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The voltage-gated H* channel (Hv) is a voltage sensor
domain-like protein consisting of four transmembrane seg-
ments (S1-S4). The native Hv structure is a homodimer, with
the two channel subunits functioning cooperatively. Here we
show that the two voltage sensor S4 helices within the dimer
directly cooperate via a 7r-stacking interaction between Trp res-
idues at the middle of each segment. Scanning mutagenesis
showed that Trp situated around the original position provides
the slow gating kinetics characteristic of the dimer’s cooperativ-
ity. Analyses of the Trp mutation on the dimeric and monomeric
channel backgrounds and analyses with tandem channel con-
structs suggested that the two Trp residues within the dimer are
functionally coupled during Hv deactivation but are less so dur-
ing activation. Molecular dynamics simulation also showed
direct 7r-stacking of the two Trp residues. These results provide
new insight into the cooperative function of voltage-gated chan-
nels, where adjacent voltage sensor helices make direct physical
contactand work as a single unit according to the gating process.

Voltage-gated ion channels sense the membrane potential
and gate ion permeation to generate electronic signals in many
cell types (1). Classical voltage-gated ion channels function as
tetramers or pseudotetramers and feature four voltage sensors
on the periphery and a pore in the center. Although the voltage
sensors do not have direct contact with each other due to the
spatially separated arrangement, the functional cooperativity
arising from multimerization appears in the channel activation.
Activation of all four voltage sensors together triggers the pore
to open, whereas deactivating any one of the voltages sensors
induces the pore to close (2). Full participation of the voltage
sensorsin the channel activation strengthens the voltage depen-
dence and enhances its sensitivity to electrical signals in excit-
able cells (2).
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The voltage-gated H* channel (Hv)? is a voltage sensor only
protein consisting of four transmembrane domains (S1-S4)
that correspond to the voltage sensor of voltage-gated channels
(3, 4). The Hv passes H" and forms a primary pathway for
transmembrane H™ conduction in phagocytes and human
sperm cells (5-7). The S4 helix contains positively charged res-
idues and senses the voltage change across the membrane, as
the voltage sensor does in the other voltage-gated channels (8).
The functional unit of Hv is uniquely a dimer (9 —11). The cyto-
plasmic coiled-coil domain just downstream of the S4 segment
mediates the dimerization (12, 13), suggesting that the two volt-
age sensors are proximally positioned. It is known that, in the
dimeric Hv, each channel protomer cooperates with each other
during gating (13-16). This cooperativity enhances the voltage
dependence of Hv activation and slows the gating kinetics,
which works well for production of reactive oxygen species in
phagocytes (7, 12, 13, 16). It has been proposed that within the
dimer, the coiled-coil domain defines the configuration of the
transmembrane helices (12, 13, 17) and modifies the functions
of the two closely situated S4 helices during the channel activa-
tion (18). Besides this, there are various models for the relative
positioning of the transmembrane segments of the two channel
subunits (10, 15) and various scenarios for the cooperative
function of the voltage-dependent gating (8, 14, 19). The
structural mechanism of how the dimerization controls the
gating, directly or indirectly involving the S4 helices, has
been unknown.

Within voltage-gated channels, the S4 helix is considered to
be the voltage sensor and to move up and down with rotation,
following the membrane potential, thereby inducing a confor-
mational change that opens or closes the channel (20-22). The
amino acid sequence of S4 is well conserved in Hv, but unlike
other voltage-gated channels, it contains a Trp residue at the
middle of the S4 sequence that is 100% conserved among Hv
species (Fig. 1A4). Trp is a bulky aromatic residue that tends
to be situated at membrane-water interfaces due to its
amphipathic nature and the favorable interaction between its
aromatic ring and lipid headgroups (23, 24). Thus, Trp situated
at the middle of the S4 transmembrane segment in Hv is note-
worthy. Furthermore, the bulky side chain of Trp should be less

2 The abbreviations used are: Hv, voltage-gated H* channel; NA-mutant, non-
aromatic mutant; ANOVA, analysis of variance.
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well tolerated at positions that are involved in tight protein-
protein interactions (25, 26), which raises the question of why a
Trp is situated in a region of close S4-S4 interaction within the
dimeric channel. Moreover, the adjacency of the parallel S4 di-
poles would seem to be energetically incompatible within a protein
structure. Until now, however, these questions have not attracted
much attention. Nonetheless, the crystal structure of the trans-
membrane region was, in fact, solved at low resolution and, unex-
pectedly, in a trimer (17), which provides less information about
the function of Trp and the true structure than would the native
dimeric channel. In the present study, therefore, to understand the
functional and structural significance of the uniquely conserved
Trp, we performed the electrophysiological analysis combined
with the molecular dynamics simulation of WT and Trp mutants
within Hv monomers and dimers. Here we show that the Trp res-
idues form a direct 7-stacking within a dimer only when the chan-
nel is closing and produce the characteristic slow deactivation
phase observed in the native Hv.

Experimental Procedures

In Vitro Mutagenesis and ¢cRNA Synthesis—The original
Ciona Hv1/VSOP channel cDNA was subcloned into pSD64TF
vector. The original mouse Hv1/VSOP channel cDNA was sub-
cloned into pIRES-EGFP vector. Single and double point
mutants were made using a site-directed mutagenesis protocol
and confirmed by DNA sequencing. To make the C terminus
coiled-coil domain deletion constructs, a D275stop point muta-
tion of Ciona Hv and a V216stop point mutation of mouse Hv
were introduced, respectively; these make the channel mono-
meric (12, 13). To make the tandem channels, two subunits
were linked with a flexible 19-amino acid linker, GGSGGSGG-
SGSGGSGGSGQG, as reported previously (13). The coiled-coil
assembly domain remains intact in a tandem channel, suggest-
ing that the tandem channels form the same structure as the
native dimeric channel. cRNAs encoding WT and mutant
channels were prepared from linearized plasmid cDNA using
an RNA transcription kit (Life Technologies Japan). In Fig. 14,
the accession numbers used for the alignments are as follows:
Ciona Hv (NCBI Reference Sequence: NW_004190496.1),
mouse Hv (NC000071), human Hv (NC000012), zebrafish Hv
(NC007121), Clonorchis Hv (GAA49234.1), shaker (AAA28417.1),
KvAP (BAA79939.1), NavRh (WP_009373403), Navl.5 (NC-
000003.12), and VSP (BAD98733.1).

Preparation of Xenopus Oocytes—Xenopus oocytes were col-
lected from frogs anesthetized using tricaine. The isolated oocytes
were treated with collagenase (0.5—1.0 mg/ml, type 1; Sigma) and
then injected with 50 nl of cRNA solution. The injected oocytes
were incubated for 3-5 days at 18 °C in ND96 frog Ringer solution.
All experiments conformed to the guidelines of the Animal Exper-
iments Committee of Osaka University.

Two-electrode Voltage Clamp Recordings—Macroscopic cur-
rents were recorded from Xenopus oocytes expressing Ciona
Hv using the two-electrode voltage clamp technique with a bath
clamp amplifier (OC-725C, Warner Co.), a digital/analog con-
verter (Digidata 1440A, Molecular Devices), and recording
software (pCalamp version 10, Molecular Devices). All record-
ings were made at room temperature (20 °C). Intracellular glass
microelectrodes were filled with 3 M potassium acetate with 10
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mwm KCI (pH 7.2), and their electric resistances ranged from 0.1
to 0.4 megaohms. Two Ag-AgCl pellets (E205, Warner Co.)
were used as bath electrodes for voltage sensing and current
passing. The standard recording bath solution contained 96 mm
NacCl, 2 mm KCl, 1.8 mm CaCl,, 1 mm MgCl,, and 5 mm HEPES
(pH 7.15). In recordings under the high pH buffer condition
(Fig. 2), we injected 50 nl of 1 M HEPES (pH 7.30) into each
oocyte to prevent pH, change (8, 16) and recorded H™ currents
with the bath solution containing 60 mm NaCl, 2 mm CaCl,, 1
mMm MgCl,, and 120 mm HEPES (pH 7.30). Only data presenting
small amplitudes of the H" current (<5 wA) were used for
analyses (Fig. 2).

All data were recorded by applying a set of step pulses using
P/4 subtraction protocols. Cells were held at —60 mV, and volt-
age pulses were applied in the range of —60 to +120 mV for 100
ms with 10-mV increments. Actual clamped membrane poten-
tials were monitored during current recordings, and data with
an error of over 5 mV from the command potential were dis-
carded. The activation time constant was obtained by fitting the
activation phase of the outward currents upon depolarization
to 100 mV, whereas the deactivation time constant was
obtained by fitting the tail currents upon repolarization to —60
mV. Activation thresholds were evaluated by measuring the
voltage at which a detectable tail current was elicited.

Patch Clamp Recordings—The cDNAs of mouse Hv for the
WT and mutant channel constructs (Figs. 7 and 8) were trans-
fected into HEK293T cells (human embryonic kidney cell line).
The mouse Hv clone does not function well in oocytes but func-
tions well in HEK293T cells. Electrophysiological recordings
were carried out 18 —30 h after transfection, and the transfected
cells were identified by the fluorescent signal from GFP. Mac-
roscopic currents were recorded in the whole-cell clamp con-
figuration using an Axopatch-200B amplifier (Molecular
Devices). The pipette resistance in the solution was 3—5 megao-
hms. 60—80% of the voltage error due to the series resistance
was compensated for by a circuit in the amplifier. The external
solution contained 75 mM N-methyl-p-glucamine, 1 mm CaCl,,
1 mm MgCl,, 10 mm glucose, and 180 mm HEPES (pH 7.0). The
pipette solution contained 65 mM N-methyl-p-glucamine, 3
mM MgCl,, 1 mm EGTA, and 183 mm HEPES (pH 7.0). The
recording temperature was controlled at 25°C. Data were
recorded by applying a set of step pulses without using subtrac-
tion protocols. Cells were held at —60 mV, and voltage pulses
were applied in the range of —60 to +120 mV for 1 s with
10-mV increments. The activation time constant was obtained
by fitting the activation phase of the outward currents upon
depolarization to 100 mV, whereas the deactivation time con-
stant was obtained by fitting the tail currents upon repolariza-
tion to —60 mV (Figs. 7 and 8). In the analysis of the limiting
slope (Fig. 8, A and B), cells were held at —60 mV, and the slow
ramp pulse (+1 mV/1 s) was applied in the range around the
threshold, as reported previously (13). Valences of the effective
charge movement (Z9) of the gating were calculated by linear
fitting of the chord conductance.

Data Analysis—Activation/deactivation phases of the re-
corded currents were fitted with a single exponential function,

I = Aexp(t/7) + C (Eq. 1)

SASBMB

VOLUME 291+-NUMBER 11-MARCH 11,2016



Cooperative Deactivation by Trp in S4 of the Hv Dimer

where 7 is the time constant of activation/deactivation, and A
and C are constants. With the 1257W mutation of the non-
aromatic mutant (NA-mutant), deactivation appeared to follow
a biexponential time course, and the combined kinetics (7_,,,;,)
were calculated using a double exponential function.

I = Aexp(t/T,) + Aexp(t/T,) + C (Eq.2)

A A,

<A1+Az Int, + m |n7'2) (Eq.3)

To evaluate the recovery of deactivation kinetics in the Trp
scanning mutagenesis (Fig. 4B), we calculated the relative re-
covery ratio in each mutant using the logarithm of mean time
constant on the basis of WT (as 100%) and the NA-mutant (0%).

To quantify the effect of each mutant on the rate of activa-
tion/deactivation, we calculated a perturbation energy (27),

AAG = — RTIN(Tru/ Teont) (Eq.4)

where R is the gas constant and T is the absolute temperature.
Tonue a0d T, are kinetic parameters obtained from the specific
mutant of interest and the NA-mutant, respectively.

To evaluate the structural coupling between two Trp in each
channel protomer, we applied the method of mutant cycle anal-
ysis. The apparent coupling free energy (AAG;,,,) was calculated

(28, 29),

AAGint = (AAGZmer + AAGTrp) - AAG2mer,Trp (EQ- 5)

where AAG,,, ., is the apparent free energy difference in the
perturbation energy between the monomer and dimer, and
AAG,, is the apparent energy difference caused by the intro-
duction of Trp. If the two Trp are independent within the
dimeric channel, AAG;, . = 0, but if they are coupled/interact-
ing, then AAG;, . # 0. Absolute coupling energy greater than
~0.89 kcal/mol represents a significant interaction between the
two residues (29).

Data were analyzed using Clampfit (Molecular Devices), Igor
Pro (WaveMetrics Inc.), and Excel (Microsoft Corp.) software.
Experimental data are shown as means * S.E., whereas pro-
cessed data, such as AAG, are shown as difference values
between two averaged data sets without deviations. In all data
sets, the means of two groups were statistically compared using
Student’s ¢ test, whereas pairs of means among three or more
groups were compared using the Tukey-Kramer test, and the
difference among the means of multiple groups was tested
using one-way ANOVA (supplemental Table 1).

Structure Modeling—A dimeric Hv structure model was built
based on two crystal structures. One is the crystal structure of
the cytoplasmic coiled-coil domain of mouse Hv (Protein Data
Bank entry 3VMX), showing a natural dimeric form that medi-
ates dimeric assembly of the channel (13). The other is the crys-
tal structure of the nominal full-length Hv (Protein Data Bank
entry 3WKYV) that consists of the transmembrane region of a
mouse-Ciona chimeric Hv and the cytoplasmic region of a yeast
coiled-coil (17). This full-length structure forms an unnatural
trimer in crystal (17), but it shows that the coiled-coil domain
and the transmembrane S4 segment form a continuous helix
and that S4 helices constitute an interaction interface between
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channel protomers, which is consistent with a recent cross-
linking analysis of the native mouse Hv dimer (18). Because
multimerization of Hv is reportedly determined by the oligo-
merization state of the coiled-coil domain (12), we constructed
a dimer model by connecting the transmembrane structure of
the full-length Hv (Protein Data Bank entry 3WKV) with the
cytoplasmic assembly foundation of the dimeric coiled-coil of
mouse Hv (Protein Data Bank entry 3VMX) (13, 17). Superim-
position of the coiled-coil regions of the full-length chimeric Hv
(lle***~Leu**') and mouse Hv (Ile***~Leu®*') was performed
using the superpose program within COOT. The resultant
dimer model was used for the molecular dynamics simulation.

Molecular Dynamics Simulation—We have complemented
invisible regions in the dimeric Hv model using the MOD-
ELLER program (30). The symmetric axis of the dimer was set
to the z axis. Adequate hydrogen atoms were added under a
neutral pH condition. The coiled-coil region was discarded in
consideration of the calculation cost. The dimeric channel was
set to be in the center of a pre-equilibrated lipid bilayer consist-
ing of 320 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanol-
amine lipid molecules under periodic boundary conditions in
the x-y plane, and overlapping lipid molecules were removed.
Chemical bonds associated with hydrogen atoms were con-
strained using the LINCS algorithm (31). The channel and lipid
bilayer energy was minimized to remove hard contacts among
atoms. Equilibrated waters were added to the upper (+z) and
lower (—z) sides of the lipid bilayer. To electrostatically neutral-
ize the system, sodium and chloride ions were replaced with
water to achieve an ionic strength of 150 mm. The resulting
simulation system included about 80,000 atoms, and the size of
the periodic box (x X y X z) = (96 X 96 X 89 A). After energy
minimization, the system was equilibrated using NVT with a
Nose-Hoover thermostat at 310 K (32). The system was further
equilibrated using NPT simulations with the Parrinello-Rah-
man method (33). In the equilibration, restraining forces were
imposed on the heavy atoms of the proteins. The simulations
were integrated using the leapfrog method with a time step of 2
fs. Electrostatic interactions were calculated using the particle
mesh Ewald method (34) with a real-part cut-off of 12 A, and
the cut-off radius for van der Waals interactions was set to 12 A.
After the equilibrations, a long production run (NPT) was per-
formed with no restraints, saving the trajectory every 2 ps. All of
the simulations were conducted using Gromacs version 4.5.5
(35). We also prepared and calculated the structure of a W2571
mutant in the same manner. For the simulations, 200-ns trajec-
tories were obtained and used for analysis. The residue num-
bers are based on the sequence of Ciona Hyv.

Results

Unique Trp at the Middle of the S4 Helix—Hv is a voltage
sensor domain-like protein that was cloned on the basis of a
homology search for the voltage sensor sequence of other volt-
age-gated channels (3, 4). The amino acid sequence of Hv is well
conserved among all Hv species and the voltage-gated channel
family. Sequence alignments for S4, the voltage sensor helix, are
shown in Fig. 1A. Within the sequence, the positively charged
Arg residues at 3-residue intervals are known to promote volt-
age sensing and are well conserved among all voltage-gated
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A S4 channels (Fig. 14, blue). We also noticed that a Trp at the mid-
Hv 254 257 260 dle of S4 is 100% conserved among Hv species but is absent
Ciona ESEALAAIGLLV ILRLWRVFRIINGI IVT . .
Moiss KSHHFEALGLLILLRLWRVARIINGI | 1s fromothervoltage-gated channels (Fig. 14). Another aromatic
i) QEHQFEALGLLILLRLWRVARIINGI 1S residue, Phe,also appearsin Hv from Ciona and Clonorchis. We
Zebrafish KEDAFDAMGLL ILLRLWRVARIINGILVS
Clonorchis LDAVGAAAGLL IVERLWRYV IRIVsaTvyvs constructed a W257I/F260A mutant channel (NA-mutant)
Others from the Ciona Hv and analyzed its electrophysiological prop-
Shaker SNQNAMSLAILRVIRLVRVFRIFKLSRHS . R . f h ld WT
KVAP LALIEGHLAGLGLFRLVRLLRFLRILL 1 erties. Representative current traces from the wild-type ( )
NavRh AISLVPTSSGFEILRVLRVLRLFRLVTAV and mutant channels evoked by step pulses are shown in Fig.
Nav1.5 IQKYFFSPTLFRVIRLARIGRILRLIRGA o - L
vSP ETGADGLGRLVVLARLLRVVRLARIFEysn 1B The activation kinetics were 1.8-fold accelerated in time
Arg position 0 1 2 3 4 5 constant by removal of the aromatic residues, and the deactiva-
tion kinetics were also accelerated to an even greater extent
B WT W2571/F260A  (33-fold decrease in time constant). Even a W2571 single muta-

(NA-mutant)

ar

5pA

50ms 50ms

FIGURE 1. Conserved Trp residue within the S4 segment. A, alignment of
the amino acid sequences of the S4 segment in the Hv family and other volt-
age-gated channels. The conserved Trp at the middle of S4 is highlighted in
gray, and another aromatic residue, Phe, is highlighted in light gray. Con-
served Arg, a voltage sensor, is highlighted in blue. B, representative current
traces recorded from wild-type Hv (WT) and the NA-mutant (W2571/F260A).

SuA

tion also showed the same effects as those of the NA-mutant
(Fig. 2). Given this obvious impact of the aromatic residues in
S4 on Hv gating, we designed a set of experiments focusing on
the function of the unique Trp residue within the S4 helix. In
addition, we also recorded H" currents of WT and the repre-
sentative mutants in this study under conditions in which pH
was more strictly controlled (19) (see “Experimental Proce-
dures”), and the changes of kinetics by the mutations were
reproducibly observed (Fig. 2). One-way ANOVA showed sig-

Currents were recorded with step pulses in the range of —60 to +120 mV for
100 ms with 10-mV increments. Red traces depict the currents recorded

at +100 mV.
WT %

NA-mut

(W2571 / F260A)

nificant differences, suggesting that kinetics changes were
caused by the mutations (Fig. 2).
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FIGURE 2. Effects of mutations on the gating kinetics. A, representative current traces of WT Hv and the mutant channels are shown. Recordings were
performed under a high pH buffer condition (see “Experimental Procedures”). The gating kinetics was changed with respect to each mutation. B and C,
comparison of the activation (B) and deactivation (C) time constants between two different recording buffer conditions for each channel, showing no condition
dependence but phenotypes by mutation. Bars, means = S.E. (error bars) (n = 3-5). Data in each solution were statistically analyzed using ANOVA (***, p =
0.001; **, p =< 0.01).
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1266W

’ — 1253W
L254W

A260W

FIGURE 3. Trp scanning mutagenesis. Representative current traces for each mutant channel are arranged on a helical net diagram of the S4 region. Trp was
introduced into the NA-mutant. Currents were recorded as in Fig. 1. Red traces depict the currents recorded at +100 mV. Scale bars, 5 wA in each mutant. The

gray bar on the left depicts the S4 transmembrane region (residues 249 -267).

Trp Scanning Mutagenesis—To determine whether the slow
gating kinetics could be restored to the NA-mutant by intro-
duction of Trp and the importance of its position in the
sequence, we used a Trp scanning mutagenesis approach (27,
36 —38) in which a Trp residue was introduced at different posi-
tions within and around the S4 segment in the NA-mutant.
Two-electrode voltage clamp recordings with oocytes were
used for the following high throughput analyses (Figs. 2— 6). We
made 18 Trp mutants, substituting residues, one-by-one, from
the position of Glu**’ in the $3-S4 linker region to Ile-266 at the
end of S4. We did not substitute the Arg positions because
mutation of the voltage sensor Arg reportedly changes the gat-
ing properties so significantly that they would probably mask
the effects of Trp introduction (8, 39 —42). Representative cur-
rent traces recorded from the mutants are shown in a helical net
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diagram in Fig. 3, and analyzed data are plotted against the
residue number in Fig. 4. The most noticeable feature of some
of the mutants is their slow deactivation kinetics. We found that
the introduction of Trp at position 257 (I1257W) restored the
slow deactivation kinetics of the native channel (Fig. 3). We also
observed that L250W, 1253W, and L.254W mutations, all in the
N-terminal half of the S4 helix, slowed the deactivation kinetics
clearly (Figs. 3 and 4B). 74.2% (in 1257W), 103.0% (L250W), and
87.3% (L254W) of recoveries in the logarithmic scale were
counted (Fig. 4B), and they were statistically significant (sup-
plemental Table 1). In addition, the deactivation kinetics of
1257W were biphasic, and the relative weights of the fast and
slow components were not voltage-dependent but constant
(about 40% for the fast component; data not shown). We ana-
lyzed the total time constant for comparison using a double-

JOURNAL OF BIOLOGICAL CHEMISTRY 5939



Cooperative Deactivation by Trp in S4 of the Hv Dimer

A 1000

4
2

Activation time constant (ms)

TT I Trrr I L I | B O | | TTrrr | 1
245 250 255 260 265
Residue number

C 100 —

Threshold (mV)

-100

245 250 255 260 265
Residue Number

Deactivation time constant (ms)

245 250 255 260

Residue number

265

FIGURE 4. Analysis of data from the Trp scanning mutagenesis. A and B, the activation phases (A) and the deactivation tail currents (B) were fitted with a
single exponential function, and the time constants of the fittings are plotted. Two open circles for the 1257W mutant depict the fast and the slow components
of the deactivation kinetics fitted using double exponential functions. Bars, means = S.E. (error bars) (n = 3-8). A dotted line represents the mean time constant
(n = 4) obtained from WT with the S.E. (gray shadow), and a dashed line with a gray shadow represents data from the NA-mutant (n = 3). C and D, weighted
perturbation energy (AAG") of activation (C) and deactivation (D). To quantitatively analyze the effect of Trp introduction on the kinetics, we analyzed the
perturbation energy (AAG) between the Trp mutants and the NA-mutant at each position, and to determine whether the effects of Trp introduction were
biased by the change in side chain volume, we calculated AAG" (see “Experimental Procedures”). E, thresholds were measured and plotted, and bars depict
means = S.E. (n = 3-4). Dotted (WT) and dashed (NA-mutant) lines with gray shadows depict the data as in A. Data were significantly different with ANOVA, p =

0.001. Mean values in each mutant were compared statistically with the NA-mutant using the Tukey-Kramer test (***, p < 0.001; **, p =< 0.01; ¥, p = 0.05).

exponential fitting (see “Experimental Procedures”). Given the
time constants of 1257W, the slow component would corre-
spond to the slow deactivation in WT, whereas the fast one
would correspond to the fast deactivation of the NA-mutant,
which is discussed under “Direct Interaction within the Hv
Dimer.”

The mutations also affected the activation kinetics (p =
0.001, ANOVA). Several of the mutations slowed the activation
kinetics to some degree (e.g L253W, L256W, V259W, and
1266W), whereas some slightly accelerated the activation kinet-
ics (A246W, L251W, and G265W) (Fig. 3 and supplemental
Table 1). Overall, the data indicate that whereas the activation
kinetics vary to a small degree throughout the scanning
mutagenesis (Fig. 44), the deactivation kinetics show obvious
changes in the N-terminal half of S4 (Figs. 3 and 4B). It was
difficult to accurately analyze the conductance-voltage (G-V)
relationship for Hv due to the weak voltage dependence and
high threshold potential, as compared with other voltage-gated
channels. The local H" accumulation also makes it impossible
to accurately analyze steady state currents and the inverse tail
current of large current amplitudes evoked by strong depolar-
ization (7), because the pH change significantly shifts the G-V
relationship and the reversal potential of H* (7), which is one of
the major characteristics of the Hv gating. Hence, we did not
analyze the G-V relationship in this study, and we instead ana-
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lyzed the activation threshold for each mutant to approxi-
mately estimate the effect of mutation on the gating transition.
Introduction of Trp into the N-terminal half of S4 reduced the
threshold, just as it affected the deactivation kinetics (Fig. 4E).
Thus, Trp introduction in a scanning mutagenesis protocol
showed the presence of a hot spot affecting channel gating at
positions 250, 253, 254, and 257 in the N-terminal half of S4.
Effects of the Trp Introduction on the Monomeric Channel—
Native Hv is known to be a dimer with subunits linked via the
coiled-coil assembly domain in the cytoplasmic C terminus,
deletion of which makes the channel monomeric (delC). Dele-
tion of the C terminus also reportedly accelerates channel acti-
vation and deactivation, reflecting the lack of gating coopera-
tivity between channel protomers (12, 13). We next assessed
the impact of Trp introduction on gating of the monomeric
channel. We analyzed L250W, 1253W, L254W, and 1257W as
slowly deactivating mutants, L256W and V259W as slowly acti-
vating mutants, and A260W as an ineffective mutant (Fig. 5).
The slow deactivation tail currents of L250W and I257W
observed with the dimeric channel were not seen in the delC
channel (Figs. 54 and 6). The accumulated data show that,
overall, C terminus deletion slightly (but not significantly in
some mutants) increases the activation rate in all mutants (Fig.
5B and supplemental Table 1), reflecting a lack of gating coop-
erativity during activation. C terminus deletion significantly
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Student’s t test (***, p < 0.001; **, p < 0.01; %, p =< 0.05).

(2.3-33-fold) accelerated deactivation of the slowly deactivat-
ing mutants, L250W, 1253W, L254W, and 1257W, whereas the
other mutants were not affected or showed slight deceleration
in some mutants (Fig. 5C and supplemental Table 1). Thus, the
Trp-induced slowing of the deactivation kinetics in the L250W,
1253W, L254W, and 1257W mutants (Figs. 3 and 4) was only
observed when Trp was introduced in the dimeric channel.

We also note that the effects of C terminus deletion on the
kinetics in WT showed a common tendency, when compared
with the slowly deactivating mutants, in which the activation
kinetics showed mild acceleration (4.5-fold decrease in time
constant) and the deactivation showed striking acceleration in
WT (18.7-fold decrease in time constant) (Fig. 5, Band C). This
suggests that the effects of C terminus deletion on kinetics
reflect the interaction effect in a dimer rather than the bulk
effect of the mutations into the S4 helix. We also observed that
the degree of change varied by mutation, where L250W showed
the most prominent change (35-fold acceleration; similar to
WT) in the deactivation kinetics, and L254W showed the small-
est change (2.3-fold acceleration) (Fig. 5C). 1253W accelerated
deactivation (6.9-fold decrease in time constant), but the speed-
ing effect was weaker than in WT (Fig. 5C). Thus, although the
common tendency was observed among the slowly deactivating
mutants, including WT, the degree of change varied by the
mutation position and the additional background mutation.
We analyze this point more quantitatively below.

Schematic Discussion of the Effects of Trp for Monomers Ver-
sus Dimers—Until now, our focus has been on the relationship
between the effects of Trp introduction and channel dimeriza-
tion. The Trp residues within the two close-set S4 helices of the
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dimeric channel could be spatially close to one another and
could affect the channel gating. The Trp introduction, in fact,
showed some effects on the gating kinetics in the monomer,
although it seemed stronger in the dimer (Fig. 5). To evaluate
the effects of the various mutations, we next calculated the per-
turbation energy (AAG) for the activation and deactivation
kinetics, which will reflect the relative change of height of bar-
rier potential for the closed-open state transition by mutation.
On the assumption that the effects of Trp introduction on the
activation and deactivation kinetics reflect almost exclusively
the changes of height of the barrier, we schematically discussed
the structure-based mechanism of the Hv gating by application
of the mutant cycle analysis (see “Experimental Procedures”).
Although mutations may change not only the height of the bar-
rier but also the energy difference between the closed-open
states, we simplified the model and estimated interactions
between the two Trp residues in the dimeric channel (Fig. 6A).
If the effect of Trp introduction on the gating kinetics is inde-
pendent of the effect of channel dimerization, the AAG changes
caused by the two mutations will be additive (i.e. the sum of the
apparent free energy changes caused by the single mutations
will be equal to the apparent free energy change of the double
mutation). As an example, Fig. 6A shows the results obtained
for Trp at position 257 within the monomeric and dimeric
channels. In the analysis of the activation kinetics, the effects of
the mutations are apparently independent (Fig. 6A, blue val-
ues). Introduction of Trp slowed activation slightly (AAG,, =
0.27 kcal/mol), and the dimerization also slowed activation
(AAG,,,.. = 0.74 kcal/mol) (Fig. 6A, blue values). Introduction
of Trp additively slowed activation when applied to the dimeric
channel (AAG,,,.., 1vp = 0.97 kcal/mol) (Fig. 6A, blue values),
suggesting independent effects on activation. By contrast, if the
effect of Trp introduction interacted with that of channel
dimerization, there would be a difference between the sum of
the apparent free energy changes of the two single mutations
and the apparent free energy change of the double mutation. In
the analysis of the deactivation kinetics, the introduction of Trp
slowed deactivation slightly (AAG ., = 0.27 kcal/mol), whereas
dimerization accelerated the deactivation slightly (AAG,_,.. =
—0.27 kcal/mol) (Fig. 6A, red values). Introduction of Trp
slowed the deactivation more than expected when applied to
the dimeric channel (AAG,,,, ., = 1.26 kcal/mol) (Fig. 64, red
values), suggesting that the two effects are apparently energet-
ically coupled during channel deactivation.

The difference in the apparent free energy is here defined as
the apparent interaction (coupling) energy (AAG;,) (see
“Experimental Procedures”). An absolute value of the interac-
tion energy (|JAAG,,,|) of >0.89 kcal/mol reportedly represents
a significant interaction between two mutations (29). We cal-
culated the apparent interaction energy for several mutation
sites during activation and deactivation of the channel (Fig. 6, B
and C). For activation, all [AAG,,| values were less than 0.89
(Fig. 6B), suggesting that Trp slowed channel activation inde-
pendently of the channel dimerization. For deactivation,
|AAG,, | values were >0.89 when Trp was introduced at posi-
tion 250, 253, or 257, and it was slightly lower than the border-
line when Trp was introduced at position 254 (AAG,,,, = —0.75

i

kcal/mol). The effects of Trp at the other sites tested were
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during the deactivation phase.

apparently independent of channel dimerization (Fig. 6C).
Thus, the slow deactivation observed in L250W, 1253W, and
1257W is assumed to be caused by the Trp residues within the
two close-set S4 helices in the dimeric channel.

Tandem Dimer Experiments—Two-electrode voltage clamp
recordings with oocytes expressing Ciona Hv highlighted the
effects of Trp on the channel gating (Figs. 1-6). We next ana-
lyzed the mouse Hv constructs by patch clamp recording, to
obtain more detailed information about the channel gating and
also to confirm whether the effects of Trp on the channel gating
were commonly observed in other species of Hv. We analyzed
the mouse Hv WT (a native dimer), the mouse Hv delC mutant
(amonomer), and the tandem dimer constructs using the patch
clamp recordings with HEK293T cells. The W203I of mouse
Hv, corresponding to the Ciona W2571 mutant, was linked to
the mouse Hv WT (the I-W tandem or W-I tandem), and we
examined what would happen in the tandem heterodimers.
Representative current traces of the tandem constructs are
shown (Fig. 7A), and the data are summarized (Fig. 7, B and C).
The WT tandem constructs did not show significant change in
kinetics in comparison with the native dimer (Fig. 7, B and C,
W-W tandem versus W'T, and supplemental Table 1). The
acceleration effects of the Trp mutation on the gating kinetic
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were expectedly observed despite species (Fig. 74, I-I tandem).
It is noteworthy that biphasic activation kinetics, the fast and
slow components, were observed in the I-W and W-I tandems
(Fig. 7, A and B). Relative weights of the fast component were
41 * 4% in the I-W tandem and 44 * 2% in the W-I tandem,
suggesting that the biphasic kinetics would be derived from
each different protomer. The fast components were considered
to be derived from the W203I protomer that corresponds to the
I-delC mutant here, whereas the slow components were con-
sidered to be derived from the WT protomer, on the basis of the
time constants (Fig. 7B and supplemental Table 1). Time con-
stants of the slow components in the tandem heterodimers
were a bit faster than that in the W-W tandem, which would
reflect the monomerization effect of the WT protomer in acti-
vation kinetics, as seen in the delC mutant (Fig. 7B and supple-
mental Table 1). In contrast to the activation phase, only rapid
deactivations, as seen in the I-I dimer, were observed in the
heterodimers (Fig. 7, A and C). The delC mutant, a monomeric
channel with anintact Trp in S4, also showed rapid deactivation
(Fig. 7C). The deactivation kinetics were assigned to two major
classifications, rapid and slow, and the native slow deactivation
was only seen in the W-W dimer (Fig. 7, A and C, and supple-
mental Table 1), suggesting that the two Trp residues in each S4
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helix are required to produce the slow deactivation. Taken
together, these results support the idea that, as proposed in the
schematic discussion (Fig. 6), the deceleration effect by each
Trp in S4 is additive within the dimer during activation but
coupled within the dimer during deactivation.

Cooperative Gating in Kinetics Versus Steady State—In this
study, we showed that, in the dimeric Hv, Trp in S4 decelerated
the kinetics in deactivation. It is also reported that the cooper-
ative gating between each channel protomer in a dimer affects
the steady state activation, enhancing the voltage dependence
of gating (13—16). We next examined whether the effects of Trp
introduction on kinetics coexist with the cooperative gating of the
steady state activation. We used the limiting slope analysis to esti-
mate the effective gating charge in the W203I mutants. Limiting
slopes were measured by linear fitting of the chord conductances
(Fig. 84), keeping the H" current to a minimum in the range
around threshold. The value of the effective gating charge (Z6) in
W203Iwas 3.11 * 0.07 (n = 5), and it was decreased to 1.49 = 0.09
(n = 6) upon deletion of the coiled-coil domain (Fig. 8B). This
2-fold Z3 value of W203I compared with the monomeric W203I/
delC suggests that cooperative gating remains intact in W203I.
Thus, the W203I mutation that changes the “kinetics” did not
break the cooperativity in a “steady state.”

We also analyzed the E149C mutant tandem dimers. Tom-
bola et al. reported that the E149C mutation intensely shifted
the G-V relationship to the hyperpolarized direction, but the
G-V was brought back to a similar range to that of WT when
concatenated with WT in a tandem dimer (WT-E149C) (14).
This influence on G-V by the partner in a dimer is illustrative of
the cooperative gating in a steady state. We analyzed the W203I
mutation on the background of the WT-E149C tandem dimer
which is reported to show the steady state cooperative gating
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(14). Representative current traces recorded by whole-cell
patch clamp are shown (Fig. 8C). As shown in Fig. 7, the bipha-
sic activation kinetics and the fast deactivation kinetics were
observed by the introduction of W203I in WT-E149C (WT-
E149C/W203I) (Fig. 8C). The W203I mutation had little influ-
ence on I-V of WT-E149C (Fig. 8D). These results suggest that
W203I primarily influenced the time constants of gating but
did not significantly affect the steady state gating. Each channel
protomer showed its own kinetics in activation, whereas the
deactivation kinetics was influenced by one another (Fig. 8, C
and E); the existence of two Trp decelerated the deactivation as
in Fig. 7. We also note that the biphasic activation kinetics of
WT-E149C was not clear, although the two different channel
protomers, WT and E149C, might have different kinetics.
Because the W203I mutation changes the kinetics much more
clearly than E149C, the differences in the activation kinetics
between the two protomers were able to be observed. Thus, the
cooperative slowing effect of Trp on the deactivation “kinetics”
in a dimer showed a qualitatively different relationship with the
cooperative gating of the “steady state” activation.

Direct Interaction within the Hv Dimer—Given the signifi-
cant energetic coupling between Trp introduction and channel
dimerization (Fig. 6), we hypothesized that the two Trp resi-
dues within the close-set S4 helices made direct contact to pro-
duce the slow gating kinetics during deactivation. We tested
that idea in a molecular dynamics simulation (Fig. 9). The
dimeric model of the transmembrane region of Hv was built by
superposing the crystal structure of chimeric mouse Hv (17)
onto the dimeric structure of the cytoplasmic coiled-coil (13).
Molecular dynamics simulations for the WT and W257I chan-
nels were run for 200 ns after the structure achieved equilib-
rium (Fig. 9, A and B). In the simulation with the WT channel,
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Trp was situated at the interaction interface between the
dimeric subunits and interacted with its partner Trp via
mr-stacking (Fig. 9, C and D). The parallel displaced formation of
the 7r-stacking was continuously observed throughout the sim-
ulation (Fig. 9C), where the CH/7r interactions between the
benzene ring of indole and Cp-H/Ce-H were formed. The dis-
tance between the C81 atoms of the two Trp**” residues within
the dimer remained constant throughout the simulation (Fig. 9,
C and E, right), suggesting a stable interaction. On the other
hand, the distance between the C§ atoms of the two 11e**” res-
idues was wider within the dimer and showed stepwise fluctu-
ation during the simulation, suggesting that the side chains of
Ile**” take various conformations with rotation (Fig. 9E). Col-
lectively, these results suggest that the W2571 mutation desta-
bilizes the interaction between the two S4 helices at the 257-
position. The overall structures of WT and W257I did not
significantly differ (Fig. 9B).
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The positions of the Trp introduced at 250, 253, 254, and 257,
which showed energetic coupling within the dimer (Fig. 6), are
plotted on the resulting structure model in Fig. 9D. Within each
subunit, all four positions are situated at the periphery of the S4
helix (Fig. 9F), and the model shows that Trp in one subunit is
able to contact its partner in the neighboring subunit when the
rotamers are favorable (Fig. 9D). We noted that Trp residues at
position 254 could not fully interact with one another due to
rotametric restriction (Fig. 9D), resulting in low energetic cou-
pling (Fig. 6). We also note that the deactivation kinetics of
1257W were biphasic (Figs. 3 and 4), and, given the time con-
stant, two populations of channels are considered to exist on
the membrane. The loss of interaction of Trp may arise in some
channels of 1257W, and Trp at the 250-position may interact
more tightly than Trp at 257 on the background of the NA-
mutant (W2571/F260A). Thus, the molecular dynamics simu-
lation demonstrates that within the dimeric channel, the Trp
residues in the parallel S4 helices are able to directly interact
with each other, which produces the channel’s characteristi-
cally slow deactivation kinetics.

Discussion

Recognition that dimerization is the key framework under-
lying the physiological functionality of Hv in phagocytes (12, 13,
16) has prompted an effort to resolve the dimeric structure of
Hv using several approaches. Cross-linking analysis showed
two types of contacts between transmembrane segments: an
S1-S1 interaction at the extracellular end of the protein and an
S4-S4 interaction along the entirety of the two helices, which
seemingly conflict with one another (10, 18). Voltage clamp
fluorometry showed that mutation of the S1-S1 contact site
changed the cooperative movement of S4 during gating (19).
On the other hand, systematic mutagenesis focusing on the
linker region between S4 and the coiled-coil demonstrated that
the two S4 segments form continuous helices with the dimer
coiled-coil and function as a single unit for channel gating,
which supports the idea of an S4-S4 interaction interface within
the dimeric channel (18). In the present study, we obtained
additional evidence of direct S4-S4 interaction: apparent ener-
getic coupling (Fig. 6) and m-stacking (Fig. 9) of the two Trp
residues in the S4 segments within the dimer. Trp residues
introduced at position 250, 253, or 257 showed apparent ener-
getic coupling in the dimeric channel (Fig. 6), and the distances
between the Trp pairs are consistent with direct interactions in the
N-terminal half of S4 (Fig. 9E), further supporting the idea of direct
S4-S4 interaction. It is also noteworthy that the energetic coupling
between Trp residues introduced into S4 in the dimeric channel
did not affect the activation phase, only deactivation (Fig. 6), sug-
gesting that the transmembrane arrangement of the two channel
subunits changes during the gating process (i.e. activation and
deactivation go through different conformational steps, and the
Trp residues in the S4 segments make contact only during the
deactivation phase). This interpretation may provide a clue to
resolving the seemingly incompatible features of the interaction
interface within the dimeric protein (10, 18).

The observation that Trp mutations significantly alter the
deactivation kinetics suggests that the 7r-stacking conforma-
tion (Fig. 9) elevates the intermediate activation energy when
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197 nsinto the molecular dynamics simulation. Two channel protomers are shown as ribbon models (light orange and light blue). Trp>” is shown as purple sticks

between the two protomers. Cyan wires represent bulk lipid molecules, and CPK sticks outside the bilayer represent water molecules. B, time series of root mean
square deviations for Ca along the entire protein for WT (purple) and the W257I (green) mutant in the molecular dynamics simulation. C, representative
conformation of Trp?*” within a dimer. Two channel protomers are shown as ribbon models (light orange and light blue). Trp?*” is shown as purple sticks between
the two protomers. D, Ca positions in the Trp residues introduced at positions 250, 253, and 254 are plotted on the resultant model structure after the molecular
dynamics simulation (cyan spheres). Original Trp residues at position 257 are shown as purple sticks. E, comparison of the side chain motions of WT and W257I.
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positions 250, 253, 254, and 257 are plotted on the resultant model structure after the molecular dynamics simulation (spheres). Only one subunitis shown here.

the channel transits from the open state to the closed state. We
propose a gating model for the dimeric WT channel based on
the results of the Trp interactions between the two subunits
(Fig. 10A). In this model, the two Trp residues interact only
during the deactivation phase, and the structural stabilization
of the two S4 helices mediated by the 7-stacking of Trp prohib-
its the movement of S4 when the channel transits from the open
state to the closed state (Fig. 10A, right). On the other hand,
when the channel transits from the closed state to the open
state, the two Trp residues do not interact; nor do they prevent
S4 movement (Fig. 104, left). High activation energy when the
channel transits from the open state to the closed state results
in the stabilization of the open state, which was observed as the
shift of threshold (Fig. 4E). Several studies of voltage-gated K™
channels have shown that the S4 helix moves up and down with
a certain degree of rotation during the channel gating (41, 43,
44). This means that in the case of the dimeric Hv, the angles of
the Trp position relative to the central z axis of the dimer may
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change during gating. If so, the two Trp residues in the dimer
can potentially interact only if movement of the two S4 helices
is precisely timed. If the timing of the two S4 helices is out of
sync, there will be no interaction between the Trp residues, and
the two S4 helices will be able to move freely (Fig. 104, left). This
separate movement of S4 helices is also suggested in an earlier
study focusing on the gating cooperativity during activation
(19), and our tandem experiments further support the idea (Fig.
7). On the other hand, if the timing of the two S4 movements is
synchronized within the dimer, the interaction of the Trp resi-
dues will influence the movement of S4 (Fig. 104, right). From
our findings, it appears that this occurs only during the deacti-
vation phase. Our observations thus highlight the existence of
gating cooperativity within the dimeric channel, which slows
the kinetics of channel deactivation and provides structural
insight into the process.

We present kinetic schemes for the voltage-driven transition
(Fig. 10B), where the simplest models are proposed in each case
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lies the strengthened effective charge of gating and the sigmoidal activation.
Trp increases the activation energy in the deactivation phase (right), and one
more cooperativity (purple asterisk) is proposed during the C-O transition dur-
ing deactivation in the WT dimer.

of monomer and dimer. Several earlier studies reported that Hv
dimerization mediated by the coiled-coil domain generates
cooperative gating that results in slow sigmoidal activation
kinetics and enhances the voltage dependence of the activation
(12-14, 16, 18). From those findings, it was proposed that a new
onset closed state (C*) induced by dimerization underlies the
cooperative slow sigmoidal activation (Fig. 10B). Based on our
observation that the coupling of Trp slowed the deactivation
kinetics, another cooperativity should exist during the C-O
transition during deactivation in the WT dimer (Fig. 10B).
Because the cooperative deactivation showed a qualitatively
different relationship from the cooperative activation (Figs.
6—8), the dimer cooperativity affecting Hv gating has at least
two mechanisms: the extra closed state before the channel
opening and the friction caused by 7-stacking during deactiva-
tion, both of which induce a slowing of the gating kinetics. The
simplest model may actually need further modification, includ-
ing the idea of single-line transition in Fig. 104, to illustrate the
split activation kinetics observed in the tandem heterodimer
(Fig. 7), and further approaches focusing on the structural-
functional dynamics of the Hv gating will be required for pro-
posing a comprehensive model.

Our structural model based on the molecular dynamics sim-
ulation also provides a clue to the functioning state at the
atomic level. The recently resolved crystal structure of the
transmembrane region of Hv is thought to reflect a closed state
of the channel primarily because the structure includes a Zn>"
ion, which is a physiological blocker (5, 6), and its permeation
pathway is split by hydrophobic residues (17). In an alternative
interpretation, however, the S4 helix in the crystal structure is
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situated at a position one helix turn higher than the previously
predicted position for the resting (closed) form of the voltage
sensor (reflected by the salt bridge formation between the Arg
of S4 and the countercharge in S1), and the S4 helix appears to
have the space to move up and down (28, 45, 46). In addition,
the crystal structure was not a natural dimeric channel but a
crystallization trimer, and the resolution was not high (17).
Consequently, the functional states of the dimeric structure
remain a matter of debate. Considering that in the present
study, the Trp mutation affected chiefly the gating kinetics, we
may have detected one of the intermediate states of the gating,
namely the parallel conformation of the two S4 helices stabi-
lized by the 7-stacking between the Trp residues. In the molec-
ular dynamics simulation, we did not observe any signs of H™
permeation, such as the water passing and the transmembrane
hydrogen bond formation (47); hence, the 7r-stacking structure
would reflect one of the non-conducting intermediate states
rather than an open state, which also supports the idea of the
gating model (Fig. 10). If the S4 helix moves upward or down-
ward with rotation from the position in the crystal structure,
the m-stacking between the Trp residues will be absent, which
may indicate that the crystal structure represents an interme-
diate state of gating.

The mutagenesis approach with Trp introduction into the
transmembrane region has been applied to several membrane
proteins to assess interhelix contact. In most cases, the bulki-
ness of Trp caused the helix to become disordered and, in some
instances, disrupted the protein function (25-27, 37, 38, 42). In
the case of Hy, it is unique and noteworthy that within the
native amino acid sequence, a pair of Trp residues are situated
face-to-face in their transmembrane helices, and they affect
channel function through their interaction. Hv channels are
expressed in phagocytes and sperm cells, which are not typical
excitable cells, such as neurons and cardiomyocytes (5-7). In
these cells, fast channel kinetics are not required and may even
be a disadvantage to achieving pH homeostasis through H*
conductance. Considering that the slow deactivation is im-
posed by a pair of Trp residues in the dimeric channel and that
all Hv species contain a Trp residue in the middle of the S4
voltage sensor segment, Hv appears to be optimally designed as
adimeric voltage-gated channel with a solid foundation derived
from its primary structure.
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