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pH-induced low-permeability of voltage-gated potassium channel Kv1.2 
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Abstract  

Understanding the gating mechanism of ion channel proteins is key to understanding the 

regulation of cell signaling through these channels. Channel opening and closing are regulated 

by diverse environmental factors that include temperature, electrical voltage across the channel, 

and proton concentration. Low permeability in voltage-gated potassium ion channels (Kv) is 

intimately correlated with the prolonged action potential duration observed in many acidosis 

diseases. The Kv channels consist of voltage-sensing domains (S1–S4 helices) and central pore 

domains (S5–S6 helices) that include a selectivity filter and water-filled cavity. The voltage-

sensing domain is responsible for the voltage-gating of Kv channels. While the low 

permeability of Kv channels to potassium ion is highly correlated with the cellular proton 

concentration, it is unclear how an intracellular acidic condition drives their closure, which 

may indicate an additional pH-dependent gating mechanism of the Kv family. Here, we show 

that two residues E327 and H418 in the proximity of the water cavity of Kv1.2 play crucial 

roles as a pH switch. In addition, we present a structural and molecular concept of the pH-

dependent gating of Kv1.2 in atomic detail, showing that the protonation of E327 and H418 

disrupts the electrostatic balance around the S6 helices, which leads to a straightening transition 

in the shape of their axes and causes dewetting of the water-filled cavity and closure of the 

channel. Our work offers a conceptual advancement to the regulation of the pH-dependent 

gating of various voltage-gated ion channels and their related biological functions. 

 

Author Summary  

The acid sensing ion channels are a biological machinery for maintaining the cell functional 

under the acidic or basic cellular environment. Understanding the pH-dependent gating 

mechanism of such channels provides the structural insight to design the molecular strategy in 

regulating the acidosis. Here, we studied the voltage-gated potassium ion channel Kv1.2 which 

senses not only the electrical voltage across the channels but also the cellular acidity. We 

uncovered that two key residues E327 and H418 in the pore domain of Kv1.2 channel play a 

role as pH-switch in that their protonation control the gating of the pore in Kv1.2 channel. It 

offered a molecular insight how the acidity reduces the ion permeability in voltage-gated 

potassium channels. 
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Introduction 

Electrical signals in neurons are generated by sequential gating of several voltage-gated ion 

channels on their cell membranes. The opening and closing of these channels are not only 

sensitively controlled by membrane potentials in general, but also respond to the intra- and 

extracellular conditions, such as chemicals [1, 2], mechanical pressure [3], temperature [4], and 

proton concentrations [5]. Among these channels, the voltage-gated potassium channels (Kv) 

are selectively permeable to potassium ions and repolarize the membrane potential in response 

to depolarizing voltage [6]. The molecular mechanisms underlying this potassium ion-

selectivity and voltage-dependent gating of the Kv channels have been extensively studied [7-

11]. However, the molecular mechanism of pH-dependent gating in Kv channels is less well-

understood, although it has been revealed that the potassium ion permeability is inhibited by 

the high proton concentration in acidosis [12]. The low permeability in the Kv channels is 

intimately correlated with the prolonged action potential duration observed in acidosis diseases 

such as cardiac arrhythmias. 

These Kv channels have a tetrameric structure composed of four homo-subunits 

surrounding an ion-transporting pore, with each subunit containing six membrane-spanning α-

helices called S1–S6. They are spatially separated from a voltage-sensing domain-containing 

S1–S4 and a central pore domain-containing S5–S6 that includes a P-helix (Fig 1A). These two 

domains are connected by an S4–S5 helical linker [13]. The pore domain contains a potassium 

ion-selective pathway and gates spanning the cell membrane. The narrowest part (extracellular 

side) on the pore in the channels is the “selectivity filter”, whereas the opposite part 

(intracellular side) of the filter on the pore is the “water-filled cavity” (Fig 1B). The gating of 

the Kv channels is structurally determined by whether the water-filled cavity is wetted or 

dewetted. 

In Kv1.2 channels, as in the other members of the non-inactivating ion channel family, 

ionic currents flow in response to the applied depolarized voltage and are maintained until the 

end of depolarization. Kv1.2 channels maintain the closed conformation at polarized (resting) 

potentials or the open conformation at depolarized potentials. The ionic currents are intimately 

connected to the permeability of the ions in the channels. Previous experimental work showed 

that the permeability of Kv1.2 channels to potassium ions gradually decreases as the pH 

changes from 7.5 to 4.5, with the experimental permeability midpoint occurring at around pH 

5.3 [12]. This implies that the protonation of some titratable residues make the channels resist 

the transition from closed to open conformations against depolarized voltage. 
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Here, we report our observations from an all-atom molecular dynamics (MD) simulation. 

We found that the voltage-gated Kv1.2 ion channel has dual-functionality due to protonation 

of the conserved residues E327 and H418 situated near the water cavity on the intracellular 

side because it induces the gating transition of the pore domain from an open to closed position 

under acidic conditions. We characterized the structural role of the two determinant residues 

E327 and H418 in the gating of Kv1.2 channels, which can be protonated under a reasonable 

acidic condition, as demonstrated in the previous experimental study [12]. We suggest the 

molecular and structural mechanism underlying the acid-induced low permeability of Kv1.2 

channels by uncovering the mechanism through which the channels, under acidic conditions, 

prefer the closed-pore state with the dewetted cavity than the open-pore state with the wetted 

cavity. 

 

Results 

Identification of the key acid-responding residues in Kv1.2 

To identify the key residues that might be protonated under acidic conditions, that is, from pH 

7.5 to around pH 5.3, we attempted to estimate the pKa values of the titratable residues in 

Kv1.2 channels with closed conformations. Because only the open conformations of the Kv1.2 

channel were available from the Protein Data Bank [14], we reconstructed the closed 

conformations of the Kv1.2 channels through MD simulations, starting with the initially open 

conformation after protonation of three residues (E327, H418, and E420) in the proximity of 

the water-filled cavity (Fig S1). Here, we considered the pore domains (residue numbers: 312–

421) that are responsible for the gating of the Kv1.2 channel, excluding the voltage-sensing 

domains. Based on the structural ensembles of the closed conformations, the pKa values of the 

titratable residues in the channel were estimated (Fig 2A) [15]. The pKa values of both E327 

in the A- and D-chain and H418 were around 6.0, which means that these two residues can be 

protonated under the above acidic conditions. Multiple sequence alignment for Kv1 subfamily 

proteins showed that these two residues are conserved (Fig 2B) and are located near the water-

filled cavity (Fig 2C). Therefore, we decided to investigate the effect of protonation of the E327 

and H418 residues on the conformational transition of the pore domain of the Kv1.2 channel. 

 

Protonation of E327 and H418 induces closure of Kv1.2 

We performed atomistic MD simulations of the central pore domain in the Kv1.2 channel for 

both a Ep327/Hp418 state and a wild-type (as a control group) (here, “p” indicates the 
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protonation; details of our MD simulations are provided in the Supplementary Information). 

Starting from the initial open conformation of the central pore domain in the Kv1.2 channel, 

five trajectories of MD simulations for each of a wild-type and a Ep327/Hp418 state were run 

for 2 μs, and the equilibrium configurations of the central pore domain in the Kv1.2 channel 

were obtained (Fig 3A). The time evolution of the number of water molecules in the cavity of 

the pore showed that the conformations from three trajectories of the Ep327/Hp418 state 

equilibrated to the closed conformations with the dewetted cavity, whereas those from all five 

trajectories of the wild-type remained in the open conformations with the wetted cavity (Figs 

3B and 3C) [16]. This result demonstrates that the pore domain of Kv1.2 channels prefers the 

closed conformations under acidic conditions, whereas the open conformations are abundant 

under the neutral pH condition. Therefore, acidic conditions hamper the opening of the channel 

even under a depolarizing voltage and lower the ion permeability of the channel. 

 

Structural and molecular mechanisms of the pore closure of Kv1.2 

Based on the structural ensembles collected from our MD simulations, we quantified the 

structural alterations between the wild-type and Ep327/Hp418 type of Kv1.2 channels. The 

hinge of the S6 helix maintains electrostatic balance through two inter-subunit interactions of 

R326–H418 and E327–H418. These interactions stabilize the open conformation of the Kv1.2 

pore domain under a neutral pH condition (left panel of Fig 4A). We used two structural 

determinants that can distinguish the open conformation from the closed conformation of the 

pore in Kv1.2 channels, namely, the R326–H418 inter-subunit distance defined by the nearest 

inter-atom distances in these two residues (the bottom view in Fig 4A) and the dihedral angle 

extended by the positions of the Cα atoms in four residues (R326, L400, V408, and Y415) on 

the S6 helix (the side view in Fig 4A). The dihedral angle determines whether the S6 helix is 

bent or straight [17]. 

The Supplementary Information in Figs S2 and S3 shows the time evolution of the values 

of the R326–H418 inter-subunit distance and the dihedral angle from the structural ensembles 

collected in the last 500 ns time window of our MD simulations, which demonstrates the effects 

of the protonation of E327 and H418. The R326–H418 distances in the Ep327/Hp418 state of 

the Kv1.2 channels become longer and the distance distribution is much broader compared 

with those of the wild-type, for which the most frequent distances are around 6 Å (Fig 4B). 

The drastic increase in the R326–H418 distances in the Ep327/Hp418 state is due to the 

repulsive Coulomb interaction between R326 and Hp418. The distribution of the dihedral 
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angles extended by R326, L400, V408, and Y415 on the S6 helix of the wild-type Kv1.2 

channels has a distinct peak at around 130°, indicating that the S6 helix is bent (the dotted black 

line in Fig 4C). On the other hand, the protonation of both E327 and H418 gives rise to a 

secondary peak around 245° in their distribution, indicating that the S6 helix is straightened 

(the solid red line in Fig 4C). The increase in the R326–H418 distance is closely correlated 

with the increase in the dihedral angle extended by R326, L400, V408, and Y415 on the S6 

helix and is well captured by the heat map of the ensemble population along the two axes of 

each quantity (Fig 4D). The heat map in the Ep327/Hp418 state revealed that the increase in 

the R326–H418 inter-subunit distance straightened the S6 helix. The change in the degree of 

the dewetting in the cavity of the Kv1.2 channels is also closely correlated with the 

straightening of the S6 helix. This close correlation is demonstrated in the heat map of the 

ensemble population along the two axes of the dihedral angle and in the number of water 

molecules in the cavity (Fig 4E). 

Overall, Hp418 was electrostatically pushed by R326 at the hinge of the S6 helix under 

acidic conditions. This changed the shape of the S6 helix from bent to straight. Therefore, the 

straightening of the S6 helix is a robust indication of pore closure in the potassium channel 

Kv1.2 [18-20]. Here, we suggest that the repulsive Coulomb interaction of the inter-subunits 

triggered by the protonation of the two key residues E327 and H418 is the molecular 

mechanism of the pore closure in the Kv1.2 channels, together with both the increase in the 

inter-subunit distance and the straightening of the S6 helix. 

 

Altering the permeability of Kv1.2 through mutation of E327 and H418 

The permeability of the Kv1.2 channel was further probed by examining the changes in the 

inter-subunit interactions among R326, E327, and H418 and the intra-subunit interaction 

between K312 and E420. We were able to modify the charge states of these residues through 

protonation or mutation, as shown in Table 1. First, we modified the inter-subunit interaction 

by changing the charge state of H418 to resemble the weak acidic condition. Second, we 

changed the charge states of both E327 and H418 to break the inter-subunit interaction, which 

resembled the stronger acidic condition. Third, we modified the intra-subunit interaction by 

changing the charge state of E420. Finally, we broke both the inter- and intra-subunit 

interactions by simultaneously changing the charge state of E327, H418, and E420, which 

resembled the strong acidic condition. Our simulation results showed that the transition from 

the open to the closed conformation in the pore of the Kv1.2 channel depends on the state of 
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the inter-subunit interaction (Table 1). The E327 and H418 residues located on the intracellular 

side across the membrane have a major effect on the pH-sensing mechanism, depending on 

their protonation states. 

E327/H418R mutant mimics the effect of acidic pH conditions. As expected, our 

simulation results showed that the pore domain of the mutant prefers the closed conformations 

compared with the wild-type Kv1.2 channel (Table 1). In addition, the molecular mechanism 

of the pore closure of the mutant was similar to that of the Ep327/Hp418 state of Kv1.2, 

showing both an increase in the inter-subunit distance and a straightening of the S6 helix (right 

panels of Figs 5A and 5B). For the pKa estimation of each titratable acidic residue in each 

subunit of the Kv1.2 channel, all four H418 residues in the four subunits were protonated under 

acidic pH conditions, whereas only two E327 residues in the four subunits were protonated 

(Fig 2A). Thus, we believe that the H418 residue is a more suitable target of a single mutation 

than E327. As expected, our simulated H418R mutant preferred the closed conformations 

compared with the wild-type Kv1.2 channel (Table 1). In the left panels of Figs 5A and 5B, the 

closed conformation of the H418R mutant almost resembled the closed conformations of the 

Ep327/Hp418 state and the E327A/H418R mutant. Based on the molecular mechanism of the 

Kv1.2 channel, we were thus able to control the pore closure of Kv1.2 through mutation of the 

E327 and/or H418 residues. 

 

Discussion 

We investigated the molecular mechanism underlying the pH-dependent gating of the pore 

domain of the Kv1.2 channel protein under intracellular acidic conditions. A decrease in 

environmental pH from 6 to 5 causes Kv1.2 to undergo a conformational change from open to 

closed [12]. Our pKa estimates indicate that only two amino acids E327 and H418 change their 

charge states in response to a change in the environmental pH. Thus, E327 and H418 are 

proposed as key residues for pH sensing. To assess the role of the key residues under acidic pH 

conditions, we performed MD simulations with key protonated residues. Ep327 and Hp418 

highly destabilize the electrostatic interaction. The inter-subunit interaction, which consists of 

R326, E327, and H418, is critically destabilized by the change in the charge states of glutamic 

acid and histidine. Because the net charge of the inter-subunit network is changed from 0 to +2, 

the repulsive force between R326 and Hp418 causes the distance to increase from 6.5 Å to 22.3 

Å. This repulsive force pushes the end of S6, leading to its distortion. In our simulation, the 

channels are perfectly closed when the two opposite subunits of S6 undergo a conformational 
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change. Two distorted S6 helices move close together and fill the space previously occupied 

by the water. As a result, the low permeability of Kv1.2 under acidic conditions was induced 

by the protonated E327 and H418. We tracked the step-by-step conformational change using 

MD simulation. Additionally, our mutant studies showed that the inter-subunit interaction 

(R326, E327, and H418) is more important than the intra-subunit interaction (K312 and E420). 

Channel gating is controlled by the charge states of the inter-subunit interaction rather than the 

intra-subunit interaction. This MD simulation result indicating that E327 and H418 are 

important for channel gating is consistent with our pKa estimate. H418R and E327A/H418R 

mutants undergo a structural change from an open to closed conformation. In our simulation, 

H418R and E327A/H418R mutants have low ion permeability, even under the neutral pH 

condition, and we were able to genetically modulate the ion permeability of Kv1.2 via mutation 

of the key residues. 

The molecular mechanism of the voltage-dependent gating of the Kv channels involves 

displacement of the voltage-sensing domains that regulate the wetting or dewetting of the 

cavity [7]. Therefore, the coexistence of these voltage- and acid-dependent gating mechanisms 

in Kv1.2 channels implies that both the voltage-induced structural pressure and acid-induced 

structural pressure can simultaneously influence the gating of the channels. The possibility for 

this simultaneous action of two different mechanisms of pore gating was indicated in previous 

experimental studies of the behavior of the potassium ion current of Kv1.2 channels that 

suggested that the acidity competes with the depolarizing voltage [12]. At a glance, this might 

be counterintuitive because the neuronal channels were not able to distinguish the 

environmental factor that played a role in their own gating. However, it is worth noting that the 

time scale for the fluctuation in the membrane potential is on the order of milliseconds, whereas 

that of the cellular pH is from seconds to minutes. Thus, the permeability of potassium ion 

currents through Kv1.2 channels is not only finely controlled by the depolarizing voltage in the 

short time interval but also governed by the acidity in the long time interval. Our study offers 

insight into the dual-gating mechanisms of the Kv channels, which orchestrate both the voltage-

dependent and pH-dependent gating mechanisms of different molecular mechanisms. 

 

Methods 

All-atom molecular dynamics simulation 

We performed MD simulations using GROMACS 5.0 [21] with the CHARMM36 force field 

[22]. The initial configurations of the Kv1.2 channel for the MD simulation were generated 
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using CHARMM-GUI lipid builder [23]. The system consists of a channel protein, lipids (271 

POPE in upper and lower leaflets), water molecules (~10,000 TIP3P water molecules), and 

ions (0.6 M; K+, 133; Cl−, 125; wild-type condition). The channel protein is a symmetric 

tetramer structure with an open-pore domain (residues 312–421) that is derived from the X-ray 

crystal structure of the Kv1.2 channel (PDB code: 2R9R) [14]. The system includes ~71,000 

atoms in a rectangular box (100 × 100 × 75 Å) under the periodic boundary condition. The 

particle-mesh Ewald (PME) method [24] was applied for assessing long-range electrostatic 

interactions with a 12 Å cut-off distance, and potential-based switching functions were used 

for van der Waals interactions with a 10–12 Å switching range. The position of the hydrogen 

atoms was restrained by the equilibrium bond length using the LINCS algorithm [25]. 

Approximately 5,000 steps of steepest-descent minimization and 20,000 steps of equilibrating 

simulation were conducted. An additional 30 ns simulation with a restrained protein backbone 

was performed to equilibrate the water cavity position, followed by a production run. The 

production simulations were carried out for 2 μs with a 2 fs time step in NPT ensemble holding 

a constant particle number (N = ~71,000), pressure (P = 1 bar), and temperature (T = 310 K). 

Temperature was controlled by the Nosé–Hoover temperature coupling method [26, 27] with a 

tau-t of 1 ps and pressure was maintained by the semi-isotropic Parrinello–Rahman method 

[28, 29] with a tau-p of 5 ps and compressibility of 4.5 × 10−5 bar−1. All trajectories were 

recorded every 10 ps, and VMD software [30] was used for the visual analysis. 

 

pKa calculation 

For pKa estimates of H418 and the acidic residues in the pore domain of the closed Kv1.2 

channels, we extracted 98 ensemble structures in the last 1-μs time window from our MD 

simulation for a Ep327/Hp418/Ep420 state. In addition, after applying MEAD programs [15], 

we selected 765 titration states of the channels that were predominant in the pH range from 3 

to 8. At each titration state, we calculated the energy for each of 98 ensemble structures, as well 

as their average and standard deviation using AMBER force field 99SB [31]. Red circles in the 

figure represent the pKa values when the average energies of ensemble structures, 〈�〉, were 

used to calculate the titration fraction as a function of pH for the corresponding titration states. 

The blue crosses represent the pKa values when the statistical variance of the energies 〈�〉 ±

0.1σ, 〈�〉 ± 0.2σ, … , 〈�〉 ± 1σ was considered to reflect the flexibility of the pKa values due 

to the structural fluctuation of ensemble structures. 

 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted September 19, 2019. ; https://doi.org/10.1101/775759doi: bioRxiv preprint 

https://doi.org/10.1101/775759
http://creativecommons.org/licenses/by/4.0/


Acknowledgments 

We acknowledge the DGIST Supercomputing Bigdata Center for the allocation of dedicated 

supercomputing time. This study was supported by the Creative Research Initiatives of the 

National Research Foundation (NRF) of Korea (2008-0061984) and the DGIST Core Protein 

Resources Center funded by MOTIE, Korea (N0001822).  

 

Competing interests 

The authors declare no competing interests. 

 

  

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted September 19, 2019. ; https://doi.org/10.1101/775759doi: bioRxiv preprint 

https://doi.org/10.1101/775759
http://creativecommons.org/licenses/by/4.0/


References  

1. Paulsen CE, Armache JP, Gao Y, Cheng Y, Julius D. Structure of the TRPA1 ion 
channel suggests regulatory mechanisms. Nature. 2015;520(7548):511-7. 
 
2. Baronas VA, Yang RY, Kurata HT. Extracellular redox sensitivity of Kv1.2 potassium 
channels. Sci Rep. 2017;7(1):9142. 
 
3. Clausen MV, Jarerattanachat V, Carpenter EP, Sansom MSP, Tucker SJ. Asymmetric 
mechanosensitivity in a eukaryotic ion channel. Proc Natl Acad Sci U S A. 
2017;114(40):E8343-E51. 
 
4. Grandl J, Kim SE, Uzzell V, Bursulaya B, Petrus M, Bandell M, et al. Temperature-
induced opening of TRPV1 ion channel is stabilized by the pore domain. Nat Neurosci. 
2010;13(6):708-14. 
 
5. Hu H, Ataka K, Menny A, Fourati Z, Sauguet L, Corringer P-J, et al. Electrostatics, 
proton sensor, and networks governing the gating transition in GLIC, a proton-gated 
pentameric ion channel. Proceedings of the National Academy of Sciences. 
2018;115(52):E12172-E81. 
 
6. Misonou H, Trimmer JS. Determinants of voltage-gated potassium channel surface 
expression and localization in Mammalian neurons. Crit Rev Biochem Mol Biol. 
2004;39(3):125-45. 
 
7. Jensen MØ, Jogini V, Borhani DW, Leffler AE, Dror RO, Shaw DE. Mechanism of 
voltage gating in potassium channels. Science. 2012;336(6078):229-33. 
 
8. Kim DM, Nimigean CM. Voltage-Gated Potassium Channels: A Structural 
Examination of Selectivity and Gating. Cold Spring Harb Perspect Biol. 2016;8(5). 
 
9. Li J, Ostmeyer J, Cuello LG, Perozo E, Roux B. Rapid constriction of the selectivity 
filter underlies C-type inactivation in the KcsA potassium channel. J Gen Physiol. 
2018;150(10):1408-20. 
 
10. Toombes GE, Swartz KJ. Twists and turns in gating ion channels with voltage. Science. 
2016;353(6300):646-7. 
 
11. Fernandez-Marino AI, Harpole TJ, Oelstrom K, Delemotte L, Chanda B. Gating 
interaction maps reveal a noncanonical electromechanical coupling mode in the Shaker K(+) 
channel. Nat Struct Mol Biol. 2018;25(4):320-6. 
 
12. Ishii K, Nunoki K, Yamagishi T, Okada H, Taira N. Differential sensitivity of Kv1. 4, 
Kv1. 2, and their tandem channel to acidic pH: involvement of a histidine residue in high 
sensitivity to acidic pH. Journal of Pharmacology and Experimental Therapeutics. 
2001;296(2):405-11. 
 
13. Tombola F, Pathak MM, Isacoff EY. How does voltage open an ion channel? Annu 
Rev Cell Dev Biol. 2006;22:23-52. 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted September 19, 2019. ; https://doi.org/10.1101/775759doi: bioRxiv preprint 

https://doi.org/10.1101/775759
http://creativecommons.org/licenses/by/4.0/


 
14. Long SB, Tao X, Campbell EB, MacKinnon R. Atomic structure of a voltage-
dependent K+ channel in a lipid membrane-like environment. Nature. 2007;450(7168):376-82. 
 
15. Bashford D, Gerwert K. Electrostatic calculations of the pKa values of ionizable 
groups in bacteriorhodopsin. Journal of molecular biology. 1992;224(2):473-86. 
 
16. Aryal P, Sansom MS, Tucker SJ. Hydrophobic gating in ion channels. J Mol Biol. 
2015;427(1):121-30. 
 
17. Fowler PW, Sansom MS. The pore of voltage-gated potassium ion channels is strained 
when closed. Nat Commun. 2013;4:1872. 
 
18. Jensen MO, Borhani DW, Lindorff-Larsen K, Maragakis P, Jogini V, Eastwood MP, et 
al. Principles of conduction and hydrophobic gating in K+ channels. Proc Natl Acad Sci U S 
A. 2010;107(13):5833-8. 
 
19. Labro AJ, Raes AL, Bellens I, Ottschytsch N, Snyders DJ. Gating of shaker-type 
channels requires the flexibility of S6 caused by prolines. J Biol Chem. 2003;278(50):50724-
31. 
 
20. Syrbe S, Hedrich UBS, Riesch E, Djemie T, Muller S, Moller RS, et al. De novo loss- 
or gain-of-function mutations in KCNA2 cause epileptic encephalopathy. Nat Genet. 
2015;47(4):393-9. 
 
21. Abraham MJ, Murtola T, Schulz R, Páll S, Smith JC, Hess B, et al. GROMACS: High 
performance molecular simulations through multi-level parallelism from laptops to 
supercomputers. SoftwareX. 2015;1-2:19-25. 
 
22. Venable RM, Sodt AJ, Rogaski B, Rui H, Hatcher E, MacKerell AD, Jr., et al. 
CHARMM all-atom additive force field for sphingomyelin: elucidation of hydrogen bonding 
and of positive curvature. Biophys J. 2014;107(1):134-45. 
 
23. Lee J, Cheng X, Swails JM, Yeom MS, Eastman PK, Lemkul JA, et al. CHARMM-
GUI Input Generator for NAMD, GROMACS, AMBER, OpenMM, and CHARMM/OpenMM 
Simulations Using the CHARMM36 Additive Force Field. J Chem Theory Comput. 
2016;12(1):405-13. 
 
24. Essmann U, Perera L, Berkowitz ML, Darden T, Lee H, Pedersen LG. A smooth 
particle mesh Ewald method. The Journal of chemical physics. 1995;103(19):8577-93. 
 
25. Hess B, Bekker H, Berendsen HJ, Fraaije JG. LINCS: a linear constraint solver for 
molecular simulations. Journal of computational chemistry. 1997;18(12):1463-72. 
 
26. Nosé S. A molecular dynamics method for simulations in the canonical ensemble. 
Molecular Physics. 2006;52(2):255-68. 
 
27. Hoover WG. Canonical dynamics: Equilibrium phase-space distributions. Physical 
Review A. 1985;31(3):1695-7. 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted September 19, 2019. ; https://doi.org/10.1101/775759doi: bioRxiv preprint 

https://doi.org/10.1101/775759
http://creativecommons.org/licenses/by/4.0/


 
28. Parrinello M, Rahman A. Polymorphic transitions in single crystals: A new molecular 
dynamics method. Journal of Applied Physics. 1981;52(12):7182-90. 
 
29. Nosé S, Klein ML. Constant pressure molecular dynamics for molecular systems. 
Molecular Physics. 2006;50(5):1055-76. 
 
 
30. Humphrey W, Dalke A, Schulten K. VMD: visual molecular dynamics. Journal of 
molecular graphics. 1996;14(1):33-8. 
 
31. Wickstrom L, Okur A, Simmerling C. Evaluating the performance of the ff99SB force 
field based on NMR scalar coupling data. Biophysical journal. 2009;97(3):853-6. 

 

 

Supporting Information 

S1 Fig. Time evolution of the number of water molecules in the water cavity of the 

Ep327/Hp418/Ep420 states of the Kv1.2 channel, related to Figure 2. 

Starting from the initially open conformation of the Kv1.2 channel with the wetted cavity, we 

protonated E327/H418/E420 and conducted our MD simulations. The MD simulation 

trajectory after 550 ns shows that the number of water molecule in the cavity drops to near zero, 

demonstrating that the initially wetted cavity becomes dewetted. This result implies that the 

conformation of the pore of the Kv1.2 channel changed from the open conformation to the 

closed conformation. 

 

S2 Fig. Time evolution curves of the distance between the R326 and H418 residues from 

five individual trajectories for the wild-type and Ep327/Hp418 states of the Kv1.2 channel, 

related to Figure 4. 

The four subunits of the pore domain of the Kv1.2 channel are denoted using different colors 

(purple, green, cyan, and yellow). 

 

S3 Fig. Time evolution curves of the dihedral angle from five individual trajectories for 

the wild-type and Ep327/Hp418 states of the Kv1.2 channel, related to Figure 4. 

The four subunits of the pore domain of the Kv1.2 channel are denoted using different colors 

(purple, green, cyan, and yellow). 
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Figure 

 

Figure 1. Schematic illustration of the Kv channel structure. (A) A cartoon model of a 

subunit of the Kv channel showing the voltage-sensing domains (VSDs) (S1–S4) in yellow, the 

S4–S5 helical linker in green, the S5 helix in cyan, the P-helix in pink, and the S6 helix in blue. 

(B) Two opposite subunits of the pore domain of the Kv channel are represented by ribbons. 

The other two subunits have been omitted. The selectivity filter is shown in purple, and the 

water cavity is located below the water cavity. The hinge region in S6 helix is highlighted in 

red.  
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Figure 2. pKa estimates of H418 and acidic residues and two key residues in the Kv1.2 

channel. (A) The pKa estimates of H418 and the acidic residues in the pore domain of the 

closed Kv1.2 channels. (B) Multiple sequence alignment for the pore domains of the rat Kv1 

subfamily. The cylinders above the sequences denote the secondary structural information of 

the four helical segments. The two key conserved residues E327 and H418 are highlighted in 

yellow and bold font. (C) Top and side views of the open pore domain of the Kv1.2 channel. 

The four subunits are represented by different colors in the ribbon diagram. The magnified 

view shows the key residues E327 and H418 and their neighbors in the inner helical bundle, 

which are represented by the licorice and Cα balls.  
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Figure 3. Pore closure due to protonation of the two key residues E327 and H418 in the 

Kv1.2 channel. (A) The structures of the open and closed Kv1.2 channel. Here, the ribbons 

represent the pore domain of Kv1.2 channels, the blue spheres denote water molecules, and the 
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gray spheres denote potassium ions. The upper panel illustrates the bottom view of the open 

and closed conformations. The lower panel shows the wetted and dewetted water cavity in the 

channel. Both the two opposite subunits and lipid molecules have been omitted from the lower 

panel. (B) The time evolution of the number of water molecules in the water cavity of the wild-

type or Ep327/Hp418 states of the Kv1.2 channel. The five individual plots in each state 

represent the simulation results from each trajectory of our MD simulations. In addition, the 

red horizontal line separates the wetted state from the dewetted state of the water cavity. (C) 

The distributions of the number of water molecules in the water cavity. The left region with 

fewer water molecules corresponds to the dewetting condition, whereas the right region with 

many water molecules corresponds to the wetting condition. 
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Figure 4. Straightening of the S6 helix due to protonation of the two key residues E327 

and H418 in the Kv1.2 channel. (A) The detailed structures of the open (left panels) and 

closed (right panels) Kv1.2 channels. The upper panel illustrates the distance between the R326 

and H418 residues. For the open conformation of the pore, the distance between E327 and 

H418 is 7.6 Å, whereas it is 14.7 Å for the closed conformation. In addition, the lower panel 

shows the S6 helix when it is bent (black dotted line) or straight (solid red line). Here, two 
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neighbor subunits are displayed using purple and cyan color, respectively, while the other 

subunits have been omitted. (B) The probability distribution curves for the inter-subunit 

distances between the R326 and H418 residues of the wild-type and Ep327/Hp418 states. (C) 

The probability distribution of the dihedral angles, extended by the position of the Cα atoms in 

R326, L400, V408, and Y415, for each state. The left half region with the angle smaller than 

180° corresponds to the bent S6 helix, whereas the right half and the secondary peak is the 

straight S6 helix. (D) Free energy landscapes (in arbitrary units) for the R326–H418 distances 

and the dihedral angles. In the right panel for the Ep327/Hp418 state, a high correlation value 

of 0.84 was detected. (E) Free energy landscapes (in arbitrary units) for the dihedral angles and 

the number of water molecules in the water-filled cavity. In the right panel for the Ep327/Hp418 

state, a high correlation value of 0.77 was also detected. 
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Figure 5. Descriptions of the effects of H418R and E327A/H418R mutants. (A) Free energy 

landscapes (in arbitrary units) for the R326–H418 distances and dihedral angles. In the right 

panel for the E327A/H418R state, a high correlation value of 0.85 was detected. (B) Free 

energy landscapes (in arbitrary units) for the dihedral angles and number of water molecules in 

the water-filled cavity. In the right panel for the E327A/H418R state, a high correlation value 

of 0.77 was also detected. 
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Table 1. List of mutants subjected to MD simulation and the number of trajectories 

equilibrated to the closed conformations with the dewetted cavity out of five trajectories 

(N/5). 
 

State of Kv1.2 N/5 State of Kv1.2 N/5 

Wild Kv1.2 0/5 Wild Kv1.2 0/5 

Hp418 2/5 H418R 3/5 

Ep327/Hp418 3/5 E327A/H418R 2/5 

Ep420 1/5 E420A 1/5 

Ep327/Hp418/Ep420 3/5 E327A/H418R/E420A 3/5 
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Supplementary Material 

Supplemental Figures 

 

Figure S1. Time evolution of the number of water molecules in the water cavity of the 

Ep327/Hp418/Ep420 states of the Kv1.2 channel, related to Figure 2. 

Starting from the initially open conformation of the Kv1.2 channel with the wetted cavity, we 

protonated E327/H418/E420 and conducted our MD simulations. The MD simulation 

trajectory after 550 ns shows that the number of water molecule in the cavity drops to near zero, 

demonstrating that the initially wetted cavity becomes dewetted. This result implies that the 

conformation of the pore of the Kv1.2 channel changed from the open conformation to the 

closed conformation.   
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Figure S2. Time evolution curves of the distance between the R326 and H418 residues 

from five individual trajectories for the wild-type and Ep327/Hp418 states of the Kv1.2 

channel, related to Figure 4. 

The four subunits of the pore domain of the Kv1.2 channel are denoted using different colors 

(purple, green, cyan, and yellow). 
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Figure S3. Time evolution curves of the dihedral angle from five individual trajectories 

for the wild-type and Ep327/Hp418 states of the Kv1.2 channel, related to Figure 4. 

The four subunits of the pore domain of the Kv1.2 channel are denoted using different colors 

(purple, green, cyan, and yellow). 
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