate of solutions in the bath was determined by
changing the K+ concentration using the same methods. The value tin ranged
from 299 to 533 ms, and tout from 840 to 1,132 ms; this speed is sufficient for the
accurate analysis of the off-rate. The fast on-rate in the presence of RGS8 is
estimated to be slightly slower than the real value. This error does not affect our
conclusion that turning on is faster when RGS8 is co-expressed.
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The ability to differentiate between ions is a property of ion
channels that is crucial for their biological functions1. However,
the fundamental structural features that define anion selectivity
and distinguish anion-permeable from cation-permeable chan-
nels are poorly understood. Voltage-gated chloride (Cl−) channels
belonging to the ClC family are ubiquitous and have been
predicted to play important roles in many diverse physiological2

and pathophysiological3–5 processes. We have identified regions of
a human skeletal muscle ClC isoform that contribute to formation
of its anion-selective conduction pathway. A core structural
element (P1 region) of the ClC channel pore spans an accessibility
barrier between the internal and external milieu, and contains an
evolutionarily conserved sequence motif: GKxGPxxH. Neigh-
bouring sequences in the third and fifth transmembrane segments
also contribute to isoform-specific differences in anion selectivity.
The conserved motif in the Cl− channel P1 region may constitute a
‘signature’ sequence for an anion-selective ion pore by analogy
with the homologous GYG sequence that is essential for selectivity
in voltage-gated potassium ion (K+) channel pores6–8.

All known ClC channels have a conserved motif located at the
carboxy-terminal side of transmembrane segment D3 (designated
as the P1 region) which in human ClC-1 (hClC-1) has the sequence
GKEGPFVH (residues 230–237) (Fig. 1a). A naturally occurring
substitution (G230E) in this segment that causes autosomal domi-
nant myotonia congenita (Thomsen’s Disease)9 greatly distorts
permeation properties of the channel suggesting that this residue
may lie within or near the ion-conduction pathway10. To investigate
this region in more detail, we made amino-acid substitutions for
each residue between Gly 230 and His 237, and evaluated channel
function using the patch-clamp technique. Representative whole-
cell current recordings and instantaneous current–voltage relation-
ships obtained from each mutant are shown in Fig. 1b. Mutations in
P1 affect open-channel rectification and block by extracellular
iodide (Fig. 1b, open symbols). Furthermore, all mutations con-
structed in P1 confer altered anion selectivity on hClC-1 as deduced
from permeability ratios (Table 1). Substitutions at positions 230,

231 and 233 have the greatest effect on the anion-selectivity
sequence, whereas mutations at 232, 235 and 236 have smaller but
significant effects on selectivity. In addition, mutations of Gly 230,
Lys 231 and Gly 233 confer increased cation permeability (Table 1).
Channel gating was also very sensitive to mutations of residues
Gly 230 to Pro 234 as has been reported for pore mutations in
voltage-gated K+ channels6.

To test whether residues in the P1 region project their side groups
into an aqueous cavity, consistent with an ion-conduction pathway,
we performed cysteine-scanning mutagenesis and examined the
mutants for reactivity to substituted water-soluble methanethiol-
sulphonates (MTS reagents)11. Wild-type hClC-1 exhibits no func-
tional change upon exposure to MTS reagents applied intra- or
extracellularly under our experimental conditions (Fig. 2a). A
cysteine placed at position 231 is accessible only to extracellularly
applied MTS-ethylsulphonate (MTSES), whereas cysteines at posi-
tions 234 and 237 are reactive only to intracellularly applied MTSES
(Fig. 2a). Application of MTS-ethyltrimethylammonium (MTSET)
causes comparable reductions in current amplitudes (data not
shown). The functional effects of MTS reagents on cysteine-sub-

Figure 1Evolutionaryconservationof the GKEGPFVH motif in P1, and the effect of

mutations. a, Alignment of P1 region in ClC channels. Least-conserved residues

are boxed. b, Representative current recordings from WT and mutant hClC-1

channels. For each construct, voltage steps between −165mV and +75mV in 60-

mV steps were applied from a holding potential of 0mV. Each test pulse is

followed by a fixed −105mV pulse. Whole-cell recordings are shown for: WT,

G230A, K231A, E232Q and G233A. Excised inside-out patches were used for:

P234A, F235L, V236A, H237A. Instantaneous current–voltage relationships were

measured after a 250ms prepulse to +75mV (−100mV for K231A) in standard

extracellular solution (filled circles) and for the same cell/patch after changing to

(in mM): NaI (140), KCl (4), CaCl2 (2), MgCl2 (1), HEPES (5) (open squares). Whole-

cell recordings are shown for: WT, G230A, K231A, G233A. Excised outside-out

patches for: E232Q, P234A, F235L, V236A, H237A.


