
1 

 

 

Investigation of an Inward-Rectification in 

Small-Conductance Calcium-Activated 

Potassium Channels due to Binding of 

Divalent Cations 

 
 

Presented by Min-Jeong Cho 

Supervising Professor: Dr. Richard Aldrich 

 
In partial fulfillment of the requirements for graduation with the Dean’s Scholars Honors 

Degree in Biology 

 

 

 

 

 

 

 



2 

 

ABSTRACT 

 

Small conductance calcium-activated potassium channels (SK channels) are 

voltage-independent, potassium-selective, and calcium-activated ion channels that act as 

important modulators of neuronal excitability through the slow 

afterhyperpolarization(sAHP)
1
. The sAHP occurs when action potential increases the 

concentration of intracellular calcium, which activates SK channels and let potassium to 

pass through the channels
2
. Once SK channels open, the movement of potassium from 

inside to outside of the cell causes hyperpolarization of the cell, in which membrane 

potential becomes more negative than the resting potential
10

. By holding the membrane 

voltage below the resting potential, SK channels prevent cells from engaging in 

continuous and repeated firing of action potentials, which can have deleterious effects on 

cells that are not ready to fire again. Through causing the sAHP, SK channels act as 

important players of neuronal excitability and serve as novel targets for studying various 

pathologies related to the sAHP.  

Among various properties of SK channels, an underlying mechanism of an 

inwardly-rectifying behavior, in which the outward currents are blocked more than the 

inward currents, has not been fully understood yet. Serine-359 in each subunits of a SK 

channel tetramer is known to contribute to an inward rectification by interacting with 

intracellular divalent cations through an electrostatic interaction
5
. These residues 

comprise K
+
- selectivity filter of SK channels, and blockage of this site by divalent ions 

contributes to an inward rectification. However, the contribution of each serine residues 

from each subunit to the interaction with divalent cations has not been studied. Therefore, 

the biophysical properties of binding interaction between barium and different 
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combination of serine residues were investigated using electrophysiology techniques and 

mutational studies. A clone of wild-type and mutant (four serine-359 mutated to alanine) 

SK channel were expressed in Xenopus oocytes,   and the current-voltage relationship of 

SK channels was studied using patch-clamping method. It was found that IC50 of wild-

type at 60mV was 4.1e-6 while that of mutant was 2.7e-4. There are sixty-five fold 

differences between the IC
50

 values for wild-type and mutant, which indicates that serine-

359 residues contribute to an inward-rectification. Also, it was found that the inward-

rectification is dependent on voltage, which is also consistent with the finding from Soh 

and Park., 2002. Although the original aim of study was to investigate the energetic 

binding of barium to each subunit of SK channels, the study of different combination of 

mutations on subunits will be done as a future study.  

 

 

 

 

 

 

 

 



4 

 

INTRODUCTION 

Among various proteins that participate in physiological activities, ion channels 

are the most interesting yet understudied proteins. These channels are pivotal for the 

operation of various physiological activities, especially for most neurological and 

cardiological activities. There are various kinds of ion channels: calcium channels, 

potassium channels, sodium channels and etc. Depending on the expression of different 

types of channels, cells engage in unique cell activities
2
. 

Calcium-activated potassium channels are the channels that are activated by 

changes in the concentration of calcium. There are three major types of calcium-activated 

potassium channels: BK (big conductance) potassium channels, SK (small-conductance), 

and IK (intermediate-conductance). BK channels, which have a single-channel 

conductance of 100-250pS, are voltage-dependent, and activated by intracellular calcium 

in the range of micromolar
2
. SK (small-conductance) channels, which have a 

conductance of 5-20pS, are voltage-independent, inward rectifying, and activated by 

submicromolar calcium in the cells
2
. IK (intermediate-conductance) channels, which 

have a conductance of 20-80pS, have similar biophysical properties as SK channels do
2
.  

SK channels are able to detect the changes in the concentration of intracellular calcium 

indirectly calmodium, a calcium-binding protein that is constitutively bound to SK 

channels and bind to calcium
3
. 

SK channels are the important players of the neuronal excitability through 

controlling the firing rate of the cell, and there are three subtypes of the SK channels:  

SK1, SK2, and SK3. These three types of SK channels respond differently to apamin, 
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honeybee venom that is known as the classical blocker of SK channels
10

. SK2, which is 

expressed heavily in hippocampus and cortex
8
, is sensitive to apamin, and it can be a 

potential drug target for various pathologies
7
. 

Due to current advances in studying of ion channels, the molecular and 

biophysical properties of SK2 channels are better understood. We now know that SK2 

channels are consisted of four identical subunits, forming a tetramer. Each subunit has six 

transmembrane domains, and the pore region of SK2 channels are comprised of fifth and 

sixth transmembranes, which contain the signature sequence of potassium channel (GYG 

– glycine, tyrosin, glycine)
 9

.  

Although SK channels are not voltage-dependent, they exhibit an inward-

rectification, in which the outward current is blocked more than the inward current
5
. This 

phenomenon is exhibited in the current-voltage relationship of SK channels. While 

inward-rectifying behavior in Kir is due to an electrostatic interaction between 

intracellular divalent cations and hydrophilic residues in the central cavity, the 

rectification in SK channels is known to be affected by different mechanism
6
. Through 

mutational studies of the hydrophilic residues in the K
+ 

-selectivity filter of SK channels, 

it was observed that serine residues, Ser-359, in the K
+
-selectivity filter is the site where 

intracellular divalent cations bind and block the region in voltage-dependent manner
6
.  

In this study, we conducted experiments to further investigate the contribution of 

each serine-359 residue in each subunit to the electrostatic interaction between various 

divalent cations and K
+
-selectivity filter of SK channels using patch-clamping method 

and mutational studies. We first conducted an experiment to see the activation of mutant 
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SK channels by calcium to ensure that the activation of the channels is not affected by 

mutations of serine-359 residues into alanine through a ramp protocol. Then, the 

blockage of mutant channels by barium was studied to study the kinetics of mutant SK 

channels through a step protocol. A study for energetic of barium binding to SK channels 

with different combination of mutations in serine-359 residues will be conducted as a 

future study. 
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MATERIALS AND METHODS 

Expression of rSK2  

The cDNA of rSK2 channel generously provided by Adelman lab (Vollum 

Institute, Oregon Health and Science University) was transcribed into cRNA in vivo 

through the pOX vector. rSK2 channels were expressed in Xenopus occytes through the 

injection of cRNA of rSK2(10-30ng) into oocytes 6-8 days before the recording. 

Construction of S359A mutant rSK2 

Using the Quickchange mutagenesis kit (Agilent Technologies), mutation of a 

serine 359 to alanine was done, and its sequence was verified. 

Electrophysiology 

Recording of channels were done through the patch-clamping of the patches from 

oocytes membranes in inside-out configuration at 22C. To measure the amount of 

currents passed through the channels, borosilicate glass pipets (VWR Scientific) were 

used as recording electrodes. These electrodes were coated with wax (Sticky Wax; Kerr 

Corporation), and polished with heat before use. When in the base solution, the electrodes 

had a resistance of 0.8-1.2MΩ.  

The ionic currents were recorded using an Axopatch 200A amplifier (MDS 

Analytical Technologies) and an ITC-16 interface (HEKA). Data was acquired using 

acquisition (PULSE; HEKA) at 20us intervals, filtered at 5kHZ through the build-in filter 

of the amplifier. For continued recordings, data was sampled at 50- or 100-us interval. 
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SK currents were subjected under a ramp protocol of a voltage ramp from –80 to 60mV. 

Recordings of Ba2+ blockade were subjected under a step protocol of voltage steps 

lasting 400-1000ms. The sampled data was analyzed by using IGOR Pro software 

(WaveMetrics). 

Solutions 

The solution containing 140KMeSO3,5 Hepes, 2 KCl, and 2 MgCl2 with pH of 

7.20 was used as the extracellular(pipette) solution, and the solution containing 136 

KMeSO3, 5 Hepes, and 6 KCl with pH of 7.20 was used as the base internal solution 

(BIS). Different calcium concentration solutions were prepared by adding 5mM chelator 

(HEDTA for the solutions with 0.77µM calcium or above, and EGTA for the solutions 

with 0.55µM calcium and below) to the BIS. Calculated amount of CaCl2, which was 

calculated from the WEBMAXC program (Stanford University), to the BIS to achieve 

desired concentrations, and the amount of free calcium in the final solutions was 

measured through a Ca
2+

-sensitive electrode (Orion Research, Inc.). For Ba
2+

 blocking 

experiments, the chelator-free solution (CFS) was used in the place of BIS to prevent 

contamination due to Ca
2+

 or Ca
2+

 chealtors. CFS was prepared by passing the BIS 

through Chelex 100 resin (Bio-Rad) columns multiple times. To further decrease the 

contamination due to Ca
2+

 or Ca
2+

 chealtors, recording chambers for Ba
2+

 were washed 

multiples times with nano-purified water from a Nano-pure water system (Barnstead 

International). 

In calcium dosage response, each new solution of 10 times the volume of the 

chamber with a different amount of calcium was mixed and washed thoroughly in a 



9 

 

recording chamber. In barium dosage response, a Petri dish that was washed with a nano-

purified water was used in the place of a recording chamber, and concentration of barium 

was added in increasing manner.  
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RESULTS 

Activation of mutant S359A rSK2 channels by calcium 

We first examined the activation of mutant S359A rSK2 channels by calcium to 

see the differences between the biophysical properties of wild-type and mutant SK 

channels in calcium activation. Fig. 1A shows the current-voltage relationship of wild-

type rSK2 channels under differential amount of intracellular calcium, and these current 

traces are from a single patch of an oocyte membrane that was subjected under a ramp 

protocol from -80 to 60mV. The current at 0µM calcium was considered as a leak 

current, which represents channels open due to calcium contamination. As the 

concentration of calcium increases from 0µM to 0.5µM, the current-voltage relationship 

shows that there is an inward-rectification. The outward current is about 200pA while the 

inward current is about 400pA, and subsequent current traces due to an increase in 

calcium concentration also exhibit an inwardly-rectifying behavior.  

 

Current traces of mutant S359A rSK2 channel activation by calcium also exhibit 

an inward-rectification (Fig. 2A) with the EC50, the concentration of calcium needed to 

achieve half-maximum activation of the channels, of 0.74µM and the Hill coefficient of 

4.3 (Fig. 2B) while wild-type rSK2 channels had EC50 =0.84µM, and Hill coefficient of 

3.7 (Fig. 1B). The values of EC50 and Hill coefficients were calculated by fitting the 

normalized current traces with the Hill equation I/ Imax = 1/ (1+ (EC50/ [Ca
2+

])
h
) (Fig. 1B). 

There is no significant difference between the values of EC
50

 and the Hill coefficients of 

wild-type and mutant rSK2 channels, and this indicates that the mutation of serine-359 

residues into alanine does not affect the activation of rSK2 channels by calcium. 
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Block of mutant S359A rSK2 channels by barium 

We next examined the effect of serine-359 mutations on the blockage of rSK2 

channels by barium. In contrast to calcium dose-response experiments, in which the 

solution was changed by completely washing the recording chamber with each 

consecutive solution, barium dose-response experiments were conducted in a Petri dish 

with a CFS (Chelator free solution), and barium was added in increasing manner. In 

addition, a step protocol from -80 to 80mV in the steps of 20mV was conducted in a 

place of a ramp protocol, which was used during calcium dose-response experiments. 

 

Fig. 3A to I show the current traces of wild-type rSK2 channels under the step 

protocol at various concentrations of barium. From the current traces, the current-voltage 

relationship of wild-type rSK2 channels under barium dose-response experiment (Fig. 

4A) and normalized current traces fitted by the Hill equation (Fig. 4B) were calculated. 

The current-voltage relationship shows that as the concentration of the barium increases 

from 0µM to 100µM, a blockage of outward currents of wild-type rSK2 channels become 

stronger (Fig. 4A). This phenomenon indicates that blockage of SK channels by barium 

contributes to inward-rectification behavior of rSK2 channels since the amount of 

outward currents decrease as the concentration of barium added to the solution increases. 

While it is true that the inward-rectification is dependent on the concentration of barium, 

it is also true that it’s voltage dependent (Fig. 4B).   When the membrane voltage was 

20mV, IC50, the concentration of barium needed to achieve half-maximum inhibition of 

calcium, was 1.3e-5 while IC50 was 4.3e-6 when the membrane voltage was 40mV. 

Increase in the affinity of Ba
2+

 as the voltage increases from 20mV to 40mV is about 
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three-fold (Fig. 5). As the membrane voltages increase, the affinity of Ba
2+

 further 

increases, with IC50 of 7.5e-7 at the membrane voltage of 80mV. This is about seventeen-

fold from the affinity at 20mV. This phenomenon indicates that the blockage of outward 

current is also voltage-dependent. In addition, the current traces also show that at the 

same concentration of barium, higher voltage blocks the rSK2 current faster than lower 

voltages (Fig. 3C and 3D). 

We then examined the effects of barium blockage on an inwardly-rectifying 

behavior of the mutant S359A rSK2 channels. While the mutant S359A rSK2 channels 

show that the inward-rectification is concentration-dependent, the value of IC50 is 

significantly different from that of wild-type. It takes larger amount of barium to 

completely block the outward current (Fig. 7A). At 60mV, IC50 was 2.7e-4 while IC50 was 

1.3e-4 at 80mV(Fig. 7B and 8), which also shows that the blockage of outward current is 

voltage-dependent since increase of the membrane voltage of 20mV increased the affinity 

of barium two-fold. In addition, current traces show that it took about 50µM Ba
2+ 

to show 

significant block of currents (Fig. 6G) while the wild-type rSK2 channels started to show 

the block of currents at 0.5 µM Ba
2+

(Fig. 3B). 

Comparison of wild-type rSK2 channels to mutant S359A rSK2 channels 

We then compared the IC50 values of wild-type and mutant rSK2 channels at 

various different voltages. At the voltage 60mV, the IC50 value for wild-type rSK2 

channels was 4.1e-6 while for the mutant was 2.7e-4 (Fig. 9). The difference between the 

IC50 value for wild-type and mutant is about sixty five-fold, which indicates that the 

serine-359 must play a significant role in the inward-rectification of rSK2 channels. In 
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addition, the IC50 value for wild-type at 80mV was 1.3e-4 and 7.5e-7 for mutant (Fig. 10). 

This shows that there was a difference about hundred seventy three-fold at the membrane 

voltage of 80mV.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



14 

 

DISCUSSION 

In this study, we investigated the mechanism of inward-rectification in rSK2 

channels, especially the role of serine-359 residues located in the K
+
- selectivity filter. 

Through calcium dose-response experiments of wild-type and mutant channels, it was 

found that the mutation of serine-359 residues into alanine does not significantly affect 

the activation of rSK2 channels by calcium since the EC50 values of the wild-type and 

mutant rSK2 channels not differed significantly. The EC50 value of the wild-type was 

0.84µM while that of the mutant was 0.74µM. 

 

Then, we examined the blockage of the wild-type and mutant rSK2 channels by 

barium to study the difference between the biophysical properties of wild-type and 

mutant construct of rSK2 channels through electrophysiological methods. We first 

created a mutant construct S359A, which had all four serine-359 residues changed to 

alanine in each subunit of rSK2 channels, and its biophysical properties was studied by 

using a step protocol from -80 to 80mV under the steps of 20mV. In comparison of the 

IC50 values from the wild-type and mutant rSK2 channels at the same voltage, it was 

found that difference between the affinities of barium of the wild-type and mutant is 

about hundred-fold. This indicates that to half-maximally inhibit the mutant rSK2 

channels, the amount of barium needed is hundred-times the concentration needed to 

half-maximally block the wild-type rSK2 channels. This phenomenon occurs because 

mutation of hydrophilic residue, serine, into alanine destabilizes the binding of barium to 

the pore region, which makes barium to fall off faster once it binds. Therefore, larger 

amount of concentration is needed so that even if the off-rate is faster for the mutant 
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channels, there are larger amount of barium in the solution to increase the on-rate of 

barium.  This increase in the value of IC50 shows that serine-359 residue is important for 

the binding of divalent cations to rSK2 channels 

 

In addition, it was found that the inwardly-rectifying behavior of SK2 channels is 

dependent on voltage.  As the membrane voltage increased, the affinity of barium to the 

channels increased, which is observed by the comparison of IC50 values from different 

voltage. For example, as the voltage increased from 20mV to 40mV, the affinity 

increased three-fold for the wild-type rSK2 channels. This phenomenon was also 

observed when the IC50 values of mutant rSK2 channels from different membrane 

voltages were compared.  

 

For the future study, the biophysical properties of binding to SK2 channels by 

divalent ions can be investigated by constructing mutant rSK2 channels with different 

combinations of serine-359 residues mutated. Currently, a mutant construct consisted of 

dimers with serine-359 mutated is the next mutant construct to be studied. By further 

understanding the mechanism underlying the inward-rectification of rSK2 channels, it is 

hoped that normal and abnormal physiological events due to rSK2 channels would be 

more understood, and possibly enlighten unresolved physiological problems. 
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Figure 1. Activation of wild-type SK channels. (A) A graph of SK currents under a ramp 

protocol from –80 to 60mV.  Traces of currents are from a single patch of a membrane 

that was pulled from an oocyte in inside-out configuration, and the currents show 

activation of SK channels under differential amount of calcium. (B) A graph of 

normalized current to the maximal current at 7.7µM v. calcium concentration. A line 

through the data points represent fit of the Hill Equation with EC50 =0.84µM, and Hill 

coefficient of 3.7.  
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Figure 2.  Activation of mutant SK channels with four serin-359 residues mutated to 

alanine. (A) A graph of mutant SK currents under a ramp protocol from –80 to 60mV.  

Traces of currents are from a single patch of a membrane that was pulled from an oocyte 

in inside-out configuration, and the currents show activation of mutant SK channels 

under differential amount of calcium. (B) A graph of normalized current to the maximal 

current at 7.7µM v. calcium concentration. A line through the data points represent the 

Hill Equation with EC50 =0.74µM, and Hill coefficient of 4.3.  
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Figure 4. Current traces from the blockage of wild-type SK channels by Ba
2+

. (A) A 

graph of wild-type SK currents under a step protocol from –80 to 80mV.  Traces of 

currents are from a single patch of a membrane that was pulled from an oocyte in inside-

out configuration, and the currents show a blockage of SK channels under differential 

amount of barium. The current traces are the average of three voltage steps at each 

different voltage. (B) A graph of normalized current representing barium dose-response 

of SK channels at different voltage. Data points are the average of three consecutive 

voltage steps were fitted with the Hill equation (20mV: IC50 = 1.3e-5; 40mV: IC50 = 4.3e-

6; 60mV: IC50 = 4.1e-6; 80mV: IC50 = 7.5e-7). 

 

 

Figure 5. A bar graph of averages of EC50 values from the patches of wild-type SK 

channels under different values of voltage. Error bars indicate standard deviations.   
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Figure 6.  Current traces from Ba
2+

 dosage-response of mutant SK channels. (A) Current 

traces of SK channels held at -80mV, under a step protocol from -80 to 80mV in the steps 

of 20mV for 600 µS - 1000µS with 1µM intracellular Ca
2+

. Three consecutive steps at 

each voltage were averaged, and the current traces were plotted.  (B) With 1µM 

intracellular Ca
2+

 and 1µM Ba
2+

 (C) With 1µM intracellular Ca
2+

 and 2µM Ba
2+  

(D) 

With 1µM intracellular Ca
2+

 and 5µM Ba
2+ 

(E) With 1µM intracellular Ca
2+

 and 10µM 

Ba
2+ 

 (F) With 1µM intracellular Ca
2+

 and 20µM Ba
2+   

(G) With 1µM intracellular Ca
2+

 

and 50µM Ba
2+ 

(H) With 1µM intracellular Ca
2+

 and 100µM Ba
2+ 

(I) With 1µM 

intracellular Ca
2+

 and 200µM Ba
2+  

(J) With 1µM intracellular Ca
2+

 and 500µM Ba
2+ 

(K) 

With 1µM intracellular Ca
2+

 and 1mM Ba
2+ 

. 
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Figure 7. Current traces from the blockage of mutant SK channels by Ba
2+

. (A) A graph 

of mutant SK currents under a step protocol from –80 to 60mV.  Traces of currents are 

from a single patch of a membrane that was pulled from an oocyte in inside-out 

configuration, and the currents show a blockage of SK channels under differential 

amount of barium. The current traces are the average of three voltage steps at each 

different voltage.  (B) A graph of normalized current representing barium dose-response 

of mutant SK channels at different voltage. Data points were fitted with the Hill equation 

(60mV: IC50 = 2.7e-4; 80mV: IC50 = 1.3e-4). 

 

 

Figure 8. A bar graph of averages of EC50 values from the patches of mutant S359A SK 

channels under different values of voltage.  Error bars indicate standard deviations. 
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Figure 9. A bar graph of averages of IC50 values from the patches of wild-type and 

mutant S359A SK channels under voltage of 60mV.  Error bars indicate standard 

deviations. 

 

Figure 10. A bar graph of averages of IC50 values from the patches of wild-type and 

mutant S359A SK channels under voltage of 80mV.  Error bars indicate standard 

deviations. 


