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abstract

 

Cysteine-scanning mutagenesis (SCAM) and computer-based modeling were used to investigate key
structural features of the S6 transmembrane segment of the calcium-activated K

 

�

 

 channel of intermediate con-
ductance IKCa. Our SCAM results show that the interaction of [2-(trimethylammonium)ethyl] methanethiosul-
fonate bromide (MTSET) with cysteines engineered at positions 275, 278, and 282 leads to current inhibition.
This effect was state dependent as MTSET appeared less effective at inhibiting IKCa in the closed (zero Ca

 

2

 

�

 

 con-
ditions) than open state configuration. Our results also indicate that the last four residues in S6, from A283 to
A286, are entirely exposed to water in open IKCa channels, whereas MTSET can still reach the 283C and 286C res-
idues with IKCa maintained in a closed state configuration. Notably, the internal application of MTSET or sodium
(2-sulfonatoethyl) methanethiosulfonate (MTSES) caused a strong Ca

 

2

 

�

 

-dependent stimulation of the A283C,
V285C, and A286C currents. However, in contrast to the wild-type IKCa, the MTSET-stimulated A283C and A286C
currents appeared to be TEA insensitive, indicating that the MTSET binding at positions 283 and 286 impaired
the access of TEA to the channel pore. Three-dimensional structural data were next generated through homology
modeling using the KcsA structure as template. In accordance with the SCAM results, the three-dimensional mod-
els predict that the V275, T278, and V282 residues should be lining the channel pore. However, the pore dimen-
sions derived for the A283–A286 region cannot account for the MTSET effect on the closed A283C and A286 mu-
tants. Our results suggest that the S6 domain extending from V275 to V282 possesses features corresponding to
the inner cavity region of KcsA, and that the COOH terminus end of S6, from A283 to A286, is more flexible than
predicted on the basis of the closed KcsA crystallographic structure alone. According to this model, closure by the
gate should occur at a point located between the T278 and V282 residues.
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I N T R O D U C T I O N

 

Calcium-activated potassium channels of intermediate
conductance (IKCa) play a prominent role in a large

 

variety of cellular events such as the endothelium-
derived hyperpolarizing factor (EDHF)*-based regula-

 

tion of vascular tone (Yamamoto et al., 1999), the sustained
efflux of Cl

 

�

 

 ions in secretory epithelia (Devor et al.,
1996; Singh et al., 2001) and the proliferation of T-lym-
phocytes (Grissmer et al., 1993; Logsdon et al., 1997;
Jensen et al., 1999; Ghanshani et al., 2000) and other
cell types (Langille et al., 1986; Rane, 2000). IKCa
channels belong to one of the three main classes of cal-

cium-activated potassium channels (K[Ca

 

2

 

�

 

]) identi-
fied to date on the basis of their permeation properties
and pharmacology (Vergara et al., 1998). These in-
clude the charybdotoxin (ChTX)- and iberiotoxin-sen-
sitive MaxiK channels of large conductance (150–220
pS), the 20–50 pS IKCa channels inhibited by ChTX
(Cai et al., 1998) and clotrimazole (Rittenhouse et al.,
1997), and the apamine-sensitive and -insensitive SK
channels of small conductance (

 

�

 

10 pS) (Kohler et al.,
1996). MaxiK, SK, and IKCa channels differ also in
terms of their permeation and gating properties. For
instance, in contrast to the MaxiK, both SK and IKCa
channels are voltage insensitive and demonstrate a
nonohmic current/voltage relationship with a conduc-
tance two to three times higher for inward than out-
ward currents. Furthermore, the Ca

 

2

 

�

 

 sensitivity of the
SK and IKCa arises from the Ca

 

2

 

�

 

 binding protein,
calmodulin, constitutively bound to the channels (Xia
et al., 1998; Khanna et al., 1999), and not as docu-
mented for the MaxiK channel from the direct binding
of Ca

 

2

 

�

 

 to an integral part of the channel structure
(Schreiber and Salkoff, 1997).
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Abbreviations used in this paper:

 

 EDHF, endothelium-derived hyper-
polarizing factor; EPR, electron paramagnetic spectroscopy; MTS,
methanethiosulfonate, MTSES, sodium (2-sulfonatoethyl) meth-
anethiosulfonate; MTSET, [2-(trimethylammonium)ethyl] meth-
anethiosulfonate bromide; SCAM, scanning mutagenesis.
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IKCa channels are mostly expressed in nonexcitable
cells (Sauvé et al., 1988; Brugnara et al., 1993; Grissmer
et al., 1993; Marchenko and Sage, 1996; Sauvé et al.,
1986; Logsdon et al., 1997; Schmid-Antomarchi et al.,
1997) although reports have documented the presence
of IKCa in vascular smooth muscles where they may
contribute to muscle plasticity (Neylon et al., 1999).
These channels have been recently cloned from differ-
ent tissue preparations (Ishii et al., 1997; Joiner et al.,
1997; Logsdon et al., 1997; Vandorpe et al., 1998;
Warth et al., 1999) leading to a gene product compris-
ing 425–427 amino acids with a predicted topology of
six transmembrane segments S1–S6, and a pore motif
between S5 and S6. Amino acid sequence alignments
have revealed furthermore that the human IKCa chan-
nels identified so far are 42–45% identical and 50–55%
conserved as compared with SK channels, indicating
that IKCa are more closely related to SK than MaxiK.
Little is known, however, on the three-dimensional
structural organization of IKCa. Homology modeling
and toxin binding studies have already provided evi-
dence for topological similarities between the external
vestibule region of IKCa and other K

 

�

 

 channels (Rauer
et al., 2000). In addition, the crystal structure of the rat
SK2 calmodulin binding domain (residues 395–430)
has been reported recently, enabling for the first time
molecular modeling of the IKCa–calmodulin complex
which underlies channel gating (Schumacher et al.,
2001). However, despite the importance of theses re-

 

sults, structural data concerning the IKCa channel pore
and gating regions are still lacking.

The first direct structural data for pore formation in
K

 

�

 

 channels came with the solved structure of the
KcsA channel, a bacterial potassium channel with two
transmembrane domains (Doyle et al., 1998). In the
crystal structure of the pore region, the P loop of
KcsA forms the ion selectivity filter and the 

 

�

 

-helical
M2 lines the long inner vestibule between the selectiv-
ity filter and the cytoplasm. Of equal interest is the ob-
servation that on the intracellular side, the M2 helices
are joined together by the residues T107 and A111 to
form a pore with a diameter smaller than 4.5 Å (Doyle
et al., 1998; Bernèche and Roux, 2000). Although the
passage of a dehydrated cation through this narrow
entrance is sterically possible, electrostatic calcula-
tions show that such a process is energetically prohibi-
tive, indicating that the intracellular entrance of the
crystallographic structure of the KcsA channel is effec-
tively closed (Roux et al., 2000). By analogy, these re-
sults suggest a key role of the S6 segments to the pore
formation in IKCa and a contribution of the residues
in the COOH-terminal segment of S6 to the channel
gate.

The present study aims to investigate the structural
features of the S6 segment from an IKCa channel
cloned from HeLa cells. Fig. 1 shows an alignment of
the 42 amino acids spanning the S6 segment in IKCa,
rSK2, KcsA, and voltage-gated Shaker channels. Al-

Figure 1. Amino acid sequence alignment of IKCa, rSK2, KcsA, and Shaker showing sequence similarities within the S6 transmembrane
segment. The sequence alignment of the Pore � S6 region of IKCa, rSK2, KcsA, and Shaker was based on the conserved GYGD pore motif.
Sequence similarities of 100% and 75% are shaded in black and gray, respectively. The S6 segment in IKCa is presented as extending from
V266 to the A286.
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though there is little amino acid identity between
IKCa, Shaker, and KcsA in the S6 COOH-terminal re-
gion, it is possible to align the upper part by using the
conserved GYGD motif to constrain the entire align-
ment. This analysis indicates that there is a correspon-
dence between the valine and threonine at positions
275 and 278 in IKCa and the cavity-lining residues
I100 and F103 in KcsA. A similar equivalence also pre-
vails between the T278 and V282 residues in IKCa and
the I470 and V474 in Shaker, two amino acids re-
ported to contribute to pore lining (Liu et al., 1997).
These observations strongly suggest that the region
spanning from V275 to A286 in IKCa is most likely to
play a crucial role in the IKCa channel pore formation
and gating mechanism. The binding of one calmodu-
lin molecule to two adjacent monomers, as described
by Schumacher et al. (2001) in their work on the
closely related rSK2 channel, argues for structural
changes in the IKCa S6 segment different from those
prevailing during channel opening for voltage-depen-
dent channels. A study was thus undertaken in which
we examined the effects of the water-soluble methane-
thiosulfonate (MTS) derivatives sodium (2-sulfonato-
ethyl) methanethiosulfonate (MTSES) and [2-(tri-
methylammonium)ethyl] methanethiosulfonate bromide
(MTSET) on the single channel conductance and gat-
ing properties of cysteine IKCa mutants for the region
comprised between V275 and A286. These results and
the structural three-dimensional data generated by
homology modeling using templates as structures for
the closed and open KcsA channel point toward dis-
tinct domains for the S6 segment; a first region ex-
tending from V275 to V282 with features correspond-
ing to the inner cavity region of KcsA, and a second
region in the COOH terminus end of S6, from A283
to A286 that would be more flexible than predicted
on the basis of the closed KcsA crystallographic struc-
ture alone.

 

M A T E R I A L S  A N D  M E T H O D S

 

Cloning, Sequencing, and Site-directed Mutagenesis
of the IKCa Channel

 

IKCa channel cDNAs were obtained from HeLa cells by PCR us-
ing two oligonucleotides designed from the reported hKCa4
sequence (EMBL/GenBank/DDBJ accession no. AF022150).
These two oligonucleotides (from 1–23 and 1,270–1,284) were
chosen to yield a 1,281-bp fragment containing the entire coding
sequence of the human IKCa channel. The PCR fragments were
cloned into the pMT21 mammalian expression vector (Klein et
al., 1999) and sequenced by the dideoxynucleotide chain termi-
nation method using the T7 Sequenase kit (USB) with synthetic
oligonucleotides as primers. Sequencing the PCR product ob-
tained from HeLa cells revealed a 100% identity with the se-
quences reported for the hKCa4, hIK1 (EMBL/GenBank/DDBJ
accession no. AF022150), and hSK4 (EMBL/GenBank/DDBJ ac-
cession no. AF000972) channels. Site-directed mutagenesis of

IKCa channels were performed using the QuikChange site-
directed mutagenesis kit (Stratagene). To obtain the 10 X/C
consecutive point mutations, amino acid changes were intro-
duced by using 25 mer mutated oligonucleotides (V275/C,
T278/C, A279/C, L280/C, L281/C, V282/C, A283/C, V284/C,
V285/C, A286/C) and wild-type IKCa as template. All mutations
were confirmed by sequencing the entire codon region in both
directions on both strands.

 

Oocytes

 

Mature oocytes (stage V or VI) were obtained from 

 

Xenopus laevis

 

frogs anesthetized with 3-aminobenzoic acid ethyl ester. The folli-
cular layer was removed by incubating the oocytes in a Ca

 

2

 

�

 

-free
Barth’s solution containing collagenase (1.6 mg/ml; Sigma-
Aldrich) for 45 min. The composition of the Barth’s solution
was (in mM): 88 NaCl, 3 KCl, 0.82 MgSO

 

4

 

, 0.41 CaCl

 

2

 

, 0.33
Ca(NO

 

3

 

)

 

2

 

, and 5 HEPES (pH 7.6). Defolliculated oocytes were
stored at 18

 

�

 

C in Barth’s solution supplemented with 5% horse
serum, 2.5 mM Na pyruvate, 100 U/ml penicillin, and 0.1 mg/ml
streptomycin. Oocytes were studied 3–5 d after coinjection of
0.92–9.2 ng of the cDNA coding for IKCa in pMT21 and 1.38 ng
of cDNA coding for a green fluorescent protein that was used as
a marker for nuclear injection (Klein et al., 1999).

Prior to patch-clamping, defolliculated oocytes were kept in a
hypertonic solution containing (in mM) 250 KCl, 1 MgSO

 

4

 

, 1
EGTA, 50 sucrose, and 10 HEPES buffered at pH 7.4 with KOH.
The vitelline membrane was then peeled off using forceps, and
the oocyte was transferred to a superfusion chamber for patch-
clamp measurements.

 

Patch-Clamp Recording

 

Single channel recordings were performed in the inside-out
patch-clamp configuration using an Axopatch 200A amplifier
(Axon Instruments, Inc.). Patch pipettes were pulled from
borosillicate capillaries using a Narishige pipette puller (Model
PP-83) and used uncoated. The resistance of the patch elec-
trodes ranged from 4 to 10 M

 

�

 

. Unless specified otherwise, the
membrane potential is expressed as 

 

�

 

Vp, where Vp is the pipette
applied potential. Data acquisition was performed using a Digi-
data 1320A acquisition system (Axon Instruments, Inc.) at a sam-
pling rate of 2.0 kHz with filtering at 500 Hz. When required, the
open channel probability, P

 

O

 

, was estimated from current ampli-
tude histograms on the basis of a binomial distribution as de-
scribed elsewhere (Morier and Sauvé, 1994). The stationarity of
the control recordings was tested according to the criteria de-
fined in a previous work (Denicourt et al., 1996). Experiments
were performed at room temperature (24

 

�

 

C).

 

Data Analysis

 

The water accessibility of the targeted cysteine residues was esti-
mated from the time constant of the MTS-dependent inhibition
(

 

�

 

i

 

) or activation (

 

�

 

a

 

) of the IKCa-induced K

 

�

 

 currents, whereas
structural changes resulting from MTS binding to the protein
were inferred from the change in current amplitude and open
probability measured at the single channel level.

The state dependency of the MTSET action was tested in site
protection experiments in which the modulatory effect of
MTSET on the open channel (3 

 

	

 

M internal Ca

 

2

 

�

 

) was mea-
sured after an initial MTSET application in nominally Ca

 

2

 

�

 

-free
conditions. Our approach consisted essentially in measuring the
ratio <I>(test)/<I>(ctr), where <I>(ctr) and <I>(test) correspond,
respectively, to the mean current values before and after MTSET
application and washout in 3 

 

	

 

M Ca

 

2

 

�

 

, with (see Fig. 9 A) or
without (see Fig. 3) a preapplication of MTSET in zero Ca

 

2

 

�

 

 con-
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ditions. Experiments in which a MTSET pretreatment in Ca

 

2

 

�

 

-
free conditions failed to modify the <I>(test)/<I>(ctr) ratio as
compared with control (no pretreatment) were interpreted as in-
dicating a targeted cysteine less accessible to MTSET when chan-
nels are maintained in a closed state configuration. Mean cur-
rent values were computed using the QuB single channel soft-
ware (Qin et al., 1996, 1997) and the rates of modification
induced by MTSET estimated from the time constants of inhibi-
tion (

 

�

 

i

 

) or activation (

 

�

 

a

 

) obtained by curve fitting to a single ex-
ponential the time integral of the unitary currents (Origin; Mi-
crocal Software, Inc.).

Nonstationary noise analysis on current transients during
MTSET application was performed by computing the current
variance and mean value on successive short time segments of
equal length, To. This procedure generated for each record an
ensemble of Np ordered pairs [(

 




 

1

 

, <I>

 

1

 

), (

 




 

2

 

, <I>

 

2

 

), (

 




 

3

 

,
<I>

 

3.

 

), . . . , (

 




 

Np

 

, <I>

 

Np

 

)], with To Np equal to the total length
of the record. The ratios 

 




 

2

 

/<I> and 

 




 

2

 

/<I>

 

2

 

 were computed
for each interval To and analyzed in terms of the model pre-
sented in 

 

appendix

 

.

 

Solutions

 

The solution referred to as 200 K

 

2

 

SO

 

4

 

 had a composition as fol-
lows (in mM): 200 K

 

2

 

SO

 

4

 

, 1.8 MgCl

 

2

 

, 10 HEPES buffered with

KOH at pH 7.4. Sulfate salts were used to avoid contributions
coming from endogenous Ca

 

2

 

�

 

-dependent chloride channels
and to selectively chelate contaminant divalent cations such as
Ba

 

2

 

�

 

 (maximum 0.5 nM in 200 mM K

 

2

 

SO

 

4

 

). Solutions with sub-
micromolar Ca

 

2

 

�

 

 concentration were prepared from 200 K

 

2

 

SO

 

4

 

solutions with 1 mM EGTA plus CaCl

 

2

 

. Unless specified otherwise
we used EGTA-free standard 200 K

 

2

 

SO

 

4

 

 solutions with a contami-
nant Ca

 

2

 

�

 

 concentration estimated at 3 

 

	

 

M. The final free Ca

 

2

 

�

 

concentration for all solutions was confirmed by Fura 2 measure-
ments as described elsewhere (Simoneau et al., 1996). Solutions
with 30 mM TEA contained 1.0 mM CaCl

 

2

 

 plus 500 

 

	

 

M EGTA as
to minimize contaminations by divalent and trivalent cations due
to use of TEA chloride at a high concentration. MTSES, MTSET,
and MTSACE (Anatrace, Inc.) were added directly into the re-
cording saline a few minutes before use. Our study was limited to
the MTSET, MTSES, and MTSACE reagents as they were re-
ported to be of comparable size and membrane impermeant
(Holmgren et al., 1996).

 

Homology Modeling

Open KcsA structure.

 

To complement our analysis, an approxi-
mate model of the KcsA in the open state was considered. Coor-
dinates of the open KcsA structure were computed according to
the procedure described elsewhere (Roux et al., 2000). Briefly, a

Figure 2. Characterization of the IKCa channel cloned from HeLa cells. (A) Current/voltage properties of the IKCa channel measured
in symmetrical 200 K2SO4 conditions. The unitary conductance for inward and outward currents was estimated at 49 and 20 pS, respec-
tively. (B) Inside-out single channel recordings of the wild-type IKCa channels expressed in Xenopus laevis oocytes for internal Ca2� concen-
trations ranging from 0.1 to 1.0 	M. Experiments performed in symmetrical 200 mM K2SO4, pH 7.4 conditions. The pipette potential was
maintained at 60 mV throughout. Current traces were filtered at 500 Hz and the letter c refers to the zero current level. (C) Normalized
mean current at a constant Vp of 60 mV from four different experiments plotted as a function of the internal Ca2� concentration. The sig-
moide curve was computed according to a Hill equation with [Ca]1/2 � 1.2 � 0.1 	M and Hill coefficient of 4.3 � 0.4 (n � 4).
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crude model was constructed in agreement with the current data
derived from electron paramagnetic spectroscopy (EPR) impli-
cating that the opening and closing of the channel involve move-
ments of the inner helices, which presumably result in a change
in the diameter of the narrow pore lined by hydrophobic resi-
dues (Perozo et al., 1999). The model was refined using molecu-
lar dynamics and energy minimization in the presence of artifi-
cial harmonic energy restraints designed to increase the diame-
ter of the pore on the inner side by 3 Å relative to the closed
channel X-ray structure; an additional restraint maintained the
symmetry of the tetramer (Roux et al., 2000). Structural data for
the closed KcsA channel were obtained from the protein data
bank 1BL8 file.

 

IKCa modeling.

 

Automated homology modeling was per-
formed with Modeller V4 (Sali and Blundell, 1993) and involved
the generation of 50 models of the IKCa channel pore using ei-
ther the open or closed KcsA channel structure as templates. En-
ergy minimization was carried on the model with the lowest ob-
jective function (roughly related to the energy of the model) us-
ing Charmm (Brooks et al., 1983).

 

Statistics.

 

Results are presented as mean 

 

�

 

 SEM. Statistical
significance between two independent populations was inferred
from Students’s 

 

t

 

 test statistics and set at 

 

P

 

 

 

� 

 

0.05.

 

R E S U L T S

 

Characterization of the Recombinant IKCa Channel Cloned 
from HeLa Cells

 

The IKCa channel cloned from HeLa cells was first
characterized in a series of inside-out patch-clamp ex-
periments performed on 

 

Xenopus laevis

 

 oocytes injected
with wild-type IKCa cDNA. The single channel current
voltage relationship measured in symmetrical 200 mM
K

 

2

 

SO

 

4

 

 is presented in Fig. 2 A. The channel showed a
clear inwardly rectifying behavior with a unitary con-
ductance for inward and outward currents of 49 � 1 pS
(n � 3) and 20 � 3 pS (n � 6), respectively. These val-

Figure 3. Inside-out recordings illustrating the action of MTSET on IKCa mutants. Inside-out current records measured in symmetrical
200 mM K2SO4 � 3 	M internal Ca2� conditions. The pipette potential was 60 mV throughout. The effect of the MTSET reagent on chan-
nel activity was estimated from the ratio <I>(test)/<I>(ctr) where <I>(ctr) is the mean current measured in 3 	M Ca2� before drug applica-
tion (labeled line 1 in WT) and <I>(test), the mean current obtained at the same Ca2� concentration (labeled line 3 in WT) after the se-
quential washout of the drug with a Ca2�-containing (3 	M) (labeled line 2 in WT) and a Ca2�-free 200 mM K2SO4 solution. The drug was
systematically applied for 5 min with a total washout period of 2 min. This procedure ensures that the observed effects of the MTS reagents
are resulting from a covalent binding of the drug to the targeted cysteine, and not from nonspecific channel interactions with the open or
closed channel. Strong inhibition (
75%) of channel activity was observed with V275C, T278C, and V282C after exposure to MTSET (5
mM) for 5 min, with a complete inhibition recorded with the V275C and V282C mutants. The V284C channel showed a maximal inhibi-
tion of 50% despite a steady-state current value reached after 45 s. Notably, MTSET caused an increase in inward currents when applied on
the A283C, A286C, and to a lesser extent V285C mutants. The current increase remained Ca2� and clotrimazole sensitive, ruling out non-
specific effects of MTSET. There were no significant variations in mean currents with A279C suggesting that this residue may not be
MTSET accessible.
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ues confirm that the basic permeation properties of the
recombinant IKCa are identical to the native IKCa
channel in HeLa cells (Sauvé et al., 1986). Inside-out
single channel recordings measured in symmetrical
200 mM K2SO4 conditions for internal Ca2� concentra-
tions ranging from 0.1 to 1 	M are presented in Fig. 2
B. In these experiments, the voltage was maintained at
�Vp � �60 mV throughout. Raising the internal Ca2�

concentration from 0.1 to 1 	M significantly increased
the single channel activity as seen by the greater num-
ber of channel openings per s. The resulting dose-
response curve is illustrated in Fig. 2 C. The sigmoidal
curve was computed according to a Hill equation with
[Ca]1/2 � 1.2 � 0.1 	M and a Hill coefficient of 4.3 �
0.4 (n � 4). Channel activity appeared voltage insensi-
tive as no significant changes in the channel open
probability were detected for voltages ranging from
�150 to 150 mV (unpublished data).

Effects of MTSET on S6 Segment Residues

Inside-out recordings were first undertaken to deter-
mine which residues within the V275 to A286 S6 seg-
ment are accessible to MTSET (10 Å � 5.8 Å) (Kuner
et al., 1996) applied internally. As seen in Fig. 3, con-
trol experiments performed with wild-type IKCa recom-
binant channels showed only a transient inhibition of
channel activity that could be recovered after washout
of the drug. With the exception of L280C and L281C,
which failed to yield detectable single channel events,
all the IKCa mutants tested appeared functional and
displayed an inward rectifying behavior. Fig. 3 provides
direct evidence that the interaction of MTSET with
V275C, T278C, V282C, and V284C leads to a significant
inhibition of channel activity when the channel is main-
tained in the open state. In contrast, the covalent bind-
ing of MTSET to A283C, V285C, and A286C caused an
increase of the IKCa currents. There was no significant
effect of MTSET on the A279C mutant, suggesting ei-
ther that the 279C residue was not accessible to MTSET
or that the MTSET–279C interaction was silent. Glo-
bally, the recordings presented in Fig. 3 support a struc-
tural model where all the residues of the S6 segment
from V282 to A286 are freely accessible to water from
the cytoplasmic side of the membrane when the chan-
nel is in the open state.

A characterization of interaction of MTSET–IKCa
mutants is presented in Fig. 4. As seen, a near total inhi-
bition of channel activity was recorded with the V275C
and V282C mutants, with <I>(test)/<I>(ctr) ratios of
0.05 � 0.01 (n � 5) and 0.12 � 0.06 (n � 4), respec-
tively. MTSET appeared, however, less potent at inhibit-
ing the T278C and V284C channels. This was particu-
larly clear with the V284C mutant, for which we found a
steady-state mean current ratio <I>(test)/<I>(ctr) of
0.45 � 0.10 (n � 5), as compared with 0.25 � 0.07 (n �

7) for T278C. As mentioned earlier, the interaction of
MTSET–A283C, –A286C, and to a lesser extent –V285C
caused a drastic increase in IKCa channel currents. The
MTSET-induced current increases remained Ca2� sen-
sitive (0.1–3 	M) and could be inhibited by clotrima-
zole (50 	M) (unpublished data), indicating that chan-
nel activation did not result from a nonspecific effect
of MTSET on the channel structure. The estimated
<I>(test)/<I>(ctr) ratios ranged from 1.6 � 0.2 (n � 5)
for V285C to 
20 � 4 (n � 4) for A283C, suggesting a
distinct structural organization for the residues located
within the A283 to A286 S6 region (Fig. 4 A). Of partic-
ular interest is also the observation that the rate of
modification for the interaction of MTSET–V285 resi-
due was more than 10 times smaller relative to rates es-
timated for the A283C, V284C, and A286C mutants
(Fig. 4 B). This observation is compatible with V285 be-
ing less accessible to MTSET relative to the neighbor-
ing A283, V284, and A286 residues. In addition, the
rates of modification for the A283C, V284C, and A286C

Figure 4. Effects of MTSET on IKCa channel mutants. (A) His-
togram representation of the mean current ratio <I>(test)/
<I>(ctr) obtained with MTSET for the amino acids spanning the
V275-A286 domain. WT refers to the wild-type form of IKCa. Ex-
periments performed in 3 	M internal Ca2� (open channel). A
ratio of 1 indicates a total absence of MTS-dependent effects on
channel activity. C276 and C277 refer to endogenous cysteine
and are labeled as *. Similarly, experiments could not be per-
formed on the L280C and L281C mutants due to the absence of
detectable single channel events in these cases. (B) Column rep-
resentation of the modification rate for the MTSET-dependent
channel inhibition and/or activation expressed in M�1s�1. With
the exception of V285C (2.0 � 0.5 s�1M�1; n � 5), modification
rates for MTSET interactions were higher for the residues within
the A283–A286 S6 region with values of 17 � 0.5 s�1M�1 (n � 2),
17 � 0.4 s�1M�1 (n � 5), and 54 � 0.1 s�1M�1 (n � 2) for A283C,
V284C, and A286C, respectively, as compared with 7 � 0.8
s�1M�1 (n � 4) for V275C, 2.5 � 1.5 s�1M�1 (n � 6) for T278C,
and 2.9 � 2 s�1M�1 (n � 4) for V282C. These results show that
A286 is the residue most accessible to MTSET within the S6 seg-
ment extending from V275 to A286.
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channels were significantly higher as compared with
the residues located between V275 and V282. Globally
these results provide evidence for a maximum acces-
sibility to MTSET at the level of the cysteine at posi-
tion 286.

The mechanisms underlying the MTSET-dependent
channel inhibition and/or activation were next inves-
tigated through single channel and noise analysis.
The results presented in Fig. 5 confirm that the ratio

2 (current variance)/<I> (mean current) remained
nearly constant (from �0.7 to �0.8) during MTSET
application on V275C, despite an important time-
dependent decrease of the channel mean current value

(see appendix). Also, the ratio 
2/<I>2 increased with a
time constant equal to �i, the mean time of macro-
scopic current inhibition. Thus, the results presented
in Fig. 5 support a model whereby MTSET causes a to-
tal inhibition of the V275C mutant, resulting in a grad-
ual decrease in the number of active channels. Such a
mechanism was confirmed through direct single chan-
nel recordings where the binding of MTSET was seen
to irreversibly block the V275C channels with the un-
bound channel open probability, Po, remaining un-
changed. A similar noise pattern, namely a constant

2/<I> ratio coupled to a time-dependent increase in

2/<I>2, was also obtained with the T278C and V282C

Figure 5. Nonstationary noise analysis of the interacting MTSET-IKCa mutants. Relationship between the current variance 
2 and the
mean current <I> during MTSET application illustrated for the V275C, A283C, V284C, and V285C mutants. <I> and 
2 were measured on
successive time periods of 1 s for A283C, V284C, and V285C and 0.5 s for V275C. The V275C mutant displayed a constant 
2/<I> (left
panel right scale) ratio despite an important decrease in <I> (left panel left scale), indicating an important inhibition of the channel uni-
tary current. This proposal is also supported by the fact that the ratio 
2/<I>2 (right panel) increases in this case with a time constant equal
to �i, the inhibition time constant measured for <I>. A similar noise pattern was also observed with the V284C mutant, although in this case
the variations in 
2/<I> and 
2/<I>2 can be accounted for a partial inhibition of the channel unitary current plus a decrease in channel
open probability. A different noise behavior is, however, observed with the A283C and V285C channels. The decrease in 
2/<I>2 observed
with A283 correlates the increase in mean current with the 
2/<I> ratio remaining constant for time 
7.5 s. This noise pattern would be
compatible with a system where PB 
 PO with PO and PB �� 1, thus supporting a model whereby the action of MTSET consists either to in-
crease the channel open probability or recruit silent A283C mutants. The results obtained with V285C follow a similar pattern, although in
this case the fact that the measured variation in 
2/<I>2 is more important than the mean current increase favors a system where PB 
 PO

with PO �� 1.
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mutants (unpublished data). In the former case, our
results support a combined action of MTSET involving
both a decrease in open probability plus a near com-
plete (
70%) channel block. These observations con-
trast with the noise data derived for the residues
located within the COOH terminus end of S6 (A283–
A286). More specifically, the binding of MTSET to ei-
ther 283C, 284C, 285C, or 286 produced a partial and
not total inhibition of the channel unitary current am-
plitude (Fig. 6). For instance, the unitary current am-

plitude, I, measured at �140 mV for the A286C mutant
was estimated at 3.1 pA in the presence of MTSET as
compared with 7.4 pA before MTSET application. Also,
the observation of a MTSET-dependent increase in
mean current for the A283C, V285C, and A286C mu-
tants requires that the action of the thiol reagent in-
cludes to overcome the partial inhibition in unitary
conductance, either an increase in the channel open
probability or an augmentation of the total number of
active IKCa channels or both. For instance the fourfold

Figure 6. Single channel analysis of the effect of MTSET on IKCa channel mutants. (A) Inside-out single channel recordings obtained
from IKCa mutants under low Ca2� conditions at an internal MTSET concentration of 5 mM. The applied voltage �Vp corresponded to
�140 mV throughout. Large negative potentials were used in these experiments to optimize the signal to noise ratio, the current jump am-
plitude at �60 mV being barely detectable (�0.3 pA) after MTSET treatment except for the A286C mutant. The action of MTSET on
283C and 286C is seen to result in a substantial increase in open channel probability in accordance with the increase in mean current ob-
served with the A283C and A286C mutants. (B) Bar graph representation of the effect of MTSET (5 mM) and MTSES (5mM) on the uni-
tary current amplitude of IKCa mutants. I(MTSET) and I(ctr) correspond to the unitary current amplitude measured at �140 mV in the
presence or absence of MTSET or MTSES (5 mM) respectively. * refers to endogenous cysteine or nonfunctional mutants as mentioned in
Fig. 4. A ratio of 1 indicates an absence of MTSET- or MTSES-based effect on the channel unitary conductance. As seen, internal applica-
tion of MTSET caused a near inhibition of the unitary current amplitude for the V275C, T278C, and V282C mutant channels. A partial in-
hibition ranging from 40% (V284C) to 70% (A283C) was observed with mutants obtained by cysteines substitution of the residues in the
COOH-terminal region of S6 (A283–A286). In contrast, the application of the negatively charged MTSES reagent on A286C resulted in an
increased unitary current amplitude. These observations suggest that the presence of charged groups at the cytoplasmic entrance of the
pore can modulate the exit rate of K� from the channel cavity into the cytosolic solution.
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decrease in 
2/<I> for the A283C mutant after internal
MTSET application can in part be accounted for by the
65% inhibition in unitary current amplitude measured
at the single channel level, the remaining MTSET-
dependent decrease in 
2/<I> ratio being attributable
to an increase in the channel open probability (Fig. 6).
More importantly, the 20-fold decrease in 
2/<I>2 ratio
estimated in this case correlates well with the magni-
tude of the observed increase in mean current from
�0.7 to �16 pA, suggesting a system where PB 
 PO

with PB and PO �� 1 (see appendix). These results can
thus be interpreted in terms either of a drastic change
in the overall number of active channels, or as an in-
crease in open probability (see Fig. 5 and appendix). A
similar noise behavior was obtained with the A286C
mutant (unpublished data), although in this particular
case the single channel recordings presented in Fig. 6
support a MTSET-dependent current stimulation based
mainly on an increase in open probability without an
augmentation in the overall number of channels. The
noise pattern for the V285C channel is also consistent
with an action of MTSET mediated by an effect on the
channel open probability with PB 
 PO and PO �� 1,
rather than the activation of silent V285C channels. In
support of this proposal is: (a) the 4.5-fold MTSET-
dependent reduction in the channel closed probability

(1-Po) calculated from the decrease in 
2/<I> ratio,
and (b) the 20-fold decrease in 
2/<I>2 ratio despite a
maximum 180% increase in mean current value. Fi-
nally, the time-independent 
2/<I> ratio and the rela-
tively modest increases 
2/<I>2 shown in Fig. 5 for the
V284C mutant, added to the 40% inhibition unitary
current measured in this case (Fig. 6) provide evidence
for an effect of MTSET involving mainly both a partial
inhibition of the channel unitary conductance and a
twofold increase of the channel closed state probability.
Globally, these results indicate two distinct regions in
S6, namely: a region extending from V275 to V282
where a total inhibition of channel activity was ob-
served, and a second region from A283 to A286 with
the interactions MTSET–A283, –A286, and to a lesser
extent –V285 leading to channel activation.

MTSET protection experiments were also conducted
in which the pore structure of the MTSET-activated
A283C and A286C mutant channels were investigated
using the hydrophilic blocking agent TEA as probe.
The control inside-out recordings presented in Fig. 7
show that the internal application of 30 mM TEA
caused a near total block (
79%) of the wild-type IKCa
currents. These results confirmed previous observa-
tions reported on the effect of internal TEA on the
IKCa channels present in human red blood cells

Figure 7. Protection by MTSET of TEA block for the A283C and A286C mutants. (A) Inside-out current recording illustrating the block-
ing action of TEA (30 mM) on the wild-type IKCa channel. (B) Inside-out recording demonstrating the lack of TEA-dependent block with
the A283C mutant after application of MTSET. (C) Inside-out recording illustrating the reduced effectiveness of TEA on the A286C mu-
tant stimulated by MTSET. (D) Histogram summarizing the effects of TEA on the wild-type IKCa channel (WT), and on the A283C and
A286C mutants activated by MTSET. WT channel was blocked at 79 � 4% (n � 6), whereas the blocking effect of TEA was reduced to
6.5 � 4.6% (n � 3) for the A283C � MTSET mutant and to 27 � 7% (n � 3) for the A286 mutant stimulated by MTSET.
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(Dunn, 1998). In contrast, there was no TEA-depen-
dent block of the A283C and A286C currents following
stimulation by internal MTSET. In fact, the percentage
of TEA-related inhibition decreased from 
79% � 4
(n � 6) for the wild-type IKCa channel to �6.5% � 4.6
(n � 3) for the MTSET-stimulated A283C mutant (Fig.
7 D). These observations strongly suggest that, in addi-
tion to an important effect on channel gating, the bind-
ing of MTSET to the cysteine engineered at position
283 or 286 leads to a narrowing of the pore such that
TEA can no longer reach its blocking site.

Influence of the Charge on the MTS Channel Interactions

Experiments were next performed to evaluate if the
presence of a positive charge on MTSET influences the
interactions between MTSET and the cysteines engi-
neered at positions 283–286. Inside-out recordings with
the negatively charged MTSES reagent are presented
in Fig. 8. As illustrated, all the mutants generated by
cysteine mutagenesis for the residues spanning the
A283 to A286 S6 domain were sensitive to MTSES. For
instance, Fig. 8 shows a MTSES-based inhibition of the
V284C channel activity resulting in a mean <I>(test)/
<I>(ctr) ratio of 0.21 � 0.04 (n � 7). Also, as observed
with MTSET, internal applications of MTSES caused
large increase of the A283C and A286C related cur-
rents with <I>(test)/<I>(ctr) values ranging from 3.0 �

0.6 (n � 2) (A286C) to 
7.0 � 3 (n � 4) (A283C). No-
tably, the single channel recordings presented in Fig. 6
show that the application of MTSES on A286C resulted
in a 150% increase in unitary current amplitude from a
value of 8.0 pA in control conditions to 12 pA after
MTSES treatment. These results contrast with the 60%
unitary current inhibition measured with A286C when
MTSET was used as thiol-modifying agent. Finally, ex-
periments in which MTSES was applied before MTSET
on A286C channels failed to demonstrate an additional
stimulation by MTSET (Fig. 8). The recordings in Fig. 8
also indicate that in contrast to MTSET, the V275C mu-
tant was not significantly affected by MTSES (<I>(test)/
<I>(ctr) � 0.95 � 0.2; n � 3). In fact, experiments in
which MTSES was applied before MTSET showed no
evidence for MTSES protecting V275C against the in-
hibitory action of MTSET (Fig. 8). These results clearly
indicate that the accessibility of the 275C residue to
MTS reagents of comparable size is charge specific,
with channel inhibition being limited to the positively
charged MTSET only. The internal application of
MTSES succeeded, however, in blocking the T278C
mutant with an I(test)/I(ctr) value of 0.27 � 0.01 (n �
3) (unpublished data). Globally, these results demon-
strate that the amino acids from T278 to A286 are sig-
nificantly more accessible to the negatively charged
MTSES reagent relative to V275C, for which a large dif-

Figure 8. Effects of MTSES
on IKCa mutants. Inside-out
current records measured in
symmetrical 200 mM K2SO4 �
3 	M internal Ca2� condi-
tions. The pipette potential
was 60 mV throughout. In
contrast to MTSET, MTSES
failed to cause over a 5 min
period a significant decrease
of the V275C-induced cur-
rents. As observed with
MTSET, however, MTSES suc-
ceeded in strongly inhibiting
the V284C mutant and to
stimulate the inward currents
generated by A283C and
A286C. Also illustrated are
MTSES protection experi-
ments performed on V275C
and A286C, where MTSES (5
mM) was applied prior
MTSET (5 mM). These ex-
periments confirmed that a
cysteine at position 275 is not
accessible to MTSES and that
the binding of MTSET to
286C prevents the interaction
of MTSES–A286C.



109 Simoes et al.

ference in channel inhibition potency was observed be-
tween MTSET and MTSES.

State-dependent Effect of MTSET

Experiments were next conducted in which the action
of MTSET in 3 	M internal Ca2� conditions was tested
after an initial MTSET exposure in nominally Ca2�-free
conditions. Typical recordings are presented in Fig. 9
A. As seen, MTSET could inhibit the V275C mutant
whether the channels were initially exposed to MTSET
in zero internal Ca2� conditions (Fig. 9) or not (Fig. 3).
Similarly, there was no significant differences in the
<I>(test)/<I>(ctr) ratios measured for the T278C and
V282C mutants with (Fig. 9) or without (Fig. 3) MTSET
preconditioning in zero internal Ca2�. These observa-
tions provide evidence for the 275C, 278C, and 282C
residues becoming less accessible to MTSET in the
closed as compared with the open IKCa channel struc-
ture.

State-dependent MTSET interactions were also re-
corded with the V284C and V285C channels. There were
no significant differences in <I>(test)/<I>(ctr) ratios rel-
ative to control (no MTSET pretreatment) whether the
V284C or V285C mutants were initially exposed to
MTSET in zero Ca2� or not. In contrast, the stimulatory

action of MTSET on the A283C and A286C mutants
clearly appeared state independent with MTSET activat-
ing both channels when applied in zero internal Ca2�

conditions. More importantly, a second MTSET applica-
tion in the presence of 3 	M internal Ca2� failed in
these cases to initiate an additional current increase (un-
published data). These results suggest that the residues
at positions 283 and 286 are accessible to MTSET inde-
pendently of the channel open-closed configuration.

Homology Modeling

An analysis of the structural features of the S6 trans-
membrane segment in IKCa was performed by homol-
ogy modeling using as templates the closed rigid KcsA
channel structure obtained by X-ray crystallography
(Doyle et al., 1998) and a computer derived structure
for KcsA in the open state (Perozo et al., 1999; Roux et
al., 2000). Surface and ribbon representations of the
open IKCa S5-P-S6 regions are illustrated in Fig. 10, B
and C, respectively, whereas a surface representation of
the closed IKCa channel S5-P-S6 structure is presented
in Fig. 10 A. A surface representation of a single S6 seg-
ment for the open channel is also illustrated in Fig. 10
B. The open and closed channel models first predict
that with the exception of the Cys at position 267 which

Figure 9. State-dependent
action of MTSET. (A) Inside-
out recordings showing the
state dependency of the
MTSET action on IKCa mu-
tants. The accessibility to
MTSET of the substituting
cysteine was estimated in
MTSET protection experi-
ments as discussed in materi-
als and methods. The ap-
plied potential was maintained
at �60 mV throughout. (B)
Bar graph representation of
the ratio [<I>(test)/<I>(ctr)]
measured with (closed) or
without (open) MTSET pre-
conditioning in zero inter-
nal Ca2� conditions. The
<I>(test)/<I>(ctr) ratios ob-
tained for the second MTSET
application in the perfusion
protocol illustrated in A were
estimated at 0.02 � .006 (n �
3) for V275C, 0.26 � 0.02
(n � 2) for T278C, 0.16 �
0.06 (n � 3) for V282C,
0.54 � 0.05 (n � 2) for V284,
and 2 � 1 (n � 3) for V285C,

respectively. These values are not significantly different from the <I>(test)/<I>(ctr) ratios measured without an initial MTSET exposure in
zero internal Ca2�. In contrast the <I>(test)/<I>(ctr) values estimated for A283C and A286C mutants decreased drastically from 19 � 5
(n � 5) and 10 � 0.54 in the absence of MTSET preconditioning in zero external Ca2�, to 1.0 � 0.05 (n � 5) and 1.0 �0.02 (n � 3) for
the perfusion protocol illustrated in A. These observations support a model whereby A283 and A286 remained accessible to MTSET in
conditions where channels were maintained in the closed state.
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faces the selectivity filter, the endogenous cysteines at
269, 276, and 277 should be oriented away from the
pore lumen (yellow in Fig. 10 C). Most interestingly,
the models for the open (Fig. 10, B and C) and the
closed (Fig. 10 A) channel suggest that V275, T278,
and V282 are lining the channel pore with the V275
and T278 residues contributing to a central inner cavity
similar to the one described for KcsA. The A279 resi-
due should also be facing the pore lumen, but this pre-

diction is not supported by our scanning mutagenesis
(SCAM) experiments. Finally, the V284 and V285 resi-
dues are shown to be oriented directly opposite to the
pore lumen, in contrast to the A286 side chain which is
directed toward the pore central axis. A color represen-
tation of the MTSET modification rate for channel in-
hibition and/or activation is superimposed on the
closed and open IKCa channel structures. Clearly, resi-
dues not predicted to be facing the pore lumen (A283,

Figure 10. Homology modeling of the IKCa. Computer modeling of the IKCa channel using either the closed or open KcsA channel
structure as template. Surface and ribbon representations of the open IKCa S5-P-S6 region are illustrated in B and C, respectively. B also
includes a surface representation of a single S6 segment for the open channel. The molecular sur face computed for the closed IKCa
S5-P-S6 region is presented in A. According to the proposed models, the residues V275, T278, and V282 are lining the pore lumen result-
ing in a cavity 10 Å wide at the level of V275. Also, the endogenous cysteines (yellow in Fig. 9 C) at positions 269, 276, and 277 are
presented as facing opposite to the pore lumen, whereas the C267 residue is predicted to be oriented toward the selectivity filter. A color
representation of the MTSET modification rate for channel inhibition and/or activation is superimposed on the closed and open IKCa
channel structures. Residues with slow (�5 M�1s�1), intermediate (5 M�1s�1 to 20 M�1s�1), and fast (
50 M�1s�1) rates of modification are
colored in blue, orange, and red respectively. The pore lining residue A286 is seen as being the most accessible (red), whereas residues
with the slowest rates of modification (blue) turned out to be located either inside (T278) or opposite to the pore lumen (V285). B also il-
lustrates that all the residues from A283 to A286 are accessible to MTSET irrespective of their orientation relative to the pore central axis.
(D) Cross-section area for residues 264–292 computed for the open and closed IKCa structures. Z refers to the channel axial distance with
Z � 0 at V275. The closed channel structure predicts a central cavity extending from residues 272–278. The cross-section area for residues
spanning the 282–286 region appeared under these conditions too small to accommodate an MTSET molecule of 5.8 Å diameter assum-
ing a rigid structure for IKCa. A flexible structure extending below V282 can, however, account for the SCAM results.
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V284, and V285) turned out to be accessible to MTSET.
This is particularly true for the valines at position 284
and 285, respectively. In addition, there is no structural
correlation between the slow (blue) and intermediate
(orange) rates of modification and the orientation of
the residues relative to the pore central axis. For in-
stance, the residue V284, which is predicted to be op-
posite to the pore lumen, led to a rate of modification
the magnitude of which was comparable to that of the
cavity lining residue V275. Notably, the fastest rate of
modification (red) was obtained by cysteine substitu-
tion of the A286 residue, which should be located ac-
cording to the open IKCa structure at the complete
end of S6 facing the pore lumen. The pore cross-sec-
tion area computed for the closed channel structure is
presented in Fig. 10 D. The results of these calculations
reveal that the channel cavity should be extending
from V272 to T278, with a maximum inner width of
�10 Å at the level of V275. A cavity of that size could
easily accommodate a single MTSET molecule which
averages a cross diameter of 5.8 Å (Kuner et al., 1996).
Hence, for that region, our models based on the closed
and open KcsA structures agree with the MTSET re-
sults. The correlation between the data and the mod-
els, however, decreases for residues in the COOH ter-
minus end of S6 region. Indeed, the closed channel
structure predicts a cross-section area for the 279–292
region too small (�2 Å) to account for the state-inde-
pendent effects of MTSET observed with A283C and
A286C (Fig. 9). Homology modeling finally provided
information on the location of the putative gate by
comparing the predicted structures for the closed and
open IKCa channel (Fig. 10, A and B). Whereas the
cross-section area of the pore differed by �25% at the
level of the cavity between the open and closed channel
structures, important differences in the pore inner di-
ameter are predicted between these structures starting
at T278 (Fig. 10 D). These qualitative considerations
would thus support important structural changes at the
level of the T278–V282 residues during gating.

D I S C U S S I O N

This is the first report attempting to describe some of
the structural features of the inner pore region of an
IKCa channel. Our results clearly suggest functional
differences between the residues located in the COOH-
terminal region of S6 (A283–A286), and those located
from V275 to V282. In support of this conclusion are
the single channel observations that MTSET totally
blocked the V275C, T278C, and V282C IKCa mutants
while partially inhibiting channels where cysteines were
substituting for the residues in the COOH terminus
end of S6 (A283–A286). Furthermore, the interaction
of MTSET with the cysteines at positions 283, 286, and
to a lesser extent 285 led to a strong channel activation

and to a narrowing of the channel pore as revealed by
the absence of TEA block on the MTSET-stimulated
A283C and A286C mutants. The negatively charged
MTSES could also affect channel gating after binding
with cysteines in the COOH-terminal region of S6, and
interact with residues up to T278. Finally, the action of
MTSET on the A283C and A286C mutants was found to
be state independent in contrast to V275C, T278C,
V282, V284, and V285, which showed a reduced
MTSET accessibility for the closed IKCa structure.

Limits of the Present Study

Several assumptions are attached to the interpretation
of cysteine mutagenesis. It is assumed, for instance, that
the cysteine substitution does not dramatically alter the
protein structure as to expose endogenous cysteines
which would normally be buried. The S6 segment of
IKCa contains four of the nine channel endogenous
cysteines over a ten amino acid span covering the C267
to the C277 domain. We cannot currently rule out a
possible contribution of those endogenous residues to
the MTS-based effects reported in this work. For in-
stance, the conservative substitution of the cysteine at
position 276 by a serine led to a nonfunctional chan-
nel, indicating that the C276 residue is critical for chan-
nel proper functioning. Similarly, the C276 and C277
are located adjacent to the key V275 and T278 residues
and might have contributed to the effects measured
with the V275C and T278C mutants. The possible con-
tribution of an auxiliary protein that would be MTSET
sensitive cannot also be currently ruled out. In fact, the
presence of an auxiliary protein has already been em-
phasized in a recent work on the regulation by ATP of
the IKCa channel (Gerlach et al., 2001). Such an inter-
action is not expected, however, to modify the channel
permeation properties, but may alter channel gating.

Our results show a transient noncovalent inhibition
by MTSET of the wild-type IKCa channel. A noncova-
lent MTSET-dependent current inhibition has also
been reported for the Kir6.2 channel by Cui et al.
(2002). First, it should to be noticed that we never ob-
served a partial recovery from a noncovalent block af-
ter MTSET or MTSES removal in all the experiments
performed according to the protocols illustrated in
Figs. 3 and 9. Furthermore, the perfusion protocol we
used to measure the effect of MTS reagents includes an
extensive washout period in zero and standard 3 	M in-
ternal Ca2�. This procedure insures that the estimated
<I>(test)/<I>(ctr) ratios reflect an irreversible binding
of the reagent to a targeted cysteine residue and not a
transient non covalent interaction. A transient current
block of the wild-type IKCa by MTSET is, however, to be
expected if MTSET can diffuse up to the channel inner
cavity. This proposal is supported by the observation
that MTSET blocked the V275C mutant (Fig. 3). The
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absence of a noncovalent MTS contribution to the ex-
periments illustrated in Figs. 3 and 9 can thus be seen
as an indication that the covalent binding of MTS re-
agents to a targeted cysteine located between the cyto-
plasmic channel entrance and the V275 residue im-
pairs the access of a MTS molecule to the cavity region,
thus preventing a noncovalent MTS-based action. As
such, the observation that the binding of MTSET to
A283C and A286C impaired the blocking action of
TEA (Fig. 7) provides indirect evidence that the bind-
ing of MTSET with residues in the COOH-terminal end
of S6 can indeed limit the access of molecules such as
MTSET to the channel pore.

The V275–V282 Region

The amino acid alignment presented in Fig. 1 locates
the V275 and T278 residues of IKCa within the struc-
turally identified hydrophobic lined cavity defined by
the I100 and F103 residues in KcsA. The V275 and
T278 residues in IKCa are therefore expected to con-
tribute to the hydrophobic lumen of the IKCa channel
cavity. This proposal is confirmed through homology
modeling which predicts that V275, T278, and V282
should be facing the pore lumen with C276 and C277
opposite to the pore. The possibility of V275 lining the
channel inner cavity has also been inferred from a
molecular analysis of the interactions between IKCa
and triarylmethanes such as clotrimazole (Wulff et al.,
2001). The pore cross-section area for the open IKCa
structure computed for the V275–V282 domain yielded
values ranging from 28 to 44 Å2, with a cavity �10 Å
wide at the level of V275. Clearly, the dimensions of the
pore in the cavity should be suitable to accommodate at
least a single MTSET molecule of 5.8 Å diameter and a
theoretical cross-section area of 26 Å2 (Kuner et al.,
1996). These computational results are thus compati-
ble with the observed total block of V275C, T278C, and
V282C measured at the single channel level in the pres-
ence of MTSET. The absence of an inhibitory action on
V275C by MTSES is also expected as a structural analy-
sis of the MTSES reagent locates the negatively charged
moiety of the molecule �7 Å from the reactive atom,
directly inside the channel inner cavity for a MTSES
molecule bound to 275C. Also, the observation that
MTSES succeeded at inhibiting the T278C mutant indi-
cates that the IKCa channel can accommodate a nega-
tively charged group up to a point corresponding to
the V282 residue located 7 Å below 278C. It follows that
the valine at position 282 cannot formally be a constitu-
tive part of the channel inner cavity as the presence of a
negative group inside the cavity is energetically unfa-
vorable (Roux and MacKinnon, 1999; Roux et al.,
2000). Finally, the MTSET-dependent inhibition of the
V275C, T278C, and V282C mutants was found to be im-
paired when the channel was maintained in the closed

configuration (zero Ca2� conditions). These observa-
tions and the differences in pore dimensions from
L280 to A286 between the closed and open IKCa chan-
nels support an IKCa model where the channel cavity
becomes less accessible to MTSET upon channel clo-
sure.

The A283–A286 Region

The region comprising the residues A283–A286 in S6 is
distinctive in many ways. First, all the residues between
A283 and A286 were found to be sensitive to MTSET in
the open channel configuration. The COOH-terminal
region of S6 (A283–A286) is unlikely therefore to be
embedded in the membrane where the accessibility to
MTSET would be restricted. Second, one of the key ob-
servations of the present study concerns the increase in
current triggered by MTSET and/or MTSES when ap-
plied to the A283C, A286C, and to a lesser extent
V285C mutants. The A283C, A286C, and V285C chan-
nels clearly remained Ca2� and clotrimazole (unpub-
lished data) sensitive, indicating that the observed cur-
rent stimulation did not result from some deleterious
modifications of the channel structure. If, as suggested
(Wulff et al., 2001), the inhibitory action of clotrima-
zole on IKCa involves binding to residues in the chan-
nel inner cavity, the observation that clotrimazole and
not TEA (Fig. 7) block the MTSET-activated A283C and
A286C currents suggests that clotrimazole has access to
the cavity region through a hydrophobic pathway. In
addition, this stimulatory action required the presence
of internal Ca2� and was not charge dependent, as sim-
ilar effects were measured with MTSET, MTSES, and
the neutral MTS reagent MTSACE (unpublished data).
More importantly, our results indicate that the binding
of MTSET or MTSES to A283C and A286C either acti-
vated silent IKCa channel mutants that did not contrib-
ute to the K� current before application of the thiol
modifying agent, or caused an increase of the channel
open probability such that PO �� PB with PO �� 1.
The single channel recordings presented in Fig. 6 for
the A286C mutant better support, in our opinion, a
model whereby PO �� PB, suggesting that most of the
observed current noise behavior can be explained in
terms of an increase in open probability. We cannot,
however, currently rule out the possibility that the
A283C, and to a lesser extent the A286C IKCa mutants,
represent a “rundown” form of IKCa which can be reac-
tivated by MTSET or MTSES. Notably, the MTSET-
dependent increase in current intensity recorded with
A283C and A286C appeared to be state independent,
thus providing evidence for a pore structure in which
the A283 and A286 residues are accessible to the hy-
drophilic MTSET reagent when IKCa channels are
in a closed state configuration. Important changes in
MTSET accessibility were, however, observed with the
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V284C and V285C mutants, indicating that V284 and
V285 become exposed to water after channel opening.
These observations support a structural model whereby
the S6 region from A283 to A286 undergoes an impor-
tant reorganization during gating. 

An additional feature of the COOH terminus end of
S6 concerns the contribution of electrostatic effects to
the MTSET- and MTSES-based changes in unitary cur-
rent. Our results indicate that the binding of the posi-
tively charged MTS reagent MTSET to the cysteines
substituting for the residues A283–A286 leads to a 40–
70% inhibition of the unitary current amplitude. In
contrast, we observed an increase in unitary current
amplitude with the A286C and A283C (unpublished
data) mutants after treatment with the negatively
charged MTS reagent MTSES. These results strongly
suggest that the variations in K� currents related to the
presence of either MTSET or MTSES at positions 283–
286 involved electrostatic interactions such that the
presence of a charged group near the cytoplasmic en-
trance of the pore affects the exit rate of K� from the
cavity into the cytosolic solution.

Model of the S6 Segment

Several conclusions on the structural organization of the
IKCa S6 segment can be drawn on the basis of the results
presented in this work. For instance, the SCAM data rela-
tive to the COOH-terminal segment of S6 (A283–A286)
challenge the predicted structures for the closed IKCa
channel derived from homology modeling using a rigid
representation of KcsA. The observation that the residue
A283 was accessible to MTSET for the closed IKCa chan-
nel argues for a pore structure in which the COOH-ter-
minal of S6 is wider than predicted from a rigid closed
KcsA structure. In fact, the proposed closed IKCa model
predicts that the pore sectional area for the region ex-
tending from A279 to K292 should be �2 Å2. In addi-
tion, modeling of the closed A283C and A286C mutants
indicates that the cysteines at positions 283 and 286
should be in contact with the pore lumen, suggesting
that MTSET needs to diffuse inside the pore to reach
the targeted cysteine residues. As such, the observation
that the binding of MTSET to A283C or A286C impaired
the blocking action of TEA argues for a narrowing of the
channel pore resulting either from a direct occlusion by
MTSET of the pore lumen or from a displacement of the
S6 segment substantial enough to decrease the pore
cross section area. In the former case, the results ob-
tained with TEA provide evidence for a structure of the
S6 segment where the A283 and A286 residues are fac-
ing the pore lumen in accordance with the closed and
open models proposed for IKCa. Our results also indi-
cate that MTSET caused a greater protection against
TEA block with the A283C than A286C mutant. This ob-
servation can be interpreted as indicating that the chan-

nel pore in the open state is wider at the level of the
A286 as compared with the A283 residue. The calcula-
tions presented in Fig. 10 D do not, however, predict im-
portant variations in cross-section area at the level of the
A283 and A286 residues. The absence of correlations be-
tween the solvent exposure calculations (Fig. 10) and
the SCAM results, in particular the state-independent ac-
tion of MTSET with the A283C and A286C mutants,
strongly suggest in our view that the similarity-based
models derived from the rigid closed form of KcsA do
not provide a valid description of the COOH terminus
end of the S6 segment (residues 283–286).

A better correlation between the SCAM results for the
A283–A286 S6 domain and the closed KcsA structure
can, however, be achieved if it is hypothesized that the
COOH terminus end of S6 is highly flexible. If present,
this flexibility could account for the observation that
MTSET reached the pore lining 283C residue in condi-
tions where the A283C mutant was maintained in a closed
state conformation, and that the pore is wider at A286 as
compared with A283. Furthermore, the cross section cal-
culations presented in Fig. 10 predict small variations in
pore dimensions between the open and closed states
within the S6 region extending from K264 to T278.
Therefore, the results of these calculations argue for
strong structural constraints for the T264–K278 S6 seg-
ment not present within the A283–A286 domain. The
data derived from homology modeling and SCAM exper-
iments would thus support a model in which the domain
extending from V275 to V282 possesses features corre-
sponding to the inner cavity region of KcsA, and where
the COOH terminus end of S6, from A283 to A286, is
more flexible than predicted on the basis of the closed
KcsA crystallographic structure alone. Under these condi-
tions, the channel hypothetical gate cannot be located
down the A283 residue, and should be at a point re-
stricted to a region extending from V278 to V282.

The possibility of a highly flexible region near the
channel gate was also recently proposed for the
Shaker channel (del Camino and Yellen, 2001). It was
argued in this case that closure of the gate was taking
place between the residues at positions 474 (282
IKCa) and 478 (286 IKCa), with the region below 478
showing considerable flexibility. Furthermore, results
of blocker protection experiments on the Shaker
V476C mutant have led to the proposal of a “bent S6”
model whereby a bent in the inner S6 transmembrane
segment is introduced at the level of the P473-V474-
P475 residues (del Camino et al., 2000). IKCa lacks a
similar P-X-P motif that could disrupt the S6 helical
structure, the P-V-P sequence in Shaker correspond-
ing to the L281-V282-A283 sequence in IKCa (Fig. 1).
Our results are nevertheless in agreement with the
findings reported for the Shaker channel which assign
to the P473-P475 region (L281-A283) a determinant
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role to the channel gating process. Finally, it is clear
that in our case the stimulation by MTSET of the
A283C, V285C, and A286C channels will require a
model whereby A283, V285, and A286 participate ac-
tively in the coupling mechanism relating the Ca2�-
dependent conformational change of calmodulin to
the actual opening of the pore.

Conclusion

Globally, our results would support a model of the S6
transmembrane segment of IKCa where the region ex-
tending from V275 to V282 can be correctly approxi-
mated by the crystal structure of the KcsA channel. The
structural features of the COOH-terminal region of S6
appeared, however, more compatible with a flexible
structural model of KcsA, with A283 and A286 partici-
pating to the activation process.

A P P E N D I X

Let us consider a system consisting of Nt identical chan-
nels reacting with MTSET according to the following ir-
reversible kinetic scheme:

Let no stand for the number of unbound channels
and PO, IO the associated open channel probability
and unitary current amplitude. If the interaction of
MTSET channel leads to a change in current ampli-
tude (IB) and open probability PB, the current mean
value <I> at any time during MTSET application will
be given by:

where nB is the number of channels bonded to MTSET
given by Nt � nO. Similarly, the variance at any time will
correspond to:

According to this model, the application of MTSET
should lead to a time-dependent change in 
2/<I>
from an initial value equal to Io (1 � PO) to a final
steady-state value given by IB (1 � PB). Similarly, the 
2/
<I>2 ratio is expected to vary from (1 � PO)/NtPO to
(1 � PB)/NtPB in a time-dependent manner.

In conditions where the binding of MTSET causes a
total inhibition of the channel unitary current ampli-
tude, (IB � 0) the ratio 
2/<I> is predicted to be time
independent with a value equal to

IKCa MTSET IKCaB.→+

I〈 〉 nOPOIO nBPBIB,+=

σ2 nOPO 1 PO–( )IO
2 nBPB 1 PB–( )IB

2.+=

σ2

I〈 〉
------- 1 PO–( )IO,=

whereas the ratio 
2/<I>2 will be given by:

The ratio 
2/<I>2 will be independent of the unitary
current amplitude and increase with a time constant
equal to that measured for the current inhibition pro-
cess.

In conditions where the binding of MTSET results in
an increase of the channel open probability such that
PB 

 Po with Po �� 1, the ratio 
2/<I> becomes ap-
proximately equal to:

This equation predicts that the contribution of the first
term will decrease with an apparent time constant
faster than the observed relaxation time for current ac-
tivation, with 
2/<I> reaching a constant value corre-
sponding to (1 � PB) IB. Under these same conditions
the ratio 
2/<I>2 will decrease from �1/PONt to (1 �
PB)/PBNt, resulting in a (
2/<I>2)before MTSET/(
2/
<I>2)after MTSET value greater than expected from the ra-
tio PB /PO computed from the variations in mean cur-
rent alone.

Finally, a current noise pattern where (
2/<I>2
before

MTSET/(
2/<I>2)after MTSET � PO/PB, with PO/PB com-
puted from the variations in mean current may be in-
dicative of a system in which both PO and PB �� 1 or
where the total number of functional channel varies
from Ntinitial to Ntfinal with little variation in unitary cur-
rent I and open probability PO. These systems cannot
be discriminated on the basis of a noise analysis alone.
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Note added in proof. The structure of the calcium-activated MthK
K� channel determined recently by X-ray crystallography shows
that the intracellular entrance of the pore has a diameter of
�12 Å, in good qualitative agreement with the current modeling
of IKCa (Jiang et al., 2002a,b).
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