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The voltage-gated Hv1 proton channel is a ubiquitous membrane
protein that has roles in a variety of cellular processes, including
proton extrusion, pH regulation, production of reactive oxygen spe-
cies, proliferation of cancer cells, and increased brain damage during
ischemic stroke. A crystal structure of an Hv1 construct in a putative
closed state has been reported, and structural models for the chan-
nel open state have been proposed, but a complete characterization
of the Hv1 conformational dynamics under an applied membrane
potential has been elusive. We report structural models of the
Hv1 voltage-sensing domain (VSD), both in a hyperpolarized state
and a depolarized state resulting from voltage-dependent conforma-
tional changes during a 10-μs-timescale atomistic molecular dynamics
simulation in an explicit membrane environment. In response to a
depolarizingmembrane potential, the S4 helix undergoes an outward
displacement, leading to changes in the VSD internal salt-bridge net-
work, resulting in a reshaping of the permeation pathway and a sig-
nificant increase in hydrogen bond connectivity throughout the channel.
The total gating charge displacement associated with this transi-
tion is consistent with experimental estimates. Molecular docking
calculations confirm the proposed mechanism for the inhibitory
action of 2-guanidinobenzimidazole (2GBI) derived from electrophysi-
ological measurements and mutagenesis. The depolarized structural
model is also consistent with the formation of a metal bridge between
residues located in the core of the VSD. Taken together, our results
suggest that these structural models are representative of the closed
and open states of the Hv1 channel.

Hv1 proton channel | open state model | closed state model | molecular
dynamics simulations | ion channels

The voltage-gated proton channel (Hv1) is a proton-selective
voltage-dependent channel whose primary function is to ex-

trude acid from cells (1). Hv1 is expressed in many different
types of cells, and it has been implicated in a wide range of bi-
ological processes, including intracellular pH regulation, the
immune response, and sperm capacitation (2–8). Hv1 is also
preferentially expressed in several types of cancers, such as B-cell
malignancies (5, 9) and breast and colorectal cancers (10–12).
Excessive Hv1 activity was found to increase the metastatic po-
tential of cancer cells (9, 11). In the central nervous system, Hv1
is expressed in the microglia, where it is required for NADPH
oxidase-dependent reactive oxygen species production. Micro-
glial Hv1 activity was found to exacerbate brain damage after
ischemic stroke (13) in an age-dependent manner (14). The
numerous and diverse biological processes in which Hv1 is in-
volved make the channel a promising pharmacological target.
Hv1 inhibitors, for instance, could find applications as anticancer
drugs or neuroprotective agents (15, 16).
Hv1 is a member of the superfamily of proteins containing

voltage-sensing domains (VSDs), which are evolutionarily con-
served functional modules that regulate the opening of voltage-

dependent ion channels (17). But, in contrast to voltage-
dependent metal-ion channels, Hv1 does not possess a separate
pore domain (18, 19). The VSD in Hv1 comprises four trans-
membrane helical segments (S1 through S4), as well as an S0 helix
at the N terminus and a coiled-coil region at the C terminus. The
native functional unit of Hv1 is a homodimer, but removal of the
C-terminal helix results in functional monomer units (20, 21).
Thus, the Hv1 monomer contains both the proton current gate
and the proton-conduction pathway.
As with other VSD-containing proteins, the voltage sensitivity

of Hv1 is conferred by the S4 helix, which moves within the
membrane in response to changes in the applied membrane
potential (reviewed in ref. 17). The S4 helix contains three
conserved triplet repeats, composed of an arginine followed by
two hydrophobic residues. These arginine residue side chains
interact with acidic side chains on the S1–S3 helices, forming an
internal salt-bridge network. These salt-bridges are exchanged
between the acidic residues on S1–S3 during the movement of S4
and subsequent activation of the channel (22–25).
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A crystallographic structure of a chimeric construct based on
mouse Hv1 (mHv1cc) was solved to a 3.45-Å resolution by
Takeshita et al. (26). This structure provides a putative model for
the closed state of the channel. However, the reported structure
is in a nonphysiological trimeric configuration and does not
provide any direct information on the open state or the interface
between Hv1 subunits. More recently, a solution NMR structure
of the human Hv1 (hHv1) VSD in a micellar environment has
been reported (27). This structure was proposed to represent an
intermediate conformation between the resting and activated
states. Several models of the Hv1 open state generated by using
atomistic molecular dynamics (MD) simulations have been
reported (28–32). However, these models were based on crys-
tallographic structures of K+ or Na+ voltage-gated channels, in
which there is not a native permeation pathway through the VSD
(28–30, 32), or used artificial restraints to produce alternative
VSD conformations (31). Here, we report structural models of
the Hv1 VSD consistent with the open and closed states of the
channel generated, exclusively, from the action of an applied
membrane potential in atomistic MD simulations initiated from
a homology model using the crystal structure of the monomer in
the mouse chimeric construct as the template. We demonstrate
that our structural models are consistent with a variety of ex-
perimental functional data in the literature, as well as experi-
mental metal-bridging data reported herein.

Results
We constructed an all-atom model of the hHv1 channel VSD
embedded in a lipid bilayer using the mHv1cc crystal structure
(26) as a template for the protein chain (see Materials and
Methods for details). The model consists of a monomeric hHv1
VSD (residues 88 to 230) in a 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) bilayer in excess hydration. The Hv1
VSD conformational dynamics relevant to function occurs under
an applied membrane potential. Thus, in order to characterize
both the structure of the membrane-embedded hHv1 VSD and
its voltage-dependent conformational changes, we generated an
∼33-μs MD simulation trajectory, in which the simulation system
was subjected to an applied membrane potential, generated by
applying a uniform electric field along the transmembrane di-
rection to all of the atoms in the system, with the schedule shown
in Fig. 1A.
Equilibration of the membrane-embedded hHv1 VSD com-

parative model required several microseconds of simulation
trajectory in the absence of a membrane potential (SI Appendix,
Fig. S1). The accommodation of the protein in the membrane
environment during the unpolarized portion of the simulation
trajectory (∼7.3 μs) led to an overall change in the configuration
of the VSD helix bundle relative to the mHv1cc crystal structure.
This process resulted in the formation of a salt-bridge network in
the VSD intracellular half between the three basic arginine
residues on the S4 helix and acidic residues on the S1–S3 helices
that was distinct from the one observed in the crystallographic
structure (SI Appendix, Fig. S2). In particular, sustained salt-
bridge configurations were formed between R205 and D112
and between R211 and D174, while R208 switched salt-bridge
partners from D112 (observed in the crystallographic structure)
to D185 within the first microsecond of simulation trajectory (SI
Appendix, Figs. S3 and S4). Upon membrane polarization to
–150 mV relative to the intracellular side (after ∼7.3 μs of sim-
ulation trajectory; Fig. 1 A, Top), the S4 Arg side chains oriented
toward the intracellular side (the direction of the membrane
electric field), resulting in a rearrangement of the internal salt-
bridge network from the unpolarized configuration below the
R205–D112 salt-bridge, which remained unaffected by polari-
zation (Fig. 1B and SI Appendix, Figs. S3 and S4). This change in
the salt-bridge network was recorded as an effective charge
displacement within the membrane electric field toward the

intracellular side (Fig. 1 A, Middle) without significant dis-
placements of any of the helices (Fig. 1 A, Bottom).
Depolarization of the membrane to +150 mV (relative to the

intracellular side) after ∼11 μs of simulation trajectory elicited an
effective charge displacement within the membrane electric field
in two separate steps (Fig. 1 A, Middle). The first event occurred
after the S4 arginine side chains promptly reoriented toward the
extracellular side after the depolarization without any significant
movement of the transmembrane helices (Fig. 1 A, Bottom and
SI Appendix, Figs. S3 and S4). The change in the R205 confor-
mation left the side chain above the level of F150, while still
interacting with D112. R208 and R211 remained on the intra-
cellular side, but with different solvation partners; R208 switched
a salt-bridge from E153 to D112, and R211 formed a salt-bridge
interaction with D174. The second charge displacement event,
after ∼22 μs of simulation trajectory, involved an upward
movement of the S4 helix of ∼8 Å along the transmembrane
direction (Fig. 1 A, Bottom and SI Appendix, Fig. S5). Both R205
and R208 rapidly jumped toward the extracellular side, and R205
ended up at the polar/apolar membrane interface, where it also
interacted with D123, while R208 remained in the extracellular
vestibule, forming a salt-bridge configuration with E192 and
E119 as partners. R211 remained at the level of F150, forming a
salt-bridge with D112 (SI Appendix, Fig. S4 and Fig. S5).
The fully depolarized configuration (Fig. 1C) remained sta-

tionary under the depolarizing potential for an additional 12 μs.
The final solvation partners of R211 include D112 and D185,
while R208 and R205, having reached the extracellular surface of
the protein, interact with E192/E119 and D123, respectively (SI
Appendix, Figs. S3 and S4). The overall structural effect of the
conformational changes between the hyperpolarized and fully
depolarized configurations was a complete translocation of the
internal salt-bridge interaction network from the intracellular
half of the VSD permeation pathway to the extracellular side.
(Fig. 1 B and C and SI Appendix, Fig. S3). The total gating charge
displacement within the membrane electric field, ∼2.7e (Fig. 1 A,
Middle and SI Appendix, Fig. S6), was in line with the available
experimental estimates (33–35).
The voltage-dependent internal salt-bridge rearrangement

reshaped the VSD permeation pathway and the local water
distribution in the region around F150 and D112 (Fig. 2A and SI
Appendix, Fig. S7), but the water occupancy throughout the
permeation pathway remained relatively stationary (Fig. 2B).
Notably, the evolution of the frequency of fully connected H
bond chains involving internal waters and acidic side chains
(Fig. 2C) followed closely the evolution of the charge displace-
ment within the membrane electric field (Fig. 1C). In particular,
only the fully depolarized configuration exhibited a steady,
nonzero, frequency of fully connected H bond chains. These
results suggest that only the fully depolarized configuration
would be suitable to carry out proton permeation from the in-
tracellular side to the extracellular side through an H bond
network formed by water molecules and acidic side chains. We
posit, therefore, that the hyperpolarized and fully depolarized
configurations of the hHv1 (Fig. 1 D and E) may describe, re-
spectively, the closed and open states of the channel.

2-Guanidinobenzimidazole Binding. The ligand 2-guanidinobenzimi-
dazole (2GBI) has been shown to block the open state of Hv1
from the intracellular side (36). Electrophysiological and mu-
tagenesis data suggest a binding site formed by D112, F150,
S181 (in S3), and R211, with the ligand’s imidazole moiety
forming polar interactions with D112 and R211/S181, the
condensed phenyl ring near the F150 side chain, and the basic
guanidine group near D112 (37). As a key step toward the
validation of our fully depolarized configuration as an open
state of the channel, we performed docking simulations of the
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2GBI ligand probing the suggested binding site (Fig. 3). The
search space for the docking simulations included the entire in-
tracellular vestibule up to the R211–D112 pair, so as not to bias
the selection of the binding-site prediction (using a total search
space volume of 33 × 33 × 24 Å; SI Appendix, Fig. S8).
The fully depolarized model showed favorable binding of 2GBI

with the aromatic group next to F150 and the guanidine group
pointed between D112 and R211 (Fig. 3 A and B). The ligand was
positioned directly below the R211–D112 pair, effectively blocking
the formation of a fully connected H bond configuration
throughout the VSD permeation pathway (Fig. 3C). This ligand-
bound configuration remained stationary, and the ligand did not
unbind during a 55-ns simulation trajectory (Fig. 3 D and E). A
similar docking calculation on the hyperpolarized configuration
revealed that the orientation of the selected residues does not
allow the 2GBI to find a favorable binding conformation (SI Ap-
pendix, Fig. S8).

Internal Cross-Link Inhibits Conduction. The use of cross-links be-
tween residues on neighboring subunits can provide information
about residue side chain proximity. This can be achieved by using
engineered cysteine cross-links through a metal-ion bridge,
which allows for the protein to maintain its physiological con-
formation (38–41). Residue V109 in S1 has been experimentally
shown to face the VSD permeation pathway (42, 43), and in an
earlier up-state model of hHv1 (28), it was predicted to be in the
vicinity of F150. We expressed in Xenopus oocytes a monomeric
version of Hv1 (21, 44) (seeMaterials and Methods for details), in
which the only endogenous cysteine in the VSD, C107, was
replaced by an alanine (background) or versions of the same
channel containing one single amino-acid substitution, V109C or
F150C, or the double substitution V109C/F150C. From these
oocytes, we measured proton currents elicited by membrane
depolarization in inside-out patch configuration, in the absence

of Cd2+ and in the presence of 2 μM Cd2+ in the intracellular
solution (Fig. 4A). The current carried by the V109C/F150C
double mutant was reduced by 80 to 90% in the presence of
Cd2+, while the currents carried by the channels with the single
substitutions and the background Hv1 were only reduced by
∼10% (Fig. 4B). After addition of Cd2+, the current carried by
the V109C/F150C displayed a biphasic behavior (Fig. 4 A, Inset).
Upon membrane depolarization, the current transiently in-
creased to a maximal level and then decreased to a steady-state
level, producing a peak that is a hallmark of open-channel block.
The results indicated that Cd2+ must wait for the Hv1 VSD to
open in order to affect the current and that, in the open state, the
cysteines at positions 109 and 150 are close enough to coordinate
the cadmium ion and stabilize its binding to the channel, con-
sistent with the formation of a Cd bridge.
We performed a 70-ns MD simulation of the F150C–V109C

mutant in the fully depolarized configuration, including a har-
monic restraint between the Cys beta carbons to model the metal
bridge. We found that the artificial cross-link could be sustained,
exclusively, with a rearrangement of the mutated side chains
without large protein backbone movements (Fig. 4C). An addi-
tional 75-ns simulation with the restraint removed produced only
a minor conformational drift (SI Appendix, Fig. S9).

Discussion
The mechanism of voltage sensing is expected to be similar in
Hv1 and other voltage-gated ion channels. In particular, the
availability of evolutionarily conserved salt-bridge partners in the
core of the VSD allows the S4 arginines to remain fully solvated
within the membrane electric field, thereby allowing the trans-
location of the S4 helix upon changes in membrane potential.
However, in contrast to the VSDs of other channels, the S4 ar-
ginines in Hv1 must share internal crevices with the proton-
conduction pathway, resulting in a direct coupling between the

S1S2 S3

S4 S1

S2 S3
S4

*

**

hyperpolarized

depolarized

R1

R2

R3
D174

E153

D112

D123

D185

D174

E153
D112

D185

D123
R1

R2

R3

A B C

hyperpolarized (*) depolarized (**)
Fig. 1. MD simulations of the hHv1 in a hydrated lipid bilayer. (A, Top) Applied membrane potential protocol during a 33-μs simulation (the potential values
are relative to the intracellular side of the membrane). (A, Middle) Total charge displacement in the membrane electric field. Switching the membrane
potential from a hyperpolarizing potential to a depolarizing potential after ∼11 μs of simulation trajectory results in a net charge displacement of ∼2.72 ±
0.04 in two separate shot-like events of ∼0.9e (shortly after the potential switch) and ∼1.8e (at 22 μs). (A, Bottom) Centers-of-mass (COM) trajectories of the S1
to S4 helices. The helices COM positions remain essentially stationary up to the second gating charge displacement event, which involves an ∼8-Å upward
displacement of the S4 helix along the transmembrane direction. (B and C) The overall net charge displacement involves a full translocation of the internal
salt-bridge interaction network from the intracellular half of the VSD permeation pathway to the extracellular side, as illustrated by the VSD snapshots of the
hyperpolarized configuration at 11 μs (*) (B); and the fully depolarized configuration at 30 μs (**) (C). Conserved basic side chains in S4 (labeled R1 to R3,
corresponding to residues R205, R208, and R211) and acidic side chains in S1 to S3 are shown in licorice representation (blue and red, respectively).
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motion of the arginines and channel gating. The atomistic sim-
ulations of the hHv1 VSD in a membrane environment under
an applied potential reported here offer testable models for
both the open and closed states of the channel and the
structural features involved in the voltage-dependent activa-
tion. We have shown that both the closed-to-open transition
observed in our simulations and the resulting configuration
under a depolarizing potential are consistent with the available
experimental evidence.
Over the microsecond timescale, several key changes arise

from the starting configuration based on the Hv1–CiVSP chi-
mera crystallographic structure. During the unpolarized portion
of the simulation, the S3 helix shifts toward the extracellular side
by approximately one helical turn compared to the crystallo-
graphic structure, suggesting that S3 sits higher in the membrane.
A similar observation was made by using electron paramagnetic
resonance (EPR) measurements on hHv1 at 0 mV (45). This
shift puts V178 in better alignment with F150 to form a hydro-
phobic gasket, a finding consistent with a recent study that
probed the gasket stability in the closed state (43). The S4 helix
gating charges are straddling this position with the lower two
arginine residues, R208 and R211, sitting closer to the intracel-
lular side of the pore, with R205 just above F150. This facilitates

interactions between D112 and R205 in the unpolarized con-
figuration, with the R208–E153 and R211–D174 salt-bridges
both below the hydrophobic gasket defined by F150 and V178.
The second upper hydrophobic gasket seen in the crystal struc-
ture does not appear in our unpolarized configuration, leading to
just a single solvent constriction site with low water density.
In a large deviation from the crystal structure, the S2 helix tilts

to the side, creating a wider intracellular gap between S1 and S2.
Likewise, S4 tilts away from S3, widening the intracellular gap
between these two helices. Because our structural model lacks a
coiled-coil domain, we wondered whether these reorganizations
of the VSD helix bundle could be due to the unraveling of the
VSD C terminus. However, running an additional 1-μs simula-
tion with the C terminus truncated at R223 did not result in any
large protein backbone rearrangements (SI Appendix, Fig. S10).
While this segment would normally be part of the coiled-coil
motif responsible for dimerization extending out into the cyto-
sol, it likely does not serve a functional purpose in the mono-
meric channel. We conclude that the widening of the pore we
observed, with respect to the crystallographic structure, is most
likely a consequence of Hv1 VSD solvation in the membrane
environment.
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Comparisons with Other Models. Our fully depolarized configura-
tion differs from previous up-state models of the Hv1 VSD
generated by using the structures of VSDs from Kv and Nav
channels as templates (28–30, 32). In our model, F150 sits at the
center of the water-constriction site, and all three S4 arginine
residues move above F150, with R211 in line with D112 and
D185 in the fully depolarized configuration, as also suggested by
Wood et al. (28). However, the positioning of the evolutionarily
conserved acidic residues is different from those in both ho-
mology models proposed by Wood et al., R1-Hv1 and R2-Hv1.
The first arginine of Hv1 is aligned with the first gating charge
position in the Kv1.2–2.1 paddle-chimera structure in R1-Hv1
and with the second gating charge position in R2-Hv1. In both
models, D185 is positioned higher in the extracellular vestibule,
while D112 sits on the inner side of the constriction region, just
above the intracellular vestibule (28). R211 is located between
the two negatively charged residues in R1-Hv1 and below D112
in R2-Hv1, which prevents direct R211–D185 interactions in
both cases. Likewise, in the R3D hHv1 homology model devel-
oped by Kulleperuma et al. (29), using the VSDs from KvAP, the
Kv1.2–2.1 paddle chimera, and NavAb as templates, R211 is in
line with D112 located near the center of the pore. In their
model, D185 on the S3 helix also sits well within the extracellular
vestibule quite far from the D112–R211 salt-bridge. Reposi-
tioning of the S3 helix in these models in the manner suggested
by EPR experiments (45) would keep D185 closer to D112 and

facilitate salt-bridge formation with R211, as we saw in our
depolarized model.
The internal salt-bridge network configurations in our models

are similar to those observed by Gianti et al. (31), who also used
the mHv1cc structure as a template with three different align-
ments of the three arginine residues on S4 to generate structural
ensembles of resting (R), intermediate-resting (IR), and acti-
vated states (A). Our unpolarized model resembles the IR-state
model, with R205 in contact with D112 and D185 at approxi-
mately the same height within the pore. Even the E153–R208
and D174–R211 salt-bridges are observed in both models. When
we apply the hyperpolarized potential to the membrane, the
arginine residues move down in the pore below F150, resembling
the R-state model; R205 is pulled away from D185, leaving the
R205–D112 salt-bridge intact.
When comparing the A-state model from Gianti et al. (31)

with our fully depolarized configuration, we observed a larger
translation of the S4 arginine residues. R205 was pulled up into
the extracellular vestibule, forming a stable salt-bridge with D123
at the top of S1. R208 also reached upward in order to form salt-
bridges with E119 and E192. This left R211 level with D112 and
D185 in the pore. This salt-bridge pattern is similar to the open-
state homology model proposed by Chamberlin et al. (30), with
R211 passing F150 and the residues they classify as the hydro-
phobic plug to facilitate interactions with D112 and D185. We
did not, however, observe the complete hydrophobic plug that

A B C

D E

Fig. 3. Binding of the Hv1 inhibitor, 2GBI, and MD equilibration. (A) Configuration snapshot of the equilibrated binding mode. Shown are 2GBI (in yellow)
and the interacting residues in licorice representation. (B) A zoom-in on the interactions between 2GBI (colored by atom) and R211 (blue), D112 (red), and
F150 (white). (C) The 2GBI blocks the formation of a continuous water wire. (D) The rmsd from the initial configuration over a 54-ns trajectory of one of the
selected docking poses for the VSD helix Cα atoms (blue) and the 2GBI heavy atoms (yellow). (E) The atomic distances between 2GBI and the selected residues
measured as a function of the simulation time. The 2GBI–F150 distance is measured from the center of the benzyl rings; the 2GBI–R211 distance is measured
from the carbon atoms of the guanidine groups; and the 2GBI–D112 distance is measured from the imidazole nitrogen on 2GBI to the nearest oxygen of the
D112 carboxyl group. TM, transmembrane.
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they did in the closed state with all three arginine residues sitting
below that region.
In agreement with mutagenesis analysis from Randolph et al.

(32), R3 in the activated state is in close contact with both D112
and D185. Their homology models for the resting and activated
states of Hv1 suggest a larger movement of S4, as much as 14 to
16 Å, although they report a similar effective gating charge of
2.5e. However, it is unclear how their results, which are not
connected through an actual conformational change induced by
a change in applied membrane potential, can be compared to the
ones reported here.
On the other side of the spectrum of predicted S4 trans-

membrane displacements, the crystal structures of the VSD of
Ci-VSP captured in the activated and resting states by Li et al.
(45) showed a difference in S4 position along the membrane
normal of only 5 Å. In their activated state, R3 is in plane with
the hydrophobic gasket formed by the conserved F161 (F150
in hHV1). They propose a one-click displacement of the gat-
ing charges upon translation and rotation of S4. In our fully
depolarized model, all three arginine residues have moved
above F150.
Lee et al. (46) used the mHv1cc and Kv1.2 VSD structures as

templates for homology models of the Hv1 closed and opened
states, respectively, to address the role of D112 in the energetics
of Hv1 proton transfer. Their free-energy calculations indicate
that the electrostatic barrier to proton transfer posed by the S4
arginines can be overcome via translocation through D112 only
in a configuration of the VSD where all of the arginine side
chains are in the VSD extracellular crevice. This is in agreement
with the overall contrast between our hyperpolarized and fully
depolarized configurations. In particular, the requirement of a
favorable electrostatic environment to proton transfer is quali-
tatively consistent with our observation that connected H bond

chain configurations between water molecules and acidic side
chains are only found in the fully depolarized state.
The NMR structure of hHv1 in detergent micelles by Bayrhuber

et al. (27) is proposed to be in an intermediate state between the
resting and fully activated channel. The NMR structure to which
we compare was selected from a 100-conformer ensemble having
the lowest target function from nuclear Overhauser enhancement-
distance restraints. For our resting-state models under both un-
polarized and hyperpolarized membrane potentials, the S4 helix is
lower by approximately one complete helical turn. A major dif-
ference is found in the tilt of the S2 helix. In the NMR structure,
all four helices sit perpendicular to the membrane, while in our
resting-state structure, the S2 helix is positioned forming a smaller
angle with the membrane plane (as seen in SI Appendix, Fig. S11).
The difference in the S2 position between our Hv1 models and

the NMR structure is most likely caused by the same factors that
changed the tilt of S2 during the equilibration of our initial ho-
mology model in the membrane environment. In the absence of a
phospholipid bilayer, the VSD transmembrane segments tend to
be more stable when they assume a parallel configuration that
maximizes interhelical interactions. This is also the case in the
presence of the phospholipid bilayer when the lengths of all of
the transmembrane segments match the thickness of the mem-
brane (47). However, in the Hv1 VSD, S2 is a particularly long
helix that would significantly protrude from the membrane plane
if it were forced to remain parallel to the other helices. We
propose that the major cause of the tilt in S2 seen in our model is
driven by the optimization of interhelical interactions and the
interactions between the S2 helix and the surrounding phospholipid
bilayer.

Concluding Remarks.Our 10-μs-timescale MD simulations of hHv1
VSD embedded in a hydrated lipid bilayer under applied mem-
brane potentials provide putative open- and closed-state models of

Fig. 4. (A) Proton currents from the indicated cysteine mutants (on monomeric Hv1 C107A background) measured in response to depolarization from –40 to
+120 mV in the absence (black traces) and presence of 2 μM intracellular Cd2+ (red traces). (Horizontal scale bars: 0.1 s; vertical scale bars: 50 pA [V109C],
100 pA [F150C], or 40 pA [V109C–F150C].) A, Right, Inset shows the initial part of the current trace recorded in the presence of Cd2+ in more detail (1). The
peak indicates that the channel opens before becoming blocked by the metal ion. An alternative situation in which Cd2+ binds a closed/nonconducting state
would be expected to produce no peak (2). (B) Average percentage of reduction of current induced by Cd2+. Data are means ± SDs (values from individual
experiments are shown as red circles). (C) Hv1 VSD after (red) application of a V109C–F150C S-Cd-S restraint, starting with the open-state model generated
during the unrestrained Anton simulation (gray). The distance between the two Cβ atoms, to which the restraint force was applied, is shown with dashed
lines. The transmembrane helix Cα rmsd of the two structures is ∼1 Å.
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the Hv1 channel that are in good agreement with several experi-
mental observables, including the monomeric gating charge, 2GBI
binding and mutagenesis, and metal-ion-bridge cross-linking. The
models were generated in a way that is independent of any specific
assumption on the extent of S4 movement between closed and
open states and does not rely on homology and functional simi-
larities between Hv1 and other voltage-sensitive proteins of known
structure. They can serve as independent validation of specific
structural features observed in previous models, and they can be
the basis for further structural refinement using experimental data,
including additional cross-links. The models also provide all-atom
structures for which explicit modeling of proton transfer can be
performed by using quantum chemical calculations. Additionally,
they can be used as starting structures, or at least a library of
structures, for which computational studies of small-ligand binding
can be performed.

Materials and Methods
Model Construction. The initial configuration of the hHv1 monomer resting
state was generated by comparative modeling using the mmHv1cc crystal
structure (Protein Data Bank ID code 3WKV) as template with the alignment
reported by Takeshita et al. (26). The missing loops between the trans-
membrane segments were constructed by using the Phyre2 web server for
homology modeling (48). The S4 segment was truncated at E227, as it has
been shown that truncating the coiled-coil segment from the C terminus
results in the formation of functional monomeric channels (20, 21). The final
hHv1 construct was composed of residues F88 to R230. This protein was
inserted into a lipid bilayer consisting of 174 POPC molecules, allowing the
putative S0 helix (residues F88 to S97) to be in the phosphate headgroup
region of the bilayer and unburying the shortest extracellular loop between
S1 and S2. Using CHARMM-GUI (49), the bilayer system was solvated with
10,788 water molecules, and 150 mM NaCl (34 Na+, 38 Cl−) for a total of
58,241 atoms. The initial simulation cell size was 81.5 Å × 81.5 Å × 88.3 Å3.

Minimization and Equilibration. Initial simulations were performed by using
NAMD (Version 2.9) (50). The CHARMM27 (51, 52) and CHARMM36 (53) force
fields were used for the protein and lipids, respectively, and the TIP3P model
was used for water (54). After 5,000 steps of conjugate energy minimization,
the system was run for 100 ps at constant temperature (300 K) and constant
volume with all protein atoms constrained, allowing the lipid and water
molecules to relax. The system was then equilibrated for 5 ns at constant
temperature (300 K) and pressure (1 bar), with the protein-backbone atoms
harmonically restrained to their initial positions and then slowly released
over an additional 10 ns using a decreasing force constant equal to 50; 25;
10; 5; and 2 kcal·mol−1·Å−1. After the backbone was completely released, we
ran an unrestrained simulation for 10 ns.

Microsecond-Timescale Simulation Details. After several nanoseconds of
equilibration with NAMD, the system was transferred to Anton, a special-
purpose computer for MD simulations of biomolecules, and simulated for
34 μs (55). The CHARMM27 (51, 52) and CHARMM36 (53) force fields were
used for the protein and lipids, respectively, and the TIP3P model was used
for water (54). An r-RESPA algorithm (56) was employed to integrate the
equations of motion with a time step of 6 fs for the long-range nonbonded
forces and 2 fs for short-range nonbonded and bonded forces. The
k-Gaussian split Ewald method (57) was used for long-range electrostatic
interactions. All bond lengths involving hydrogen atoms were constrained
using SHAKE (58). The simulations were performed at constant temperature
(300 K) and pressure (1 atm), using Nosé–Hoover chains (59) and the Mar-
tyna–Tobias–Klein barostat (60). The RESPA algorithm and the temperature
and pressure controls were implemented using the multigrator scheme (61).

Gating Charge Estimates. The instantaneous charge displacement with respect
to the initial configuration, Δq, was calculated as

Δq(t) = ∑
i

qi(ϕ[~ri(t)] − ϕ[~ri(0)]),

where t is time, ϕ is the fractional membrane potential, and ~ri and qi are,
respectively, the position and partial charge of the ith atom. The sum was
taken over all of the atoms constituting the centers of charge of all of the
hHv1 monomer basic and acidic side chains according to the CHARMM

force field. Total charge displacement, Q, and per-residue values were
computed as

Q = ÆΔqæd − ÆΔqæh,

where ÆΔqæd and ÆΔqæh are, respectively, the average charge displacement
over 40 configurations spanning the last 1.2 μs of the depolarized and
hyperpolarized portions of the trajectory.

Themembranepotentialwas calculatedbyusing linearizedPoisson–Boltzmann
theory, treating all of the system components as linear, isotropic dielectrics
under an applied potential difference across the membrane (62–64). For a
given configuration along the simulation trajectory, the calculation was
performed over a composite system consisting of the atomistic configura-
tions of the protein and lipids in a 70- × 64- × 60-Å3 region centered on the
protein embedded in a continuum, comprised of a semi-infinite planar slab,
representing the membrane, between two half-spaces representing the
electrolyte solution (64). The continuum-slab thickness was set to be equal to
the separation between carbonyl distributions in the atomistic system. The
calculations were performed by using the PBEQ module of the CHARMM
32a2 software package (65). The linearized Poisson–Boltzmann equation
was solved by finite differences, using the successive overrelaxation method,
over a cubic grid of 161 nodes with a grid spacing of 1 Å. A dielectric con-
stant of two was assigned to lipids and protein. The solvent dielectric constant
was set to 80, and the salt concentration was set to 150 mM. Amolecular surface
was used to define the atomistic dielectric boundaries using the Lennard–Jones
radii from the CHARMM force field.

The 2GBI Docking. Docking calculations were performed by using a Monte
Carlo simulated annealing method implemented in the AutoDock Vina
software package (66). Twenty protein configurations were selected from
clustered configurations of the four internal residues in hHv1 that represent
the binding site near the center of the pore (D112, R211, F150, and S181)
from the last ∼10 μs of the trajectory under depolarizing potential, in which
S4 was in the up position. The clustering analysis was performed by using
VMD (67) with an rmsd cutoff of 2.0 Å for nonhydrogen atoms in these four
residues. The centroid structure from each cluster was selected as the target
for rigid docking of the 2GBI ligand. Twenty docking poses for 2GBI were
generated by AutoDock Vina within the search space confined to a cuboid of
dimensions 33 × 33 × 24 Å3 in the intracellular vestibule of the pore. The 400
poses were clustered with a 1.0-Å rmsd cutoff for nonhydrogen atoms of 2GBI.

An identical docking simulation was performed on the closed state by
using the ∼4-μs trajectory of hHv1 with a hyperpolarizing potential. The
binding site for the closed-state clustering was chosen to be the four resi-
dues D112, R205, F150, and S181.

Cadmium Cross-Linking. The monomeric version of Hv1 used for the electro-
physiological measurements was obtained by replacing the N and C termini of
the human channel with the corresponding parts of Ci-VSP as reported (21, 68).
Mutations C107A, V109C, and F150C were introduced by using standard mu-
tagenesis approaches as described (21, 36). Complementary DNA constructs in
pGEMHE (69) were linearized with SphI restriction enzyme (New England
Biolabs) and transcribed by using T7 RNA polymerase (mMessage mMachine,
Ambion). A total of 50 to 75 ng of messenger RNA was injected in Xenopus
oocytes (Ecocyte Bioscience) 2 to 3 d before the electrophysiological mea-
surements. Cells were kept at 18 °C in medium containing 96 mM NaCl, 2 mM
KCl, 1.8 mM CaCl2, 1 mM MgCl2, and 10 mM Hepes (pH 7.2), supplemented
with 5 mM pyruvate and 100 mg/mL gentamicin.

Patch-clamp measurements were performed in inside-out configurations
by using an Axopatch 200B amplifier controlled by pClamp10 software
through an Axon Digidata 1440A (Molecular Devices). Pipettes had 1.5- to
3-MΩ access resistance. All measurements were performed at 22 ± 1 °C.
Current traces were filtered at 1 kHz, sampled at 5 kHz, and analyzed with
Clampfit10.2 (Molecular Devices) and Origin8.1 (OriginLab). Both bath and
pipette solutions contained 100 mM 2-(N-morpholino)-ethanesulfonic acid,
30 mM tetraethylammonium (TEA) methanesulfonate, and 5 mM TEA
chloride, adjusted to pH 6.0 with TEA hydroxide. The Cd-containing solution
was prepared by dissolving CdCl2 in the bath solution to a final concentra-
tion of 2 μM. The recording chamber was perfused under gravity with bath
solution with or without cadmium by manifold connected to a VC-6 perfu-
sion valve system (Warner Instruments) controlled by the pClamp software
by transistor–transistor logic signal.

Data Availability. All necessary data are available in the manuscript and SI
Appendix. Additional raw data are available upon request.
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