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ARTICLE

Gating pore currents occur in CaV1.1 domain III
mutants associated with HypoPP
Fenfen Wu, Marbella Quinonez, and Stephen C. Cannona

Mutations in the voltage sensor domain (VSD) of CaV1.1, the α1S subunit of the L-type calcium channel in skeletal muscle, are
an established cause of hypokalemic periodic paralysis (HypoPP). Of the 10 reported mutations, 9 are missense substitutions of
outer arginine residues (R1 or R2) in the S4 transmembrane segments of the homologous domain II, III (DIII), or IV. The
prevailing view is that R/X mutations create an anomalous ion conduction pathway in the VSD, and this so-called gating pore
current is the basis for paradoxical depolarization of the resting potential and weakness in low potassium for HypoPP fibers.
Gating pore currents have been observed for four of the five CaV1.1 HypoPP mutant channels studied to date, the one
exception being the charge-conserving R897K in R1 of DIII. We tested whether gating pore currents are detectable for the
other three HypoPP CaV1.1 mutations in DIII. For the less conserved R1 mutation, R897S, gating pore currents with
exceptionally large amplitude were observed, correlating with the severe clinical phenotype of these patients. At the R2
residue, gating pore currents were detected for R900G but not R900S. These findings show that gating pore currents may
occur with missense mutations at R1 or R2 in S4 of DIII and that the magnitude of this anomalous inward current is mutation
specific.

Introduction
Hypokalemic periodic paralysis (HypoPP) is an inherited dis-
order of skeletal muscle in which recurrent episodes of weak-
ness occur in association with low extracellular [K+], <3 mM
(normal range 3.5–5.5 mM; Cannon, 2015). During an attack, the
resting potential is paradoxically depolarized, and this sustained
depolarization inactivates sodium channels, thereby reducing
fiber excitability and causing weakness. The molecular basis for
HypoPP is heterogeneous, with missense mutations in the pore-
forming α1S subunit of the voltage-gated L-type Ca2+ channel
(CaV1.1) accounting for ∼60% of cases and missensemutations in
the α subunit of NaV1.4 occurring in another 20% (Sternberg
et al., 2001). Remarkably, 9 of 10 established HypoPP muta-
tions in CaV1.1 and all 13 in NaV1.4 are missense mutations at
arginine residues in the outer positions (R1 or R2) of S4 trans-
membrane segments in the voltage sensor domains (VSDs;
Cannon, 2017; Matthews et al., 2009).

The conserved structural motif of HypoPP mutations has
an accompanying commonality of functional defects. Scanning
mutagenesis studies, originally designed to map voltage-
dependent movement of S4 segments in voltage-gated K+ (KV)
channels, revealed the surprising finding that R/X mutations
may create an anomalous leakage current in the VSD (Starace

and Bezanilla, 2001; Tombola et al., 2005). When R1 or R2 is
mutated, ion conduction through this “gating pore” is permis-
sive at hyperpolarized potentials when the S4 is in the inward or
“down” conformation and the R1 or R2 residue lies near the
hydrophobic charge transfer center (CTC) of the VSD. Depolar-
ization favors outward movement of S4, which removes the R/X
mutation from the critical hydrophobic CTC, and the anomalous
gating pore becomes nonconducting (Monteleone et al., 2017;
Moreau et al., 2014). This insight directly led to the hypothesis
that R/X mutations in HypoPP might also give rise to gating pore
currents and that this would produce an anomalous inward
current at the resting potential of muscle fibers. This notion was
quickly confirmed for HypoPP mutations in NaV1.4 (Sokolov
et al., 2007; Struyk and Cannon, 2007) and was subsequently
verified for 12 of 13 R/X mutations in NaV1.4, with the one
exception being the only known charge-conserving mutation,
R219K (Kubota et al., 2020). Moreover, model simulations
show that the small anomalous conductance of the gating pore
current (only ∼1% of the total resting conductance in a muscle
fiber) is sufficient to cause paradoxical depolarization of the
resting potential in low K+ (Jurkat-Rott et al., 2012; Struyk and
Cannon, 2008).
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Confirmation that HypoPP R/X mutations in S4 segments of
CaV1.1 are also permissive for gating pore currents, Igp, lagged
behind the studies of NaV1.4. This delay occurred because in
heterologous systems CaV1.1 does not express well at the plasma
membrane, and high levels of expression are required for suf-
ficient signal to noise to detect Igp. In a knock-in mutant mouse
model of CaV1.1-R528H HypoPP, but not in WT, we observed an
aberrant inward current that was not blocked by dihydropyridines,
tetrodotoxin, TEA, 4-aminopyridine, or 9-anthracenecarboxylic
acid, consistent with a gating pore current (Wu et al., 2012). Ex-
pression of HypoPP CaV1.1 mutant constructs by electroporation of
muscle fibers in vivo also showed evidence of an anomalous inward
current consistent with Igp for R1239H (Fuster et al., 2017a) and the
atypicalmutationV876E in domain III (DIII) S3 (Fuster et al., 2017b),
which is the only well-established example of a HypoPP mutation
that is not R/X in S4. The detection of Igp was technically chal-
lenging for all of these studies in mouse muscle fibers because it is
difficult to sufficiently block all of the endogenous conductances to
clearly observe the gating pore current. For example, the evidence
for Igp in the electroporation studies was based on a 20% increase of
the inward current compared withWT and required a large sample
size of ∼20 fibers to detect this difference. Currently, no specific
blockers of Igp with sufficient potency have been identified that
would enable a pharmacologic leak subtraction strategy to isolate
the gating pore current.

More recently, an accessory protein, Stac3, was identified
(Horstick et al., 2013; Nelson et al., 2013) that is essential for
skeletal muscle–type excitation–contraction coupling and that
greatly enhances expression of CaV1.1 at the plasma membrane
(Polster et al., 2015). We showed that Stac3 coexpression with
L-type Ca2+ channel subunits in Xenopus laevis oocytes dramat-
ically increases Ca2+ current by 100-fold (Wu et al., 2018) and
achieves sufficient channel levels to detect gating pore currents
for the CaV1.1 HypoPPmutations in DII (R528H and R528G). Four
HypoPP mutations have been reported in DIII of CaV1.1 (R897S,
R897K, R900G, and R900S). In a collaborative study, we recently
showed that the atypical charge-conserving mutation at R1 in
DIII, R897K, does not lead to a gating pore current detectable in
the oocyte expression study (Kubota et al., 2020). In the present
study, we ascertained whether gating pore currents are detect-
able for the other three CaV1.1 HypoPPmutations in DIII. Of note,
the R897S mutation is associated with a severe clinical pheno-
type (Chabrier et al., 2008; Hanchard et al., 2013), and we found
the largest amplitude Igp encountered for any HypoPP mutant
channel (NaV1.4 or CaV1.1), even though the charge-conserving
mutation at the same residue, R897K, had no detectable Igp.
Similarly, at the R2 position in DIII, the gating pore current was
detected for R900G but not for substitution of the larger residue
R900S.

Materials and methods
Expression of human CaV1.1 (hCaV1.1) channels in oocytes
The human α1S subunit of the skeletal muscle Ca2+ channel was
expressed in Xenopus oocytes as previously described (Wu et al.,
2018). Briefly, the hCaV1.1, rabbit β1a, and mouse Stac3 cDNAs
were subcloned into an oocyte-optimized expression vector,

pGEMHE (Liman et al., 1992), whereas the rat α2-δ1b cDNA was
inserted into pcDNA3 (Invitrogen). Site-directed mutagenesis of
hCaV1.1 was performed using the QuikChange II Mutagenesis Kit
(Agilent) to create the HypoPP missense mutations R897S,
R900G, and R900S, verified by sequencing the entire cDNA
insert and flanking regions. Complementary RNA was syn-
thesized by in vitro transcription (∼2 ng/nl) using the mMES-
SAGE mMACHINE kit (Ambion).

Oocytes were harvested by partial oophorectomy and de-
folliculated in collagenase type I at room temperature for 2 h.
Equal volumes of all four transcripts (hCaV1.1, β1b, α2-δ1b, and
Stac3) were combined in a master mix, and 50 nl was injected into
the animal pole of each oocyte. Oocytes weremaintained at 18°C in
0.5× Leibovitz’s L-15 medium (HyClone) supplemented with 1%
horse serum, 100 U/ml penicillin, 100 µg/ml streptomycin, and
100 µg/ml amikacin. All experiments were performed within the
guidelines established by the University of California, Los Angeles,
Institutional Animal Care and Use Committee.

Electrophysiology
Currents were recorded 3–6 d after RNA injections using the cut-
open oocyte voltage clamp in headstage mode (Dagan CA-1B) as
previously described (Wu et al., 2018). After mounting the oo-
cyte in the recording chamber, the membrane exposed to the
bottom compartment was permeabilized by brief application of
0.1% saponin. A voltage-sensing microelectrode was inserted
into the dome of the oocyte protruding into the upper com-
partment. The upper and middle compartments were actively
clamped using platinum wire-threaded salt bridges filled with
Cl− free agar (1 M sodium methanesulfonate and 10 mM HEPES,
pH 7.0). The linear membrane capacitance was compensated
with the analogue circuitry of the amplifier, but no offset or
linear leak subtraction was performed. Currents were low-pass
filtered at 10 kHz to measure gating charge displacement and at
1 kHz for measuring ionic currents. Signals were sampled at 20
kHz with 16-bit resolution.

Chloride-free solutions were used for all recordings to min-
imize the contribution from endogenous chloride conductances
in the oocyte. Prior to mounting the oocyte in the recording
chamber, oocytes were injected with 100 nl of a BAPTA solution
(100 mM BAPTA-K4 and 10 HEPES, pH 7.0 with Mes) to buffer
intracellular Ca2+ and further reduce endogenous Ca2+-activated
Cl− currents. The internal solution (bottom compartment) con-
tained 96 mM KOH and 10 mM HEPES adjusted to pH 7.0 with
methanesulfonic acid. The standard external solution used for
the middle (guard) and upper compartments contained (in mM):
96 NaOH, 6 calcium acetate, 10 HEPES, and 0.1 ouabain titrated
to pH 7.0 with methanesulfonic acid. For measurement of ionic
current conducted by the main pore of the CaV1.1 subunit, the
Ca2+ of the external solution was replaced by 10 mM barium
acetate. Gating charge-displacement currents were measured by
substituting 2 mM Co2+ for Ca2+ in the external solution to block
conduction by the pore. For studies of the permeation properties
of the gating pore current, the external Na+ was replaced by
110 mM NMDG (see Fig. 7) or a mixture of 60 mM NMDG and
60 mM guanidinium (see Fig. 9). Block by divalent cations (see
Fig. 8) was assessed by bath exchange of the top compartment
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from a control with 6 mM Ca2+ to test solutions with 4 mM Ca2+

and 2 mM of either Ba2+ or Co2+.

Data analysis
The peak I-V relation for the Ba2+ currents was fit to an ohmic
conductance that was scaled by a Boltzmann function to model
the voltage dependence of channel activation:

IBa � Gmax(V − Erev)
�[1 + e−(V−V1/2)/k],

where Gmax is themaximal conductance, Erev is the fitted reversal
potential, V1/2 is the voltage midpoint for activation, and k is the
steepness factor. The inward Ba2+ current increased monotonically

with time (see Figs. 1 and 3 A), and although the time course was
more complex than a single exponential, we used a single expo-
nential fit to compute an apparent time constant because this ap-
proach of using a single number facilitates the comparison between
WT and HypoPP mutant channels. A more exact fit using a double
exponential showed that∼80% of the response can be accounted for
by a single exponential component. A qualitative comparison was
also performed by amplitude scaling of the currents to themaximum
value and superimposing the traces (see Fig. 3 A).

The “on” gating charge, Q(V), was calculated as the area
under the charge-displacement current elicited by a voltage step
from −100 mV. Most of the linear capacitance of the membrane

Figure 1. Ba2+ currents conducted byWT andmutant hCaV1.1 channels. (A–D) Currents were recorded for step depolarizations from −50mV to +40mV in
5-mV increments from a holding potential of −100 mV in oocytes expressing WT (A), R897S (B), R900G (C), or R900S (D) hCaV1.1 subunits. Neither leak nor
offset subtraction was performed.

Table 1. Voltage dependence of channel activation

hCaV1.1 construct Ipeak (μA) V1/2 (mV) k (mV) Gmax (μS) Erev (mV)

WT (n = 8)a −1.6 ± 0.16 16 ± 1.4 6.8 ± 0.34 78 ± 9.2 52 ± 2.0

R897S (n = 6) −0.67 ± 0.082b 19 ± 1.1 7.9 ± 0.34b 49 ± 4.5b 46 ± 2.0

R900G (n = 4) −0.66 ± 0.028b 24 ± 1.0b 7.2 ± 0.06 52 ± 4.0b 49 ± 2.7

R900S (n = 8) −1.1 ± 0.043b 17 ± 0.98 6.7 ± 0.12 60 ± 4.3b 49 ± 1.7

aData reproduced from Wu et al., 2018.
bP < 0.05 compared with WT (ANOVA).
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was compensated by the analogue circuitry of the Dagan CA-1B,
and the residual linear capacitance and nonspecific leakage
current were compensated by subtracting a scaled version of the
passive linear response for a depolarization from −100 mV to
−80 mV. Secondary offset subtraction of the current 5 ms after
the voltage step was used to compensate for potential effects
from a nonlinear gating pore current, as previously described
(Mi et al., 2014). The Q(V) relation was fit to a Boltzmann
distribution:

Qon � Qmax

�[1 + e−(V−V1/2)/k],
where Qmax is the maximal Qon, V1/2 is the voltage at which half
the charge has moved, and k is the steepness factor.

The detection of gating pore currents was optimized by
measuring the isochronal current over the interval 5–8 ms, as
done in our previous study of VSDII HypoPP mutant channels
(Wu et al., 2018). This delay allows the gating charge-
displacement current to decay back to 0 nA and at the same
time is fast compared with the opening of the channel pore such
that the majority of the ionic current is conducted by the
gaiting pore (plus nonspecific leakage).

In all figures, the error bars indicate the SEM. Statistical tests
for the difference between the mean values for parameter esti-
mates of four constructs (WT and three HypoPP mutants) were
assessed by two-tailed ANOVA with Bonferroni correction.

A simulation is provided in the supplemental text at the end
of the PDF to show the feasibility of and potential sources of
error for measuring charge displacement in the presence of a
large-amplitude gating pore current.

Online supplemental material
Fig. S1 shows simulated currents produced by the sum of leak
Ileak( ), gating pore Igp

� �
, and charge-displacement components

Iq
� �

. Fig. S2 shows simulated Q(V) curves. Table S1 lists model
parameters. Supplemental text provides a numerical simulation
to demonstrate the feasibility of estimating the gating charge
displacement, based on conventional P/N leak-subtracted re-
sponses, despite the presence of a contribution from the non-
linear, voltage-dependent gating pore current.

Results
HypoPP DIII mutant channels are expressed in the plasma
membrane and conduct Ba2+

Ionic currents were recorded in the cut-open oocyte configu-
ration with 10 mM external Ba2+ as the charge carrier and no
added Ca2+. Large-amplitude, slowly activating inward currents
were observed at test potentials more positive than 0 mV for
oocytes expressing WT and all three HypoPP mutant constructs
(Fig. 1). The linear capacitive transient has been suppressed by
analogue compensation of the amplifier, but otherwise theseFigure 2. Voltage-dependent activation of hCaV1.1 channels. (A)Most of

the current recorded in 10 mM Ba2+ was conducted by hCaV1.1 channels, as
shown in this example for a voltage step to +25 mV in an oocyte expressing
the R900S mutant. Inset shows the current in control (solid line) and then in a
blocking solution with 10 µM nifedipine + 2 mM Co2+ (dashed line). The full-
size plot shows the blocker-sensitive Ba2+ current. (B) The I-V relationship
shows that the Ba2+ currents were of lower amplitude for all mutant channels
than for WT. (C) The depolarized shift of activation for R900G mutant

channels is shownmore clearly in the plot of relative conductance. Symbols in
B and C show the mean values (± SEM), and the curves show the Boltzmann
fit using the mean values of the parameters. Error bars indicate the SEM.
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traces show currents without linear leak or offset subtraction. At
the holding potential of −100 mV, an inward holding current
was consistently larger for the R897S and R900G constructs than
for WT or R900S, as shown in Fig. 1. The current amplitudes for
test potentials from −50 to −10 mV spanned a larger range for
R897S and R900G (e.g., curly bracket in Fig. 1, B and C) than
for WT or R900S. These differences reflect a larger conductance
in a voltage range below the activation of hCaV1.1 channels for
oocytes expressing R897S and R900G. This aberrant conduc-
tance in R897S and R900G mutant channels is the gating pore,
and the anomalous currents are large enough to be detected

compared with the Ba2+ current conducted by the central pore of
hCaV1.1.

Current conducted by the hCaV1.1 pore was isolated as the
component of the total current that was blocked by a combi-
nation of 10 µM nifedipine plus 2 mM Co2+. Fig. 2 A shows an
example of the nifedipine/Co2+-sensitive current elicited by a
test pulse to +25 mV in an oocyte expressing the R900S con-
struct. Most of the total current was conducted by the hCaV1.1
pore, as shown in the inset by the comparison of the current
without blockers (solid line) and with blockers (dashed line).
The I-V relation, measured as the nifedipine/Co2+-sensitive
current at the end of a 250-ms pulse, shows the current am-
plitude was smaller for HypoPP mutant constructs than for WT
(Fig. 2 B). On average, the peak inward current amplitude was
42%, 41%, and 67% of WT for R897S, R900G, and R900S, re-
spectively (Table 1, Gmax values).

The voltage dependence of activation for IBa was shifted by
8 mV in the depolarized direction for R900G, whereas the
voltage midpoint was not statistically different from WT for
R897S or R900S (Fig. 2 C and Table 1). Although all three HypoPP
mutations neutralize a gating charge in the DIII VSD, only the R897S
mutation in the outermost R1 position decreased the slope of the
G-V relation (k = 7.9 ± 0.34 mV compared with 6.8 ± 0.34 in WT).

The Ba2+ currents for the representative cells shown in Fig. 1
have slower activation kinetics for all three HypoPP mutant chan-
nels than for WT. This difference was consistently observed, as
shown by superposition for the averages of amplitude-normalized
Ba2+ currents elicited by a voltage step to 25 mV (Fig. 3 A). To
quantitatively compare this difference, we fit the rising phase of the
Ba2+ current with a single exponential, which accounts for∼80% of
this monotonically increasing transient. This approximation facili-
tates the comparison with a single activation time constant (τact).
The rate of activation was approximately twofold slower for R897S
and R900G mutant channels than for WT (20–40-mV range; AN-
OVAP <0.01), whereas for R900S, the 1.5-fold slower trendwas not
statistically different from WT (Fig. 3 B).

We measured the gating charge displacement as an index of
channel expression level at the membrane and to assess the
voltage dependence for displacement of the voltage sensor. The
inward rectification of gating pore currents produces a nonlin-
earity that may corrupt the standard P/N linear leak subtraction
method used to isolate the charge-displacement current. We
previously showed that secondary offset subtraction of the
steady-state current (after the charge-displacement transient
has decayed) can be used to compensate for this distortion (Mi
et al., 2014). For those data, the amplitude of the gating pore
current was ∼5% of the peak charge-displacement transient, and
the estimated uncertainty for Qmax was ±7.5%. For R897S, how-
ever, the amplitude of the gating pore current was much larger
(Fig. 1 B), and consequently the effect on P/N leak subtraction
was much greater. Fig. 4 A shows representative current
transients, without leak or offset subtraction, that were used to
determine Q(V) for R897S. The corresponding “leak trace” for a
small voltage step from −100mV to −80mV is shown in Fig. 4 B.
The conductance is rather large (150 nA/20 mV) because of
contributions from both the “open” gating pore and the non-
specific leakage current. When strongly depolarized voltage

Figure 3. Kinetics of activation for WT and HypoPP hCaV1.1 channels.
(A) The time course for Ba2+ current activation is shown by superposition of
amplitude-normalized currents elicited by a voltage step to +25 mV. For each
response, the zero offset was set to the current value at 5 ms to allow time
for relaxation of any residual uncompensated capacitance transient. The
maximum current was set to the value at 240ms after the start of the voltage
step. The traces are average values for WT (n = 6), R897S (n = 5), R900G (n =
4), and R900S (n = 4). The SEM at each point in time was on the order of
0.01–0.03, which is barely distinguishable from the line for the mean value
and has been omitted for clarity. (B) The time constant from a single expo-
nential fit to the Ba2+ current is shown as a function of voltage step potential.
The stars indicate the voltage range over which the mean values for R897S
and R900G were larger than for WT (ANOVA; P < 0.01). Error bars indicate
the SEM.
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steps were applied to measure charge displacement, the gating
pore closed, so the linearly scaled P/N subtraction erroneously
overcompensated and caused a substantial negative current in
steady state (Fig. 4 C, at 5 ms). A secondary offset subtraction of
this steady-state current was performed to derive the transient
response that was integrated to calculate Q (Fig. 4 D).

Using this method, the maximal charge displacement, Qmax,
was half that of WT for all three HypoPP mutant constructs
(Fig. 5 A; P < 0.001). A commensurate decrease was observed in
the peak Ba2+ current (Fig. 2), consistent with the notion that the
expression of functional channels in the membrane for all three
HypoPP mutant constructs was about half of that for WT. A plot
of the relative charge displacement as a function of membrane
potential showed a 21-mV leftward shift for oocytes expressing
R897S compared with all other constructs (Fig. 5 B and Table 2).
Neutralization of a gating charge (R1 or R2) in DIII did not reduce
the slope of the Q(V) curve compared with WT.

We performed model simulations (see supplemental text and
Table S1) to estimate the possible error in determining Q(V) that

may have been introduced by residual effects of the nonlinear
gating pore current, especially for R897S. In the limit, if the rate
of gating pore closure is instantaneous, then there is no error.
On the other hand, the slowest possible rate for closure of the
gating pore would be with the same kinetics as the decay for the
total charge displacement (movement of S4 is expected to di-
rectly close the gating pore, with no delay from allosteric
coupling). In this slowest possible case, the contribution to the
transient from the gating pore current would cause the am-
plitude of the apparent Q(V) curve to be overestimated and to
increase linearly at strongly depolarized potentials (Fig. S1
and Fig. S2). However, the Q(V) for R897S in Fig. 5 B
showed a clear plateau, suggesting that the gating pore does
indeed close faster than the rate of decay for the charge dis-
placement, and therefore our estimate for Qmax is reasonable.
Importantly, over the entire range of simulated gating pore
closing rates, the apparent voltage midpoint of Q(V) did not
have a leftward shift (Fig. S2 B). Therefore, we interpret the
21-mV leftward shift in Fig. 5 B to be an intrinsic feature of

Figure 4. Detection of charge-displacement currents in the presence of a large-amplitude nonlinear gating pore current for R897S. (A) Currents
elicited by depolarizations from −100 mV to +30 mV in 10-mV increments from an oocyte expressing R897S. No offset or leak subtraction has been performed.
The capacitance compensation of the amplifier was used to cancel the linear capacitance of the oocyte membrane. (B) Superposition of currents recorded from
leak pulses (−100 mV to −80 mV) applied between each of the trials in A. The baseline current (t < 0 ms) was approximately −325 nA, as shown in A, and has
been digitally subtracted from each trace. (C) Baseline-subtracted currents from A are replotted after linearly scaled subtraction for the “leak” response in B.
The scale factor for each trace is ΔV/20 because the “leak” response was measured for a 20-mV depolarization. (D) Secondary offset subtraction of the steady-
state current at 5 ms for the currents in A was performed to isolate the current transient that is primarily composed of the gating charge-displacement current
(see supplemental text at the end of the PDF). The gating charge was calculated as the integral of the current for t > 50 μs, as shown by the vertical line.
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R897S gating and not an artifact of the method used to cal-
culate charge displacement.

Gating pore currents were detected for R897S and R900G
The protocol we previously developed to detect gating pore
currents for hCaV1.1 DII HypoPP mutant channels (Wu et al.,
2018) was used to test for detectable IGP in the DIII HypoPP
mutants. Voltage steps were applied from a holding potential of
−100 mV, and most of the capacitive current was compensated
by the analogue circuitry of the amplifier. No offset or linear
leak subtraction was performed. The representative responses
in Fig. 6 A show a larger holding current of −200 to −400 nA at
Vhold = −100 mV for R900G and R897S compared with WT or
R900S hCaV1.1 (approximately −100 nA). These larger holding
currents for R897S and R900G were associated with a higher

conductance (i.e., wider spread of ionic current levels) over the
voltage range from −140mV to −40mV, which is hyperpolarized
relative to activation of the Ba2+ current conducted by the pore
of hCaV1.1 (Fig. 2). Moreover, the response for R897S shows clear
evidence for inward rectification (Fig. 6 A). These features are
consistent with an anomalous gating pore current, IGP, for R897S
and R900G HypoPP mutant channels.

To quantify IGP, we determined the time-averaged current
over the interval 5–8 ms, which is late enough for the residual
capacitive and charge-displacement currents to settle and is too
early for activation of the Ba2+ current conducted by the main
pore of hCaV1.1 for Vstep <10 mV. Average values for this iso-
chronal current are plotted as a function of Vstep in Fig. 6 B. The
plots diverge at hyperpolarized potentials, with strong inward
rectification for R897S and a clear separation from WT for
R900G (P < 0.05 for Vstep less than or equal to −85 mV). The
measured current is a combination of nonspecific leakage cur-
rent and IGP. Because effective blockers have not been identified
for IGP in S4 R/Xmissense mutants of CaV, NaV, or Kv channels, it
is not possible to pharmacologically separate IGP from the total
current. Moreover, a post hoc linear subtraction of the leak
component, used to extract the inwardly rectifying IGP for
S4 R/X mutations in NaV (Sokolov et al., 2007; Struyk and
Cannon, 2007), is not feasible for hCaV1.1, because IGP is usu-
ally linear (e.g., R528H and R528G in DII [Wu et al., 2018] and
R900G herein). The gating pore current observed for R897S is
remarkable because it is the only example of an hCaV1.1 HypoPP
mutation where IGP shows strong inward rectification and be-
cause the amplitude is unusually large. The magnitude of the
gating pore effect shown for R900G in Fig. 6 B is more typical for
HypoPP hCaV1.1 mutant channels studied in the oocyte expres-
sion system. For example, in our prior study of R528H and
R528G in DII (Wu et al., 2018), the total inward current at hy-
perpolarized potentials (nonspecific leak plus IGP) was approxi-
mately twice the amplitude of that observed for WT hCaV1.1. For
a DIV HypoPP mutation (R1239H) and the atypical mutation in
S3 of DIII (V876E), the total inward current was only ∼40%
larger than forWTwhen studied by plasmid electroporation into
muscle of normal mice (Fuster et al., 2017a; Fuster et al., 2017b).

Permeation of the gating pore in DIII HypoPP hCaV1.1
Permeation through an anomalous gating pore is variable and
mutation specific. Gating pore currents may be either nonse-
lective for monovalent cations or proton selective (especially for

Figure 5. Gating charge-displacement current was leftward shifted for
R897S. (A) Box plot shows the mean values (line), 25–75% interquartile (box),
and SD (whiskers) for the maximum charge displacement observed in each
oocyte. The Qmax for WT was larger (ANOVA; P < 0.001) than for any HypoPP
mutant constructs, which were statistically indistinguishable. (B) The voltage
dependence of relative charge displacement showed a leftward shift of 21 mV
for R897S compared with WT (ANOVA; P < 0.001).

Table 2. Gating charge displacement

hCaV1.1 construct Qmax (nC) V1/2 (mV) k (mV)

WT (n = 8)a 0.69 ± 0.060 −5.6 ± 1.5 19 ± 0.61

R897S (n = 8) 0.35 ± 0.062b −27 ± 1.9b 16 ± 0.70c

R900G (n = 8) 0.34 ± 0.028b −10 ± 1.7 19 ± 1.1

R900S (n = 10) 0.34 ± 0.054b −5.5 ± 1.6 17 ± 0.93

aData reproduced from Wu et al., 2018.
bP < 0.001 compared with WT (ANOVA).
cP < 0.05 compared with WT (ANOVA).
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R/H missense mutations), may be enhanced in extracellular
guanidinium, and may be weakly blocked bymultivalent cations
(Sokolov et al., 2010; Starace and Bezanilla, 2004; Struyk and
Cannon, 2007). Our initial measurements were performed in the
context of the ion gradient for a normal mammalian cell, with
Na+ as the predominant extracellular cation and K+ as the in-
tracellular cation. Under these conditions, the reversal potential
was approximately −20 mV (Fig. 6 B), consistent with a gating
pore that is permeable to both Na+ and K+. The resting potential
of skeletal muscle is substantially hyperpolarized (−90 mV)
compared with the reversal potential of the gating pore, so,
under physiological conditions, the predominant charge carrier
would be an influx of Na+.

The inward gating pore current is much larger in external
guanidinium than for Na+ with many S4 R/X HypoPP mutations
in NaV1.4 (Sokolov et al., 2010; Thor et al., 2019) and with the
HypoPP CaV1.1-R528G mutation in DII (Wu et al., 2018). We
assessed guanidinium permeability by initially recording the
nonspecific leakage current in external NMDG and then re-
peated the measurement after exchanging the bath with a
mixture of 60 mM guanidinium and 60 mM NMDG. Fig. 7 A (left
panel) shows representative currents recorded from R897S-
expressing oocytes in NMDG. Compared with the response in
an Na+ bath (Fig. 6, different R897S oocytes), the holding cur-
rent at −100 mV is smaller, and the currents elicited over a
range of voltage steps are more tightly clustered (i.e., lower

Figure 6. Gating pore currents were de-
tected for R897S and R900G, but not R900S,
mutant channels. (A) Representative traces are
shown for currents recorded in response to test
potentials of −140 to 20 mV in 10-mV incre-
ments from a holding potential of −100 mV. The
initial capacitance transient is clipped, and the
time-averaged current from 5 to 7.5 ms (boxes)
was examined to test for the presence of a
gating pore current. No leak subtraction was
performed, and no hCaV1.1 channel blockers
were present. Notice the larger-amplitude in-
ward holding current at −100 mV for R900G and
R897S mutants. (B) The isochronal I-V relation-
ship shows larger inward currents at hyper-
polarized test potentials for R900G and R897S,
consistent with a gating pore current. Error bars
indicate the SEM.
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conductance) with little apparent inward rectification. These
differences show that the R897S gating pore is much less per-
meable to NMDG than to Na+. Moreover, this result also shows
that R897S is not a proton-selective gating pore, because the
currents have the same amplitude in Na+ or NMDG for those

HypoPP mutant channels (e.g., R667H and R669H in NaV1.4;
Struyk and Cannon, 2007; Struyk et al., 2008).

When the bath was exchanged from NMDG to a mixture of
NMDG and guanidinium, the small ionic currents became very
large and inwardly rectifying, as shown for the representative

Figure 7. Guanidinium is highly permeable for the R897S, but not the R900G, gating pore. (A) Representative current traces were initially recorded in a
110 mM NMDG external solution (left) and recorded again from the same oocyte (right) after exchanging the external solution with a mixture of 60 mM NMDG
and 60 mM guanidinium (GD). (B) The I-V relation is compared for a standard 96 mM Na+ external solution and for a solution with a mixture of 60 mM
guanidinium and 60 mM NMDG. Symbols show mean ± SEM (n = 3).

Wu et al. Journal of General Physiology 9 of 13

CaV1.1 DIII gating pore currents https://doi.org/10.1085/jgp.202112946

https://doi.org/10.1085/jgp.202112946


oocyte in Fig. 7 A (right panel). This dramatic change is strong
supportive evidence for the presence of an anomalous gating
pore conductance (Sokolov et al., 2010; Tombola et al., 2005),
although not all gating pore conductances show this behavior
(Wu et al., 2018). The average I-V response over the 5–8-ms
isochronal interval is shown in Fig. 7 B for oocytes expressing
WT and all three mutant constructs. Currents were recorded
from each oocyte in NMDG, and then the same oocyte was tested
with NMDG plus guanidinium. Only R897S oocytes had en-
hancement of the inwardly rectifying current in guanidinium
(Fig. 7 B, upper left panel, red symbols). Although R900G
showed clear evidence of a (nonrectifying) gating pore current
in a Na+ bath (Fig. 6), guanidium did not enhance the conduc-
tance (Fig. 7 B, upper right, blue symbols). In all oocytes, the
reversal potential depolarized after the bath exchange (Fig. 7 B,
open to closed symbol transition; see inset in upper left for Erev
of R897S), which implies that the small nonspecific leak was
more permeable to guanidinium than to NMDG.

We calculated the slope of the isochronal I-V plots over the
voltage range from −140 mV to −120 mV to quantitatively
compare the membrane conductance for each CaV1.1 construct
and how this changed for the different ionic conditions describe
above. The slope conductances in Na+, NMDG, and guanidinium
are shown as a cluster of three bars for each construct in Fig. 8.
In Na+, the conductance was larger for the two HypoPPmutants
with gating pore currents (R897S and R900G; P < 0.0001 and

P < 0.01, respectively) than for WT or R900S. These larger
conductances for R897S and R900G were both markedly re-
duced in external NMDG (lower by 9.8 μS for R897S and by 2.7
μS for R900G). By comparison, the conductance in NMDG was
1.1 μS lower for WT. The larger reductions of conductance in
mutant channels (R897S and R900G) than inWT shows that the
lower conductance in NDMG is caused primarily by an effect on
the gating pore component of the current rather than by the
nonspecific leakage current. These observations show that the
gating pores are more permeable to Na+ than to NMDG and
imply that Na+ influx is the major charge carrier of the gating
pore current at the resting potential of skeletal muscle. The
conductance in guanidinium is fourfold higher than in Na+

for R897S. The other CaV1.1 constructs had either a conduc-
tance decrease (R900G and WT) or no change (R900S) in
guanidinium.

Divalent block of the NaV1.4 gating pore for mutant channels
found in HypoPP is modest (Kd values of ∼0.5 to 3 mM) with
block by Ca2+ < Ba2+ < Ni2+ ≈ Zn2+ (Francis et al., 2011; Sokolov
et al., 2007). We assessed sensitivity to divalent block by com-
parison of the current in 6 mM Ca2+ (control) with the response
in the same oocyte after bath exchange with 2 mM test divalent
cation plus 4 mM Ca2+. A total divalent of 6 mMwas maintained
to keep the effects of screening membrane surface charge rela-
tively constant and to avoid the development of nonspecific
leakage current in low divalent cation conditions. From the
holding potential of −100 mV, 2 mM Ba2+ reduced the current at
Vstep −120 mV by 290 ± 41 nA in oocytes expressing R897S and by
83 ± 11 nA for R900G (Fig. 9, left column). Because the measured
current is a combination of the gating pore and nonspecific
leakage components, it is not possible to quantitatively estimate
the potency of block. These data, however, are consistent with
block of Igp because, in oocytes expressing WT channels, 2 mM
Ba2+ reduced the current at −120mV by only 62 ± 5.1 nA.We also
tested Co2+ because this divalent cation blocks the Ca2+-con-
ducting pore of CaV1.1 and thereby is potentially a good condition
in which to record Igp without interference from main pore
currents. Application of 2 mM Co2+ to oocytes expressing R897S
or R900G did not produce a detectable block of Igp, as shown by
the absence of an effect on the total current over the range
−120 mV to 10 mV (Fig. 9, right column).

Discussion
This study is the first opportunity to ascertain whether the ca-
nonical HypoPP mutations in VSDIII of CaV1.1 (i.e., R/X sub-
stitutions in S4 that do not conserve charge) give rise to gating
pore currents. These anomalous currents were clearly detected
for two mutations (R897S and R900G), but not a third (R900S).
The gating pore current is widely accepted as the primary defect
that causes susceptibility to recurrent episodes of depolarization-
induced loss of excitability and weakness in HypoPP (Cannon,
2015; Cannon, 2017). This anomalous current has been observed
for six of eight HypoPP mutations that have been functionally
studied with sufficient resolution to detect these small-
amplitude currents (Table 3). In further support of this proposed
pathomechanism, a gating pore current was detected for V876E

Figure 8. Permeation properties of gating pore currents. Each cluster of
three bars shows the conductances measured in external Na+, NMGD, or a
mixture of 60mMNMDG and 60mM guanidinium. These conductance values
were determined from the slope of the isochronal I-V over the range from
−140 mV to −120 mV (e.g., Fig. 6 B for Na+). Membrane conductance in Na+

was higher for R897S and R900G than for WT, consistent with gating pore
currents for these two HypoPP mutant channels. The marked decrease in
conductance for R897S and R900G in NDMG compared with Na+ shows that
the gating pore is more permeable to Na+ than NMDG. The conductance was
increased in guanidinium only for R897S. The data for external Na+ (n = 7 WT,
8 R897S, 9 R900G, and 10 R900S) are from a different set of oocytes than the
NMDG/guanidinium studies. For the NMDG experiments (n = 5 WT, n = 3 for
all mutants), recordings were initially made in 110 mM NMDG, and then the
bath was exchanged with 60 mM NMDG plus 60 mM guanidinium, and
currents were recorded again. Error bars indicate the SEM.
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in DIII-S3, which is the only established HypoPPmutation that is
not an R/X substitution in an S4 segment (Fuster et al., 2017b).
Failure to detect a gating pore current for HypoPP mutant CaV1.1
channels has occurred twice: for an unusual mutation that pre-
serves charge, R897K (Kubota et al., 2020), and for R900S in this
study. Interestingly, gating pore currents are unequivocally

detected for alternative missense changes at both of these same
residues: R897S and R900G.

The gating pore currents observed for R897S are exceptional
for two reasons. First, the magnitude of the current is larger
than for Igp recorded from any other HypoPP mutation of CaV1.1
or NaV1.4 that has been studied in the oocyte expression system.

Figure 9. Gating pore currents are partially blocked by Ba2+. Each panel shows the I-V relation, as in Fig. 3 B, recorded from oocytes in control conditions
(96 mM Na+, 6 mM Ca2+ external) and then with a 2 mM challenge using either Ba2+ or Co2+. Current amplitude was reduced by Ba2+ but not Co2+. Holding
potential −100 mV with no leak subtraction. Symbols show mean ± SEM (n = 4 or 5 R900G; n = 5 or 10 R897S).

Table 3. Functional assessment of HypoPP mutations in CaV1.1

Domain Mutation Method Gating pore current References

II R528H (R1) Oocyte, knock-in mouse fiber, human fiber Yes Wu et al., 2018; Wu et al., 2012; Jurkat-Rott et al., 2009

R528G (R1) Oocyte Yes Wu et al., 2018

R528C (R1) Not done ?

III V876E (S3) Mouse fiber (electroporation) Yes Fuster et al., 2017b

R897K (R1) Oocyte No Kubota et al., 2020

R897S (R1) Oocyte Yes This study

R900G (R2) Oocyte Yes This study

R900S (R2) Oocyte No This study

IV R1239H (R2) Mouse fiber (electroporation), human fiber Yes Fuster et al., 2017a; Jurkat-Rott et al., 2009

R1239G (R2) Not done ?

Wu et al. Journal of General Physiology 11 of 13

CaV1.1 DIII gating pore currents https://doi.org/10.1085/jgp.202112946

https://doi.org/10.1085/jgp.202112946


The gating pore current for HypoPPmutant channels is typically
50–100 nA at −100 mV in 96 mM external Na+ (Sokolov et al.,
2007; Struyk and Cannon, 2007; Struyk et al., 2008; Wu et al.,
2018). The gating pore current in R897S is approximately three
times larger (Fig. 6). This pronounced biophysical defect cor-
relates with the severe clinical phenotype in R897S patients and
thereby supports the notion that the gating pore current is the
critical functional defect underlying susceptibility to HypoPP.
Two unrelated individuals with de novo R897S have been de-
scribed in the literature, and both had severe HypoPP with hy-
potonia at birth, early onset of episodic weakness in infancy,
daily attacks of weakness, secondary joint deformities, and
progressive myopathy with difficulty walking distances indepen-
dently as teenagers (Chabrier et al., 2008; Hanchard et al., 2013).

The other remarkable feature of Igp for R897S is the pro-
nounced inward rectification (Figs. 6 and 7). Inward rectification
is usually a defining feature of the gating pore currents for NaV
or KV channels with R/X missense mutations of the outer R1 and
R2 arginines (Sokolov et al., 2007; Starace and Bezanilla, 2004;
Struyk and Cannon, 2007; Tombola et al., 2005). This rectifi-
cation, often “strong,” occurs in symmetrical solutions of the
permeant ion and has a voltage dependence similar to the gating
charge displacement Q(V), consistent with the model that rec-
tification occurs as a result of outward motion of the S4 segment
that closes the conduction pathway at depolarized potentials.
The gating pore currents observed for CaV1.1 mutant channels
are atypical in this regard. The Igp − V relation is approximately
linear over a voltage range from −140 mV to 0 mV. This linear
behavior for Igp in HypoPP mutant CaV1.1 has been reported for
R/X mutations in S4 of DII or DIV and for the atypical V876E in
S3 expressed in oocytes (Wu et al., 2018) or mouse muscle fibers
(Fuster et al., 2017a; Fuster et al., 2017b; Wu et al., 2012). R900G
in DIII also has a linear Igp (Fig. 6 B). We propose that Igp is also
inwardly rectifying for CaV1.1 channels with R/X mutations in
the R1 and R2 positions, but the opportunity to observe this ef-
fect is obscured by the rightward shift of voltage-dependent
activation of S4 segments (compared with NaV1.4 channels) in
combination with the interference from incompletely blocked ionic
currents for V > 10 mV. For the cut-open oocyte preparation, these
interfering currents include incomplete block of the CaV1.1 pore and
outwardly rectifying endogenous currents activated for V > 0 mV.
Recent evidence from voltage-clamp fluorometry shows the out-
ward movement of the DIII-S4 is markedly leftward shifted com-
pared with the DII-S4 (V1/2 = −27 ± 1.1 mV compared with 4.6 ± 1.1
mV; Savalli et al., 2020). This leftward shift and R897S being in the
R1 position could account for the observed rectification for this
HypoPPmutation in CaV1.1, whereas Igp − V is approximately linear
over the observable range of −140 mV to 0 mV for other HypoPP
mutations because the voltage-dependent closure of the gating pore
conductance is more depolarized for R2 (R900G) or for S4 in DII
(R528H and R528G).

How can the failure to detect gating pore currents in the cut-
open oocyte preparation for two HypoPP CaV1.1 mutations,
R897K and R900S, be reconciled with the strong consensus that
Igp is the critical defect that predisposes a muscle fiber to para-
doxical depolarization with hypokalemia, loss of excitability,
and weakness? The first issue to be addressed is the confidence

level with which these variants have been classified as patho-
genic mutations that cause HypoPP. R897K was identified in
three separate HypoPP pedigrees (one Japanese de novo; two
French, with one inherited and the other de novo); the variant
was not found in unaffected family members, and affected in-
dividuals had classical symptoms with recurrent episodes of
weakness with low K+ (<3 mM), episodes triggered by carbo-
hydrate ingestion or rest after exercise, and improvement with
oral K+ supplementation and acetazolamide (Kubota et al.,
2020). The R900S variant has been reported for an individual
in the UK (Matthews et al., 2009) and for a family in Hangzhou,
China (Ke et al., 2015). The clinical presentation was typical for
HypoPP and included recurrent episodes of weakness associated
with low K+, attacks often occurring at night or upon awakening,
attacks provoked by carbohydrate meals or rest after exercise,
and onset in the second decade of life. In the Chinese family, two
male cousins and their uncle were symptomatic, whereas three
female carriers of R900S did not have any muscle symptoms.
There is precedent for reduced penetrance of the phenotype
with absence of transient attacks of weakness in females for the
most commonly occurring HypoPP mutation, CaV1.1-R528H
(Links et al., 1994). In these cases, however, the females usually
develop slowly progressive permanent weakness that is detected
during clinical examination bymiddle age. A grandmother in the
R900S pedigree from China remains asymptomatic with no
fixed weakness. Neither variant is present in the Genome Ag-
gregation Database (gnomAD version 2.1) of 141,456 individuals.
Taken together, these data support the interpretation that R897K
and R900S are both likely to be pathogenic mutations for HypoPP.

Another possibility is that R897K and R900S both support
gating pore currents, but the amplitude was below the detection
limit of our measurements (two SD = ± 51 nA from the mean
holding current of −77 nA at −100mV forWT). It is reasonable to
expect gating pore currents to be smaller for R900S than for
R900G because of the greater steric hindrance from serine than
from glycine. Similarly, the charge-conserving R897K would likely
be accommodated better than R897S at the critical hydrophobic
plug of the CTC in the VSD (Monteleone et al., 2017). On the other
hand, simulations of the K+ sensitivity for the resting potential of
skeletal muscle show that a gating pore current with a magnitude
less than half of that detected for R900G herein is not likely to cause
susceptibility to paradoxical depolarization and weakness in low K+

(Kubota et al., 2020). Alternatively, the gating pore current might
be more prominent when these mutant channels are expressed in
the context of a humanmuscle fiber instead of a frog oocyte. Finally,
we should stay open-minded to the possibility of other mechanisms
bywhich mutant CaV1.1 subunits may cause susceptibility to
HypoPP. For example, the level of expression at the mem-
brane is lower (smaller Qmax and Gmax; Tables 1 and 2), and
the kinetics of channel activation are slower (Fig. 3).
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Supplemental material

This text provides a numerical simulation to demonstrate the feasibility of estimating the gating charge displacement, based on
conventional P/N leak-subtracted responses, despite the presence of a contribution from the nonlinear, voltage-dependent gating
pore current. We previously showed that integration of current transients, for which a baseline correction was used to set the
steady-state current equal to 0 nA at the end of a 10-ms voltage pulse, provides a reasonable estimate of gating charge displacement,
Q(V). More specifically, when the steady-state offset from the gating pore current was ∼5% of the peak current transient, then this
correction to the integrated current produces an overestimate Qmax <8% (Mi et al., 2014).

For the R897S mutant of CaV1.1 studied herein, the gating pore current, Igp, is much larger, with a magnitude comparable to the
peak transient in the gating charge-displacement current, Iq. Because the gating pore is in a high-conductance state at hyper-
polarized potentials, the conventional linear leak response measured from the holding potential (e.g., −100 mV) is an overestimate
for the scaled P/N subtraction to be performed at a strongly depolarized test potential (e.g., +30 mV where the gating pore is
nonconducting). The consequence of this inappropriately large subtraction is a pronounced negative shift of the steady-state current
(Fig. 4 C). This problem for extracting the charge displacement (Iq) from the total current cannot be solved by choosing a different
holding potential from which to measure passive leak response. Using a step from +30 mV to + 50 mV, for example, effectively
removes the contribution of Igp from the “passive linear leak” response. In order to measure the (off) gating charge movement,
however, a large negative voltage step from +30 mV is required (e.g., to −80 mV), which will open the gating pore and produce an
ionic current that will not be removed by P/N subtraction. In essence, any voltage change that is sufficient to move the gating
charges will also change Popen of the gating pore and thereby cause an error with conventional P/N linear leak subtraction.

Modifications to the voltage-pulse protocol cannot be used to circumvent the problem of measuring charge displacement in the
presence of a large-amplitude Igp. Alternatively, we provide simulations that show our baseline correction to the P/N leak-subtracted
current provides a reasonable estimate for Q(V). As will be demonstrated with the simulations, the shape of the apparent Qapp(V)
implies the Igp transient settles much faster than Iq, and therefore the gating pore current produces only modest distortion to the

determination of Q. Importantly, even if this kinetic argument is relaxed, the distortion of Qapp(V) does not cause a leftward
(negative) shift of voltage dependence as was observed experimentally for R897S (Fig. 5 B).

The total current was simulated as a combination of a linear leak, Ileak; the nonlinear gating pore ionic current, Igp; and the charge-
displacement current, Ig. For a step change from V1 to V2 at t � 0 :

Ileak �
�
Gleak V1 − Eleak( ) for t < 0
Gleak V2 − Eleak( ) for t ≥0

Igp � {Ggpg V1( ) V1 − Egp

� �
for t <0

Ggp g V2( ) − g V1( )[ ] 1 − e−t/τgp( ) + g V1( ){ } V2 − Egp

� �
for t ≥0

where g(V) � 1/[1 + e(V−Vgp)/kgp]

Iq �

8><
>:

0 for t < 0

Q V2( ) − Q(V1)
τq

e−t/τq for t ≥0

where Q(V) � Qmax/[1 + e−(V−Vq)/kq ].
The parameter values for maximum conductances, maximum gating charge, reversal potentials, and time constants are listed in

Table S1. The relative speed of the transient currents (τgp/τq) is a critical determinant for how Igp contributes to the error in esti-
mating Q(V). The smaller this ratio, the smaller the area will be for integrating the Igp transient compared with Iq. In the limit of an

instantaneous change in the gating pore conductance for an imposed ΔV, there will be no error in the determination of Q(V) with
P/N linear leak subtraction (after baseline current correction).

The anomalous ionic conductance of the gating pore occurs when the missense mutation resides in the hydrophobic waist of
gating CTC (Monteleone et al., 2017), such that even a small local displacement of the S4 helix will ablate the conduction pathway. For
this reason, we propose that the kinetics of the Igp transient (regulated by a partial movement of the total gating charge) will be faster
than the time course of Iq (which reflects displacement for all of the detectable gating charge). In our detailed simulations, we used
τgp/τq � 0.25. Exploratory simulations were also performed for a wider range (0.1–1.0).

The total current (ionic plus charge displacement) is shown in Fig. S1 A for a series of voltage steps from a holding potential of
−100mV to values from −100mV to +30mV in 10-mV increments. No offset or leak subtraction has been performed. This simulation
is comparable to the data recorded from an oocyte expressing R897S in Fig. 4 A. The contribution of individual current components is
shown for V2 � +30 mV in Fig. S1 B, which demonstrates the majority of the transient response is from Iq.
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The response for each of the current components to our standard leak pulse −100 mV to −80 mV is shown in Fig. S1 C. Two
nonlinear components in this leak response will contribute to errors in the linearly scaled P/N subtraction. First, there is a small
gating charge-displacement current (magenta trace). Although the peak amplitude and corresponding area are small (18 nA and
0.008 nC, respectively, for a simulated Qmax = 0.3 nC), these components will be scaled up for subtraction; for example, 6.5-fold for a
test pulse V2 � +30 mV. The consequence is that Q(V) will be slightly underestimated, and this error will increase linearly with
more positive test potentials. This error of including some charge displacement in the P/N leak response produces a downsloping
plateau to the Q(V) curve at strongly depolarized potentials. The second error, and the major concern for this simulation, is the
nonlinear current resulting from closure of the gating pore at positive test potentials. This effect is illustrated by the rapid transient
(0–0.5 ms) that creates a “rounded shoulder” to the Igp response (Fig. S1 C, blue line).

The consequences of linear P/N leak subtraction for the leak response in Fig. S1 C from the response to a test pulse of V2 � 30 mV
(Fig. S1 B) is shown in Fig. S1 D. The steady-state current at 5 ms is negative (approximately −600 nA, because the scaled leak
response is too large) rather than the expected value of 0 nA for the isolated Iq current. This simulated response in Fig. S1 D is
comparable to the P/N leak-subtracted data for an oocyte expressing R897S (Fig. 4 C, sweep in bold green). To correct for the steady-
state nonlinear contribution of Igp,we performed a secondary offset subtraction (i.e., after the P/N leak subtraction) to force the total
steady-state current = 0 nA at the end of the fast transient. Fig. S1 E shows the effect of this correction for the P/N leak-subtracted
current over the entire series of test potentials V2 � −100, −90, −80, … + 30( ). The responses for these corrected traces at t >0 ms
have the expected amplitude and waveform of Iq and are comparable to the data obtained from R897S-injected oocytes (Fig. 4 D). The
details of the contributions from the separate components of the current are shown for the case of V2 � 30 mV in Fig. S1 F. Again, we
see that the Iq transient (magenta line) is the major component of the transient for the total current (i.e., the experimentally
measurable current; black line). The apparent charge displacement, Qapp, obtained by integrating the total current is 0.262 nC,

which is nearly the same value as the true charge displacement (Q � 0.268 nC) calculated by integrating the isolated Iq trace. The
shaded areas in Fig. S1 F show the P/N leak subtraction error contributed by Igp (blue line), which causes Qapp >Q, and the P/N leak
subtraction error contributed by the small Iq component in the leak response (green line), which causes Qapp <Q. In this case where
τgp/τq � 0.25, the two errors tend to cancel, so Qapp ≈ Q.

The critical influence of the ratio, τgp/τq, is illustrated by the Q(V) curves calculated by integration of the simulated total current.
Fig. S2 A shows a family of curves resulting from this ratio varying over the range of 0.1 to 1.0. The ideal simulated response, with no
error contributed by Igp or Iq in the leak response, is shown by the black squares. The other colors show cases for which the

overestimate of Q(V) becomes progressively worse as the ratio τgp/τq increases from 0.1 to 1.0 while the underestimate caused by
including a small fraction of Iq in the leak response is held constant. The red squares correspond to the case of τgp/τq � 0.25 described

in detail above. When the overestimate becomes more severe (e.g., τgp/τq � 0.5, orange line; or τgp/τq � 1.0, green line), the Q(V)
curve does not have a well-defined plateau and instead increases linearly with more positive test potentials. We did not observe this
trend in the experimental data for R897S (Fig. 5 B), consistent with our proposal that τgp < τq. The solid curves in Fig. S2 A show the
best fit of a Boltzmann function over the voltage range of −90 mV to +30 mV, as performed for the experimental data in Fig. 5 B.
Based on the estimated value of Qapp max from these fits, the data are amplitude normalized and replotted in Fig. S2 B. This scaled

version facilitates a visual comparison of the voltage midpoint for charge displacement and shows that the error of Qapp(V) from the
contribution from the nonlinear Igp transient in the leak pulse does not cause an apparent leftward shift. This simulation result
supports our interpretation that R897S causes a substantial leftward shift of charge displacement (21 mV; Table 1) and is not an
apparent shift created by an error from the contribution of Igp to the P/N leak subtraction.
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Provided online is one table. Table S1 shows model parameters.

Figure S1. Simulated currents produced by the sum of leak Ileak( ), gating pore Igp
� �

, and charge-displacement components Iq( ). (A) Series of total
currents elicited by step depolarization from a holding potential of −100 mV to a series of test potentials from −100 to +30 mV in 10-mV increments with no
leak or offset subtraction. (B) Component currents that contribute to the response at +30 mV. (C) Leak response (black line) for a voltage step from −100mV to
−80mV and the associated individual components. (D) Current response after standard P/N linear leak subtraction (and offset subtraction of the initial current
t < 0) for the response to a voltage step V2 � +30 mV. (E) Family of currents after secondary offset subtraction of the P/N-subtracted responses, such that the
steady-state current = 0 nA. The applied voltage steps were over a range from −100 mV to +30 mV. (F) Details of the current components that contribute to
the secondary offset-subtracted response at V2 � +30 mV.

Figure S2. Simulated Q(V) curves. (A) Family of Q(V) curves when the ratio of τgp/τq was varied, as indicated in the legend. The black squares are for the
idealized case with no contribution from Igp or from the inclusion of a small Iq in the leak pulse. The solid lines show fits to a Boltzmann function over the range
−90 mV to +30 mV. (B) Amplitude-normalized Q(V)/Qmax responses from A to facilitate a visual comparison of the voltage midpoint for total charge dis-
placement. subtr, subtraction.
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