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Abstract: The voltage-gated proton channel (Hv1) plays the important role in proton extrusion, pH
homeostasis, sperm motility, and cancer progression. The closed-state structure of Hv1 was recently
revealed by X-ray crystallography. However, the opened-state structure has not been captured yet.
To investigate the mechanism of proton transfer in Hvl, molecular dynamics simulations were
performed with the closed-state structure of Hvl under electric field and pH conditions. The
residues arrangement on the closed-state structure revealed that the selectivity filter (Asp108) which
is located in the hydrophobic layer (consists of two Phe residues 146 and 179) might prevent water
penetration. In molecular dynamics simulations, we observed that the channel opened by moving
up of 3 Arg on the 54 helix and a continuous hydrogen-bonded chain of water molecules (a “water
wire”) went through the channel when it opened. During simulations, the open channel allowed
water molecules to pass through the channel but excluded other ions. This indicates the Hv1 channel
is highly selective for protons. Our results clearly showed the Hvl channel is voltage-and pH-
gradient sensing.
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1. Introduction

Hv1 consists of two functional domains: the VSDs and the cytoplasmic coiled-coil domain. The
crystal structure of mHv1cc showed that the fourth transmembrane helix (54) was directly connected
to the cytoplasmic coiled-coil region to form a slight bent, long helical structure [1]. The mHvlcc
crystal structure showed two hydrophobic layers (Figure 1). In this model, the ASP108 which is
critical for the selective proton permeation located in the hydrophobic layer. Two hydrophobic layers
may work as a shield to prevent the permeation of water molecules.

The Grotthuss mechanism (hopping mechanism) is the mechanism by which an ‘excess’ proton
hop through the hydrogen bond network of water molecules or other hydrogen-bonded liquids
through the formation or cleavage of covalent bonds [2]. Proton can hop through the single-file region
of a water-filled pore without displacing the water, whereas ions must wait for the water in front to
pass through which take a lot of time. Proton does not need to travel with an entourage of waters of
hydration and can move quite well as a bare proton [3].

Hv1 has been shown to play important roles in proton extrusion, pH homeostasis, sperm
motility, and cancer progression and has also been shown to be highly expressed in cell lines and
tissue samples from patients with breast cancer. However, the understanding of the gating
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mechanisms of Hvl is still unclear. We used the X-structure to perform molecular dynamics
simulations with the electric field and pH conditions to investigate the gating mechanism of Hv1.

Double
ydrophobi
barriers

Figure 1. Double hydrophobiclayers of the mHv1cc. The two hydrophobic residues, which are shown
by a stick model. The upper layer at the extracellular, which consisted of four highly conserved
hydrophobic residues (VAL112 (S1), LEU143 (S2), LEU186 (53), LEU197 (54)). The lower layer at the
cytoplasmic side included PHE146 (52) and PHE179 (S3). The four transmembrane segment S1 (cyan),
S2 (orange), S3 (yellow), 5S4 (mauve), and SO (pink) are shown.

2. Methods

2.1. System Preparation

The missing loop of the X-ray structure of the murine Hvl channel (mHvlcc, 3WKV) was
completed by SWISS-MODEL [4]. An MD simulation with a prepared structure was run to get the
stable closed conformation. Two histidines make coordinates with zinc was assigned as HSD136,
HSE190. Four simulations were run with four electric fields including 0 mV, 50 mV, 150 mV, 250 mV.
To mimics pH conditions with pHo (external pH) and pHi (internal pH), histidines at the extracellular
were assumed to be deprotonated state, the intracellular histidine was assumed to be protonated
state. The CHARMm force field with explicit TIP3 water molecules was used in all simulations. For
systems were solvated in a truncated octahedral box with TIP3 water molecules, respectively. These
systems were neutralized with NaCl (0.15 M). The purpose of solvation and neutralization was
required to achieve an electrically neutral solvate system.

2.2. Molecular Dynamics Simulations

All simulations were performed by NAMD 2.10 [5] and CHARMm 36 [6] force field under the
periodic boundary condition. Initially, an energy minimization step was performed to remove bad
contacts within the 1000 steps. Then, the MD simulations were started by gradually heating the
systems from 10 to 298 K at a constant-volume in 60 ps. The simulation systems were switched to
constant-pressure and constant-temperature (NPT) afterward. The simulation systems were
equilibrated in the course of 200 ps. All heavy atoms in these steps of energy minimization, heating,
and equilibration were restrained with harmonic constant 1 kcal/mol.A2. After that, the harmonic
restraints were removed, allowing all atoms in the systems to relax. All bonds involving hydrogen
atoms were constrained, allowing an integration time step of 2 fs, and the average pressure and
temperature were maintained at 1 bar and 298 K. The nonbonded interactions were smoothly
truncated from 10 A to 12 A cutoff, and the particle-mesh Ewald method [7] was used to treat long-
range electrostatic interactions. The total lengths of the MD trajectories of each were 100ns. Then, all
conformational changes were observed by using Visual Molecular Dynamics (VMD) program 1.9.1
[8]. All the results were analyzed after the equilibration state of the simulations.
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2.3. Water Dynamics Analyze

We defined the water wire by the distance between two adjacent water molecules. The distance
of two oxygen of two water molecules is less than 3.4 A. Water wire formation along each simulation
trajectory was modeled as a binary process, yes or no.

3. Results and Discussions

3.1. Water Wire Forms in the mHuv1cc Channel

We observed the continuous water wire go through the channel in all simulations with the
electric field, meanwhile, no continuous water wire in the simulation without an electric field (Figure
2a). A simulation with an electric field of 250 mV generated the most long-lived water wire in

comparison with the remains (Figure 2b).
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Figure 2. The water wire density in the channel during the simulation time. (a) The broken water wire
(left) and continuous water wire (right). (b) The white color represents broken water wire and the

red, green, blue represents continuous water wire.

3.2. Water Wire Forms in the mHvlcc Channel

The S1, S2, and S3 helixes were used as the reference to calculate the moving up of the center of
the transmembrane S4 helix. The result revealed the significant movement of the S4 helix on
simulations with electric fields of 150 mV and 250 mV (Figure 3). Interestingly, the moving of 54 quite
consistent with the density of the continuous water wire. We can conclude that when the S4 moves
up, the continuous water wire forms in the channel.
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Figure 3. The moving distance of S4 helix along the z-axis. S1, S2, and S3 helixes were used as a

reference.

Proceedings 2020, 4, x; doi: FOR PEER REVIEW www.mdpi.com/journal/proceedings



Proceedings 2020, 4, x FOR PEER REVIEW 4

3.2. The Opening of the Gating

In the closed state, D108 forms the salt-bridges to both R202, R205 (belong to S4 helix). When the
54 helix moved up, D182 formed hydrogen bonds with both R202 and R205. The change of salt-
bridges network is one of the evidence for the moving up of S4 helix (Figure 4).
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Figure 4. The position of residues forming salt-bridge before and after the applied electric field. The
cartoon model of closed state (left) and the open state (right). The backline represents the hydrogen
bond.

4. Conclusions

We observed the “open state” of the mHvlcc channel using the “closed state” X-ray crystal
structure mHvlcc to set up MD simulations with the electric fields and pH conditions. The upward
motion of the 5S4 helix of mHv1cc makes the channel transfer from “closed state” to “open state”. We
have shown that mHv1cc exhibits water wire connectivity between the intracellular and extracellular
sides when the channel is in an “open state”.
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