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SUMMARY

The voltage-gated proton channel Hv1 is a member of voltage-gated ion channels
containing voltage-sensing domains (VSDs). The VSDs are made of four mem-
brane-spanning segments (S1 through S4), and their function is to detect changes
inmembrane potential in the cells. A highly conserved phenylalanine 150 (F150) is
located in the S2 segment of human voltage-gated proton channels. We previ-
ously discovered that the F150 is a binding site for the open channel blocker
2GBI. Here, we show that the Hv1 VSD voltage-dependent activation requires a
hydrophobic group at position F150. We perform double-mutant cycle analysis
to probe interactions between F150 and positively charged arginines in the S4
segment of the channel. Our results indicate that F150 interacts with two argi-
nines (R2 and R3) in the S4 segment and catalyzes the transfer of the S4 arginines
in the process of voltage-dependent activation.

INTRODUCTION

The voltage-gated proton channel Hv1 is a member of the family of voltage-gated ion channels (Ramsey

et al., 2006; Sasaki et al., 2006). Hv1 channel plays roles in the regulation of reactive oxygen species

(ROS) production by the NADPH oxidase and cellular pH homeostasis (DeCoursey, 2016; Ma et al.,

2022; Seredenina et al., 2015; Taylor et al., 2011; Wu et al., 2022); it was found in many cell types including

airway epithelia cells (Cherny et al., 1995; DeCoursey and Cherny, 1995; Fischer, 2012; Murphy et al., 2005),

sperm cells (Lishko et al., 2010; Zhao et al., 2018, 2021b), brain microglia (Peng et al., 2021; Wu et al., 2012),

and cancer cells (Fernandez et al., 2016; Ribeiro-Silva et al., 2016; Wang et al., 2011, 2012, 2013), in which

Hv1 activity has been implicated in the pathology of asthma, sperm capacitation, ischemic stroke, and tu-

mor metastasis.

The voltage-gated sodium, potassium, and calcium channels are all made of a pore domain (PD) respon-

sible for ion permeation and four non-permeable voltage-sensing domains (VSDs) detecting changes in

membrane potential in the cells. The Hv1 proton channel does not have a PD and forms as a dimer consist-

ing of two permeable VSDs held together by the coiled-coil domain (Koch et al., 2008; Lee et al., 2008; Tom-

bola et al., 2008).

The VSDs of voltage-gated ion channels are made of four transmembrane segments (S1 through S4).

A highly conserved phenylalanine is located in the S2 segment of the VSD and acts as a part of the ‘‘gating

charge transfer center’’ (Figure 1A) (Tao et al., 2010). In the voltage-gated Shaker K+ channel, the conserved

phenylalanine (F290) was shown to interact with the positively charged residues of the S4 segment and

catalyze the sequential movement of the gating charges across the electric field (Lacroix and Bezanilla,

2011; Lacroix et al., 2014; Pless et al., 2011; Schwaiger et al., 2013; Tao et al., 2010). A state model of voltage

sensor transitions in the Shaker channel indicated that F290 interacts with the first positively charged res-

idue in the fully closed VSD, and with the fifth positively charged residue when the VSD is in its depolarized

conformation, suggesting a gating process consists of four transitions from the resting state to the final

pore opening in the Shaker potassium channel (Tao et al., 2010). Additionally, the size of the conserved

phenylalanine is important for the channel function, and the large side chain at position F290 is required

to stabilize the Shaker channel depolarized VSD conformation (Lacroix et al., 2014; Tao et al., 2010).

Despite progress in the functional characterization of F290 in the Shaker K+ channel, the role of the highly

conserved phenylalanine in Hv1 VSD activation remains unclear. The Hv1 channel has a more positive half-

activation voltage (V1/2) and less number of positively charged residues in S4 segment compared with the
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Shaker channel, indicating that the conserved phenylalanine contributes different roles in voltage-depen-

dent activation and regulation of the VSD in specific conformations.

The highly conserved phenylalanine of the humanHv1 channel (hHv1) is F150.Wepreviously discovered that the

side chain of F150 affects the strength of the interaction between the Hv1 channel and the blocker 2GBI (Hong

et al., 2013, 2014), and there was a negative correlation between the side chain size at position 150 and the

blocker binding affinity (Zhao et al., 2021a), suggesting that the size of F150 plays a role in 2GBI’s binding.

To assess whether the side chain size of F150 regulates hHv1 VSD activation as well, we introduced muta-

tions in the F150 by substituting other 19 amino acids. We found that the hydrophobic group instead of the

size of the side chain at position F150 is essential for the Hv1 voltage-dependent activation. We then inves-

tigated interactions between F150 and arginines in the S4 segment of the Hv1 channel, and the double-

mutant cycle analysis characterized significantly thermodynamic couplings between F150 and R2 or R3

when the channel transits from closed state to open state. Moreover, substitutions of charge-conserving

mutations at R2 or R3 destabilize the closed state or open state of the channel, respectively. We discussed

a simple model consists of two states connected by one transition.

RESULTS

The hydrophobicity of phenylalanine at position 150 is essential for the voltage-dependent

activation of the hHv1 channel

We first introduced a small residue replacement (alanine) at position 150 of the human Hv1 channel (F150A)

and observed that the F150A mutation shifted the conductance versus voltage relationship (G-V curve) to

Figure 1. The hydrophobic group at position 150 is essential for Hv1 voltage-dependent activation

(A) Sequence alignment of the S2 transmembrane segment of hHv1 proton channel, Shaker potassium channel, NachBac

sodium channel, Cav1.1 calcium channel, and CiVSP. Highly conserved phenylalanine (F) in the S2 segments is

highlighted. F corresponds to Phe150 in hHv1.

(B) G-V curves for the hHv1 proton channel F150 mutations colored from red to blue when the hydrophobicity of the

substituted side chain decreases, only several F150 mutations are shown for clarity. Table S1 summarized all F150

mutations. Proton currents were recorded in HEK293 cells expressing F150 mutations, pHi = pHo = 6.0.

(C and D) The V1/2 values obtained from G-V curves are plotted as a function of hydrophobicity of the substituted side

chain at position F150, using either Kyte-Doolittle hydrophobicity scale (C), or Goldman-Engelman-Steitz hydrophobicity

scale (D). Black lines indicate fits of the data to a linear function in (C and D), and r values are presented in red in each

panel.
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the hyperpolarization. A substitution of bulky and aromatic residue (F150W) produced a stronger

perturbation of channel activation compared with F150A. Moreover, a charged residue replacement

(F150R) generated the largest G-V shift in a hyperpolarized direction among three mutations (Figures 1B

and S1).

To comprehensively explore the effects of F150 on the voltage dependence of activation, we characterized

all 19 mutations at position 150 (Table S1). It was shown that all mutations produced left-shifted G-V rela-

tionships that increased open state stability relative to the closed state (Figure 1B, Table S1), indicating that

the nature of the side chain of phenylalanine at position 150 is required to stabilize the resting state of the

channel. We next performed linear correlation analysis for the relationship between the Hv1 voltage depen-

dence of activation and physicochemical properties of amino acid mutations. The voltage dependence of

activation parameter V1/2 was measured as the midpoint voltage obtained from the fitted G-V curve, and

the physicochemical properties of amino acids included side chain volume and hydrophobicity (Engelman

et al., 1986; Kyte and Doolittle, 1982; Zamyatnin, 1972) (Table S2).

There were no significant correlations between the V1/2 and the size of the side chain (Figure S2). In

contrast, it showed a strong linear dependence between the Hv1 VSD voltage dependence and hydropho-

bicity (Figures 1C and 1D). We tested two hydrophobicity scales Kyte-Doolittle (Kyte and Doolittle, 1982)

and Goldman-Engelman-Steitz (Engelman et al., 1986), and the V1/2 is correlated with both of hydropho-

bicity scales. The data showed that the V1/2 is associated with the hydrophobicity at position 150, and a hy-

drophobic residue at position F150 is important for the channel function.

Effects of mutations at position 150 depend on the positive residues in the S4

transmembrane segment

The highly conserved phenylalanine has been reported to interact with S4 charges to control the VSD

gating (Figure 2A). In the Shaker channel, the effect of phenylalanine to tryptophan mutation (F290W)

was associated with charged residue at position 5 (K5 in the Shaker S4) when the Shaker K+ channel VSD

Figure 2. Double-mutant cycle analysis indicates F150 interacts with R2 and R3 during the channel activation

(A) Sequence alignment of the S4 Segment of hHv1 proton channel, NachBac sodium channel, Cav1.1 calcium channel

domain IV, Shaker potassium channel, and CiVSP. The positive S4 residues are highlighted in blue. In hHv1, an asparagine

taking the fourth position of positive S4 residues is shown in bold font. The numbers show three arginines (R1, R2, and R3)

and one asparagine (N4) in the hHv1 S4 segment.

(B) Summary of |DDG0| determined by the double-mutant cycle analysis. A significant interaction between two residues

was defined as a |DDG0| > 4.2 kJ/mol (dot line). The larger values of |DDG0| indicated strong interactions between F150

and R2 or R3, see STAR methods.

(C–F) Effects of mutations on theG-V relationship of the channels. Voltage-dependent channel activations were shown for

R1K with 150F (R1K(F)) and R1K with 150W (R1K(W)) (C), R2K(F) and R2K(W) (D), R3K(F) and R3K(W) (E), and N4K(F) and

N4K(W) (F). In (C–F), the dash line (black) representedG-V curve of WT channel (150F), and the dash line (red) represented

G-V curve of F150W. Lines indicate fits of the data to a Boltzmann function. Proton currents were recorded in HEK293 cells

expressing Hv1 mutations, pHi = pHo = 6.0. Data are represented as mean G SEM.
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is in the open conformation (Tao et al., 2010). Since F150 mutations have strong effects on the voltage-

dependent activation of the Hv1 channel, we wondered whether we could identify interactions similar to

those between F290 and S4 charges in the Shaker channel that also occur in the Hv1 channel.

A double-mutant cycle analysis has been used to probe residues’ interaction between transmembrane seg-

ments in the channel (Chamberlin et al., 2014). Similar approaches were introduced to investigate the

effects of combining the F150W and charge-conserving S4 mutations (Figure 2). The Hv1 channel has 3

arginines (R1, R2, and R3) in the S4 segment. An asparagine (N4) takes the fourth position of positive S4

residues in the VSDs of other channels (Figure 2A), and we generated a mutation at this position as well

in the human Hv1 channel.

The G-V curves of the F150 mutation (F150W) with or without S4 segment mutations (R1K, R2K, R3K, and

N4K) were summarized in Figures 2C–2F. For each mutation, the G-V curve was fitted with the Boltzmann

equation, and V1/2 and k slope factors were then determined and used to calculate the DG0, which is the

free energy difference between the closed and open states of the activation. The |DDG0| (i.e., coupling

DG0 value) between two position mutations was determined by the thermodynamic coupling analysis as

previously explained (Li-Smerin et al., 2000). The significant interaction between two residues was defined

as a |DDG0| > 4.2 kJ/mol (1 kcal/mol) (Cheng et al., 2013; Zhang et al., 2005).

The |DDG0| values determined by the double-mutant cycle analysis were reported in Figure 2B. We

observed that the combinations F150W-R1K and F150W-N4K had |DDG0| values smaller than 4.2 kJ/mol,

indicating that there are no thermodynamic couplings between F150 and R1 or N4. In contrast, the com-

binations F150W-R2K and F150W-R3K dramatically increased the |DDG0|, and the values were 10.1 and

12.1 kJ/mol, respectively, both were substantially higher than the ones for F150W-R1K and F150W-N4K

(Figure 2B, Table S3). We then investigated residues near the F150 (F149 and M151), and the combinations

F149W-R2K, F149W-R3K, M151W-R2K, and M151W-R3K all showed smaller |DDG0| compared with F150W-

R2K and F150W-R3K (Figure S3). This strongly suggests that F150 is able to form functional interactions with

R2 or R3 during the voltage-dependent activation, and serve as a part of the gating charge transfer center in

the Hv1 channel.

We previously used an open channel blocker to probe that the F150 and D112, a residue crucial for the

proton selectivity of the channel, are located close to each other (Hong et al., 2014). We next investi-

gated if the D112 affects the interactions between F150 and S4 arginines. The combination F150 and

D112 mutation (F150W-D112E) generated a |DDG0| value (6.0 kJ/mol) larger than 4.2 kJ/mol, indicating

an interaction between F150 and D112 (Figure S4). The significantly thermodynamic coupling between

D112 and F150 was consistent with the results that D112E mutation affected F150 interactions with R2

or R3 (Figure S5).

F150 interacts with R2 and R3 to stabilize the closed and open states of the Hv1 channel

The VSD activation is a process that S4 segment positively charged amino acids move from inside to

outside of the membrane field (Tombola et al., 2006). As the mutant cycle analysis showed that F150 inter-

acts with both R2 and R3 during the channel activation (a process by which the channel transitions between

its closed and open states), we propose that F150 interacts with R2 to stabilize the closed state of the chan-

nel, and when the channel is depolarized, the R3 reaches the binding site and interacts with F150 to stabilize

the open state of the Hv1 VSD.

A charge-conserving mutation at R2 (R2K) was introduced to the Hv1 channel (Figure 3). The R2K mutation

shifted theG-V curve to the hyperpolarized direction with faster activation kinetics (Figures 3C and S6). The

channel closing time constant Ʈdeact values were determined, and R2K mutation took longer time to close

compared with WT (Figures 3B and 3D). The hyperpolarized-shifted G-V curve, decreased DG0, and the

slower rate of closure indicate that the replacement of lysine at position 2 (R2K) destabilizes the closed

state of the channel. This suggests that the endogenous residue (arginine) at position 2 increases the rela-

tive stability of the closed conformation.

The effects of charge-conservingmutation at the R3 (R3K) were further investigated (Figure 4). In contrast to

R2K, the R3K shifted the G-V relationship to the depolarized direction (Figure 4C), indicating that the R3K

mutation made the channel more difficult to open and did not favor the open conformation. The R3K had a
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depolarized-shifted G-V relationship, increased DG0, and faster deactivation kinetics (Figure S7), which is

indicative of a destabilized open state relative to the closed state. This is consistent with the results that R3K

mutation significantly delayed the activation kinetics (Figure 4B), and it altered the opening time constant

Ʈact increasing the values at given membrane potentials (Figure 4D). These results indicated that the func-

tion of native arginine at position 3 is to stabilize the open channel, and mutation at R3 (R3K) strongly per-

turbs the stability of the open state. The spatial proximity between F150 and R3 was further assessed by

cysteine pairs crosslinking; an approach that used Cd2+ to probe for cysteine-cysteine distances has

been previously applied on other channel (Campos et al., 2007). Here, we introduced double cysteine mu-

tations (F150C-R3C) in the Hv1 channel expressing in Xenopus oocytes. The current carried by F150C-R3C

cysteine pairs was remarkably decreased by intracellular Cd2+ compared with the currents carried by single

cysteinemutation F150C or R3C (Figure S8), indicating a formation of Cd2+ bridge between the two residue

pairs.

Model of Hv1 VSD transitions

To describe the effects of R2K and R3K on the Hv1 VSD voltage-dependent activation, we proposed a sim-

ple-state model of Hv1 VSD transitions. We assumed that Hv1 proton current permeation corresponds to

the translocation of the voltage-sensing residues in the S4 segment, and that the Hv1 open pore correlates

with the condition in which Hv1 VSD is open. The model is comprised of one closed state and one open

state, each state occupying an energy well. The transition rates depend on the height of the energy barrier

between closed and open states (Figure 5).

In the model, the effect of the R2K mutation on the channel, which is closed state destabilization, was satis-

fied by decreasing the relative depth of the energy well for the ‘‘Close’’ state and increasing the energy bar-

rier for the Open - > Close transition to allow for the slower deactivation (orange lines in Figure 5A).

Figure 3. Effects of charge conserving mutation of R2 on the closed state of the channel

(A and B) Representative tail currents recorded from WT (A) or R2K (B). The tail currents were elicited by a prepulse to

100 mV, in 10 mV decrements from 0 to �60 mV.

(C) The R2K mutation negatively shifted the G-V relationship of the channel. Lines indicate fits of the data to a Boltzmann

function.

(D) The deactivation (channel closing) time constant Ʈdeact inWT or R2Kmutation. Ʈdeact was obtained from exponential fit

to the tail currents. Proton currents were recorded in HEK293 cells expressing Hv1 mutations, pHi = pHo = 6.0. Data are

represented as mean G SEM.
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A smaller DG0 for R2K was consistent with decreased activation kinetics (Eact(R2K)) (Figure S6B) and

increased deactivation kinetics (Edeact(R2K)) (Figure 3D).

The effects of the R3K mutation on the open state of the channel could also be described using this model,

and R3K destabilizing the open state could be satisfied by decreasing the relative depth of the energy well

for the ‘‘Open’’ state and increasing the energy barrier for the Close - > Open transition to interpret the

slower activation (purple lines in Figure 5B). A larger DG0 for R3K was consistent with increasing the height

of the energy well (increased Eact(R3K), Figure 4D) and decreasing the depth of the energy well for the open

state (decreased Edeact(R3K)) (Figure S7B).

DISCUSSION

In the Shaker potassium channel, the large side chain at position F290 is required to stabilize the depolar-

ized VSD conformation (Lacroix et al., 2014); the role of the side chain size at position F290 in Shaker chan-

nel was supported by discoveries that the size of unnatural amino acid analogs of phenylalanine at position

290 was negatively correlated with the voltage-dependent channel activation curves (Pless et al., 2011; Tao

et al., 2010).

In contrast to the Shaker channel, the highly conserved phenylalanine of the Hv1 channel (F150) exhibited

distinctive features. We determined the G-V curves of F150 mutations and analyzed the effects of physico-

chemical properties of F150 mutations on the voltage-dependent activation. There were no significant

correlations between the size of side chain and the midpoint V1/2 values in Hv1. Strikingly, replacements

of hydrophilic residues at position 150 consistently shift theG-V curve toward more negative voltages, indi-

cating that stabilization of the resting Hv1 VSD conformation requires a hydrophobic group at position

F150. A recent finding that increasing the hydrophilicity of the Hv1 hydrophobic gasket region including

Figure 4. Effects of charge conserving mutation of R3 on the open state of the channel

(A and B) Representative rising currents recorded from WT (A) or R3K (B). Currents were measured from a holding

potential of �60 mV to test potentials ranging between �60 and +120 mV in 10 mV steps.

(C) The R3K mutation positively shifted the G-V relationship of the channel. Lines indicate fits of the data to a Boltzmann

function.

(D) The channel opening time constant Ʈact in WT or R3K mutation. Ʈact was obtained from exponential fit to rising

currents. Proton currents were recorded in HEK293 cells expressing Hv1 mutations, pHi = pHo = 6.0. Data are represented

as mean G SEM.
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F150 facilitated channel opening supports this conclusion (Banh et al., 2019). The presence of the hydro-

phobic side chain at position 150 might play an essential role in preventing protons permeating the VSD

when the channel is in closed conformation.

Although the side chain size at position F150 is not correlated with the Hv1 VSD voltage-dependent acti-

vation, it strongly affects the Hv1 pharmacology. Mutations at position F150 have been shown to influence

the strength of the interaction between the channel and the Hv1 blocker 2GBI (Hong et al., 2013, 2014). A

replacement of small amino acid alanine (F150A) generated over 350-fold increase in binding affinity for the

blocker, whereas substitution of bulky residue at position 150 (F150W) reduced the binding affinity of the

2GBI (Hong et al., 2013). These suggest that themechanism by which F150mutations alter the blocker bind-

ing is distinct from the mechanism by which they alter the movement of the voltage sensor. We conclude

that the nature of the side chain of phenylalanine at position 150 has differential effects on the channel func-

tion: the size of phenylalanine plays a key role in blocker binding, while the hydrophobicity of phenylalanine

is essential for the channel voltage-dependent activation.

Previous studies on the VSDs of voltage-gated potassium channels revealed that the conserved phenylal-

anine interacts with different S4 arginines in different conformations (Henrion et al., 2012). In the Shaker

channel, F290 was proposed to interact with the first positively charged residue in the closed state, and

with the fifth positively charged residue in the channel open conformation, suggesting a gating process

consists of four transitions from the resting state to the final pore opening in the Shaker potassium channel

(Henrion et al., 2012; Tao et al., 2010).

Compared with the Shaker channel, the S4movement in Hv1 channel is shorter. Two different models of Hv1

voltage-dependent activation have been proposed (DeCoursey, 2015; Larsson, 2020). In the ‘‘three-click’’

model, the S4 segment moves three turns of the helix upward and three arginines all move outward past the

hydrophobic gasket in the VSD (Gonzalez et al., 2010). In the ‘‘one-click’’ model, there is only one transition

and the S4 moves one turn of the helix upward (Li et al., 2015).

We applied double-mutant cycle analysis to probe interactions between the conserved phenylalanine F150

and arginines in the S4 segment, and found that there are significantly thermodynamic couplings between

F150 and R2 or R3 when the channel transits between closed and open conformations.

Figure 5. State model of Hv1 VSD transitions

(A) The black lines represent the voltage-dependent activation for wild-type Hv1 channels, and orange lines are changes

mediated by the R2K mutation. Destabilization of closed state caused by R2K is consistent with decreasing the relative

depth of the energy well for the ‘‘Close’’ state and increasing the energy barrier for the Open -> Close transition to allow

for the slower deactivation. And the smaller DG0 for R2K is satisfied by decreased activation kinetics Eact(R2K) and

increased deactivation kinetics Edeact(R2K).

(B) The similar reaction process can be interpreted for the effects of R3K mutation on the open state. Purple lines are

changes mediated by the R3K mutation. Destabilization of the open state caused by R3K is achieved by decreasing the

relative depth of the energy well for the ‘‘Open’’ state and increasing the energy barrier for the Close - > Open transition

to account for the slower activation. The larger DG0 for R3K is consistent with increased activation kinetics Eact(R3K) and

decreased deactivation kinetics Edeact(R3K).
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Our findings indicated that F150 is close to the arginine at position 2 (R2) in the resting state, which is

consistent with the crystal structure of the closed conformation of the Hv1-VSP chimera (Takeshita

et al., 2014). Substitution of a charge-conserving mutation at R2 (R2K) produced hyperpolarized shifts

of the G-V curve (Figure 3), and this mutation took less time to activate and much longer time to close,

indicating that the R2K strongly destabilizes the closed state relative to the open state of the channel.

This might be due to the fact that the charged side chain of lysine (K) is shorter than arginine (R), and

F150 could not effectively interact with the lysine at position 2 (R2K) in order to stabilize the closed

conformation.

To date, the crystal structure of the open state of the Hv1 channel has not yet been achieved. We previously

used an open channel blocker 2GBI to probe a locally structural information when the Hv1 channel opens

(Hong et al., 2014); we characterized that the binding environment of 2GBI is a cluster of tightly packed res-

idues including F150 and R3 within the Hv1 VSD. This suggested that in the Hv1 open conformation, F150

and R3 are packed in space and likely interact with each other. The results in the present study were consis-

tent with this conclusion. The R3K mutation markedly slowed the process of channel opening (Figure 4),

suggesting that it perturbed the open conformation of the channel. The depolarized shift of the G-V pro-

duced by R3K showed that more energies are required to push the lysine (K) at position 3 into the binding

site to interact with F150, suggesting that the native arginine (R) binds more tightly relative to lysine (K) in

the presence of phenylalanine at position 150, which made the voltage sensor to be stabilized in its open

conformation. Moreover, the interaction between F150 and R3 was supported by the results of cysteine

pairs cross-links (Figure S8).

We propose a simplemodel consists of two states (closed and open) connected by one transition: The F150

interacting with R2 stabilizes the closed state of the channel. When depolarized, the R3 moves sequentially

upward to interact with F150 stabilizing the open state of the channel (Figure 6).

Although our results indicated that F150 does not interact with R1, the R1 mutations have been shown to

modulate the Hv1 channel voltage-dependent activation and facilitate channel opening with faster activa-

tion kinetics (Ramsey et al., 2006; Sasaki et al., 2006). Previous studies in NaChBac channel revealed that the

positive residue R1 of the S4 segment interacted with a negative residue E43 at the extracellular end of the

S1 segment to form charge-charge interaction stabilizing the channel in resting state (DeCaen et al., 2011;

Yarov-Yarovoy et al., 2012). The E43 in NaChBac corresponds to the E119 in human Hv1 channel. Mutations

at R1 in the Hv1 proton channel likely generated a perturbation of the charge-charge interaction between

R1 and E119 and destabilized the resting state of the channel, reducing an energy barrier for the channel

activation, accounting for faster activations in the R1 mutations of the Hv1 channel.

The physicochemical basis for interaction between F150 and S4 arginines in the Hv1 channel is potentially

associated with cation-p binding. In Shaker channel, cation-p interaction was found to stabilize the inter-

action between S4 positive-charged residue K374 (K5) and F290W. Fluorine modifications at F290W pro-

duced a stepwise right-shift in the G-V of the Shaker channel, indicating that the electronegative surface

potential of aromatic residue contributes to a cation-p interaction with positive charged residue (Pless

et al., 2011). In the Hv1 channel, the aromatic side chain of F150 has been previously shown to contribute

a cation-p interaction between the F150 and blocker 2GBI (Zhao et al., 2021a). A similar interaction might

Figure 6. Schematic showing the proposed interactions between F150 and S4 gating charges in the S4 segment

The hydrophobic F150 interacts with R2 to stabilize the closed state of the channel (left panel). When the channel is

depolarized, the R3 reaches the binding site interacting with F150 to stabilize the open state of the channel (right panel).
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be present in the Hv1 channel when F150 interacts with S4 positive-charged residues during the channel

activation. The aromatic ring of F150 catalyzes the S4 movement potentially through the electrostatic

cation-p interaction with the R2 or R3. A detailed mechanism underlying the interaction remains to be

explored in future work.

Taken together, our results identify a role for F150 in the regulation of Hv1 channel function. We show that

the highly conserved phenylalanine of the Hv1 channel exhibits different features and that the hydropho-

bicity of phenylalanine is essential for channel voltage-dependent activation. The F150 functionally inter-

acts with arginines at positions 2 and 3 in the S4 segment and catalyzes the transfer of the S4 arginines

in the process of voltage sensing. The voltage-gated proton channel Hv1 has been associated with ROS

generation and regulation of pH homeostasis. Understanding how Hv1 proton channel activity is manipu-

lated by transmembrane potential will shed light on the instructions in creation of reagents targeting this

channel, and therapeutics to rationally modulation of Hv1 activity.

Limitations of the study

The study showed that the conserved phenylalanine F150 in the human Hv1 channel interacts with two S4

arginines when the channel transits between closed and open conformations. Although the data in our

study supported that in the Hv1 open conformation, R3 and F150 interact with each other to stabilize the

open state, so far, the structure of the activated state of the Hv1 channel is not available to justify the model.

Additionally, the detailed mechanism underlying the interaction between the hydrophobic phenylalanine

and positively charged arginines in the Hv1 channel remains to be explored in future work.
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Lipofectamine 3000 Transfection Reagent Invitrogen Cat# L3000075

NheI restriction enzyme New England Biolabs Cat# R3131S
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human-derived renal epithelial (HEK-293) cells Sigma-Aldrich Cat# 85120602
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Oligonucleotides

Custom-designed primers for mutagenesis of hHv1

constructs (see Table S4)

IDT-DNA Technologies N/A

Recombinant DNA

hHv1-pNICE This paper N/A

eGFP-pNICE This paper N/A

hHv1 F150A-pNICE This paper N/A

hHv1 F150C-pNICE This paper N/A

hHv1 F150D-pNICE This paper N/A

hHv1 F150E-pNICE This paper N/A
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hHv1 F150Q-pNICE This paper N/A

hHv1 F150R-pNICE This paper N/A

hHv1 F150S-pNICE This paper N/A

hHv1 F150T-pNICE This paper N/A

hHv1 F150V-pNICE This paper N/A

hHv1 F150W-pNICE This paper N/A

hHv1 F150Y-pNICE This paper N/A

hHv1 R1K(R205K)-pNICE This paper N/A

hHv1 R2K(R208K)-pNICE This paper N/A
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hHv1 N4K(N214K)-pNICE This paper N/A

hHv1 F150W-R1K-pNICE This paper N/A
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the Lead Contact, Liang Hong (hong2004@uic.edu).

Materials availability

All plasmids generated in this study will be made available from the lead contact upon reasonable request.

Data and code availability

All data reported in this paper will be shared by the lead contact upon request.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead

contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture

HEK293 cells (#85120602, Sigma-Aldrich) were reseeded on coverslips in 6-well plates containing Dulbecco

modified Eagle’s medium (DMEM, Invitrogen) supplemented with 10% fetal bovine serum (Invitrogen),

100 U/mL penicillin, and 100 mg/mL streptomycin at 37�C under 5% CO2. After growth to�70% confluence,

cells were transiently transfected with human Hv1 and GFP cDNA plasmids. Recombinant human Hv1 chan-

nels were sub-cloned in the pNICE vector. Single-point mutations were introduced with standard PCR tech-

niques. PCR primers were purchased from IDT DNA Technologies. The mutation confirmed by the DNA

sequencing was used for subsequent transfection. The HEK-293 cells were transiently transfected with

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

hHv1 F150W-R2K-pNICE This paper N/A

hHv1 F150W-R3K-pNICE This paper N/A

hHv1 F150W-N4K-pNICE This paper N/A

hHv1 D112E-pNICE This paper N/A

hHv1 D112E-F150W-pNICE This paper N/A

hHv1 D112E-F150W-R2K-pNICE This paper N/A

hHv1 D112E-F150W-R3K-pNICE This paper N/A

hHv1 F149W-pNICE This paper N/A

hHv1 F149W-R2K-pNICE This paper N/A

hHv1 F149W-R3K-pNICE This paper N/A

hHv1 M151W-pNICE This paper N/A

hHv1 M151W-R2K-pNICE This paper N/A

hHv1 M151W-R3K-pNICE This paper N/A

hHv1 F150C-pGEMHE This paper N/A

hHv1 R3C(R211C)-pGEMHE This paper N/A

hHv1 F150C-R3C-pGEMHE This paper N/A

Software and algorithms

pClamp11 software Molecular Devices https://www.moleculardevices.com/

Excel Microsoft Office N/A

Illustrator Adobe https://www.adobe.com/products/illustrator.html

Origin OriginLab https://www.originlab.com/

BioEdit Informer Technologies, Inc. https://bioedit.software.informer.com/
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2 mg of the cDNA encoding Hv1 construct and 0.25 mg of a plasmid encoding enhanced green fluorescent

protein (GFP) using Lipofectamine 3000 reagent (Invitrogen; USA) according to the manufacturer’s proto-

col. Themixture was then added to the culture dish and the cells were incubated at 37�C for 24 hours before

the electrophysiology studies were conducted. A coverslip with HEK293 cells was placed in a recording

chamber containing bath solution on the stage of a fluorescence microscope (Olympus, Japan), and the

transfected cells identified by the fluorescent signal emitted from GFP were used for electrophysiological

measurements. Patch clamp experiments were conducted 24–48 hours after transfection.

The Xenopus oocytes (Stages V and VI) were purchased from Ecocyte Bioscience (USA). Oocytes were

kept at 18�C in ND96 medium containing 96 mM NaCl, 2 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2,

10 mM Hepes, 5 mM pyruvate, and 100 mg/mL gentamicin (pH 7.2). The pGEMHE plasmids containing

human Hv1 constructs were linearized with NheI restriction enzyme (New England Biolabs, USA). RNA

synthesis was carried out with a T7 mMessage mMachine Transcription Kit (Ambion, USA). cRNAs

were injected in Xenopus oocytes (50 nL/cell, 1.5 mg/mL) 3 days before the electrophysiological

measurements.

METHOD DETAILS

Electrophysiological measurements and analysis

Hv1 proton currents in HEK293 cells were measured in whole-cell configuration using an Axopatch 200B

amplifier controlled by pClamp11 software through an Axon Digidata 1550B system (all from Molecular

Devices, USA). The bath solution contained 75 mM N-methyl-D-glucamine (NMDG), 110 mM 2-(N-

morpholino)-ethanesulphonic acid (MES), 80 mM Glucose, 1 mM MgCl2, 1 mM CaCl2, adjusted to

pH 6.0 with methanesulfonic acid. The pipette solution contained 75 mM NMDG, 110 mM MES, 80 mM

Glucose, 1 mMMgCl2, 1 mM EGTA, adjusted to pH 6.0 with methanesulfonic acid. We used a high H+ con-

centration (pHi = pHo = 6.0) solution in order to minimize the effects of leak currents mediated by F150

charged mutations on the intracellular H+ concentration (pHi), which might generate perturbation on the

G-V curves. Hv1 proton currents in oocytes were measured in inside-out configuration. Both bath solution

and pipette solution contained 100 mMMES, 30 mM tetraethylammonium (TEA) methanesulfonate, 5 mM

TEA chloride, 5 mM EGTA, adjusted to pH 6.0 with TEA hydroxide. All measurements were performed at

22 G 3�C. Pipettes had 2-5 MU access resistance. Current traces were filtered at 1 kHz and analyzed with

Clampfit11 (Molecular Devices) and Origin 2019 (OriginLab).

Steady-state activation G-V curves were fitted by the Boltzmann equation:

G/Gmax = 1/(1 + exp(V1/2-V)/k)

where G/Gmax is the relative conductance normalized by the maximal conductance, V1/2 is the potential of

half activation, V is the test pulse, and k is the slope factor. k is equal to RT/ɀF, where ɀ is the equivalent

charge, R is the gas constant, F is Faraday’s constant, and T is temperature in Kelvin.

Reported V1/2 and k values derived from the Boltzmann fits to data from multiple cells were used to assess

the free energy difference at 0 mV (DG0) between the closed and open states of the activation, theDG0 was

calculated according to the following:

DG0 = ɀFV1/2

The channel opening time constant Ʈact and closing time constant Ʈdeact values were calculated by fitting

current traces with the single-exponential equation according to the following:

I(t) = I0+A(1-exp(-t/Ʈ))

where I(t) represents the current at time point t, I0 is the initial current amplitude, Ʈ is the time constant.

Mutant cycle analysis

Double mutant cycle analysis was used to determine whether the effects of two mutations (e.g., mutation 1

at position of F150 in the S2 segment, mutation 2 in the S4 segment) were additive and whether a functional

ll
OPEN ACCESS

14 iScience 25, 105420, November 18, 2022

iScience
Article



interaction existed between the two mutation sites. The |DDG0| (i.e., coupling DG0 value) was determined,

and was calculated according to the following:

|DDG0| = | (DG0
i - DG0

WT) - (DG0
ij - DG0

j) |

where i is the mutation 1, j is the mutation 2. ij is the double mutations at both positions,WT is the wild-type

channel.

The standard error of the mean (SEM) value for |DDG0| was determined, and was calculated according to

the following:

SEM of |DDG0| = SQRT ((SEM of DG0
i)2 + (SEM of DG0

WT)2 + (SEM of DG0
ij)2 + (SEM of DG0

j)2)

The large coupling free energy |DDG0| values indicate functional interactions between positions i and j, and

a coupling energy of greater than 4.2 kJ/mol represents a significant interaction between two positions.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data were presented as meanG SEM. Significance between means was determined by Student’s t-test.

p < 0.05 was considered to indicate a statistically significant difference.
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