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I N T R O D U C T I O N

The calcium-activated channel of intermediate conduc-
tance, KCa3.1, plays a prominent role in a large variety 
of physiological events including immune reactions in-
volving memory B and T cells (Wulff et al., 2004; Lam 
and Wulff, 2011), control of vascular tone via endothe-
lium-derived hyperpolarizing factor and NO release 
(Félétou and Vanhoutte, 2007; Sheng et al., 2009; 
Köhler and Ruth, 2010; Hasenau et al., 2011), modula-
tion of trans epithelial ion transport in Cl-secreting 
cells (Singh et al., 2001; Szkotak et al., 2004; Nanda  
Kumar et al., 2010; Hasenau et al., 2011), and renal fi-
broblast proliferation and fibrogenesis (Grgic et al., 
2009). Of importance is the current view that KCa3.1  
is a key cellular effector in several life-threatening dis-
eases such as atherosclerosis, restenosis, and traumatic 
injury–induced edema (Köhler et al., 2003; Toyama et al., 
2008; Tharp and Bowles, 2009). The functional role of 
KCa3.1 also extends to excitable cells as well. Notably, 
an inhibition of the KCa3.1 was found to improve tissue 
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protection and locomotor recovery after spinal cord  
injury, suggesting that blocking the KCa3.1 channel 
could be a potential therapeutic approach for treating 
secondary damage after spinal cord injury (Bouhy  
et al., 2011). Collectively, these data support KCa3.1 as  
a promising therapeutic target for a large variety of 
health disorders.

KCa3.1 is a tetrameric membrane protein, with each 
subunit organized in six transmembrane segments,  
S1–S6, with a pore motif between segment 5 (S5) and 6 
(S6) (see Fig. 1 B). The KCa3.1 trafficking and Ca2+ 
sensitivity are conferred by calmodulin (CaM), with  
the CaM C-lobe constitutively bound to a domain in  
the membrane-proximal region of the intracellular  
C terminus of the channel (Joiner et al., 2001; Maylie  
et al., 2004). Several studies have shown that KCa3.1  
activity can be stimulated by ATP via phosphorylation 
by the nucleoside diphosphate kinase NDPK-B of a his-
tidine residue at position 358 located within the chan-
nel C-terminal region (Srivastava et al., 2006). The 
channel regulation by ATP appeared to depend on a 
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the high activity mode (Hirschberg et al., 1998). A 
higher Pomax value would essentially lead to an in-
creased channel activity without a modification of the 
channel Ca2+ sensitivity. Such behavior was observed 
using hydrolyzable ATP analogues (Gerlach et al., 2000) 
and is at variance with the shift in Ca2+ sensitivity ob-
served for KCa2.2 because of the action of the CK2  
kinase 1. In addition, the observation of a low Pomax at 
saturating Ca2+ conditions clearly argues for the bind-
ing of Ca2+ to the CaM–KCa3.1 complex, favoring the 
formation of a closed-state configuration from which  
an open configuration can be reached. Such behavior 
has been documented in numerous ligand-gated chan-
nels where the agonist does not alter the open state  
but brings the channel to a preopen configuration. In 
this regard, results obtained with constitutively active 
KCa3.1 channel mutants, or after modifications of cys-
teine residues engineered along the S6 segment by  
selective reagents, support a prominent role of the S6 
segment conformational state in determining Pomax 
(Garneau et al., 2009; Bailey et al., 2010). In the context 
of a channel gate located at the level of the selectivity 
filter region, this observation is consistent with a model 
where the binding of Ca2+ at a high concentration to 
the CaM N-lobe–KCa3.1 complex would position the  
S6 transmembrane segment to interact with the selec-
tivity filter region, thus setting the structural bases un-
derlying Pomax. A study was thus undertaken to identify 
residues of the CaM N-lobe–KCa3.1 complex that either 
contribute to the channel activation process or control 
the channel Pomax. Our results show that electro-
static interactions involving residues R362 and E363  
are determinant to the activation rate of KCa3.1 at  
saturating Ca2+ concentration with little changes to 
Pomax, whereas hydrophobic effects at S367 contribute 
to Pomax.

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

Computer-based homology modeling
The 3-D structures of the C-terminal region of KCa3.1 (D304-
K373) with CaM were generated through homology modeling 
(Sali and Blundell, 1993) using as template the crystal structure 
(1.6-Å resolution) of the C-terminal region of the rat KCa2.2 
channel (rSK2) with CaM (Protein Data Bank accession no. 
1G4Y) (Schumacher et al., 2001). Homology modeling is fully  
justified in this case, as the amino acid sequence of KCa3.1 in this 
region is 45% identical to template. Sequence alignments were 
obtained with MUSTER (Wu and Zhang, 2008), and 3-D models 
were generated using MODELLER 9v4 (Sali and Blundell, 1993). 
100 structural models of KCa3.1 CaMBD domain–CaM complex 
were generated and optimized to minimize possible violations  
on the spatial restraints. Ranking of the model structures was 
based on a probability density function (PDF) that accounts for 
the various structural features of the models. 14 models were  
selected based on their low PDF and root mean square deviations 
(RMSDs) of the C relative to template. The model with the 
lowest RMSD (1.7 Å) was kept and used as an initial model structure 

multi-basic 15RKR17 motif in the N terminus (Fig. 1 B), 
suggesting a complex interaction between the channel 
N-terminal and C-terminal domains (Jones et al., 2007). 
Work from our laboratory has provided evidence that 
the C-terminal region of KCa3.1 interacts with the 1 
subunit of the metabolic-sensing kinase AMPK (Klein  
et al., 2009), suggesting a regulation by AMPK. It fol-
lows that KCa3.1 is part of a multi-protein complex  
involving several protein kinases.

There is not yet a high resolution 3-D structure of 
KCa3.1. Work from our laboratory has led to a molecu-
lar description of the open/closed KCa3.1 pore region 
using an approach combining substituted cysteine ac-
cessibility method (SCAM), computer-based homology 
modeling, and single-channel recordings (Banderali  
et al., 2004; Klein et al., 2007). It was proposed that the 
KCa3.1 Ca2+-activated gate was located at the level of the 
selectivity filter or close to it (Garneau et al., 2009), a 
conclusion confirmed in experiments demonstrating 
that the accessibility of the thiol-modifying agent, Ag+, 
to cysteines engineered in the channel cavity was inde-
pendent of the channel-conducting state (Garneau  
et al., 2009). Such proposal is in agreement with experi-
ments on the Ca2+-activated KCa2.2 channel that sug-
gested a channel gate located deep in the channel 
central cavity, perhaps in the selectivity filter itself 
(Bruening-Wright et al., 2007).

The exact molecular mechanism underlying KCa3.1 
opening in response to Ca2+ binding to the CaM–KCa3.1 
complex in the C terminus remains to be elucidated. 
However, structural information pertinent to channel 
gating was obtained through the crystallization of CaM 
bound to the rat KCa2.2–CaM-binding domain (CaMBD) 
in the presence of Ca2+ (Schumacher et al., 2001). On 
the basis of this structure, it was proposed that a large-
scale conformational rearrangement is taking place in 
the presence of Ca2+, where the N-lobe of CaM binds 
to a C-terminal segment of an adjacent channel mono-
mer, resulting in a dimerization of contiguous subunits. 
This rearrangement would in turn lead to a rotation/
translation of the associated S6 transmembrane do-
mains and to the opening of the ion-conducting pore 
(Schumacher et al., 2001, 2004; Wissmann et al., 2002; 
Maylie et al., 2004). Kinetic measurements of KCa2.2, 
where terbium was used as CaM ligand instead of Ca2+, 
have indicated that ligand binding at the N-lobe of CaM 
is indeed responsible for channel opening (Li and  
Aldrich, 2009; Li et al., 2009). However, additional re-
sults have indicated that the CaM N-lobe also contrib-
utes to Ca2+-independent stable interactions between 
CaM and the KCa2.2 subunits (Li et al., 2009).

One of the distinguishing features of the KCa3.1 Ca2+ 
dependence is that Pomax, the channel open probabil-
ity at saturating Ca2+ concentrations (>20 µM), remains 
low, typically 0.1–0.2 for the WT channel, compared 
with a Pomax of 0.8 reported for the KCa2.2 channel in 
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specified otherwise. Single-channel analysis was performed using 
the QUB package (Qin et al., 1996, 1997). Dwell-time analysis  
was performed on data that were idealized according to the seg-
mental-k means method based on a hidden Markov model–type 
analysis. Channel activation times (ton) were obtained by curve 
fitting to a single-exponential function the time course of the  
current increase after a Ca2+ concentration jump from 0 to 25 µM 
(Origin7; OriginLab Corporation). The exponential increase in 
channel activity was normally preceded by a short silent period 
ranging from 50 to 200 ms, most likely reflecting transitions 
among closed-state configurations before channel opening. This 
delay was not included in our curve-fitting procedure, but it could 
be estimated through a first latency analysis, where the time lapse 
between the Ca2+ concentration change and the first channel 
opening was directly measured from single-channel recordings. 
The channel deactivation times (toff) were computed by fitting 
to a mono-exponential function the time course of the current 
decrease after the replacement of a 25-µM Ca2+ by a 0-Ca2+ inter-
nal solution. Modification rates by MTS reagents (1 mM) of  
targeted Cys residues were obtained by curve fitting to a single-
exponential function the time course of the current variation  
initiated by MTS application. Algebraic calculations of the pro-
posed kinetic scheme were performed with Mathematica8  
(Wolfram Research).

Cysteine cross-bridging experiments
Selected residues were individually mutated into Cys, and spatial 
proximity was tested using copper phenanthroline (Cu(II)Phe; 
Sigma-Aldrich) as a zero-length bridging agent. For these experi-
ments, 1 µM of Cu(II)Phe-containing solutions was prepared 
from a 1-mM stock solution. The presence of disulfide bonds  
was assayed using a dithiothreitol (DTT; 10 mM; Sigma-Aldrich) 
containing K2SO4 solution. Each solution was freshly prepared 
every day.

Membrane preparation and Western blotting
Oocytes expressing KCa3.1–CaM mutants were incubated for  
10 min with 10 µM ionomycin in a buffer containing (mM) 200 
KCl, 0.5 MgSO4, 25 HEPES, and 2 CaCl2, pH 7.3. After incubation 
in ionomycin, disulfide cross-linking was performed at 20°C with 
the addition of 100 µM Cu(II)Phe for 30 min to the same buffer. 
The oocytes were gently rinsed in PBS, pH 7.4, and homogenized 
in fresh PBS, pH 7.4, plus a mixture of protease inhibitors (Com-
plete EDTA-free; Roche). Yolk and other oocyte debris were  
removed by two repeated 5-min low speed centrifugations at  
210 g. The supernatants containing crude cell membranes were 
pelleted for 20 min at 20 800 g, and membranes were solubilized 
in PBS, pH 7.4, containing 2% sodium deoxycholate for 30 min  
at 4°C. Insoluble material was removed by centrifugation at 20 
800 g at 4°C, and solubilized cell membranes were quantified 
using the BCA protein assay method (Thermo Fisher Scientific).

For each sample, an aliquot containing 5 µg of total protein  
was combined with a buffer containing 65 mM Tris-HCl, pH 6.8, 
10% glycerol, 2% SDS, and 0.03% (wt/vol) bromophenol  
blue with or without 1 mM DTT. The samples were separated  
onto a 10% polyacrylamide gel, and protein was transferred  
by electroblotting to nitrocellulose membrane (Hybond-C; GE 
Healthcare). The membranes were blocked in TBS 0.1% Tween 
20 (TBS-T buffer) containing 5% nonfat dry milk, and then incu-
bated overnight at 4°C in blocking solution containing a 1:5,000 
dilution of a rabbit polyclonal antibody directed against KCa3.1 
channel (ab75956; Abcam) or against CaM (ab45689; Abcam). 
After washing in TBS-T buffer and hybridization with horserad-
ish peroxidase–conjugated goat anti–rabbit IgG at 1:25,000  
dilutions (Jackson ImmunoResearch Laboratories, Inc.), pro-
teins were detected using the ECL plus chemiluminescence kit 
(GE Healthcare).

for the KCa3.1–CaM complex. The overall structural quality of 
the model was tested with PROCHECK.

Molecular dynamics (MD) simulations
MD simulations were performed using CHARMM-CGENFF with 
explicit solvent water molecules. The system that comprised two 
KCa3.1 C-terminal segments (D304-K373) forming a complex with 
two CaM molecules (A1-A147) was solvated in a 108-Å side cubic 
cell containing 37 100 TIP3P model water molecules. Altogether, 
the system consisted of 118 507 atoms including 115 K+ and 
97 Cl ions to ensure electroneutrality at near physiological 
concentration. Cut-on and cut-off parameters needed to define 
nonbounded interactions were set to 10 and 12 Å, respectively, 
and SHAKE constrains were used to fix lengths of bonds involving 
hydrogen atoms. Trajectories were generated for 10 ns using a 
time step of 2 fs, and electrostatic plus van der Waals interaction 
energies computed from trajectories were sampled at 0.2 ns. MD 
simulations were performed for a system at constant pressure  
(1 atm) and constant temperature (300°K). Solvent accessibility 
surface area (SASA) was averaged over a 10-ns trajectory using a 
standard probe of 1.4 Å.

Channel expression and molecular biology
WT and mutant KCa3.1 channels were expressed in Xenopus laevis 
oocytes alone or coexpressed with mutant CaM as needed by  
injection of their RNAs transcribed in vitro from pT7TS vector, 
which contains 5 and 3 untranslated regions of Xenopus -globin 
mRNA. The mammalian CaM cDNA was obtained by RT-PCR 
from human cells (HEK-293) and cloned into the pT7TS vector. 
Approximately 10 ng KCa3.1 RNA and 10–30 ng CaM (WT or 
mutant) RNA were injected into each oocyte. Because mutated 
CaM has to compete with the endogenous CaM (WT), CaM RNA 
injections were done 6 h before KCa3.1 channel injections to  
ensure formation of KCa3.1 channel complexes with the mutated 
CaM. Recordings were typically performed 4–7 d after injection. 
All the mutants were generated using the Quickchange muta-
genesis kit (Agilent Technologies) and verified by sequencing 
(Banderali et al., 2004). Before patch clamping, the defollicu-
lated oocyte was briefly incubated in a hyperosmotic solution  
containing (mM) 250 KCl, 1 MgSO4, 1 EGTA, 50 sucrose, and 10 
HEPES, buffered at pH 7.4 with KOH; the vitelline membrane 
was peeled off using fine forceps. The oocyte was then transferred 
to a superfusion chamber for patch-clamp measurements.

Solutions
The bath and patch pipette solutions contained (mM) 200 K2SO4, 
1.8 MgCl2, 0.025 CaCl2, and 25 HEPES, buffered at pH 7.4 with 
KOH (referred to 200 mM K2SO4). Sulfate salts were used to mini-
mize the contamination from endogenous Ca2+-dependent 
chloride channels while enabling the chelation of contaminant 
divalent cations such as Ba2+. Calcium-free solutions were pre-
pared by adding 1–10 mM EGTA to 200-mM K2SO4 solutions 
without CaCl2. The cysteine-modifying agents [2-(trimethylam-
monium) ethyl] MTS bromide (MTSET+) and sodium (2-sulfano-
ethyl) MTS (MTSES) (Toronto Research Chemicals Inc.) were 
added directly into the bath solution just before application. Bath 
solution changes were performed as described previously, using  
a rapid solution changer system (RSC-160; Biological) (Banderali 
et al., 2004). The solution exchange time was <20 ms.

Patch-clamp recordings
Multiple- and single-channel inside-out recordings were per-
formed using an amplifier (Axopatch 200A; Molecular Devices). 
Patch pipettes were pulled from borosilicate capillaries using a 
pipette puller (model PP-83; Narishige) and used uncoated. The 
resistance of the patch electrodes ranged from 2 to 5 M. Data 
acquisition was performed using a Digidata 1320A acquisition  
system (Molecular Devices) at a sampling rate of 1.0 kHz, unless 
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to R352C(KCa3.1)–E84(CaM) caused channel inhibition, this  
effect was absent when R352C(KCa3.1) was coexpressed with 
E84A(CaM). Fig. S2 illustrates the effect of mutating residues  
of the CaMBD2B (K360 to K373) of KCa3.1 by their KCa2.2 equiv-
alents on the channel activation time. These experiments dem
onstrate that substituting 7 amino acids of the K360-K373  
segment by the KCa2.2 equivalent residues reduced the channel 
activation time from 306 ± 41 ms (n = 8) for WT KCa3.1 to 91 ± 
31 ms (n = 5), a value still five times slower than the activation time 
measured for the KCa2.2 channel (17 ± 2 ms; n = 3). Figs. S1 and 
S2 are available at http://www.jgp.org/cgi/content/full/jgp 
.201210933/DC1.

Statistical analysis
Statistical significance was analyzed using an unpaired Student’s  
t test. Only experiments with a P of <0.005 were considered for 
analysis. Data are expressed as mean ± SD.

Online supplemental material
Fig. S1 illustrates results coming from inside-out patch-clamp  
experiments providing evidence for E84 of CaM being within  
the electrostatic interaction range of R352 of KCa3.1. Charge-
restitution experiments were performed using either the R352C 
(KCa3.1)–E84(CaM) or R352C(KCa3.1)–E84A(CaM) systems  
exposed to the MTSET+ reagent. Whereas binding of MTSET+ 

Figure 1.  Structural model obtained for the Ca2+-CaM N-lobe–KCa3.1 complex. (A) Sequence alignment between the KCa3.1 segment 
extending from D304 to K373 and the corresponding sequence used as template for homology modeling based on the 1G4Y (Pro-
tein Data Bank; SK2) structure. Alignment was generated by MUSTER. Identical residues are identified in open boxes for an overall 
sequence identity of 45%. (B) Membrane topology of KCa3.1. KCa3.1 is a tetrameric protein, with each monomer organized in six 
transmembrane segments plus a pore region between segments 5 and 6. The channel Ca2+ sensitivity is conferred by CaM, with the CaM 
C-lobe constitutively bound to the 312–329 segment of the channel C-terminal region (CaMBD1). The Ca2+-dependent binding of the 
CaM to the channel involves the segment 344 to 353 (CaMBD2A) and a stretch of 13 amino acids from 360 to 373 (CaMBD2B). In the  
N terminus, a 15RKR17 motif has been identified as being potentially involved in N terminus/C terminus coupling. Also illustrated are two 
leucine zipper (LZ) domains important for channel expression at the membrane. (C) Ribbon representation of the Ca2+-CaM N-lobe–
KCa3.1 complex. The initial model was generated with MODELLER using the 1G4Y (Protein Data Bank) crystal structure as template. 
Each KCa3.1 subunit comprises the amino acids D304 to K373, with the CaM represented in light yellow. The CaMBD2B (K360-K373) 
is colored cyan, and the CaMBD2A is represented in purple. (D) Close-up of the complex, illustrating residue R362 of KCa3.1 in close 
proximity of K75 of CaM, and R352 facing both E84 of CaM and E363 on the adjacent KCa3.1 subunit. (E) Illustration of M368 project-
ing inside the CaM N-lobe together with S367 and Q364. This figure also includes a space-filling representation of two calcium ions as 
pink-colored spheres. (F) Detailed representation of the interaction domain of S367, with S367 contributing to the intersubunit inter-
face, which includes residues L345 and N349 of the adjacent subunit, and to the CaM N-lobe–CaMBD2B interface with residues M36, 
L39 (not depicted), and Q41 of CaM. Visualization was generated with Discovery Studio (Accelrys, Inc.).

http://www.jgp.org/cgi/content/full/jgp.201210933/DC1
http://www.jgp.org/cgi/content/full/jgp.201210933/DC1
http://www.rcsb.org/pdb/explore/explore.do?structureId=1g4y
http://www.rcsb.org/pdb/explore/explore.do?structureId=1g4y
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membrane (Syme et al., 2003). The CaMBD respon
sible for the Ca2+-dependent binding of CaM to KCa3.1 
is extending from residue L344 to Q353 (Fig. 1 B, 
CaMBD2A, purple) and residue K360 to K373 (CaMBD2B, 
cyan), with CaMBD2B being in contact with the CaM 
N-lobe. Fig. 1 C presents a ribbon representation of  
the resulting Ca2+–CaM–KCa3.1 complex generated 
through homology modeling, after a 200-ps equilibra-
tion period in water. The sequence alignment used  
for homology modeling is illustrated in Fig. 1 A, re-
vealing a sequence identity of 45% relative to the se-
quence of the structural template (Protein Data Bank 
accession no. 1G4Y). The channel C-terminal region 

R E S U L T S

The CaM–KCa3.1 complex
A topological representation of a single KCa3.1 sub
unit, with several of the structural features of the chan-
nel N-terminal and C-terminal regions, is presented in  
Fig. 1 B. In addition to the CaMBD1 described as being 
responsible for the Ca2+-independent binding of the 
CaM to KCa3.1 (Schumacher et al., 2001), this repre-
sentation also illustrates the 15RKR17 motif in the  
N terminus proposed to interact with the channel  
C-terminal region (Jones et al., 2007) and two leucine 
zipper domains involved in channel expression at the 

Figure 2.  Structural analysis of the CaM–CaMBD2 interactions. (A and B) SASA was computed for each residue of CaMBD2B (K360-
K373) or CaMBD2A (L344-Q353) for either a single KCa3.1 subunit with no CaM (open boxes) or in the presence of a second subunit 
with no CaM (filled boxes). Calculations were based on the structural model presented in Fig. 1. A strong decrease in SASA was obtained 
for E363 and S367, indicating an important contribution to the intersubunit interface. Identical calculations performed for residues 
in CaMBD2A identified L345 and N349 as contributing to the intersubunit interface. (C and D) Variations in SASA caused by the ad-
dition of CaM to the KCa3.1 subunit–subunit complex. A strong decrease in SASA caused by CaM was obtained for Q364, M368, V369, 
and S372 in agreement with those residues lining the CaMBD2B–CaM N-lobe interface. The most important variation was seen with 
M368, which is projecting inside the CaM N-lobe core. In contrast, SASA computed for R362 and E363 were not significantly affected 
by the addition of CaM, in accordance with R362 and E363 not contributing to the CaMBD2B–CaM N-lobe interface. Collectively, R362 
appeared as the most solvent accessible residue, with no contribution to either the intersubunit or CaMBD2B–CaM N-lobe interfaces. 
Results obtained for the CaMBD2A support a strong decrease in SASA caused by CaM for I348, N349, and F351, an indication that these 
residues are located at the CaMBD2A–CaM interface. Residue R352 was found to be highly solvent accessible, with 50% of its surface in 
contact with CaM.

http://www.rcsb.org/pdb/explore/explore.do?structureId=1g4y
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by homology modeling, those features translate to the 
KCa3.1 channel the structural constraints described for 
the KCa2.2 channel (Schumacher et al., 2001).

Probing the structural model of the Ca2+-CaM 
N-lobe–KCa3.1 complex
The model presented in Fig. 1 C was obtained by  
homology modeling and cannot therefore be as accu-
rate as the structure used as template (Protein Data 
Bank accession no. 1G4Y). Experiments were thus per-
formed to determine to what extent a model based on 
the crystal structure obtained for the KCa2.2 channel 
can be used to relate some of the channel gating prop-
erties to specific residue–residue interactions. The pre-
dicted pattern of solvent accessibility was first examined 
in SCAM experiments in which the MTSET+ and/or 
MTSES reagents were used as probes to measure the 
accessibility of Cys residue engineered at each position 
in the CaMBD2B. MTSET+ and MTSES are small 
molecules that can fit into a cylinder 10-Å long by 6 Å  
in diameter, resulting in Cys–MTSET+ and Cys–MTSES 
complexes with respective side-chain volumes of 162 
and 106 Å3 compared with 116 Å3 for Trp. In addition, 
the binding of MTS reagents to Cys requires that the 
thiol group be in a deprotonated form and exposed to 
water. In fact, the reaction of MTS with protonated  
cysteine was reported to be 109-fold slower than the re-
action with cysteine in a deprotonated form (Karlin and 
Akabas, 1998). Significant modifications (P < 0.005) 
were seen with the R362C, E363C, and Q364C mutants 
despite the prediction of a mean SASA value of 0.3 Å2 
for Q364 compared with 95 and 20 Å2 for R362 and 
E363, respectively. Furthermore, an estimation of the 
Q364C modification rate by MTSET+ led to a value of 
4.1 ± 0.1 × 103 M1s1 (n = 3) compared with 1.0 ± 0.2 × 
104 M1s1 (n = 3) obtained for the solvent-accessible 
Cys engineered at 362. These values would be compati-
ble with MTSET+ being freely accessible to Cys engi-
neered at position 362, with a reduced accessibility at 
364, reflecting either additional stearic constraints as a 
result of molecular packing or a reduction in deproton-
ated Cys, or both. However, these SCAM measurements 
need to be interpreted in light of the MD results indi-
cating maximum SASA values of 160, 83, 14, and 11 Å2 
for R362, E363, Q364, and S367 over 10-ns trajectories, 
suggesting the possibility of structural variations of  
sufficient amplitudes to allow MTS modifications. In 
contrast, maximum SASA obtained for M368 was esti-
mated at 4.8 Å2, arguing for strong structural constraints 
not present for by R362 and E363. Our SCAM data tend 
therefore to support a dynamic structural model with 
important variations in surface contact areas between 
CaM and KCa3.1, and between individual KCa3.1 sub-
units as well.

The analyses presented in Fig. 3 A indicate that R362 
is unique, as it is highly solvent accessible while being 

covers residues D304 to K373, with a 5–amino acid-
long hairpin folding centered at R331. The overall 
stoichiometry corresponds to one CaM molecule per 
monomer in accordance with the crystal structure  
of KCa2.2 (Schumacher et al., 2001). The complex is 
dimeric, with the CaM C- and N-lobes enfolding two 
KCa3.1 subunits.

An analysis was next undertaken to determine which 
residues of the KCa3.1 CaMBD2 contribute to the inter-
face between adjacent KCa3.1 subunits and/or between 
CaM and individual KCa3.1 subunits. Our approach 
consisted of computing for each residue of CaMBD2A 
and CaMBD2B the SASA for a single subunit in the  
absence of CaM, for two subunits without CaM, and  
finally for the entire CaM–KCa3.1 dimeric complex. 
The results of this analysis are presented in Fig. 2. It 
follows from Fig. 2 A that residues E363 and S367 are 
the main constituents of the intersubunit interface 
with, respectively, 76 and 81% of their maximum SASA 
reduced as a result of the presence of a second subunit. 
Complementary to these results (Fig. 2 B), residues 
L345 and N349 in the CaMBD2A show a reduction of 
83 and 63% of their maximum SASA in the presence of 
a second subunit, an effect attributable to L345 and 
N349 of one subunit forming part of the intersubunit 
interface with S367 of the second subunit (Fig. 1 F). 
The results on the CaM–KCa3.1 interface are presented 
in Fig. 2 (C and D). Drastic changes in SASA caused  
by the presence of CaM were observed with L361, Q364, 
V365, N366, S367, M368, V369, and S372. Notably, 
SASA reductions of >90% were obtained for L361, 
Q364, S367, M368, V369, and S372 after the addition of 
CaM to the subunit–subunit complex. With the excep-
tion of S367, none of these residues contributes to the 
intersubunit interface. Similarly, 99 and 98% reduc-
tions in SASA caused by CaM were estimated for N349 
and F351 of the CaMBD2A. It follows from this analysis 
that (a) residues S367 and N349 are unique, as they 
contribute to both the intersubunit and CaM–KCa3.1 
interfaces; (b) Q364, M368, and V369 are the main  
determinants of the CaM–KCa3.1 interface, with >99% 
of their SASA exposed to the CaM N-lobe; and (c) in 
contrast to the residues of the CaMBD2A and CaMBD2B, 
R362 contributes neither to the intersubunit nor to  
the CaM–KCa3.1–N-lobe interfaces. The results of this 
analysis are summarized in the horizontal bar graph 
shown in Fig. 3 A, where buried residues with <10% of 
the maximum surface exposed to solvent were com-
pared with exposed residues with >30% of their maxi-
mum surface exposed to solvent. These calculations 
were based on 10-ns MD trajectories obtained for the 
CaM–KCa3.1 complex, a time suitable to capture state 
transitions over an energy barrier of 4.4 kcal/mol. Bur-
ied residues include Q364, S367, M368, V369, and S372, 
whereas only R362 has >90% of its maximum surface  
exposed to solvent. As expected from models obtained 

http://www.rcsb.org/pdb/explore/explore.do?structureId=1g4y
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data), and KCa3.1 was found to be Cu(II)Phe sensitive, 
an effect attributable to the presence of four Cys resi-
dues located along the channel pore forming the S6 
transmembrane helix. Consistent with this interpreta-
tion, we observed that the substitution Phe to Trp at 
position 248 in the C-terminal segment of the channel 
pore helix resulted in a channel that was Cu(II)Phe  
insensitive with a Pomax of 0.8. An example of inside-out 

potentially in contact with a single CaM residue. The 
proximity of R362(KCa3.1)–K75(CaM) was thus stud-
ied in a series of experiments in which Cu(II)Phe was 
used as a zero-length bridging agent. KCa3.1 WT con-
tains 13 endogenous Cys residues of which none is  
located in cystosolic linkers or the C terminus. The pro-
duction of a Cys-free KCa3.1 led to a channel that  
was poorly functional with rapid rundown (unpublished 

Figure 3.  SCAM of the CaM N-lobe–CaMBD2B complex. (A) Percentage of the maximum SASA computed for each residue of the 
CaMBD2B remaining accessible to solvent after formation of the KCa3.1–CaM complex, as illustrated in Fig. 1. The maximum SASA 
was taken as the SASA value obtained for a single KCa3.1 subunit in the absence of CaM. Dotted lines indicate areas referring to ex-
posed residues with >30% of their maximum SASA remaining accessible to solvent and buried residues with <10% of their maximum 
SASA accessible to solvent. Buried residues include Q364, S367, M368, V369, I371, and S372, whereas R362 was confirmed as being the 
most solvent-exposed residue within the CaMBD2B. Values were obtained from MD trajectories spanning a total of 10 ns. The standard 
deviations in this case reflect the degree of structural variations during 10-ns simulations. (B) Accessibility of Cys engineered along the 
CaMBD2B segment to either 1 mM MTSET+ or 1 mM MTSES. MTS reagents were applied internally according to the pulse application 
protocol illustrated in C. The ratio IMTS/Ictrl was taken as the ratio of the current amplitude for the Ca2+ pulse after MTS washout over 
the current amplitude obtained for the Ca2+ pulse before MTS application. Important changes were seen with the R362C, E363C, and 
Q364C mutants despite the fact that Q364C was predicted to be buried inside the CaM N-lobe–KCa3.1 complex and thus unlikely to be 
available for MTSET+ binding. The most important changes were seen with residue R362, which is highly solvent accessible. Values not 
included in the filled area refer to IMTS/Ictrl for which P < 0.005 relative to WT (IMTS/Ictrl (WT) ± 2.5 SD). (C) Examples of inside-out cur-
rent recordings illustrating the action of MTS reagents on the R362C, E363C, Q364C, and V369C mutant channels. Experiments were 
performed in symmetrical 200-mM K2SO4 solutions with 25 µM of internal Ca2+ at a pipette potential of 60 mV on channels expressed in 
Xenopus oocytes. Label “c” refers to zero current measured in Ca2+-free conditions (thick line). Open boxes correspond to perfusion with 
a Ca2+ (25 µM) plus MTS reagent–containing solution (1 mM). Bars, 50 pA (R362C and E363C) or 200 pA (Q364C and V369C) and 10 s.
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Although detection of an intrasubunit disulfide is 
difficult by biochemical methods, an intersubunit di
sulfide can be detected, as the size of the cross-species 
increases when disulfide bonds occur. This proposal was 
confirmed in experiments where isolated membrane pro
teins from oocytes expressing F248W-R362C(KCa3.1) 
plus CaM K75C treated with ionomycin plus 100 µM 
Cu(II)Phe were subjected to Western blotting using 
anti-KCa3.1 antibody (Fig. 5). Lane 2 in Fig. 5 (A and B) 
shows a 57-kD band corresponding to the predicted 
KCa3.1 molecular weight of linked to CaM (CaM MW  
of ≈17 kD), which could be reduced to the monomeric 
form of KCa3.1 (40 kD) with DTT (Fig. 5, A and B,  
lane 3). No band of 57 kD was detectable in mem-
brane extracts coming from F248W-R362C(KCa3.1)–
K75C(CaM) oocytes not treated with Cu(II)Phe (Fig. 5, 
A and B, lane 1). In addition, the same Cu(II)Phe-based 

single-channel recordings illustrating the action of 
Cu(II)Phe (1 µM) on the F248W-R362C double mutant 
coexpressed with CaM K75C is presented in Fig. 4. Also 
included are control recordings where Cu(II)Phe was 
applied to CaM K75C expressed with F248W(KCa3.1) or 
to the F248W-R362C(KCa3.1) double mutant. As seen, 
there were no significant effects of Cu(II)Phe when ap-
plied to the F248W-R362C channel or to the K75C CaM 
mutant coexpressed with the F248W mutant. In con-
trast, the internal application of 1 µM Cu(II)Phe to the 
F248W-R362C(KCa3.1)–K75C(CaM) complex resulted 
in a robust and irreversible inhibition of channel activ-
ity that was partly recovered by the subsequent perfusion 
with a DTT (10 mM) -containing bath solution. These 
observations argue for the formation of a disulfide bond 
between R362C of KCa3.1 and K75C of CaM in accor-
dance with the model presented in Fig. 1 D.

Figure 4.  Evidence of cysteine cross-bridging between R362C of KCa3.1 and K75C of CaM catalyzed by Cu(II)Phe. (A) Inside-out cur-
rent recording illustrating the effect of 1 µM Cu(II)Phe on the F248W-R362C(KCa3.1) channel mutant coexpressed with K75C(CaM) 
in Xenopus oocytes. Exposure to Cu(II)Phe resulted in a total inhibition of channel activity that was irreversible after Cu(II)Phe washout. 
Channel activity could be recovered after exposure to 10 mM DDT, confirming disulfide bond formation between K75C of CaM and 
R362C of KCa3.1. (B) Inside-out single-channel current recording illustrating the action of 1 µM Cu(II)Phe on the K75C(CaM) mu-
tant coexpressed with F248W(KCa3.1). A 1-min application of 1 µM Cu(II)Phe failed under these conditions to affect channel activity.  
(C) Single-channel recording performed with F248W-R362C(KCa3.1) channel mutant illustrating the absence of the effect of 1 µM 
Cu(II)Phe when applied internally. This mutant channel was also insensitive to the application of 10 mM DTT. Experiments were per-
formed in symmetrical 200-mM K2SO4 conditions at a pipette potential of 60 mV. Label “c” refers to the channel closed state.
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allow formation of disulfide bonds despite prediction of 
an inter C distance of 9.5 Å according to the model in 
Fig. 1 D. However, these observations do not allow us to 
directly conclude that R362 and K75 residues will be in 
such close proximity under normal conditions, as both 
residues are charged in the WT CaM–KCa3.1 complex.

Contributions of residues at the intersubunit interface  
to Pomax
Experiments were next undertaken to identify residues 
within CaMBD2 involved in regulating Pomax. Fig. 6 A 
summarizes the measurements of Pomax for channel 
mutants generated by substituting each residue along 
CaMBD2 by a Cys. An important increase in Pomax was 
observed with the S367C channel mutant, with a value 
of 0.62 ± 0.12 (n = 5) compared with 0.22 ± 0.07 (n = 8) 
for WT (P < 0.005). We also noted that the mutation 
S367C drastically enhanced the channel mean open 
time from 7 ± 2 ms (n = 5) for WT to 25 ± 7 ms (n = 4) 
for S367C, while decreasing the channel mean closed 
time from 30 ± 15 ms (n = 5) for WT to 5 ± 1 ms (n = 4) 
for S367C. Clearly, the mutation S367C succeeded in 
modifying the equilibrium constant between the chan-
nel open and closed configurations.

The mutation S367C involves substituting to a residue 
of greater side-chain surface area and thus increasing 
the residue free energy of transfer to water. The impor-
tance of the side-chain surface area was thus tested by 
substituting S367 to nonpolar amino acids of equivalent 
(S367A) or greater surface areas (S367T, S367L, and 
S367W). The results of these experiments are summa-
rized in Fig. 7 A. As seen, the mutations S367T, S367L, 
and S367W led to significant increases in Pomax, with 
values of 0.49 ± 0.07 (n = 4), 0.88 ± 0.05 (n = 3), and 0.87 ± 
0.01 (n = 3), respectively, compared with 0.19 ± 0.03 
(n = 5) for S367A. These observations thus establish a 
correlation between Pomax and the nonpolar contribu-
tion to the hydration free energy of the residue at posi-
tion 367. As the side-chain surface area of the Glu is 
equivalent to Leu with the addition of a negative charge, 
we also used the S367E mutant to investigate the impor-
tance of polar interactions to the action of S367 on  
Pomax. The results presented in Fig. 7 show a decrease 
in Pomax relative to S367L, with Pomax = 0.24 ± 0.08  
(n = 4), indicating a potential destabilizing effect caused 
by an overall decrease in hydrophobicity. The results of 
these experiments are summarized in Fig. 7 B.

The structural analysis presented in Fig. 2 A indicates 
that in addition to S367, residue E363 also contributes 
to the intersubunit interface. In contrast to S367, how-
ever, E363 SASA is not affected by the addition of CaM, 
and the intersubunit interactions in this case are es
sentially electrostatic in nature, with E363 facing R352  
on the adjacent subunit (Fig. 1 D). The results pre-
sented in Fig. 6 show that the mutation E363C resulted 
in a Pomax of 0.12 ± 0.02 (n = 3), a value significantly 

experiments performed with F248W-R362C (Fig. 5,  
A and B, lane 5) or CaM K75C coexpressed with KCa3.1 
F248W (lane 8) failed to yield an equivalent 57-kD band, 
demonstrating the specificity of the R362C(KCa3.1)–
K75C(CaM) interaction. The same samples were also 
subjected to Western blotting using an anti-CaM anti-
body (Fig. 5 B) to confirm the nature of the 57-kD band. 
As illustrated, the antibody anti-CaM reacted only with 
the cross-species band of 57 kD (Fig. 5 B, lane 2). The 
specificity of the anti-CaM antibody was shown by hy-
bridization of WT and mutated CaM at 17 kD (Fig. 5 B). 
These results indicate that Cys engineered at positions 
362 of KCa3.1 and 75 of CaM can come close enough to 

Figure 5.  Western blot analysis of KCa3.1 channels coex
pressed with CaM mutants subjected to Cu(II)Phe treatment. (A) 
Membranes were prepared from oocytes expressing either the 
F248W-R362C(KCa3.1)–K75C(CaM), F248W-R362C(KCa3.1), or  
the F248W(KCa3.1)–K75C(CaM) mutants. Disulfide cross-linking 
catalyzed by incubating oocytes in 100 µM Cu(II)Phe and 10 µM 
ionomycin resulted in a band shift from ≈40 kD for KCa3.1 mono-
mer to ≈57 kD for KCa3.1 linked to CaM (KCa3.1-CaM) (A, lane 2).  
Samples were subjected to SDS/PAGE (10% gel) under either re
ducing (+DTT) or nonreducing (DTT) conditions. Exposing 
membranes to DTT caused the loss of the ≈57-kD band (A, lane 3). 
Cu(II)Phe was ineffective in initiating disulfide bond formation 
using the F248W-R362C(KCa3.1) (A, lane 5) or F248W(KCa3.1)–
K75C(CaM) (A, lane 8) systems. (B) Western blotting obtained 
under the conditions described in A using an antibody directed 
against CaM. The same band at ≈57 kD could be detected after 
Cu(II)Phe treatment and disappeared after disulfide bond reduc-
tion with DDT (B, lane 3). Also shown is a band at 17 kD corre-
sponding to CaM.
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interactions at E363 to the control of Pomax. In this 
regard, internal pulse applications of the MTSES 
reagent to the E363C mutant led to an irreversible 2.0 ± 
0.5 (n = 5) –fold current increase, an effect not seen 
with the positively charged MTSET+ (Fig. 3 C). These 
observations were confirmed at the single-channel level, 
where exposure of E363C to MTSES resulted in an 
increase of the channel Pomax from 0.12 ± 0.02 (n = 3) 
to 0.33 ± 0.02 (n = 3) (see Fig. 6). These experiments 
thus support the requirement of a negatively charged 
Cys–MTS complex to reestablish Pomax. We cannot 

(P < 0.05) lower than WT. Similarly, single-channel re-
cordings of the E363R mutant led to a Pomax of 0.14 ± 
0.04 (n = 4), a value not statistically different from 
E363C but different from WT. Both mutations are ex-
pected to lower the free energy of transfer from water 
to n-octanol from 3.63 kcal/mol for Glu to 0.02 kcal/
mol for Cys and 1.81 kcal/mol for Arg, respectively 
(Wimley et al., 1996). Such behavior is at variance to the 
results obtained for the S367 mutants, where more hydro-
phobic residues are associated with higher Pomax val-
ues, and argue for a specific contribution of electrostatic 

Figure 6.  Effect of mutating residues of the CaMBD2 on Pomax. (A) Bar graph summarizing measurements of Pomax, the channel 
open probability at saturating Ca2+ concentration (25 µM), for channel mutants generated by substituting individual residues along 
CaMBD2 to a Cys. Values not included in the filled area refer to Pomax for which P < 0.005 relative to WT (Pomax (WT) ± 2.5 SD).  
A strong increase was seen with the S367C mutant, with Pomax of 0.62 ± 0.12 (n = 5) compared with 0.22 ± 0.07 (n = 8) for WT KCa3.1. 
(B) Examples of inside-out current traces obtained for the WT, K360C, L361C, R362C, E363C, Q364C, V365C, S367C, M368C, and 
V369C mutant channels expressed in Xenopus oocytes. Dwell-time analyses showed that the increase in Pomax observed with the S367C 
mutant resulted in an increase of the channel mean open time from 7 ± 2 ms (n = 5) for WT to 25 ± 7 ms (n = 4) for S367C, and a de-
crease of the channel mean closed time from 30 ± 15 ms (n = 5) for WT to 5 ± 1 ms (n = 4) for S367C mutant. Also included are single-
channel traces illustrating the action of MTSES or MTSET+ on the R362C, E363C, and Q364C mutants, respectively. These results 
confirmed that residues identified from SASA calculations as being either buried (Q364) or exposed (R362) can be modified by MTS 
reagents, suggesting that the targeted Cys residues were accessible to water. Current recordings were performed in symmetrical 200-mM 
K2SO4 solutions at an internal Ca2+ concentration of 25 µM, with 100 mV applied in the patch electrode. Label “c” refers to the channel 
closed state. Bars, 2 pA and 500 ms.
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overall modest compared with the results described for 
the S367C, S367L, and S367W mutant channels (Pomax >  
0.65), thus limiting the contribution of polar inter
actions at E363 to Pomax.

Contribution of the residues at the CaM–CaMBD2B 
interface in setting Pomax
The results presented in Fig. 2 C argue for residues 
Q364, M368, and V369 as being key determinants to the 
interface between the CaM N-lobe and the CaMBD2B. 

rule out that part of the observed increase in Pomax 
could come from an increase in nonpolar (cavity) hy-
drophobic interactions, as the side-chain surface area 
for the Cys–MTSES complex corresponds to 112 Å2 
compared with 32 Å2 for E363C. However, because the 
positively charged MTS reagent MTSET+ failed to affect 
channel activity, our data do not support a dominant 
contribution of nonpolar hydrophobic effects to the  
observed increase in Pomax. Furthermore, the varia-
tions in Pomax obtained by modifying E363 remained 

Figure 7.  Comparing the effect of S367 and M368 mutations on Pomax. (A) Examples of single-channel recordings illustrating the ef-
fect on Pomax coming from the substitution of S367 by nonpolar residues of smaller (S367A) or larger side-chain surface areas. These 
results demonstrate a correlation between the channel Pomax and the free energy of transfer to water for the residue at position 367 for 
nonpolar amino acids. Also shown is the effect of the substitution S367E, confirming that electrostatic contribution to solvation energy 
can account in this case for a low Pomax (0.24 ± 0.08; n = 4) despite a side-chain surface area equivalent to Leu (Pomax of 0.88 ± 0.05; 
n = 3). (B) Bar graph summarizing the effect of mutating S367 on the channel Pomax value. (C) Single-channel recordings illustrating 
the effects on Pomax of mutating M368 described as being an anchoring point for CaM binding to KCa3.1. Mutating M368 by residues 
of equivalent or larger side-chain surface areas (M368L and M368W) had a small impact on Pomax, with values of 0.25 ± 0.07 (n = 4) 
for M368L and 0.27 ± 0.06 (n = 5) for M368W compared with 0.22 ± 0.07 (n = 8) for WT. The mutation M368A resulted in a Pomax of 
0.13 ± 0.01 (n = 3), suggesting that decreasing the residue 368 free energy of transfer to water tends to impair the channel activity. Similarly, 
the mutation to a polar residue M368R led to a lower Pomax value of 0.15 ± 0.02 (n = 6). (D) Bar graph illustrating the effect of mutating 
M368 on Pomax. A decrease in hydrophobicity tends to result in lower Pomax, as observed for S367, but with a much smaller impact on 
the Pomax value. Experiments performed in symmetrical 200-mM K2SO4 conditions at 25 µM of internal Ca2+ for a pipette potential of 
100 mV. Bars, 2 pA and 0.5 s.
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CaM–KCa3.1 binding. The absence of a significant ef-
fect on Pomax with the M368C mutant thus appeared 
surprising, but it could be the result of substituting to a 
residue of smaller surface area (32 Å2 compared with 
65 Å2) with the associated decrease in hydrophobic ef-
fects. However, mutating to residues of equivalent or 
larger surface areas failed to significantly affect Pomax, 
with values of 0.25 ± 0.07 (n = 4) for M368L and 0.27 ± 
0.06 (n = 5) for M368W, respectively (Fig. 7, C and D). 
In contrast, the substitutions M368A and M368R in-
volving replacing to a less hydrophobic residue led to 
Pomax of 0.13 ± 0.01 (n = 3) and 0.15 ± 0.02 (n = 6), 
respectively (Fig. 7, C and D). Clearly, despite its key 
contribution to the CaM–KCa3.1 interface, perturbing 

Perturbing the interactions between CaM and Q364, 
M368, or V369 could thus potentially affect the KCa3.1–
CaM complex stability, resulting in a modification of 
Pomax. We found that the mutations Q364C, M368C, 
and V369C have no significant impact on the channel 
Pomax, with values of 0.17 ± 0.07 (n = 6), 0.26 ± 0.06 
(n = 5), and 0.24 ± 0.09 (n = 3), respectively (Fig. 6, 
A and B). An analysis of the KCa3.1–CaM complex 
shows that M368 is projecting inside a hydrophobic  
cavity formed of residues L32, M36, M51, and M71 of 
CaM and thus constitutes a unique anchoring point  
for CaM binding. In this regard, MD simulations identi-
fied M368 as the residue with maximum van der Waals 
interactions with CaM, supporting a prominent role in 

Figure 8.  Effect of mutating residues in the CaMBD2B on channel activation and deactivation times. Horizontal bar graphs summa-
rizing the effect of mutating to Cys residues of CaMBD2B on channel deactivation (toff) (A) and activation (ton) times (B). Values not 
included in the filled area refer to ton or toff for which P < 0.005 relative to WT (ton or toff [WT] ± 2.5 SD). The mutation D370 did not 
produce functional channels. (A) Effect on the channel deactivation time toff of substituting to Cys each residue of the CaMBD2B plus 
residues R352 and Q353 of CaMBD2A. Important variations were seen with S367C (P < 0.0001) and with the mutant channels R352C, 
L361C, E363C, V365C, and S372C (P < 0.005). (Bottom trace) Inside-out current recording illustrating deactivation of the S367C chan-
nel mutant after exchanging a Ca2+-containing solution (25 µM) with a Ca2+-free internal solution (thick line). Deactivation time was 
obtained by curve fitting to a single exponential the time course of the current decrease initiated by switching to a Ca2+-free internal 
solution. Measurements were performed in symmetrical K2SO4 conditions at a pipette potential of 60 mV. (B) Effect on the channel 
activation time ton on substituting to Cys each residue of the CaMBD2B plus residues R352 and Q353 of CaMBD2A. Important variations 
were seen with E363C (P < 0.0001) and with the mutant channels L361 and M368 (P < 0.005). (Bottom trace) Inside-out current record-
ing illustrating activation of the E363C channel mutant in response to an increase in internal Ca2+ from zero (EGTA; thick line) to 25 µM. 
Channel activation time was obtained by fitting to a single exponential the time course of the current increase that follows the initial 
delay observed after adding Ca2+ to the bathing medium.
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channel activity (Fig. 6 B) associated with a higher  
Pomax of 0.37 ± 0.08 (n = 3). We conclude that strong 
perturbations coming either from the addition of a pos-
itive charge with the Cys–MTSET+ complex or through 
an increase in the side-chain surface area could affect 
Pomax to a lesser degree relative to the S367 mutants.

Nonpolar interactions contribute to the channel open 
state stability
Pomax measurements do not provide information on 
the energetics of the CaMBD2B–CaM N-lobe complex 
formation and stability. The contribution of the resi-
dues in CaMBD2B to the channel open state stability 

nonpolar interactions at M368 is less effective on Pomax 
compared with S367, with Pomax variations ranging 
from 0.13 to 0.27 only. However, in both cases, a greater 
energy for transferring the residue to water correlates 
with higher Pomax values.

Finally, the results presented in Fig. 2 C argue for resi-
due Q364 constituting with S367 and M368, a central 
amino acid to the CaM N-lobe–CaMBD2 interface. The 
mutation Q364C led to Pomax with values of 0.17 ± 0.07 
(n = 6), a value not statistically different from WT 
despite a decrease of the side-chain surface area from 
63 to 32 Å2 (Fig. 6 A). We note, however, that formation 
of the Cys–MTSET+ complex resulted in an increase in 

Figure 9.  Comparing the effect of S367 and M368 mutations on activation and deactivation times. Bar graphs describing the effect 
of varying the solvation energy of the residue at positions 367 and 368 on the channel activation (ton) and deactivation times (toff). 
(A) Results demonstrating that mutations at S367 that caused an increase in Pomax and toff (B) tend to accelerate channel activation with 
smaller ton values relative to WT. The mutation S367E led to a faster ton, despite no significant effect on Pomax or toff compared with WT. 
(B) Effect on the channel deactivation time toff of mutating S367 by residues of equivalent or higher transfer energy to water. Although 
the S367A and S367E mutations had no impact on toff, significant increases were seen with the S367T (toff = 176 ± 7 ms; n = 4), S367C (toff = 
234 ± 25 ms; n = 7), S367L (toff = 289 ± 21 ms; n = 3), and S367W (toff = 799 ± 22 ms; n = 5) mutants. The inset illustrates the correlation 
between the relative change in toff computed as ln(toff_mutant/toff_WT) and the solvation energy for water to n-octanol transfer (Wimley 
et al., 1996). With a Pearson correlation coefficient of 0.90, for nonpolar residues, this analysis confirms that hydrophobic interactions at 
367 of KCa3.1 play a critical role in setting Pomax. Substituting to a charged residue (S367E) yielded faster toff values compared with toff 
measured for nonpolar residues of equivalent surface area (Leu). (C) Bar graph summarizing the effect of mutating the CaM-anchoring 
residue M368 on the channel activation time ton. With the exception of the M368W mutant, higher ton values correlate with an increase 
in free energy of transfer to water. (D) Bar graph demonstrating that in contrast to the activation time ton, mutating M368 had no impact 
on the deactivation time toff and thus on the stability of the channel open configuration.
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residue at position 367 to water not only impacts the 
channel Pomax, as already documented, but also affects 
the channel deactivation rate, indicating that the S367 
site is critical to the stabilization of the KCa3.1–CaM  
N-lobe complex. In this regard, a log plot of the relative 
variation of the channel deactivation time toff as a func-
tion of the free energy of transferring the residue 367 to 
water revealed a Pearson correlation coefficient of 0.90, 
supporting a strong correlation between toff and the 
residue hydrophobicity (Fig. 9 B, inset).

The model illustrated in Fig. 1 F indicates that S367 
should be projecting inside a hydrophobic cavity 
formed by M36, L39, Q41, and M51 of CaM plus L345 
and N349 of the KCa3.1 adjacent subunit. MD simula-
tions revealed in this regard that the strongest non-
bonded interactions with S367 involve Q41of CaM and, 
to a lesser extent, N349 on the adjacent subunit (see 
Fig. 10). To determine to what extent the interactions 
between S367 and the CaM residue Q41 contribute to 
the stability of the channel open conformation, a double 
mutant cycle analysis was undertaken in which the cou-
pling energy G was computed as (Gmutation1–mutation2 + 
GWT–WT)  (Gmutation1–WT + Gmutation2–WT), with G 
given by KT ln(toff_mutant/toff_WT) (Horovitz, 1996; Wall-
Lacelle et al., 2011). With a deactivation time toff de-
creasing from 799 ± 22 ms (n = 5) for the S367W mutant 
to 203 ± 33 ms (n = 4) with the S367W(KCa3.1)–Q41A
(CaM) double mutant complex, this procedure led to 
G = 0.69 ± 0.48 kcal/mol, confirming functional 

was thus investigated by measuring the channel deacti-
vation time. The model presented in Fig. 1 C represents 
in this regard the initial configuration prevailing after 
Ca2+ removal. The stability of the CaMBD2B–CaM 
N-lobe complex was thus tested in a series of experi-
ments in which we measured the effects of mutating 
residues in CaMBD2B to Cys on the channel deactiva-
tion time. The results of these experiments are summa-
rized in Fig. 8. As seen, the mutation S367C appeared 
unique in affecting the channel deactivation time toff 
with a value of 234 ± 25 ms (n = 7) compared with 65 ± 
6 ms (n = 8) for KCa3.1 WT (P < 0.0001). Less impor-
tant increases were seen with the V365C (111 ± 9 ms;  
n = 4) and R352C (106 ± 10 ms; n = 4) mutants (P < 
0.005). A slower deactivation time measured for the 
S367C mutant channel supports our previous findings 
of Pomax being significantly higher for S367C com-
pared with WT (Fig. 7, A and B). Such correlation was 
confirmed in experiments where the channel deactiva-
tion rate after Ca2+ removal was estimated for the S367A, 
S367T, S367L, S367W, and S367E mutants. The substitu-
tions S367T, S367L, and S367W resulted in 2.7-, 4.5-, and 
13.5-fold increases in toff, with a mean value of 176 ± 
7 ms (n = 4), 289 ± 21 ms (n = 3), and 799 ± 22 ms 
(n = 5), respectively (Fig. 9 B). In contrast, the conserva-
tive mutation S367A had no significant impact on toff, 
with a mean value of 81 ± 7 ms (n = 3), nor did the 
substitution S367E, with a toff of 74 ± 6 ms (n = 3). It fol-
lows that increasing the free energy of transferring the 

Figure 10.  Predicted interaction co-
ordinates for S367 and E363 residues. 
(A) Nonbonded electrostatic plus van 
der Waals energy computed from 10-
ns MD trajectories for the E363 and 
S367 residues. Maximum interactions 
with S367 involve residue Q41 and to a 
lesser extent M36 of CaM, plus residues 
L345 and N349 on the adjacent KCa3.1 
subunit. (B) The strongest interactions 
with E363 involve residue R352 facing 
E363 on the adjacent subunit, added to 
weaker interactions with Q41 of CaM.
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The results presented in Fig. 8 point to the mutations 
R352C, L361C, E363C, and V365C as causing a highly 
significant (P < 0.005) increase in the channel deactiva
tion time toff. However, in contrast to the results obtained 
with the S367 mutants, a decrease in hydrophobicity 
with L361C and V365C yielded, in these cases, slower 
deactivation times (Wimley et al., 1996). The analyses 
illustrated in Figs. 2 (A and B) and 3 A indicate in this 
regard that both residues are only partially buried  
compared with S367 and exclusively interact with  
CaM. These residues being already exposed to water, 
the effect of hydrophobic substitution might, under 
these conditions, be less effective. An increase in toff 
was also observed by substituting the charged residues 
R352 and E363 with Cys. In both cases, the substitution 

coupling between these two residues (Fig. 11). In addi-
tion, the mutant cycle diagram presented in Fig. 11 
shows that the mutation Q41A in CaM, which involves a 
small decrease in solvation energy (Wimley et al., 1996), 
was ineffective at modifying toff when coexpressed with 
KCa3.1 WT but resulted in a 3.9-fold decrease in toff 
when coexpressed with the KCa3.1 S367W mutant. The 
possibility of a Trp at 367 to form a hydrogen bond with 
Q41 from CaM, as documented for the equivalent 
T479–Q41 interaction in KCa2.2, could partly account 
for the large variation in toff, seen when S367W is co
expressed with Q41 compared with Q41A. Finally, our re-
sults with the S367T mutant could also indicate that the 
presence in KCa2.2 of a Thr equivalent to S367 likely 
contributes to a higher Pomax for KCa2.2 (Fig. S2).

Figure 11.  Coupling energies deter-
mined by double mutant cycle analysis 
for the channel ton and toff. G was cal-
culated as KT ln(toff_mutant/toff_wt) or KT 
ln(ton_double_mutant/ton_mutant), where K is 
the Boltzmann constant and T is the ab-
solute temperature. The coupling energy  
G was computed as (Gmutation1–mutation2 + 
GWT–WT)  (Gmutation1–WT + Gmutation2–WT). 
Differences in free energies are given in 
kcal/mol. (A) The mutation Q41A on 
CaM strongly affected the potency of the 
S367W mutation to increase toff. (B) Ab-
sence of coupling energy for channel ac-
tivation between E363 and R352 despite 
the prediction of strong electrostatic inter-
actions as a result of E363 facing R352 
on the adjacent subunit. (C) Importance 
of the Lys residue at position 75 on CaM 
to the decrease in activation time caused 
by the R362E mutation. The charge neu-
tralization K75A resulted in the charge 
reversal R362E being ineffective in mod-
ulating the channel activation process. 
These results also indicate that the R362 
(KCa3.1)–K75 (CaM) interaction contrib-
utes to the energy barrier accounting 
for channel activation, while supporting 
the structural model presented in Fig. 1.  
(D) Importance of the Glu residue at po-
sition 47 on CaM to the charge neutral-
ization effect on ton seen with the K360C 
mutation. The mutation E47A on CaM 
compromised the potency of the muta-
tion K360C to increase ton, suggesting a 
contribution coming from electrostatic in-
teractions. (E and F) Functional coupling 
between E363 and S367 in regulating the 
channel activation (E) and deactivation 
(F) times. In E, the drastic increase in ac-
tivation time caused by the charge reversal 
E363R mutant was significantly reduced 

when coupled to the mutation S367C, an effect attributable to the substitution S367C stabilizing the channel open configuration thus 
facilitating channel activation. In F, the mutation S367C can no longer be translated into an increased deactivation time when coupled 
to the E363R mutation, an effect likely attributable to the mutation E363R increasing the energy barrier to form a functional channel, 
and thus facilitating the channel exit from a conducting mode (see Eq. 1).

http://www.jgp.org/cgi/content/full/jgp.201210933/DC1
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coming from charge neutralization. Notably, the 
CaMBD2 structure illustrated in Fig. 1 D indicates that 
R352 and E363 are present on adjacent subunits in suf-
ficient close range to feel strong electrostatic inter
actions. MD simulations confirmed in this regard that 
E363 interacts essentially with R352, with no significant 
interactions involving CaM residues (Fig. 10 B). A double 

procedure involves a decrease in surface area, coupled 
to charge neutralization. Smaller surface areas are  
associated with weaker hydrophobic interactions, 
whereas charge neutralization compromises the elec-
trostatic polarization contribution to solvation energy. 
The observed increase in toff with R352C and E363C 
would thus argue for an increase in hydrophobicity 

Figure 12.  Electrostatic interactions determine the channel activation rate. (A) Inside-out current recordings illustrating the effect 
of charge neutralization and/or charge reversal on KCa3.1 activation kinetics. Measurements were performed in symmetrical 200-mM 
K2SO4 conditions at a pipette potential of 60 mV. The current records presented in this figure demonstrate that the mutation E363R 
resulted in a 45-fold increase of the channel activation time constant ton, whereas charge reversal at 362 with the R362E mutant caused 
a fourfold decreased in ton. (B) First latency analysis for the E363C and E363R mutants. The vertical spike marks the time at which the 
internal solution was switched from 0 (EGTA; thick line) to 25 µM Ca2+. Double arrow lines refer to latency period before channel 
opening. Unitary current inside-out recordings were performed in symmetrical 200-mM K2SO4 conditions at 100 mV (E363C) or 60 mV 
(E363R) of applied pipette potential. Latency of 22 ± 4 s (n = 3) and 1.1 ± 0.2 s (n = 3) was estimated for E363R and E363C, respectively, 
compared with 0.22 ± 0.07 s (n = 8) for KCa3.1 WT. The channel steady-state open probability once activated was estimated at 0.15 ± 
0.08 (n = 4) and 0.12 ± 0.02 (n = 3) for E363R and E363C channels, respectively, compared with 0.22 ± 0.07 (n = 8) for KCa3.1 WT. 
(C) Gradual decrease in ton resulting from charge modification at position 362 from one positive charge (R362) to one negative charge 
(R362E). As observed with E363, the presence of a net positive charge at either 362 or 363 tends to increase ton, with the most prominent 
effect observed with the E363R mutant. Asterisks indicate a significant difference from WT (*, P < 0.05). (D) Horizontal bar graph sum-
marizing the results on the contribution of electrostatic interactions to the action of either E363 or R362 to the channel activation time 
constant. The double mutation R362E/E363R obtained by swapping the charges on 362 and 363 led to a ton of 1,700 ± 200 ms (n = 6) 
compared with 306 ± 47 ms (n = 8) for WT. The increase in activation time with the E363R mutation could also be partly reversed by 
neutralizing the polar and/or charged residues predicted to interact with E363. The most important effects were seen with the mutation 
S367C with a ton of 4,000 ± 100 ms (n = 5) for the E363R/S367C double mutant, a value significantly different from the single E363R 
channel. We concluded that there was a strong functional coupling between E363 and S367 during channel activation. Asterisks indicate 
a significant difference from WT (**, P < 0.001). (E) Plot of the relative channel activation energy as a function of the total charge for 
the residues at positions 362 and 363. The activation energy relative to WT was taken as KT ln(ton_mutant/ton_wt), where K and T have their 
usual meanings. The linear fit corresponds to a correlation coefficient of 0.9 and a difference in energy of 0.7 kcal/mol per elementary 
charge. This analysis supports a model whereby electrostatic interactions involving R362 and E363 play a prominent role in the KCa3.1 
activation process.
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(R362E/E363R) led to an activation time of 1,700 ±  
200 ms (n = 6) compared with 306 ± 47 ms (n = 8) for 
the WT channel, suggesting that R362 and E363 might 
work through different mechanisms. The relationship 
between the total charge of the residues at positions  
362 and 363 and the difference in activation energy 
relative to WT calculated as KT ln(ton_mutant/ton_wt) is illus-
trated in Fig. 12 E. A linear fit led to a correlation coef-
ficient of 0.90 and a difference in energy of 0.7 kcal/mol 
per elementary charge. This analysis supports electro-
static interactions involving R362 and E363 as being  
determinant to the channel formation process.

A strong impact of the R362E and E363R mutations 
on the channel activation time was unexpected, as both 
mutations do not significantly (P > 0.05) affect the 
channel Pomax relative to WT, with values of 0.31 ± 0.03 
(n = 3) and 0.14 ± 0.04 (n = 4), respectively. First latency 
experiments were thus conducted on the E363C and 
E363R mutants to determine how the channel activa-
tion time could be related to Pomax. As illustrated in 
Fig. 12 B, measuring the channel first opening in re-
sponse to a change in internal Ca2+ concentration from 
0 to 25 µM yielded 22 ± 4 s (n = 3) for the E363R chan-
nel and 1.1 ± 0.2 s (n = 3) for the E363C mutant com-
pared with 0.22 ± 0.07 s (n = 8) for KCa3.1 WT. More 
importantly, the channel steady-state open probability 
once activated was estimated at 0.14 ± 0.04 (n = 4) and 
0.12 ± 0.02 (n = 3) for E363R and E363C, respectively, 
compared with 0.22 ± 0.07 (n = 8) for KCa3.1 WT. These 
observations would be compatible with a model whereby 
E363 would control the channel transition to a closed 
state from which the channel can access to an open con-
formation. Collectively, these experiments show that a 
charge reversal from two positive (R362-E363R) to two 
negative charges (R362E-E363) at position 362 and 363 
caused a 220-fold decrease of the channel activation 
time, a clear indication of a key functional role of these 
residues to the channel activation process in response 
to Ca2+. Notably, mutating both residues had a minor 
impact on Pomax, suggesting that R362 and E363 con-
tribute to the kinetic underlying the formation of a 
functional channel, while not being determinant to the 
end structure responsible for channel gating.

Contribution of R362-based interactions  
to channel activation
Experiments were next conducted to determine if the 
structure illustrated in Fig. 1 can account for some of 
the electrostatic-based actions of R362 and E363 on the 
channel activation time ton. Cross-bridging experiments 
have in this regard provided evidence for a close prox-
imity between R362 of KCa3.1 and K75 of CaM (see 
Figs. 4 and 5). Performing a double mutant cycle analy-
sis on the R362E(KCa3.1)–K75A (CaM) double mutant 
system led to a G of 0.87 ± 0.23 kcal/mol, a clear 
indication of functional coupling in this case (Fig. 11 C). 

mutant cycle analysis performed using the E363C, 
R352A, and E363C/R352A mutants led to G = 0.1 
± 0.2 kcal/mol, indicating an absence of significant 
functional coupling between these two residues during 
channel deactivation (unpublished data). However,  
a small contribution to toff coming from polar inter
actions between R352 and E363 can be postulated as 
the ratio toff_E363C/toff_E363 decreased from 1.5 ± 0.2 with 
R352 to 1.2 ± 0.3 with R352A. These observations sug-
gest a small contribution to toff coming from electro-
static interactions.

Interactions affecting the channel activation rate
The contribution of each individual residue within the 
CaMBD2B to the KCa3.1 activation process was next  
investigated by measuring the activation (ton) for Cys 
mutants engineered along CaMBD2B. The results of 
this analysis are presented in Fig. 8 B. Although the 
channel deactivation toff appeared to be regulated by a 
few residues only, the channel activation time ton was 
found to be under the control of several CaMBD2B resi-
dues including K360, L361, R362, E363, and M368, with 
the most important effects being observed with E363 
and M368. A strong increase in activation time ton was 
seen with E363C and to a lesser extent K360C, with val-
ues of 1,200 ± 100 ms (n = 14) and 577 ± 80 ms (n = 9), 
respectively, compared with 306 ± 47 ms (n = 8) for the 
WT KCa3.1 channel. In contrast, the mutations M368C 
caused a fourfold decrease in ton relative to WT, with a 
ton value of 77 ± 9 ms (n = 6). Notably, the channel acti-
vation time ton was not significantly affected by the 
mutation S367C, despite a robust effect on Pomax and 
toff, as described in the previous section.

The results presented in Fig. 8 B show that neutraliza-
tion of the positive charge at R362C resulted in a decrease 
in the activation time ton, with a value of 193 ± 37 ms 
(n = 7), whereas neutralizing the negative charge at 
E363C caused a strong increase in ton, with an estimated 
value of 1,200 ± 100 ms (n = 14). This effect could be 
partly reversed through the binding of MTSES to 
E363C, with a ratio of ton_MTSES/ton_ctrl = 0.60 ± 0.04 
(n = 6) for E363C. Notably, the results presented in 
Figs. 2 and 3 support a model of the CaM N-lobe–KCa3.1 
complex, where R362 and E363 do not contribute to 
the CaM N-lobe–CaMBD2B interface. These observa-
tions thus suggest that electrostatic interactions involv-
ing residues not contributing to CaM–KCa3.1 binding 
might play a determinant role in the channel activation 
process. In support of this proposal, charge reversal at 
363 with the E363R mutant resulted in a 45-fold in-
crease of the channel activation time ton relative to WT, 
with a value of 15,000 ± 200 ms (n = 6), whereas substi-
tuting a positively charged residue at 362 by a negatively 
charged amino acid (R362E) caused a fivefold decrease 
in ton, with a value of 60 ± 10 ms (n = 5) (see Fig. 12, 
A and D). Swapping the charges at R362 and E363 
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with the results obtained for the M368W mutant, with a 
ton of 112 ± 14 (n = 5), despite Trp being more hydro-
phobic than Met. As the side chain of Trp has been 
documented to form hydrogen bonds with water, special 
structural features are likely to be involved in this case.

Intrasubunit interactions contribute to the channel 
activation and deactivation process
Because of the helical structure of the CaMBD2B, res
idue E363 is expected to interact with S367 on the  
same subunit. As noted previously, despite an important  
effect of the S367C mutation on the channel deactiva-
tion time toff, the same mutation failed to affect the 
channel activation process ton (248 ± 33 ms [n = 7] com-
pared with 306 ± 47 ms [n = 8]; see Fig. 9 B). However, 
a double mutant cycle analysis for the E363R–S367C 
double mutant revealed a coupling energy G of 
0.54 ± 0.20 kcal/mol for the channel activation 
kinetic, indicating a strong influence of S367 on the 
channel activation process for the E363R–S367C system 
(see Fig. 11 E). In fact, this observation would be in ac-
cordance with a model where stabilizing the channel 
open state (mutation S367C) accelerates channel acti-
vation, a proposal also supported by a faster activation 
rate for the S367W mutant (153 ± 22 ms; n = 5) com-
pared with WT. Interestingly, we also noted that the 
channel time deactivation toff, which was drastically in-
creased from 65 ± 6 ms (n = 8) for WT to 234 ± 25 ms 
(n = 7) with the S367C mutant, decreased to 81 ± 9 ms 
(n = 5; P < 0.001) with the E363R–S367C double mutant 
for a G of 0.76 ± 0.27 kcal/mol (Fig. 11 F). The 
double mutant cycle diagram in this case clearly shows 
that stabilizing effect coming from the mutation S367C, 
critically, depends on the charge at 363, with a ratio of 
toff_S367C/toff_S367 = 3.6 with a Glu at 363 compared with 
0.72 with E363R (Fig. 11 F). Single-channel measure-
ments showed in this regard that the Pomax decreases 
from 0.62 ± 0.12 (n = 5) for the S367C mutant to 0.33 ± 
0.10 (n = 4) for the E363R–S367C double mutant chan-
nel, indicating again a correlation between Pomax and 
the channel deactivation time toff. These analyses pro-
vide clear evidence for a functional link between E363 
and S367 on the same subunit, with both residues play-
ing a critical role in the channel activation and deactiva-
tion processes.

D I S C U S S I O N

This paper presents a model of the CaM–KCa3.1 N-lobe 
complex obtained by homology modeling using as  
template the crystal structure reported for CaM bound 
to the rat KCa2.2–CaMBD in the presence of Ca2+ 
(Schumacher et al., 2001). This theoretical model is 
supported by cysteine cross-bridging experiments  
that showed disulfide bond formation between R362C 
of KCa3.1 and K75C of CaM. In addition, our analysis 

In addition, the double mutant diagram presented in 
Fig. 11 C clearly shows that the fivefold decrease in ton 
from 306 to 60 ms resulting from the mutation R362E 
requires the presence of a positive charge at K75 of 
CaM, as the same mutation yielded ton values of 149 
and 180 ms when channels were coexpressed with the 
K75A CaM mutant. Thus, these results would be com-
patible with a model in which an electrostatic repulsion 
between R362 of KCa3.1 and K75 of CaM tends to in-
crease to energy barrier for channel formation, whereas 
electrostatic attraction between E362 and K75 would  
facilitate the channel activation process.

Contribution of E363- and K360-based interactions  
to channel activation
On the basis of the MD analysis performed previously, it 
was proposed that residue E363 essentially interacts 
with R352 on the adjacent subunit (see Fig. 10 B). How-
ever, a double mutant cycle analysis for the E363C–
R352A system led to a G of 0.1 ± 0.2 kcal/mol, 
indicating an absence of functional coupling in this 
case during the channel activation process (Fig. 11 B). 
The results presented in Fig. 8 B also identified K360 as 
a contributor to the channel activation kinetic, with ton 
values of 577 ± 80 ms (n = 9) for the K360C. The struc-
ture in Fig. 1 points to K360(KCa3.1) and E47(CaM)  
as being likely to be involved in electrostatic inter
actions. Activation time measurements led to cou-
pling energy of G = 0.50 ± 0.3 kcal/mol for the 
K360C(KCa3.1)–E47A(CaM) system, supporting a fa-
vorable coupling between K360 and E47 during chan-
nel activation (Fig. 11 D). These results suggest that the 
interaction K360(KCa3.1)–E47(CaM) facilitates chan-
nel formation, as ton increased after charge neutral-
ization at 360. In support of this proposal was our 
observation that the potency of a charge neutralization 
at position 360 to increase ton was in part dependent on 
the presence of a negatively charged residue at position 
47 on CaM, as the mutation K360C failed to increase ton 
when coexpressed with K75A.

Hydrophobic interactions at M368 and channel activation
The structure in Fig. 1 also presents residue M368 as 
being an anchor point to the binding of CaM to 
CaMBD2. Unexpectedly, mutations of M368 did not  
affect the channel deactivation time ton, as discussed 
previously (see Fig. 9 D). A decrease in activation time 
was, however, observed by substituting M368 to less hy-
drophobic residues with ton values for the M368A, 
M368C, and M368R mutants of 95 ± 23 ms (n = 3), 77 ± 
9 ms (n = 6), and 72 ± 7 ms (n = 6; P < 0.001), respec-
tively, compared with 306 ± 47 ms (n = 8) for WT. In 
contrast, substituting to the more hydrophobic Leu resi-
due yielded a ton of 469 ± 89 ms (n = 3), suggesting that 
increased hydrophobic interactions tend to slow down 
channel activation. However, this proposal is at variance 
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structural fluctuations of the CaM N-lobe–CaMBD2 com-
plex important enough as to allow an MTS reagent with 
dimensions corresponding to a cylinder 10-Å long and  
6 Å in diameter to access residues packed in hydrophobic 
pockets such as the ones located at Q364. Notably, the 
crystal structure reported for the rSK2 channel con-
firmed that the residue equivalent to Q364 (Q476) is in 
contact with water molecules (Schumacher et al., 2001) 
and thus could be suitable for binding to MTS reagents. 
Also, because C1–C2 distance in a disulfide bond 
can be calculated to vary from 2.9 to 4.6 Å (Hazes and 
Dijkstra, 1988), the formation of a disulfide bond be-
tween Cys engineered at positions 362 in KCa3.1 and 75 
in CaM indicates side-chain movements of large ampli-
tudes, as their Cs are predicted to be 9.5 Å apart. The 
structure proposed in Fig. 1 can thus be seen as a mini-
mum energy structure essentially reflecting the energy 
state of the crystal structure of the template (Protein 
Data Bank accession no. 1G4Y). In fact, the possibility of 
R362C (KCa3.1) and K75C(CaM) to form a disulfide 
bond appears to be at variance with recent results  
obtained for the KCa2.2 channel, as the K75C CaM mu-
tant failed in this case to produce any measurable cur-
rents when expressed with KCa2.2 WT (Zhang et al., 
2013). Residue K75 was found in this case to form a salt 
bridge with E404 (E295 KCa3.1), with no evidence of 
interactions with the residue equivalent to R262 in 
KCa3.1 (Zhang et al., 2013). In addition, a different x-ray 
structure has been reported for the CaM–CaMBD com-
plex for a splice variant of the KCa2.2 channel SK2-b, 
where the residue N477, equivalent to R362 in KCa3.1, 
is not interacting with K75 of CaM (Zhang et al., 2012). 
Clearly, our results do not support the conformation 
obtained for the splice variant of the KCa2.2 channel  
in which the four EF hands of CaM are occupied by  
Ca2+ and where the two CaMBD-b peptides are com-
pletely separated from each other (Zhang et al., 2012). 
Finally, evidence of electrostatic interactions between 
E84 and E87 of CaM with R464 (R352 KCa3.1) and K467 
(R355 KCa3.1) has been reported for KCa2.2 (Maylie  
et al., 2004), a feature not expected for the SK2-b struc-
ture (Zhang et al., 2012). Our charge reversal exper
iments, where the effect of MTSET+ was measured 
on the R352C(KCa3.1)–E84(CaM), R352E(KCa3.1)–
E84C(CaM), and R352C(KCa3.1)–E84A(CaM) double 
mutant systems, also confirmed functional proximity be-
tween these two residues in the CaMBD2A (see Fig. S1).

Determinants of KCa3.1 activation rate
One of the main observations presented in this paper 
concerns the contribution of R362 and E363 to the 
channel activation time ton. These observations suggest 
that an important step in the channel Ca2+-dependent 
activation process involves electrostatic interactions with 
R362 and E363 playing a prominent role despite their 
minimal contribution to Pomax. The various structural 

indicated that an increase in the side-chain surface area 
of nonpolar amino acids engineered at position 367  
of the CaMBD2B correlates with an increase in both  
the channel maximum open probability Pomax and  
deactivation time toff. A similar behavior was observed 
by mutating the residue M368, identified as a hydro-
phobic anchor point projecting directly inside the CaM 
N-lobe core. However, the mutations at M368 appeared 
substantially less potent at perturbing either Pomax or 
the channel deactivation time toff compared with the 
same mutations at S367. Our work also provides evi-
dence for a channel activation process governed by 
electrostatic interactions with the substitution of two 
positive by two negative charges at positions 362 and 
363, leading to a 220-fold increase of the channel activa-
tion rate. As both residues do not contribute to the CaM 
N-lobe–CaMBD2B interface, these observations suggest 
that long-range electrostatic interactions between two 
CaM N-lobe–CaMBD2B complexes could be determi-
nant to channel activation in response to a Ca2+ increase. 
Complementary to these observations, substitutions to 
more hydrophilic residues at M368 were found to ac-
celerate channel activation, indicating the implication 
of both electrostatic and hydrophobic interactions to 
functional channel formation.

Validity of the proposed model
Molecular structures derived through homology model-
ing likely provide an approximate representation of the 
actual structure. In fact, with sequences differing by 55% 
between the template (Protein Data Bank accession no. 
1G4Y) and the corresponding KCa3.1 C-terminal do-
main, the resulting homology-based structure could pres-
ent structural peculiarities not expected from the original 
template (Protein Data Bank accession no. 1G4Y). How-
ever, several observations support the structure proposed 
for the Ca2+-CaM–KCa3.1 N-lobe complex presented in 
Fig. 1. Of importance are the results obtained with Cu(II)
Phe demonstrating the formation of a disulfide bond be-
tween R362C of KCa3.1 and K75C of CaM. These obser-
vations are clearly in accordance with the structure shown 
in Fig. 1 in which the highly solvent accessible residue 
R362 is expected to interact with the CaM residue K75 
only. The same structure also provided the structural 
bases upon which the results obtained from double mu-
tant cycle experiments involving residues S367 of KCa3.1 
and Q41 of CaM, and residues K360 of KCa3.1 and E47 
of CaM, can be interpreted. We noted, however, that the 
modification rate by MTSET+ of the cysteine engineered 
at the Q364 channel corresponds to 4.1 ± 0.1 × 103 M1s1 
(n = 3) compared with 1.0 ± 0.2 × 104 M1s1 (n = 3) for 
the highly solvent accessible R262C mutant. As the rate 
constant of MTSET reaction with free mercaptoethanol 
was estimated at 9.0 × 104 M1s1, our results suggests 
that the side chains of residues at both sites are exposed 
to an aqueous environment. Our results thus argue for 

http://www.rcsb.org/pdb/explore/explore.do?structureId=1g4y
http://www.jgp.org/cgi/content/full/jgp.201210933/DC1
http://www.rcsb.org/pdb/explore/explore.do?structureId=1g4y
http://www.rcsb.org/pdb/explore/explore.do?structureId=1g4y
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not require the participation of R362 and E363 to the 
binding of CaMBD2B to the CaM N-lobe, but it sup-
ports a control through long-range interactions of the 
rate at which the dimers coassemble. Notably, recent  
results have emerged suggesting that, in spite of their 
fourfold symmetries on the primary sequence, ligand-
gated ion channels in fact behave in their ligand- 
binding domain like dimers of dimers. However, this 
proposal has been difficult to prove in the absence of 
crystal structures, and even then, twofold symmetry might 
be introduced by the crystal lattice (Kusch et al., 2012).

Finally, we also noted that the mutations M368A/C/R 
led to channel activation times ton that were three to five 
times faster compared with WT, indicating a facilitation 
of the channel formation process. Therefore, energy 
balance seems to favor a faster channel formation in 
conditions where residue 368A/C/R is more hydrophilic 
than Met. This proposal would also be in accordance 
with the mutation of M368 to the more hydrophobic 
Leu residue, resulting in a slower activation time (ton = 
469 ± 89 ms; n = 3). Notably, such behavior is at variance 
with the ton of 17 ± 2 ms (n = 3) observed for the KCa2.2 
channel, where the residue equivalent to M368 is a Leu 
(Fig. S2). However, substituting seven of the KCa3.1 
amino acids of the CaMBD2B (7AA-KCa3.1) by their 
KCa2.2 equivalents caused an acceleration for the chan-
nel activation process from 306 ± 47 ms (n = 8) for the 
WT KCa3.1 to 91 ± 31 ms (n = 5) for the 7AA-KCa3.1 
channel, in line with the CaMBD2 of KCa2.2 contribut-
ing to facilitate the CaM–KCa2.2 complex formation. It 
follows that the effects of M368 we observed on the 
channel activation kinetic likely depend on the entire 
structure of the CaMBD2. In fact, the importance of hy-
drophobic interactions at 368 needs to be considered in 
light of the observation that the activation time mea-
sured for the M368W mutant was not significantly dif-
ferent from the value obtained for the M368A channel, 
indicating that structural parameters, other than hydro-
phobicity, must be taken into consideration. As the side 
chain of Trp is equipped with atoms capable of forming 
hydrogen bonds with water, this particular feature 
added to stearic constraints could favor faster channel 
activation, as observed experimentally. As mentioned 
previously, M368 corresponds to L480 of KCa2.2, which 
was described as a hydrophobic anchor point project-
ing inside the CaM N-lobe core (Schumacher et al., 
2001). Hydrophobic anchor points have already been 
documented in other Ca2+-CaM–peptide structures 
and are thought to play a pivotal role in binding 
(Hultschig et al., 2004). Our results thus suggest that 
perturbing CaM binding at M368 can affect the time 
course of channel activation. Notably, the proposal that 
a decrease in hydrophobicity is associated to faster ac
tivation times can be extended to other residues, with 
ton of 133 ± 25 ms (n = 3) and 110 ± 23 ms (n = 3) mea-
sured for the L361C and V369C mutants, compared  

changes underlying channel formation and activation 
in response to Ca2+ remain to be determined. Of inter-
est, our single-channel results for the E363R mutant 
showed that despite an average initial latency of >22 s  
in response to a Ca2+ concentration jump, the channel 
fluctuation pattern corresponded to WT once activated. 
These observations support a clear dissociation between 
the channel formation process controlled to a large  
extent by R362 and E363 and the channel configu
ration that sets Pomax and gating mode. However,  
our results do not provide information on the exact 
mechanism by which R362 and E363 affect channel  
activation. Double mutant cycle analyses have pro-
vided evidence for functional interactions between 
R362(KCa3.1)–K75(CaM), K360(KCa3.1)–E47(CaM), 
and E363(KCa3.1)–S367(KCa3.1) during channel activa-
tion. In contrast, results obtained for E363(KCa3.1)–
Q41(CaM) (unpublished data) and E363(KCa3.1)– 
R352(KCa3.1) do not support functional coupling 
despite prediction of structural proximity. The double 
mutant cycle analysis of the R362(KCa3.1)–K75(CaM) 
system is of particular interest, as the strong decrease  
in activation time ton from 306 ± 47 ms (n = 8) to 60 ± 
10 ms (n = 5) coming from the charge reversal R362E 
mutation is abolished by the substitution K75A in CaM, 
with ton values now corresponding to 149 ± 10 ms (n = 3) 
and 180 ± 20 ms (n = 3). This analysis thus indicates 
that repulsive electrostatic interactions involving R362 
and K75 contribute to increase the energy barrier con-
trolling channel activation, whereas attractive inter
actions between R362E and K75 appear to facilitate  
the channel activation process. Similarly, our results 
showed that the increase in activation time associated 
with the charge neutralization K360C mutation in 
KCa3.1 was abolished in conditions where E47 of CaM 
was mutated to an Ala. As both residues are expected  
to be in close proximity, these results support a facilita-
tion effect coming from K360 and E47 interactions in 
channel formation.

The structural analysis presented in Fig. 1 indicates 
that R362 and E363 interact minimally with CaM once 
the complex is formed. It is thus possible that the dras-
tic changes in activation time resulting from charge per-
turbation at positions 362 and 363 of KCa3.1 arise from 
R362 and E363 interacting with KCa3.1 constituents 
other than CaMBD2A and CaMBD2B, or auxiliary pro-
teins yet to be identified. Of interest, dual-color quan-
tum dot measurements have led to the conclusion that 
KCa3.1 channels are assembled from two homomeric 
dimers and not from four independent subunits 
(Waschk et al., 2011). As the structural model presented 
in Fig. 1 corresponds to a dimeric formation of two  
adjacent monomers, one possibility to account for the 
total R362 plus E363 charge dependence of ton would 
consist of a dimer–dimer assembly process regulated  
by electrostatic interactions. This particular model does 
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to CaM N-lobe–CaMBD2B control of toff. Of interest, 
S367 in KCa3.1 is replaced by a Thr in channels of the 
KCa2.x family. As Thr is more hydrophobic than Ser, a 
higher Pomax value is expected, as observed experi-
mentally (see Figs. S1 and S2). We also observed that 
the changes in Pomax obtained by mutating residue 
M368 correlate with the substituting residue hydropho-
bicity, with a higher free energy of transfer to water 
leading to higher Pomax values. Compared with S367, 
however, the potency of these mutations to affect  
Pomax was low, with values ranging from 0.12 to 0.27, 
despite M368 being considered a key anchoring point 
for the binding of CaM to the CaMBD of KCa3.1. A  
recent structural study has provided evidence that L480 
in KCa2.2 (which corresponds to M368 in KCa3.1)  
is implicated in the formation of the binding pocket  
for channel potentiators such as 1-EBIO (Zhang et al., 
2012). In view of these observations, one would have 
expected that mutating M368 to residues such as Trp or 
Arg would affect CaM binding to KCa3.1 in such a way 
as to affect toff and Pomax. As mentioned previously, 
in contrast to S367, which contributes to both the CaM 
N-lobe–CaMBD2B and intersubunit interfaces, M368 
interacts with CaM residues exclusively. As such, our re-
sults better support a model where S367 but not M368 
would contribute to the formation of a binding site for 
KCa3.1 potentiators.

Connecting channel activation and deactivation processes
Our observations can be qualitatively captured in a  
simple model:

	 	

(SCHEME 1)

where S[0], S[1], and S[2] correspond to the channel 
state with no dimer, one dimer, and two dimers formed; 
S[T] stands for the dimer–dimer structure, and O is  
the channel open configuration. The rate constants 
k1(Ca2+) and k3(Ca2+) account for the Ca2+ dependence 
of the individual KCa3.1–CaM complex formation. Sim-
ilar Markovian schemes have already been proposed to 
describe the kinetic features of both SK and KCa3.1 
channels (Hirschberg et al., 1998; Bailey et al., 2010), 
but their interpretation is not based on a dimer–dimer 
formation mechanism. This kinetic scheme captures 
the main features of the conclusions derived from dual-
color quantum dot measurements, where KCa3.1 chan-
nels appeared to be formed from two homomeric 
dimers and not from subunits. This model would also 
be in line with recent results suggesting that ligand-
gated ion channels behave in their ligand-binding domain 
like dimers of dimers (Kusch et al., 2012). According to 

with 306 ± 47 ms (n = 8) for WT. Our results would thus 
support a general model whereby KCa3.1 formation 
and activation involve long-range electrostatic inter
actions dominated by R362 and E363, coupled to a 
short-range anchoring process in which M368 would 
represent a key constituent. Once the CaM–KCa3.1 
complex was formed, gating would be controlled by 
residues not necessarily involved in the channel forma-
tion process.

Determinants of the KCa3.1 deactivation rate
Our results showed that increasing the free energy of 
transfer to water of the residue position 367 in KCa3.1 
correlates with slower deactivation times toff and higher 
Pomax values. S367 is part of the 14–amino acid stretch 
that has been documented to be essential for KCa3.1 
activation by ATP (Gerlach et al., 2001). Our analysis  
of the CaM N-lobe–CaMBD2B structure indicates that 
S367 has the unique property of contributing to both 
the CaM N-lobe–CaMBD2B and intersubunit interfaces. 
According to the structure proposed in Fig. 1, S367 is 
projecting in a cavity formed by residues M36, L39, and 
Q41 on the second helix of the CaM N-lobe and by  
the KCa3.1 residues L345 and N349. In addition, MD 
simulations confirmed that the strongest nonbonded 
interactions with S367 essentially involve residue Q41 of 
CaM. In support of these conclusions is the observation 
that the mutation Q41A in CaM markedly impacts the 
toff increase resulting from the S367W mutation, with 
toff decreasing from 799 ± 22 ms (n = 5) for the 
S367W(KCa3.1)–Q41(CaM) system to 203 ± 33 ms (n = 4) 
when S367W (KCa3.1) is coexpressed with CaM Q41A. 
The possibility of hydrogen bonding between S367W 
and Q41 not prevailing with the Q41A mutant could  
be in part responsible for the observed decrease in  
deactivation time. This proposal would be in line  
with results demonstrating the presence of a hydrogen 
bond between Q41 of CaM and the S367 equivalent 
T479 residue in KCa2.2 (Schumacher et al., 2001).  
Notably, toff measurements led to the potency ranking 
of S367 (60 ms) ≈ S367A (81 ms) < S367T (176 ms) < 
S367C (234 ms) < S367L (289 ms) << 367W (799 ms), a 
sequence reflecting the hydrophobic scale reported  
by Wimley et al. (1996) for the free energies of trans-
fer from water to n-octanol. As n-octanol has been  
extensively used as a model for the interior of protein, 
our results argue for hydrophobic interactions at S367 
as being determinant to the stability of the CaM N-lobe–
CaMBD2B complex. We note, however, that the muta-
tion S367E did not significantly impact either toff or 
Pomax despite a predicted difference of 3.18 kcal/mol 
in solvation energy relative to WT (Wimley et al., 1996). 
This result added to the observation that mutation 
K360C did not affect toff despite the prediction of K360 of 
KCa3.1 interacting strongly with E41 of CaM, suggesting 
that electrostatic interactions might not be determinant 
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the proposed equation predicts that increasing the  
energy barrier for dimer–dimer formation (S[2] and 
S[T]), with the resulting decrease in both Ka and Kd at 
a constant ratio (Ka/Kd), should cause an increase in toff 
despite the opening () and closing () rates remain-
ing unchanged. Such behavior could account for muta-
tions affecting the channel activation time (lower Ka 
and Kd), characterized by higher toff values, as observed 
with the E363R mutant.

Conclusion
Our results point toward S367 as an important struc-
tural determinant to KCa3.1 gating, in particular, in 
setting the channel Pomax value. Modifications of hy-
drophobic interactions at this site by small molecules 
could in principle lead to channel activation, suggest-
ing a potential binding site in the design of KCa3.1  
potentiators. In contrast, the channel activation process 
appears to be governed by long-range electrostatic  
interactions, with major contributions of R362 and 
E363, coupled to short-range van der Waals interactions 
potentially responsible for final docking. It is likely that 
the contribution of R362 and E363 to channel activa-
tion involves residues other than those located in the 
CaMBD2, or an auxiliary protein yet to be identified. 
Collectively, our results support a model whereby elec-
trostatic interactions ensure proper formation of the 
KCa3.1–CaM complex in response to Ca2+, whereas 
hydrophobic forces are responsible for the control 
channel Pomax value.
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