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ABSTRACT The molecular mechanisms governing the human voltage-gated proton channel hHv1 remain elusive.
Here we used membrane-enabled hybrid-solvent continuous constant pH molecular dynamics (CpHMD) simulations
with pH replica exchange to further evaluate the recently obtained structural models of hHv1 in hyperpolarized
(closed channel) and depolarized (open channel) states (Geragotelis, Tobias et al., Proc. Natl. Acad. Sci. USA 2020)
and explore potential pH-sensing residues. The CpHMD titration at a set of symmetric pH conditions revealed three
residues that can gain or lose protons upon channel depolarization. Among them residue H168 at the intracellular
end of the S3 helix switches from the deprotonated to the protonated state and its protonation is correlated with the
increased tilting of the S3 helix during the transition from the hyper- to the depolarized state. Thus, the simulation
data suggest H168 as an interior pH sensor, in support of a recent finding based on electrophysiological experiments
of Hv1 mutants (Cherny, DeCoursey et al., J. Gen. Physiol. 2018). Our work represents an important step towards
deciphering the pH-dependent gating mechanism of hHv1.

SIGNIFICANCE The human voltage-gated proton channel hHv1 is comprised of a proton-selective voltage
sensing domain and responsible for cellular pH homeostasis. Despite intense experimental and theoretical
investigations, its pH-dependent gating mechanism is not understood. Our simulation data offer strong evidence
supporting the role of H168 as a pH𝑖 sensor (Cherny, DeCoursey et al., J. Gen. Physiol. 2018). Deciphering
the interior pH sensor moves us a step closer to elucidating the structure-function relationship of hHv1.

INTRODUCTION
The voltage-gated proton channel Hv1 belongs to a super fam-
ily of proteins which become activated through depolarization
via a voltage-sensing domain (VSD) (1–3). However, unlike
voltage-gated sodium or potassium channels, Hv1 does not pos-
sess a separate ion-conduction pore domain and it is also gated
by pH (4, 5). The primary function of Hv1 is the extrusion of
protons from cells to maintain pH homeostasis, but it is also
involved in other biological events such as the production of
reactive oxygen species, sperm mobility, and B-cell activation
(see recent reviews (6, 7)). Three independent studies showed
that Hv1 is a homodimer comprising four transmembrane
helical segments (S1–S4), but each monomer can function
independently through the VSD which also serves as a pore
(8–10). Since the discovery of the mammalian Hv1 gene in
2006 (2, 3), the mechanisms of gating and proton selectivity
of human Hv1 (hHv1) have been extensively studied using

electrophysiology and mutagensis (5, 11).
Hv1 is closed under a hyperpolarizing membrane voltage,

i.e., the voltage is more negative inside the cell as compared to
outside, and it opens upon membrane depolarization. A unique
property of Hv1 is that its opening voltage is dependent on the
pH gradient across the membrane, which is a phenomenon
known as ΔpH dependent gating (6). The proton conductance-
voltage (𝑔H–𝑉) relationship shifts negatively by 40 mV with
a one-pH unit increase of the outside pH (pH𝑜) or a one-pH
unit decrease of the inside pH (pHi) (6), which is commonly
known as the rule of forty. A recent electrophysiological study
(12) demonstrated that the mutation of H168 to Q168, T168,
or S168 compromises the pHi dependence of the gating of
hHv1.

Despite enormous progress, the detailed molecular mech-
anism of Hv1 gating remains elusive due to limited structural
information. At present, two atomic-resolution experimen-
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tal structure models are available for the resting or closed
state and for an intermediate state of Hv1 (13, 14), but an
experimental structure model for the depolarized open state
is lacking. The model representing the closed state of Hv1
is an X-ray crystal structure of a chimeric construct of the
mouse Hv1 (mHv1cc) at 3.45 Å resolution, which shows
a monomeric antiparallel four-helix-bundle (S1 through S4)
arranged in in the shape of “a closed umbrella” (PDB: 3WKV)
(13). The voltage-sensing S4 contains three gating arginines,
R201, R204, and R207, corresponding to R205, R208, and
R211 in hHv1, respectively. We will refer to them as R1, R2,
and R3, respectively hereafter. While R1 and R2 form salt
bridges with D108 (D112 in hHv1), R3 forms a salt bridge
with D170 (D174 in hHv1). D112 (in hHv1) is crucial to
proton selectivity (5). H136 (H140 in hHv1) interacts with
E115 and D119, which are respectively E119 and D123 in
hHv1. Residues S94, I122 to A131, P159 to F161, and K187
to H190 (residue numbering in mHv1cc) are not resolved, and
16 other residues have missing atoms. The model representing
an intermediate state of Hv1 comes from a solution NMR
model of the VSD of hHv1cc embedded in mixed detergent
micelles (14). Finally, an electron paramagnetic resonance
(EPR) study of Hv1 combined with the crystal structure of the
Ciona intestinalis voltage sensing phosphatase VSD (CiVSD)
(15) resulted in closed and open state models of hHv1 (16).

Given the limited experimental structural information on
Hv1, molecular dynamics (MD) simulations starting from
various homology models (17–23) have been produced to
explore the dynamical properties of the channel. Recently,
MD simulations (22, 23) have been performed to explore
the open state of Hv1. Starting from a homology model of
monomer hHv1 based on the X-ray structure of mmHv1cc
(13), Tobias and coworkers conducted MD simulations first
without and then with an external field (23). In the latter
portion, a constant uniform electric field corresponding to
a transmembrane potential of -150 mV was applied for 5
𝜇s followed by a switch to +150 mV for about 22 𝜇s (23).
From these simulations, Tobias and coworkers obtained the
hyperpolarized (Hypol, closed) and depolarized (Depol, open)
structural models of Hv1 (Figure 1a).

In the Depol model, S4 is moved up toward the extracel-
lular side by about 8 Å, corresponding to two helical turns
or two “clicks” relative to the Hypol model (Figure 1b). This
is in contrast to the S4 movement in the activation of the
aforementioned Ci-VSD, which is about 5 Å or one click
according to the X-ray crystal structures (15). Another dra-
matic conformational change in the Depol model is the S2
helix, which 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. Finally, S1
is moved down towards the intracellular side in the Depol
model.

The objective of the present work is to further evaluate
the aforementioned closed and open models from the Tobias
group (23) and investigate the identities of potential pH𝑖-

and pH𝑜-sensing residues. To accomplish this, we applied
continuous constant pH molecular dynamics (CpHMD) simu-
lations, which allows protonation states to be determined on
the fly during the course of MD simulation at a specified pH
condition (25). In the membrane-enabled (26) hybrid-solvent
CpHMD (25), conformational dynamics of the protein is sam-
pled in an all-atom fashion with explicit membrane and water,
while the protonation states are propagated using the solvation
forces calculated by a membrane generalized Born model (27).
This method coupled with the pH replica-exchange protocol
(25) has been validated for the determination of protonation
states and proton-coupled conformational dynamics of several
membrane transporters (26, 28, 29) and the M2 channel (30).
Here we applied the pH replica-exchange membrane-enabled
hybrid-solvent CpHMD simulations on the aforementioned
Hypol and Depol models of hHv1 (23). Our data suggest that
H168 is a pHi sensor, consistent with the mutagensis and
electrophysiology data of DeCoursey and coworkers (12). Our
work offers an important contribution towards deciphering
the pH-sensing residues in hHv1.

RESULTS AND DISCUSSION
The pH replica-exchange membrane-enabled hybrid-solvent
CpHMD simulations were conducted for the Hypol and Depol
states of hHv1 starting from the respective models obtained by
Tobias and coworkers based on conventional fixed-protonation-
state MD simulations (Figure 1a). For each state, two inde-
pendent sets of replica-exchanges CpHMD simulations were
performed. The simulation set 1 was performed with 16 repli-
cas in the pH range 3–11.5 and an aggregate sampling time of
400 ns; simulation set 2 was conducted with 24 replicas in the
pH range 3–8 and an aggregate sampling time of 720 ns (see
Methods). The calculated pKa’s are listed in Supplemental
Table 1 and the titration data are showin in Supplemental
Figure 1. Unless otherwise noted, the analysis is based on
the simulation set 1 with the first 10 ns per replica of data
discarded (240 ns sampling). The data of simulation set 2
are consistent with set 1 and the analysis is given in the
Supplemental Figure 2–5.

Interhelical salt-bridges involving gating
arginines
The salt bridges formed between Asp or Glu and the gating
Arg’s are critical for stabilizing the channel in closed or open
states. It is widely believed that the interhelical salt bridges
in Hv1 are rearranged as a result of the upward movement of
S4 helix when the channel switches to the depolarized state;
however, the exact rearrangement or the extent of the S4 helix
upshift is still under debate (6). During the simulations at
different pH, most of the salt bridges in the initial Hypol and
Depol models (23) (Figure 1b) are maintained with varying
degree of stabilities (or occupancies) at different pH. Figure 1c
shows the salt-bridge occupancies at pH 7.5. The Hypol state
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Figure 1: The hyperpolarized and depolarized states of hHv1 show different salt-bridge networks and pKa values for three
residues. (a) Starting structures of the hyperpolarized (Hypol, left) and depolarized (Depol, right) states of Hv1 embedded
in the solvated POPC membrane. The structures were adopted from Ref. (23). (b) Left. Overlay of the Hypol (grey) and
Depol (rainbow colored) models (23). Middle and right are the zoomed-in views of the Hypol (middle) and Depol (right)
models. Residues in the salt-bridges involving the gating arginines are shown in the stick model. The putative hydrophobic
gasket residues (V109, F150, V177, and V178) (24)) are rendered as spheres. (c) Comparison of the salt-bridge occupancies
(probabilities) in the Hypol (top) and Depol (bottom) states from the simulations of hHv1 at pH 7.5. A salt bridge is considered
formed when the minimum distance between the carboxylate oxygen and the arginine guanidinium nitrogen is below 3.5 Å. Star
indicates the agreement with the CiVSD-based resting hHv1 model of Li and Perozo (16).
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contains four salt bridges: those between R1 and D112 (S1)
and between R2 and E153 (S2) are present in the entire
duration of the simulations, while those between R1 and
D185 (S3) and between R3 and D174 have occupancies of
20% and 30%, respectively (Figure 1c). Note, the R3–D174
salt bridge is absent in the initial Hypol model (the minimum
distance between the Arg nitrogen and Asp oxygen is 4.7 Å)
but forms during the simulations.

Comparison of the Hypol-state simulations with the
CiVSD based resting model of hHv1 dimer of Li and Perozo
(16) shows that the R1 salt-bridge interactions with D112
and D185 and the R3 salt-bridge interaction with D174 are
consistent; however, the R2–E153 interaction contradicts the
CiVSD based model in which E153 interacts with R3 (16).
The discrepancy is due to the relative position of S2 (which
harbors F150 and E153) and S4. In the closed-state model
of Tobias and coworkers which is derived from mmHv1cc,
S2 is positioned much higher such that F150 is nearly one
helical turn higher than R2 and E153 interacts with R2 (23).
By contrast, in the CiVSD-based closed model (16), S2 is
positioned lower such that F150 is approximately on the same
level as R2 and E153 interacts with R3. Another difference
between the mmHv1cc- and CiVSD-based closed models
(16) is that S3 (which harbors D174 and D185) is positioned
lower with respect to S4 in the mmHv1cc-based model. This
discrepancy may explain why R1–D185 and R3–D174 salt
bridges are weak (occupancies below 50%) in the Hypol-state
simulations. Due to the higher S2 and lower S3 position in
the mmHv1cc-based closed model, F150 is above, rather than
horizontally aligned with the other hydrophobic gasket (HG)
residue V178.

In the Depol state simulations, due to the upward move-
ment of S4, all the salt bridges in the Hypol state are disrupted,
and five new salt bridges are formed. R1 interacts with D123
(S1) with a salt-bridge occupancy of 90%; R2 interacts with
E119 (S1) and E192 (loop connecting S3 and S4) with oc-
cupancies of 50% and 40%, respectively; and R3 maintains
the salt bridge with D112 (S1) and D185 (S3) in the entire
simulation time (Figure 1b and c). It is worthwhile noting
that, D112 is locked in a very stable salt bridge with R3,
whereas it interacts with R1 in the Hypol state. Thus, the
Depol model of Tobias and coworkers represents two clicks
outward movement of S4.

Although the gating arginine positions in the model of
Tobias and coworkers satisfy the evidence based on the ex-
perimental data on the voltage-gated opening of Na+ or K+

channels (31) , the S4 movement contradicts the one-click hy-
pothesis for hHv1 based on the interpretation of experimental
data (18, 32) including Cys scanning and MTS modification
experiments (33, 34). MD simulations based on a homology
model using the Na+ and K+ channels as templates, suggest
that only R1 and R2 pass through the hydrophobic gasket,
while R3 is remains on the intracellular side (18). The pH
dependence of gating currents is also consistent with one-click
movement of S4 (35). Finally, the EPR study of Li and Perozo

indicated that channel opening could be achieved by one-click
movement of S4 (16).

One possible reason for the two vs. one-click discrepancy
is the large external electric field applied in the simulations.
The Hypol state model was obtained with an external voltage
of -150 mV (23), which is larger in magnitude than the resting
potential in most cells (-40 to -90 mV, depending on the cell
type) (36–38). Furthermore, the voltage (150 mV) applied
to obtain the Depol model (23), is much higher than is ever
experienced by most cells during their lifetime. Excitable cells
such as nerve and muscle cells reach roughly +50 mV at the
peak of an action potential. Phagocytes reach +50 mV during
the respiratory burst (39); (40). Those who use voltage-clamp
methods to study Hv1 quickly learn that the combination of
slow activation and the need to use large depolarizations at
some pH often results in abrupt termination of the experiment.
To extend the voltage range of data collection, one may use
shorter pulses for large depolarizations. Red cell membranes
rupture irreversibly within about 2 s if +200 mV is applied
(41).

If Hv1 can occupy more than two states (distinct con-
figurations adopted during gating) then -150 mV and 150
mV would likely reflect the most extreme positions. There is
abundant experimental evidence that multiple distinct states
exist (42–44). In living cells, the channel may typically oc-
cupy the most superficial closed state and the nearest open
state. Given these considerations, it may be futile to discuss
"the" closed or open state. It is more meaningful to determine
which configurations of the protein conduct and which do
not. A variety of experimental evidence supports the idea that
movement of the S4 helix outward by a single click suffices
to open the conductance pathway (16, 18, 32, 35, 45). It is
entirely possible that additional depolarization can move S4
further into another open state.

Another concern with the models on which we based our
calculations is that full opening of the channel was achieved
within 10 𝜇s of application of +150 mV (23). The time
constant of activation of Hv1 in human cells is ∼220 ms at
+160 mV (Fig. 3 in (46)). In mammalian cells, Hv1 opening is
sigmoidal, and can be fit approximately by a delay followed by
a single exponential. However, when the channel is expressed
as a monomer, gating is exponential (8, 47) and the activation
time constant is up to 6.6 times faster (10, 47, 48). Correcting
for the fact that the simulation was conducted on a monomer
still means that 10 𝜇s after depolarization to 150 mV only 1
in 1000 channels would be open. The nature and biological
significance of the changes that occurred during the limited
simulations are thus difficult to interpret.

Three residues may switch protonation
state upon depolarization
Hv1 is gated by changes in voltage or ΔpH across the mem-
brane, and a unique feature of Hv1 is that the voltage at which
the channel opens is dependent on ΔpH (4, 6). Cherny and
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Figure 2: Why does H168 switch protonation state? a) A snapshot of hHv1 from the Depol state simulation. Residues
discussed in the text are labeled. b) Calculated pKa values of H140, H168, and E196 in the Hypol (blue) and Depol (green)
states of hHv1. The average pKa’s from the two sets of simulations are given, and the error bars indicate the two pKa values
(Supplemental Table 1). These are the only residues that show a larger than 0.5-unit pKa difference between the two states
and may change protonation state. c) Number of waters (hydration number) near H168, calculated as the number of water
molecules within 3.4 Å (between water oxygen and any side chain heavy atom of H168). d) Protonation fraction of H168 in the
Depol state at different simulation pH. e) Probabilities (or occupancies) of the H168–E171 (green) and R162–E171 (black) salt
bridges in the Depol state at different simulation pH.

colleagues formulated a four-state transporter-like model to
explainΔpH-dependent gating, in which one or more titratable
residues are alternately exposed to the intracellular or extracel-
lular pH (4, 6). By switching protonation states, these residues
can stabilize the closed or open conformation of the channel
(4). Thus, residues displaying a large pKa shift, especially
those changing protonation states between the Hypol and
Depol states of Hv1 may be involved in pH sensing. Although
several dozen single mutations failed to attenuate the pH𝑜-
dependence of gating of hHv1 (17), H168 mutations to Gln,
Ser, or Thr were found to compromise the pH𝑖 dependence of
gating in hHv1 (12).

Based on the CpHMD simulations of the Hypol and Depol
states of hHv1, the pKa values of all titratable residues were
calculated (Supplemental Table 1). Only three residues, H140,
H168, and E196, show a larger than 0.5 pH unit pKa difference
between the two states that may result in a protonation state
change (Figure 2a and b), suggesting that these residues may
be involved in sensing pH. Note that 0.5 pH unit reflects the
error of the hybrid-solvent CpHMD method (25).

H140 and E196 are both located on the extracellular side,
with H140 on S2 and E196 on the loop between S4 and S3
(Figure 2a). However, our analysis showed that neither H140

or E196 is involved in any electrostatic or hydrogen bonding
interaction. Instead, the pKa change is correlated with the
solvent accessibility change. In the Depol state, both H140
and E196 have increased access to water, which results in
a pKa upshift for H140 and pKa downshift for E196. H140
was reported previously not to alter pH𝑜 sensitivity, with a 46
mV/unit shift for the double mutant H140A/H193A (2, 17).
To test if E196 is a pH𝑜 sensor, we measured the proton
conductance-voltage relationships for the E196 mutants. The
threshold voltage shifted by an average of 37.8 mV when
pH𝑜 was changed from 6.0 to 7.0 with E196A and E196Q
hHv1 (Figure 3). As comparison, the shift for the WT hHv1
was 38.7 mV (49). Thus, E196 is ruled out as a pH sensor.
It is also noteworthy that the Hypol-state pKa of E196 has
a very large uncertainty. The calculated pKa’s from the two
sets of simulations differ by 2.1 pH units, which is abnor-
mal considering that the typical pKa uncertainty from the
hybrid-solvent CpHMD simulations is below 0.5 unit (see
Supplemental Table 1 and Ref. (25)). This may be attributed to
the fact that E196 is at the boundary between the lipid bilayer
and solution phase which cannot be accurately treated by the
membrane GB model implemented in the membrane-enabled
hybrid-solvent CpHMD method (26).
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Figure 3: The response of E196A mutant to pH𝑜 is normal.
Proton conductance-voltage relationships at pH𝑜 7 (green
squares) and pH𝑜 6 (red circles) both with pH𝑖 7 in a cell
transfected with the E196A mutant. The shift of the curves
was determined from the voltage at which the GH was 10 % of
its maximal value. The mean shift for a change in pH𝑜 from 7
to 6 was 37.8 ±1.0 mV (mean ±SE) in 3 cells with E196A and
2 with E196Q. For comparison, the shift measured identically
in normal hHv1 was 38.7 mV (49), and the shift in H168x
mutants was 41.4 mV for changes in pH𝑜 (12) despite the
greatly diminished shift for changes in pH𝑖 .

H168 switches protonation state upon
depolarization
H168 which is located on the cytoplasmic side shows a roughly
2 pH-unit pKa upshift from 5.5 (5.7/5.4) in the Hypol state
to 7.5 (7.7/7.1) in the Depol state, indicating that it changes
from the neutral to the charged state upon hHv1 activation.
The numbers in the parenthesis are pKa’s from the two set
of simulations. We asked why H168 switches its protonation
state upon channel activation. H168 is located on the loop at
the intracellular end of S3 that connects with S2 (Figure 2a).
In the Hypol state, it is largely shielded from solvent as
seen from the low hydration number at all pH conditions
(Figure 2c); however, in the Depol state, it becomes more
exposed to solvent and forms an ion-pair interaction with E171
on the same S3 helix in a pH-dependent manner (Figure 2c).
As the simulation pH increases, H168 becomes increasingly
deprotonated, and at the same time, the salt bridge fraction of
H168–E171 decreases (Figure 2e). Interestingly, the formation
of H168–E171 salt bridge is anti-correlated with the salt-
bridge interaction between R162 at the intracellular helical
end of S2 and E171 (Figure 2e), which becomes increasingly
stronger as the simulation pH increases. In other words, R162
competes with H168 for the interaction with E171, and the
later is promoted by the protonation of the imidazole group.
The probability distribution of the R162–E171 distance offers
further support (Supplemental Figure 4). In the Hypol state,

the R162–E171 distance has only one peak at ∼3 Å followed
by a flat tail at all simulation pH, which indicates that E171 is
always in a salt bridge with R162. As a consequence, E171
cannot interact with H168. In the Depol state, however, a
minor peak at ∼7.6 Å appears, and its intensity increases as
pH decreases while the peak at ∼3 Å lowers with decreasing
pH (Supplemental Figure 4). This data is in support of the
conclusion that in the Depol state H168 competes with R162
for the interaction with E171, which results in a progressive
weakening of the R162–E171 salt-bridge as H168 becomes
increasingly protonated or charged.

S3 helix tilting is correlated with the H168
protonation state change
To further understand the origin of the H168 protonation state
change upon hHv1 depolarization, we examined possible cor-
relations between the various Hypol-to-Depol conformational
changes and the protonation state change of H168. Alignment
of the initial Hypol and Depol models shows that the S3 helix
is tilted away from the z-axis by about 23◦ in the Depol relative
to the Hypol state (Figure 4a). We wondered if the S3 tilting is
correlated with the protonation state of H168. To examine the
correlation, we calculated the S3 tilt angle with respect to the
principle z-axis for the Hypol and Depol trajectory frames and
separated out the data with the protonated or deprotonated
H168. If H168 protonation were indeed correlated with S3
tilting, the angle for the frames with the protonated H168
would be larger in both Hypol and Depol state simulations.
Figure 4b shows that indeed the tilt angle of S3 is increased
from an average of 14.6◦ with the deprotonated or neutral
H168 to an average of 15.5◦ with the protonated or charged
H168. Since H168 is deprotonated in the Hypol state at pH
7.5 according to the CpHMD data (calculated pKa of 5.6, Fig-
ure 1b), this data suggests that H168 protonation promotes S3
tilting, which is a conformational hallmark of hHv1 activation
according to the Depol model of the Tobias and coworkers
(23) and consistent with the X-ray crystal structures of the
CiVSD channel (PDB 4g7v for the open state and 4g80 for
the resting state) (15), which show an increased tilt angle of
14.7◦ after alignment of both structures using OPM2.

Now we consider the Depol state. The simulations showed
that the S3 tilt angle is increased from 22.8◦ when H168 is
deprotonated to 24.3◦ when H168 is protonated (Figure 1c
and b). Since H168 spends about 50% of the time sampling
the protonated state at pH 7.5 according to the CpHMD data
(calculated pKa of 7.6 in the Depol state, Figure 1b), this
data suggests that H168 deprotonation relaxes the S3 tilting,
which is consistent with the conformational change towards
the Hypol state. The correlation of H168 protonation with
S3 tilting in both Hypol and Depol states suggests that H168
protonation at low pH favors the channel opening, which is
consistent with the fact that Hv1 is activated to extrude protons
to the extracellular side at low intracellular pH. In other words,
our data and analysis support the hypothesis that H168 acts as
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a pH𝑖 sensor (12) and provide mechanistic clues to how this
occurs.
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Figure 4: H168 protonation is correlated with the S3 helix
tilting. a) Alignment of the initial Hypol (blue) and Depol
(green) state model obtained from ref(23). b) Bar plot of the
S3 tilt angle in the Hypol simulations when H168 is protonated
(blue) or neutral (grey). A confidence interval of 95% is shown.
Replicas at pH 5, 5.5, and 6 (within 0.5 pH unit of the H168
pKa) were used, with first 10 ns per replica data discarded.
The tilt angle is formed by the principle z-axis and the vector
defined by backbone atoms of the second first (I172, L173,
D174) and last three residues (I186, V187, L188) of the S3
helix. Angle was calculated after structure alignment with the
initial structure. c) Alignment of the representative snapshots
of the Depol state simulation when H168 is protonated (green)
or neutral (grey). d) Bar plot of the S3 tilt angle in the Depol
simulations when H168 is protonated (green) or neutral (grey).
Replicas at pH 7, 7.5 and 8 (within 0.5 pH unit of the H168
pKa) were used, with the first 10 ns per replica data discarded.

CONCLUDING DISCUSSION
The membrane-enabled hybrid-solvent CpHMD simulations
(without an external electric field) were applied to further
evaluate the Hypol and Depol models reported by Tobias

and coworkers (23) and explore the identities of possible pH
sensing residues. The simulations at pH 7.5 showed that the
Hypol state is stabilized by two strong and two weak interhe-
lical salt bridges involving the gating charges: the R1–D112
and R2–E153 salt bridges, which are maintained throughout
the simulations, and the R1–D185 and R3–D174 salt bridges
which are occasionally formed. The only difference from the
CiVSD-based closed-state model (16) is the R2–E153 inter-
action, where R2 is replaced by R3 due to the relatively lower
S2 position with respect to S4. The simulations at pH 7.5
showed that the Depol state is stabilized by five salt bridges
involving gating charges, between R1 and D123, between R2
and E119/E192, and between R3 and D112/D185. Compared
to the Hypol state, D112 changes the salt-bridge partner from
R1 to R3, demonstrating that R3 is moved up towards the
extracellular side by two clicks in the Depol model (23).

The simulated pH titration based on the Hypol and Depol
models of Tobias and coworkers (23) identified three residues
with significant pKa shifts between the two states that may
result in a change in protonation state. These residues are
H140, H168, and E196, with calculated pKa shifts greater
than 1.5 units between the Hypol and Depol states. Among
them H140 and E196 are on extracellular side. H140A was
shown previously to weaken Zn2+ sensitivity (2) but had pH𝑜

or pH𝑖 dependent shift in the threshold voltage similar to
the WT hHv1 (2, 17). E196 is also ruled out as a pH sensor
because replacing it with a neutral amino acid (Ala or Gln)
did not affect the sensitivity of channel activation to pH𝑜

(Figure 3).
It is possible that the calculated pKa shifts of H140 and

E196 are overestimated due to the artifacts of the implicit
membrane GB model (27) used in the pH titration. To account
for the hydration of the hHv1 channel interior (17, 19), a
high-dielectric (water) cylinder is implemented in the center
of the channel (26). As such, the pKa shift accompanying
conformational changes for residues near the boundary of
the cylinder may be exaggerated. Likewise, the electrostatic
energy change for residues moving between the lipid bilayer
and solution (such as E196) may also be overestimated.

On the other hand, these results may also indicate that
the open-state model we assumed here is not accurate. For
example, due to the two-click upward movement of S4, E196
becomes exposed to solvent, which may not be the case if
the CiVSD model (16) had been used in the simulations. As
discussed above, several types of evidence suggest that the
outward displacement of the S4 helix in the open state is
less than in the model used here. The apparent agreement of
the two-click model with measured gating charge movement
was achieved by considering the charge of all of the hHv1
monomer basic and acidic side chains (23). This ignores the
contribution of obligatory protonation/deprotonation reactions
to the measurable gating charge movement (50). Carmona
et al. calculated that 60% of the free energy stored in the
ΔpH is coupled to voltage sensor activation (35). Another
possibility is that our assumption that a pH sensor must
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exhibit large pKa changes during gating may not be correct.
Clearly, Hv1 is strongly modulated by pH𝑜, and yet the
two strongest candidates for sensing pH𝑜 could be mutated
without detectable consequence. It is also conceivable that
a pH sensing residue may change its protonation state in
the intermediate state (e.g., following the breakage of a salt
bridge) and once S4 is up such a change is reverted back (e.g.,
following the formation of a new salt bridge).

H168 on the intracellular side has been recently suggested
as a pH𝑖 sensor based on the electrophysiology data which
showed that mutations of H168 to non-titratable residues
Ser, Thr, or Gln significantly weakened the sensitivity of the
channel activation to pH𝑖 (12). The calculated pKa value of
H168 is 5.6 in the Hypol and 7.6 in the Depol state, indicating
that H168 can switch from being deprotonated or neutral to
being protonated or charged upon channel depolarization. The
analysis showed that the pKa shift of H168 can be attributed
to a conformational change in going from the Hypol to the
Depol state, in which H168 forms a salt bridge with E171 of
S3 in a pH-dependent manner. Interestingly, H168 competes
with R162 at the intracellular end of S2 for the interaction
with E171. The suggestion that H168 is a pH𝑖 sensor is further
supported by the correlation between H168 protonation and
increased S3 tilting in the simulations, while S3 tilting is a
conformational hallmark of the Depol model of hHv1 (23)
demonstrated by the X-ray structure of open-state CiVSD
(15). Thus, both the protonation state switch of H168 and its
correlation with the depolarization induced conformational
change of hHv1 support the role of H168 as the pH𝑖 sensor.

We compare the Hypol state pKa’s of H140 (5.7/5.7),
H168 (5.6/5.4), and E196 (7.4/5.3) to the recent estimates
by Jardin et al. (22), who used hybrid-solvent Monte-Carlo
constant pH MD simulations (51) starting from a homology
model (21) based on the resting state crystal structure of
CiVSD (15). Their simulations gave the pKa’s of 5.35, 6.16,
and 8.34 for H140, H168, and E196, respectively. Despite
the use of the different resting state models and the different
implicit-solvent model as well as the neglect of membrane
in the simulations of Jardin et al. (22), the calculated pKa’s
of the three residues are in qualitative agreement. That is,
the pKa’s of H140 and H168 are downshifted and the pKa of
E196 is upshifted relative to the respective model pKa values,
consistent with our analysis that all three residues are at least
partially buried in the Hypol state.

The above agreement is encouraging and suggests that the
uncertainty in the computational identification of potential pH
sensors through the calculation of pKa shifts may lie primarily
on the Depol state model used in the simulations. We envisage
future studies employing the more accurate structure models
and the recently developed GPU-accelerated all-atom particle
Ewald CpHMD simulation technique (52, 53) will improve
the understanding of pH sensors and unveil the pH-dependent
gating mechanism of hHv1.

MATERIALS AND METHODS
Simulation methods and protocols
The three-stage protocol for CpHMD simulations of trans-
membrane proteins described in Ref (54) was followed. Below
we give system specific information, and more details can be
found in Ref (54).

System preparation. The simulation starting structures
were the hyperpolarized (Hypol) and depolarized (Depol)
models of hHv1 obtained by Tobias and coworkers using the
conventional fixed-protonation-state MD simulations under
a constant uniform electric field which corresponds to a
transmembrane voltage of -150 mV for the Hypol and 150 mV
for the Depol state (23). The Membrane Builder module of
CHARMM-GUI interface (55), which employs the CHARMM
program (56), was used to assemble the simulation system. The
truncated N- (F88) and C- (R230) terminals were acetylated
(CH3CO) and amidated (NH2), respectively. In the system
preparation and membrane equilibration stages, the default
protonation states Asp(-)/Glu(-)/Lys(+)/Arg(+)/Cys(0)/His(0,
HSD) were used. The protein was inserted in a pre-assembled
bilayer of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) lipids. The upper and lower leaflets contain 84/83
and 81/80 lipids, respectively, for the Hypol/Depol state. A
water layer of 15 Å thickness was added to both sides of
the lipid bilayer, and 15/17 water molecules were placed in
the channel pore for the Hypol/Depol state. To neutralize the
simulation system (with the default protonation states) and
reach the physiological ionic strength of 0.15 M, 24 sodium
and 33 chloride ions for the Hypol state or 21 sodium and
30 chloride ions for the Depol state were added. The final
systems comprised about 50,000 atoms.

Membrane equilibration. The CHARMM22/CMAP force
field was employed to describe the protein (57, 58), while
lipids and ions were described by the CHARMM36 lipid force
field (59). The CHARMM modified TIP3P model was used
to represent water (58). The positions of lipids were relaxed
with the proton heavy atom restrained following the multi-step
protocol in CHARMM-GUI (55). After the initial relaxation,
the protein-membrane complex was subject to a 200-ns con-
ventional fixed-protonation-state MD simulation using the
OpenMM program (60). The simulation was performed in the
NPT ensemble where the protein heavy atoms were restrained
with a harmonic force constant of 1 kcal/mol/Å2. The Hoover
thermostat (61) and the Langevin piston coupling method
(62) were employed to maintain the temperature of 310 K
and the pressure of 1 atm, respectively. The particle mesh
Ewald method was used to calculate long-range electrostatics
(63) with a real-space cutoff of 12 Å and the reciprocal space
calculation used a 1-Å grid spacing and sixth-order spline
interpolation. The SHAKE algorithm was used to constrain
bonds involving hydrogen to enable a time step of 2 fs. The
area per lipid (APL) and lipid order parameter were used to
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assess convergence of the lipid bilayer equilibration. More
details and MD settings are given in Ref (54).

CpHMD simulations and analysis. Following the mem-
brane equilibration, dummy hydrogen atoms were added to the
carboxylate groups of Asp and Glu and the singly protonated
histidine HSD is replaced with HSP (the doubly protonated
histidine). The membrane-enabled hybrid-solvent CpHMD
simulations were performed using the CHARMM package
(version c45a1) (56). In the membrane GBSW model (27),
the low-dielectric region had a thickness of 33 Å and the
radius of the high-dielectric cylinder that encompasses the
channel was 12 Å. The MMFP facility in CHARMM was
employed to restrain the center of mass of the protein with
a harmonic force constant of 1.0 kcal/mol/Å2. During the
CpHMD simulation, all Asp, Glu, and His sidechains were
allowed to titrate, while Lys and Arg sidechains were fixed
in the protonated or charged state. The single-pH (pH=7)
CpHMD simulation was first conducted to relax the protein
heavy atoms by gradually releasing the restraint potential
within 1 ns (detailed protocol given in Ref (54)). Next, the
restraints were removed and the protein-membrane system
was further equilibrated for 1 ns. In the production run, the
pH replica-exchange protocol was employed to accelerate
the sampling convergence of the coupled protonation and
conformational dynamics (25). In Run 1, the protocol used a
total of 16 pH replicas in the pH range of 3 to 11.5 with an
interval of 0.5 pH unit. The simulation for each replica lasted
25 ns, with the aggregate sampling time of 400 ns. In Run 2,
the protocol used 24 replicas in the pH range 1 to 8 with an
interval of 0.25 pH unit except for the pH ranges 1–2.5 and
7–8 where an interval of 0.5 pH unit was used. Each replica
was simulated for 30 ns and the aggregate sampling time was
720 ns. Adjacent replicas were allowed to exchange every 500
MD steps or 1 ps.

The pKa value of a specific residue was calculated by fitting
the unprotonated fraction (𝑆) to the generalized Henderson-
Hasselbalch equation,

𝑆(pH) = 1
1 + 10𝑛(pKa−pH) , (1)

where 𝑛 is the Hill coefficient.
The software Cpptraj (64) was used for trajectory analysis

(salt bridge distance and helix tilting angle calculation, etc.).
Trajectory visualization was performed using VMD (65) and
snapshot rendering was produced using Pymol (66). All
analysis was based on the trajectories after discarding the first
10 ns per pH replica.

Experimental methods
The materials and procedures used for generating mutants,
transfection, tight-seal voltage clamp recording, and data
analysis are as described previously (18).
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