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INTRODUCTION 

The cell membrane is a lipid bilayer that acts as a barrier between the intracellular and 

extracellular milieu. The aqueous environments of the cytoplasm and extracellular fluid contain 

ionic species that are differentially distributed across the cell membrane, giving rise to a 

transmembrane voltage, or membrane potential. The resting membrane potential, which is 

around -60 mV to -70 mV for a typical neuron, is governed by the separation of principally Na+, 

K+, and Cl- ions (Figure 1A) and by the operation of ion pumps, transport proteins, and channels 

(Eric R. Kandel, 2011). Ion channels are transmembrane proteins that open and close in 

response to thermal, mechanical, chemical stimuli, or to changes in transmembrane potential. 

When ion channels open, they act as conductors by allowing ions to pass into and out of the cell 

down their concentration gradients (Figure 1B). The cell membrane can be described as a ‘leaky 

capacitor’ because of the presence of ion channels. Voltage-insensitive channels, termed leak 

channels, can open at the resting membrane potential to allow the passive flow of leak current 

(Eric R. Kandel, 2011). 

Voltage-gated ion channels are closed at the resting potential and open (activate) in 

response to depolarization. Voltage-gated potassium channels (Kv) are tetramers with a voltage- 

sensor domain and a pore domain within each subunit (Figure 1C) and are essential for many 

biological processes. When the transmembrane voltage reaches a particular threshold, charged 

amino acid residues on the voltage-sensor domain move to induce a conformational change in 

the channel protein. This conformational change opens the pore domain of the ion channel to 

allow current to flow down its concentration gradient (Bezanilla, 2008).  
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Kv channels are crucial for the regulation of cellular excitability and for determining the 

characteristics of the cardiac action potential (El Harchi et al., 2010). Because the concentration 

gradient of potassium drives current out of the cell (Figure 1B), Kv channels are particularly 

responsible for repolarization and hyperpolarization (Hille 2001); processes that are essential to 

return the membrane potential to a resting value following an action potential. Repolarization 

by Kv channels is a major component of normal cardiac muscle excitation-contraction coupling 

and is required to end each heart beat (Figure 2A) (El Harchi et al., 2010). 

Figure 1: The characteristics of ion channels in excitable cell membranes. A) Current flow in 
neurons is represented as an equivalent circuit. The cell membrane acts as a capacitor (Cm) 
and ion channels act as variable resistors (gk). The Na+-K+ pump actively maintains the 
concentration gradient of sodium and potassium ions (Eric R. Kandel, 2011). B) The 
concentration gradient of potassium gives rise to an electromotive force that drives current 
out of the cell when the channel is open. Ek, the electromotive force, is the Nernst Potential 
for potassium, and it can be determined by the Nernst equation. The conductor represents γk, 
which is the conductance of a single potassium channel (Eric R. Kandel, 2011). C) The 
architecture of a Kv channel alpha subunit. One of the subunits of the homotetramer (shaded 
in blue), has six transmembrane segments, shown to the right. Of the six transmembrane 
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segments (S1-S6), S1-S4 serve as the voltage sensor domain (Noda et al., 1984), and S5-S6 
serve as the pore domain (Bezanilla, 2008).  

 

The cardiac action potential is mediated by several ion channels including the Iks channel 

(Figure 2A and 2B) (Marban, 2002). The Iks channel is a delayed rectifier Kv channel that exhibits 

slow activation and inactivation kinetics. The channel is a homotetramer of KCNQ1 α-subunits 

and joins with two KCNE1 β-subunits (Chen et al., 2003a; Chen et al., 2003b). Each KCNQ1 

subunit (Q1) has six transmembrane segments (S1-S6), with S1-S4 serving as the voltage sensing 

domain and S5 and S6 serving as the K+ selective pore domain (Figure 1C). KCNE1 (E1) is a single-

pass transmembrane protein that alters the kinetics of the KCNQ1 channel (Morin and Kobertz, 

2007; Nakajo et al., 2010). The slowly activating current generated through the Iks channel is 

essential for the repolarization phase of the cardiac action potential. KCNE1 drastically slows the 

activation and deactivation kinetics of KCNQ1 channels, and increases the conductance of the 

channel to produce the characteristic Iks current (Figure 2B) (Jiang et al., 2009).  

Mutations in genes that encode the subunits of the Iks channel change the biophysical 

properties of the channel, and thereby produce the pathophysiology of many common cardiac 

diseases such as long QT syndrome (LQTS) and short QT syndrome (SQTS) (Bellocq et al., 2004). 

Figure 2C is a schematic diagram that shows the development of LQTS as a result of the change 

in the Iks current from a gene deletion in KCNQ1.  

           LQTS and SQTS correspond to the increase or decrease in the duration of the 

repolarization phase of the cardiac action potential observed on the electrocardiogram (EKG), 

respectively. The QT interval, which refers to the timing of ventricular repolarization, is 

consequently longer in LQTS and shorter in SQTS (Couderc and Lopes, 2010). The mechanisms 
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by which these disease mutations alter Iks channel and current kinetics have long been the 

subject of intense investigation.  

      

 

 

Figure 2: The ionic current components of the cardiac action potential.  A) The several types of 
ion channels that underlie the cardiac action potential and the direction of their current flow. 
The ionic current traces are the currents from each channel that produce the cardiac action 
potential and their characteristic kinetics (Marban, 2002). B) The kinetics of current through 
KCNQ1 alone and KCNQ1 + KCNE1 (Iks). It can be seen that Iks kinetics are slower than KCNQ1 
kinetics alone. These current traces were obtained with two-electrode voltage clamp 
recording using oocytes expressing the KCNQ1 channel and the KCNQ1 + KCNE1 (Iks) channel. 
The scale bar indicates 2 μA of current and 2 seconds (Panaghie et al., 2006). C) The upper 
diagram shows the change in the cardiac action potential as a result of a mutation in the 
KCNQ1 gene. The lower diagram shows that this mutation prolongs the duration of the QT 
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interval on an EKG which corresponds to the repolarization phase (Iks current) of the cardiac 
action potential to produce LQTS (Kenny and Martin, 2011).  

 

 

Recently, Ruscic et. al. used site directed fluorescence (SDF) to study the voltage sensor 

movement of the Iks channel (Ruscic et. al. 2012). SDF is a method used to study specific 

movement of structures in ion channel proteins. Channels are engineered to have a reactive 

cysteine residue to which a fluorescent dye binds. Conformational changes in the protein during 

channel gating are detected by differences in fluorescence emission caused by changes in the 

probe exposure to different environments such as the lipid bilayer and the aqueous 

environment outside the channel. The fluorescence is typically monitored at a fixed wavelength 

using a photodiode, while the gating state of the ion channel is controlled by a voltage clamp 

apparatus. A rearrangement of the channel protein structure is reported as a dimming or 

brightening of fluorescence. This enables the kinetics of the protein motion to be monitored in 

response to changes in membrane voltage. When a fluorescent dye is attached to the S4 

segment of a Kv channel, the kinetics of the change in fluorescent intensity reflects the changes 

in the kinetics of S4 (voltage sensor) movement (Gandhi and Olcese, 2009). Ruscic et. al found 

that compared to Q1 channels, incorporation of E1 slows the voltage-sensor domain movement 

of Iks channels in a manner that is sufficient to explain the slow kinetics of the Iks current (Figure 

3) (Ruscic et. al. 2012). Based on this finding, it is of particular interest to investigate whether 

disease conditions or mutations that underlie cardiac channelopathies and other cardiac 

arrhythmias operate by altering the nature of voltage sensor kinetics in response to 

depolarization.  
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         Aside from disease mutations, cardiac arrhythmias can be induced by other events such as 

myocardial ischemia, which occurs when blood flow to the heart is decreased and its oxygen 

supply is reduced (Unsold et. al 2011).  Interestingly, extracellular and intracellular acidification 

occurs within minutes of cardiac ischemia, and these changes in proton concentration are 

hypothesized to act on many ion channels involved in the cardiac action potential (Peretz et. al 

2002). Previous studies have found that an increase in extracellular protons, or reduction in the 

extracellular pH (pHo), decreases magnitude of potassium currents passed by the Q1 channel 

and also cause a depolarizing shift in the voltage dependence of activation. In contrast, the 

activity and biophysical attributes of Iks appear to be spared by changes in pHo (Heitzmann et. al 

2007). The question then arises of whether the E1 subunit of the Iks channel plays a role in 

protecting the Iks channels from changes in pHo. The findings of Pertez et. al and Unsold et. al 

suggest that gating mechanisms may be responsible for the reduction in current and the shift in 

the voltage dependence of activation of the Q1 channel in responses to reductions in pHo. How 

the biophysics of Iks channel function are altered in such diseases remain unknown, and it is 

under speculation of whether it is the voltage-sensor movement or pore movement, or both 

that change in such disorders. In this study, we will investigate the effect of changes in pHo in Q1 

and Iks channels expressed in Xenopus laevis oocytes. We hypothesize that changes in channel 

behavior seen before in mammalian tissue culture cells will also be observed in oocytes. If 

correct, this study will provide a foundation to determine the mechanistic basis for these effects 

using SDF. Futhermore, the effect of an increase in pHoon Q1 and Iks channels is unknown.  

  The use of SDF to study of the coupling mechanism between the voltage sensor and 

channel pore will further develop the repertoire of knowledge of Iks channel kinetics to better 

understand the physiological causes of common human cardiac diseases.  
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Figure 3: Current and fluorescent traces of the KCNQ1 channel and the Iks channel. A) KCNQ1 
current trace using the cut open voltage clamp technique in oocytes. B) KCNQ1 fluorescent 
trace with the S4 of the KCNQ1 subunit labeled with tetramethylrhodamine (TMRM) dye. The 
fluorescence of TMRM is quenched or dequenched when the dye is differentially exposed to 
the lipid or aqueous environments that surround the channel. This is indicative of a 
conformational change in the channel protein. C) Overlay of a normalized trace of KCNQ1 
current to show the kinetics of change in ionic current (Po/Pmax) and fluorescent signals (ΔF/Fo). 
D) KCNQ1 + KCNE1 (Iks) current trace. E) Iks fluorescent trace with the S4 of the KCNQ1 subunit 
labeled with TMRM. F) Overlay of a normalized trace of Iks current to show the kinetics of 
change in ionic current (Po/Pmax) and fluorescent signals (ΔF/Fo). The ion channel currents and 
SDF recordings were recorded similtaneously in the same cells. The change in kinetics of the Iks 
current when studied with SDF shows that KCNE1 slows down the voltage sensor of KCNQ1 to 
produce slower kinetics (Ruscic et. al 2012).  

 

MATERIALS AND METHODS 

Molecular Biology  

The coding sequences for human KCNQ1 and KCNE1 were subcloned into pRAT vectors. The 

cDNA constructs were linearized and XbaI and NotI-HF restriction enzymes for KCNQ1 and 

KCNE1, respectively. The linearized cDNA was purified using the Qiagen PCR purification kit 

(Qiagen, CA) and was analyzed on a 1% agarose gel to ensure linearization. The transcription 

reaction to generate cRNA was performed using the T7 mMessage kit. The RNA was purified and 
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diluted to 12 ng/37 nL for KCNQ1 and (12 ng KCNQ1 + 6 ng KCNE1)/ 37 nL for Iks experiments. 

The KCNQ1 fluorescence construct (Q1-F) was linearized using the same procedure as above. 

Q1-F is a variant of the KCNQ1 construct previously engineered with three cysteine mutations to 

become KCNQ1-C214S V221C C331S.   

Xenopus Laevis Oocyte Harvesting 

Oocytes were harvested from Xenopus laevis frogs anesthetized with 0.125% Tricaine (Tricaine, 

10  mM HEPES, adjusted to pH 7.4 with NaOH). Caution was taken to ensure that frogs were 

properly anesthetized. Oocytes (5 mL) were washed with OR2 solution (82.5 mM NaCl, 2.5 mM 

KCl, 1 mM MgCl2, 5 mM HEPES, adjusted to pH 7.4 with NaOH) and digested for 50 minutes with 

collagenase type 2 (70 mg/35 mL OR2) and bovine serum albumin (BSA) (10 mg/mL). Stage 5 

and 6 oocytes were selected and incubated in SOS solution ( 100 mM NaCl, 2 mM KCl, 1 mM 

MgCl2, 1.8 mM CaCl2, 10 mM HEPES, 0.1 mM EDTA, 2 mM Na-pyruvate, the was adjusted to pH 

7.4 using NaOH) at 16°C. Oocytes were washed and put into new dishes each day and 48 hours 

were given for expression before TEVC and SDF experimentation. 

Electrophysiology 

Xenopus laevis oocytes were injected with 36.8 nL of RNA of KCNQ1, KCNQ1 + KCNE1, KCNQ1-f, 

and KCNQ1-f + E1. Injection was performed at room temperature using cut glass pipettes. 

Oocytes were in OR2 solution in the injection chamber. 

   TEVC was performed using the following protocol:  -90 mV command voltage with 10-

second intervals between 10 mV depolarizing pulses. Currents were recorded at room 

temperature and were performed with an Oocyte-Clamp (OC 725C) amplifier (Warner 

Instrument Corporation). Oocytes were perfused in the TEVC chamber in ND-96 solution (96 

mM NaCl, 2 mM KCl, 1 mM MgCl2, 1.8 mM CaCl2, and 5 mM HEPES), and the glass electrodes 
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were filled with 3 M KCl solution. To adjust the pH of the extracellular solution, four different 

ND96 solutions were created with pH 8.4, 7.4 (physiological), 6.4, and 5.4. The pH was altered by 

NaOH and HCl. To record currents for each subsequent pH, the holding potential was switched 

to constant +40 mV pulses with 15 seconds between pulses until the current amplitude adjusted 

accordingly. The previous protocol was then resumed to study the effects of pH change across 

the physiological voltage range. Current traces were recorded using Clampex 10.2 and the 

results were analyzed using Clampfit 10.2 (Molecular, Denver, CO). SDF studies were performed 

using a photodiode microscope.  

Data Analysis 

All raw data from TEVC recordings was imported from the Digidata Amplifier into Clampfit  10.0 

and was then transferred to Origin for analysis. One-way ANOVA tests for Q1 and Iks current 

amplitudes in responses to changes in pHo were formulated in Microsoft Excel. Data points for 

the conductance-voltage (G-V) curves were fitted to the Boltzmann equation (y = ([A1 - A2)]/[(1 + 

e(x-x
0))/[dx] +[ A2], where A1 is the test potential and A2 is the V1/2, which is the voltage of half-

maximal activation. All data points are expressed as the mean ± SEM.  

RESULTS  

 
Difference in Kinetics between Q1 and Iks  

 

The Q1 ion channel is a delayed-rectifier voltage-gated potassium channel that is primarily 

expressed in the human heart. In the heart, it complexes with the E1 subunit to form Iks channels 

that pass a slowly activating potassium current required to repolarize the cardiac action 

potential. The current traces in Figures 4A and 4B are exemplar representations of the kinetics 

of the Q1 and Iks channels.  Both traces were obtained using TEVC recordings from Xenopus  
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laevis oocytes that were expressing either the Q1 channel or Iks channel. The two current 

recordings were performed at room temperature at pH 7.4. It is evident that Iks kinetics are 

drastically slower than Q1 kinetics, which, as recently confirmed by Ruscic et. al 2013, is due to 

the slowing of the Q1 voltage sensor by the E1 subunit

 

Figure 4: TEVC recordings of the characteristic kinetics of Q1 and Iks currents expressed in 
Xenopus laevis oocytes. A) Q1 current trace corresponding to +10 mV depolarizing step pulses 
from -120 mV to 60 mV. B) Iks current trace corresponding to 10 mV depolarizing step pulses 
from -120 mV to 60 mV. C) Current versus voltage curve using TEVC recordings for the means 
of five different Q1 (blue) expressing oocytes and five different Iks (red) expressing oocytes. D) 
G/Gmax versus voltage from TEVC recordings for the means of five different Q1 (blue) 
expressing oocytes and five different Iks (red) expressing oocytes.  
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Effect of Changes in External pH on Q1  

 

 Wild-type Q1 currents were studied using TEVC at room temperature. To demonstrate the 

distinct pattern of current amplitude changes through the Q1 channels when pHo is lowered, an 

example of the Q1 current recorded  from the same cell at pHo 7.4 and pH 5.4 (Figure 5A). In the 

same cell, the Q1 current is decreased by 0.6 ± .17 μA in 13 cells when the pHo is reduced from 

7.4 to 5.4, indicating Q1 sensitivity to pHo. To investigate whether pHo changes in current 

amplitude are reversible, oocytes were initially perfused in pHo 7.4 solution and then perfused 

with pHo 5.4 solution for the next current-voltage recording. Finally, the pHo was restored to 

physiological 7.4 and the oocyte underwent a third current-voltage recording. Figure 5B shows 

that the reduction in current amplitude is reversible when the pHo is changed back to 7.4. The 

decrease in current amplitude at pHo 5.4 occurred over the course of 100 seconds, whereas the 

recovery back to pHo 7.4 occurred more rapidly, approximately over the course of 50 seconds.  

    Previous pHo studies on Q1 and Iks currents have explored physiological (7.4) and acidic 

pH (5.4), but few studies have explored alkaline pH (8.4).  Figure 6A shows the sensitivity of Q1 

currents to variations in pHo of 7.4, 6.4, 5.4, and 8.4. It can be seen from the mean current vs. 

voltage plot that acidic pHo reduces amplitude of Q1 current by statistically significant values 

(p=0.0028). Alkaline pH (8.4), however, is shown to increase the magnitude of Q1 current. Figure 

6B shows a bar graph of Q1 current magnitude at +40 mV for the four different pHo conditions. 

One way ANOVA was performed to obtain the statistical significance of the differences in pHo on 

Q1 current (p=0.0028).  
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Figure 5: Sensitivity of Q1 currents to changes in pHo and the reversible effects. A) The 
reduction in Q1 current amplitude when the same oocyte is perfused with pHo 7.4 ND96 
solution (blue) versus pHo 5.4 ND96 solution (red). B) The reversibility of pHo-induced decreases 
in current amplitude is clearly demonstrated because the current amplitude is restored to its 
previous value (blue) when oocyte is perfused with pHo 7.4 ND96 solution (black) following the 
pHo 5.4 ND96 solution (red). C) Time course of decrease in Q1 current when the pHo is changed 
from 7.4  to 5.4 and then back to 7.4. 
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Figure 6: Changes in Q1 current amplitude in response to varying pHo. A) Mean current versus 
voltage for pHo values of 7.4 (blue), 6.4 (red), 5.4 (green), and 8.4 (black). B) Bar graph of the 
mean current amplitudes at the four different pHo values of 7.4 (blue), 6.4 (red), 5.4 (green), and 
8.4 (black).  

Conductance-voltage (GV) relationships were calculated for Q1 currents exposed to the four pHo 

conditions (Figure 7).  Q1 current for the four pHp conditions were also obtained which are 

shown in Figure 7. The curves were fitted to the Boltzmann equation (see methods) and V1/2 and 

slope values were determined. The V1/2 value is the half-maximal voltage dependence of 

activation of an ion channel.  The V1/2 value was shifted to the right, or depolarized, by 6.4 mV at 

pHo 5.4  as compared to physiological pHo (7.4). This suggests that reductions in Q1 current 

amplitude in acidic pH are due to changes in the voltage-dependence of channel activation. At 
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pHo 6.4 and 8.4, Q1 channels showed both showed slight hyperpolarizing shifts in the V1/2 values 

(mean V1/2 values of -12.5 and 13.4, respectively for 13 cells studied). Table 1 summarizes the 

V1/2 and slope values for each of the different pHo conditions. 
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Figure 7: G/Gmax versus voltage for the different pHo values. The G/Gmax versus voltage in Q1-
expressing oocytes for pHo 7.4 (blue), 6.4 (red), 5.4 (green), and 8.4 (black).  

 

 

Table 1: Summary of V1/2 and slope values for the different pHo 
conditions in Q1-expressing oocytes.  
 

 

 

 

pHo V1/2 (mV) Slope 

7.4 -10.3 24.8 

6.4 -12.5 26.3 

5.4 -3.9 28.2 

8.4 -13.4 22.2 
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Effects of Extracellular pH Changes on Iks 

Consistent with previous studies, the pHo-induced changes in Iks currents are much less 

pronounced than those in Q1 currents. Figure 8A shows Iks current amplitudes in the same cell at 

pHo 7.4 (blue) and 5.4 (black). It is demonstrated from Figure 8A that changes in pHo produce 

little to no effect on Iks current amplitude compared with that of Q1 currents alone. Figure 8B 

shows the mean Iks current versus voltage plot for the four different pHo conditions of 7.4 (blue), 

6.4 (red), 5.4  (green), and 8.4 (black). Figure 8C  is a bar graph showing mean Iks current 

amplitude across the different pHp conditions.  One way ANOVA was performed in order to 

demonstrate that changes in pHo did not cause statistically significant differences in Iks current 

amplitude (p=0.74).  As previously reported in mammalian tissue culture cells expressing cloned 

subunits (Pertez et. al 2001 ),Iks channels are less sensitive to changes in pHo than the Q1 

channel alone.  
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Figure 8: Iks current amplitudes in response to changes in pHo. A) Iks current amplitudes in the 
same cell in response to changes in pHo of 7.4 (blue), 5.4 (black). B) Mean current versus voltage 
plot for Iks currents in response to changes in pHp of 7.4 (blue), 6.4 (red), 5.4 (green), and 8.4 
(black). C) Bar graph showing the mean Iks current amplitudes for each of the three pHo 
conditions of 7.4 (blue), 5.4 (green), and 8.4 (black). 

 

Conductance-voltage relationships between Iks current for the three pHp conditions 

were also obtained (Figure 9). The curves were fitted to the Boltzmann equation and V1/2 and 

slope values were computed. The V1/2 values for the 5.4 and 8.4 pHo conditions shifted minimally 

from the 7.4 pHp conditions (1.7 mV and 0.8 mV shifts, respectively). This indicates incorporation 

of E1 prevents the sensitivity of the Q1 channel to changes in pHO. Since the Iks V1/2
 values are 

very similar across pHo conditions, it is interest to speculate E1 modulation of voltage sensor (or 
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pore) movement may play a role in the reduced sensitivity.  Table 2 summarizes the V1/2 and 

slope values for each of the different pHo conditions.  
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Figure 9: G/Gmax versus voltage for the Iks channel across the different pHo values. The G/Gmax 
versus voltage in Iks-expressing Xenopus laevis oocytes for the different pHo conditions of 7.4 
(blue), 5.4 (green), and 8.4 (black). 

 
Table 2: Summary of V1/2 and slope values for the different pHo conditions in Iks-expressing 
oocytes. 
 

 

pHo V1/2 (mV) Slope 

7.4 26.7 21.2 

5.4 25.0 20.4 

8.4 25.9 21.6 
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DISCUSSION 

In this study, Xenopus laevis oocytes expressing either the Q1 or Iks channel were characterized 

with TEVC and the effects of extracellular pH changes on current and voltage dependence were 

investigated. The main findings of the above experiments were consistent with the results of 

previous studies conducted in other experimental systems that showed reduction in Q1 current 

amplitude with low pHo, and the absence of Iks pHo sensitivity. In addition to effects on channels 

expressed in oocytes, these studies left open for investigation the effects of alkalinization on Q1 

and Iks activity and the study of the speed at which acidification modulates Q1 currents. These 

questions have potential significance for our understanding of physiology and pathology.  

Previous studies have not addressed mechanisms underlying these effects or how E1 may 

modulate the voltage sensor movement of Q1 to prevent the pHo sensitivity in the Q1 + E1 Iks 

complex. Studying these effects in oocytes provides a potential platform for mechanistic studies 

using biophysical techniques such as SDF. The findings presented here provide evidence that the 

Iks reduction in sensitivity to pHo may be attributed to E1 modulation of voltage sensor 

movement of Q1, which thus highlights the relevance of future voltage clamp fluorimetry (VCF), 

or SDF studies Q1 voltage sensor domain.  

The long-term aim of this study was to use SDF to characterize the S4 voltage sensor 

movement in Q1 versus Iks in disease-relevant conditions, however, additional fluorescence 

experiments are needed in order to conclude or refute E1 modulation of Q1 S4 movement in 

pHo changes. The data support this idea because shifts in there are shifts in Q1 G-V relationships, 

in response to changes in changes in pHo. Changes in V1/2 indicate shifts in the voltage 

dependence of activation, and changes in the slope indicate changes in the channel’s sensitivity 

to voltage. Based on the findings of Ruscic et. al (2013) and the previous pHo studies on Q1 and 
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Iks, this study provides an important bridge pointing to the strong possibility that E1 modulates 

S4 voltage sensor movement in disease states that involve Iks such as ischemia, acidosis, and 

alkylinosis. .  

In addition to changes in G-V, data also show that these effects are rapid and reversible, 

suggesting direct effects on ion channel complexes or post-translational modification (Plant et. 

al 2012). There are many possible mechanisms by which the E1 can alter the voltage sensor 

movement of Q1 to reduce the effects of pHo changes. Some include the idea that E1 blocks the 

proton binding site on Q1 which would block the pHo regulatory effects of the Iks channel but not 

of Q1 alone. In addition, E1 may, through a wide array of intracellular mechanisms, such as 

phosphorylation, induce a conformational change in Q1 that reduces the affinity of protons to 

their binding site, which would ultimately render the Iks channel insensitive to pHo changes (Li et. 

al. 2012). In addition, E1 may alter the speed of Q1 voltage sensor kinetics to indirectly decrease 

the pHo sensitivity of Iks. The rapid timing of reductions in extracellular pH to Q1 potassium 

current blockade, as shown in Figure 4C, may also suggest a mechanism by which E1 alters Q1 

voltage sensor movement to quickly counteract the potentially harmful pHo-induced blockade 

effects. This study therefore provides many avenues by which to suggest one or more of the 

proposed mechanisms that would be sufficient to explain the decrease in Iks pHo sensitivity as 

compared to that of Q1. Also, looking towards the mechanisms by which other Kv channels, 

such as those in the smooth muscle cells of the pulmonary arteries, are regulated by increased 

extracellular protons would also enable further understanding into the mechanisms of the roles 

of voltage sensors in disease-related activity (Ahn 1997). 

This study also brings to light the likelihood that voltage-sensor movement is subject to 

external regulatory modulation in diseases involving voltage-gated ion channels. For example, 
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mutations in voltage-gated ion channels may exhibit defects in their voltage-sensor movement, 

such as the V307L mutation in SQTS and the V141M mutation in LQTS supported by changes in 

G-V effects (Hoosien 2013). Ion channels that do not contain mutations may also be subjected to 

altered voltage-sensor movement during events such as ischemia-induced extracellular proton 

increases in cardiac myocytes that alter cardiac excitability (Peretz et. al 2002). This is consistent 

with the speculation that E1 modulates S4 to mediate possible harmful effects of Q1 blockage in 

the repolarization phase of the cardiac action potential. Notably, however, in 2002 Peretz et. al 

pointed out that the rapidly rectifying potassium channel Ikr would presumably still be blocked 

by extracellular protons because it does not have external modulation mechanisms analogous to 

E1. Therefore, the repolarization phase of the cardiac action potential would be compromised 

and thus prolong the QT interval to induce LQTS. This exemplifies the complexities of the human 

cardiac system because not only can genetic variations in relevant ion channels cause cardiac 

arrhythmias, but mechanisms such as the one presented in this study can also induce cardiac 

arrhythmias. Further studies of the ion channels expressed on cardiac myocytes that are 

involved in the cardiac action potential would be needed to further understand the physiological 

mechanisms that take place in vivo during mutation-induced cardiac arrhythmias as well as 

externally induced cardiac arrhythmias.   

This study proves to be significantly physiologically relevant in both the human cardiac 

system and in a wide-range of areas throughout the body. For example, both acidosis and 

alkolysis in human tissue are related to many diseases. Q1 channels are expressed on pancreatic 

cells are thus thought to be involved in alkolysis-related dysfunctions (). Therefore, the studies 

shown here act as an effective starting point for understanding the way alkaline pH may act to 

facilitate diseases in the pancreas and several other areas of the body. Q1 channels are also 

expressed in the inner ear, thus mutations in this channel can cause co-dominant phenotypes of 
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cardiac arrhythmias and deafness (Bostan et. al 2013). Other Kv KCNQ subunits such as Q2 and 

Q3 are expressed in the central and peripheral nervous systems and are said to contribute 

neuronal excitability (Klinger et. al 2011). Modulation of the voltage sensor properties of Q1 and 

other Kv KCNQ channels by E1 and other Q1 protein-complex partners can help scientists better 

understand the mechanisms of interest in this study. The findings and implications of this study 

thus have broader physiological relevance than just for the role of Iks channel in human cardiac 

arrhythmias.  

The study of ion channels in Xenopus laevis oocytes on TEVC is a practical and 

commonly-employed way to study the biophysics of human ion channels in an isolated system, 

indendent of in vivo regulatory mechanisms that could influence the properties of the channel. 

This study provides paired data for the effects of changes in pHo on current amplitude in Q1 and 

Iks wild-type channels, where current amplitudes in responses to changes in pHo were recorded 

in the same cell to account for variability in ion-channel expression. 

Further studies of SDF S4 labeling and characterization of voltage-sensor modulation of 

disease-mutation ion channels and in wild-type channels with disease-induced regulatory 

mechansism would give more insight into the mechanisms of voltage sensor modulation in 

human channelopathies and diseases induced by other means such as cardiac ischemia. It would 

also be a positive addition to this collection of data to study the pHo sensitivity and other 

disease-inducing mechanisms at physiological temperature (37° C) and at 28°C to compare to 

COVC SDF studies by Ruscic. et. al. 2013. 

Overall, these data provide a valid starting point to suggestions of complex mechanisms 

involving voltage-sensor movement modulation in various diseases. Although this study 
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represents a gain in evidence to suggest potential mechanisms for voltage sensor activity and 

regulation, further experiments are needed to define the mechanisms underlying these effects.   
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