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The voltage sensor of excitation—contraction coupling in mammals:
Inactivation and interaction with Ca**
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In skeletal muscle, the four-helix voltage-sensing modules (VSMs) of Cay1.1 calcium channels simultaneously
gate two Ca®" pathways: the Cay1.1 pore itself and the RyR1 calcium release channel in the sarcoplasmic reticu-
lum. Here, to gain insight into the mechanism by which VSMs gate RyR1, we quantify intramembrane charge
movement associated with VSM activation (sensing current) and gated Ca®* release flux in single muscle cells of
mice and rats. As found for most four-helix VSMs, upon sustained depolarization, rodent VSMs lose the ability to
activate Ca’' release channels opening; their properties change from a functionally capable mode, in which the
mobile sensor charge is called charge 1, to an inactivated mode, charge 2, with a voltage dependence shifted
toward more negative voltages. We find that charge 2 is promoted and Ca?* release inactivated when resting,
well-polarized muscle cells are exposed to low extracellular [Ca?*] and that the opposite occurs in high [Ca?"]. It
follows that murine VSMs are partly inactivated at rest, which establishes the reduced availability of voltage sens-
ing as a pathogenic mechanism in disorders of calcemia. We additionally find that the degree of resting inactiva-
tion is significantly different in two mouse strains, which underscores the variability of voltage sensor properties
and their vulnerability to environmental conditions. Our studies reveal that the resting and activated states of
VSMs are equally favored by extracellular Ca". Promotion by an extracellular species of two states of the VSM
that differ in the conformation of the activation gate requires the existence of a second gate, inactivation, topo-

logically extracellular and therefore accessible from outside regardless of the activation state.

INTRODUCTION

Electrical signaling is used for multiple purposes in an-
imal cells. In most cases, it is mediated by the opening
and closing of ion channels by means of “gates” that
may in turn be controlled electrically. In voltage-sensi-
tive channels, electrical control is the task of a molecu-
lar motif expressed with high sequence identity across
channels in different tissues and taxa. An indication
of their ubiquity is that after many years of their char-
acterization in channels of excitable tissues, similar
voltage-sensing modules (VSMs) were identified in volt-
age-activated phosphatases (reviewed by Villalba-Galea,
2012). Another indication of the ubiquity of VSMs is the
finding of a similar structure in Ca®* channels of intra-
cellular storage organelles (Efremov et al., 2015; Yan et
al., 2015; Zalk et al., 2015), where the motif is called
VSL, for voltage-sensitive-like.

A hint of the widespread biological applicability of
VSMs appeared decades ago. Indeed, the first quantita-
tive manifestation of VSM function, intramembranous
charge movement (or sensing current), was measured
in frog muscles (Schneider and Chandler, 1973), in
which it is not associated with a standard gating func-
tion. Surprisingly, that charge movement was shown to
occur within a membrane protein, the voltage sensor of
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excitation—contraction (EC) coupling, which controls
an ion pathway not located in the membrane where the
sensors move. It was only with the subsequent measure-
ment of “gating” currents in squid giant axons (Arm-
strong and Bezanilla, 1973) that a VSM was functionally
associated with gating within the same channel protein.
The skeletal muscle VSM remains unique in that it
controls gates in two ion pathways traversing separate
membranes: Cayl.1, the L-type channel in transverse
tubules, and RyR1, the Ca* release channel in the SR
(reviewed by Rebbeck et al., 2014).

A salient property of VSMs, equally valid for EC cou-
pling, channels and voltage-sensitive phosphatases
(VSPs), is their tendency to enter a functionally dis-
abled state upon sustained increase of the membrane
potential to zero and beyond. This transition is called
“relaxation,” to separate it from the closure of the path-
way that most often associates with the VSM transition
in ion channels. This form of channel closure, termed
voltage-dependent inactivation (VDI), was found to be
accompanied by major changes in the VSM sensing cur-
rents (Armstrong and Bezanilla, 1977; Bezanilla and
Armstrong, 1977). VDI occurs via a variety of processes;
one classification, never fully settled, distinguishes two
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types of VDI: N-type, whereby the N-terminal portion
blocks the open channel, and C-type, a slower phenom-
enon, the effects of which accumulate during repetitive
activation (Hoshi et al., 1990, 1991).

The effects of C-type inactivation on gating currents
were first separated from the changes associated with
faster N-type inactivation in squid axon Na' channels
(Bezanilla et al., 1982). A set of changes similar to
C-type inactivation was described later for the EC cou-
pling voltage sensor of frog muscle (Brum and Rios,
1987; Brum et al., 1988a,b), which at the time had been
identified with the L-type Ca®* channel Cayl.1 (Rios and
Brum, 1987; Tanabe et al., 1988). Brum and Rios (1987)
quantified the amount of intramembranous charge
mobile in muscle cells inactivated by long-term depo-
larization, a component termed “charge 2” by Adrian
and Almers (1976), and found that it was the same as
that of “charge 1”7 that became available as cells were
held well polarized (at holding potential, V;,, of —80
or —90 mV). The equality of charges 1 and 2, together
with the simultaneity and reciprocity of their changes,
was taken as evidence that they reflect the same sensors
in different conditions or modes (defined later). This
proposal was later confirmed in frog muscle (reviewed
by Melzer et al., 1995), mammalian cardiac L-type Ca
channels (Field et al., 1988; Shirokov et al., 1992), var-
ious Na" and K' voltage-sensitive channels, and VSPs
(Villalba-Galea et al., 2008; Villalba-Galea, 2012). The
term “relaxation” was introduced for VSPs while rec-
ognizing it as common to all VSMs; the terms “charge
1”7 and “charge 2” have been used only in skeletal and
cardiac muscle.

Additionally, Brum et al. (1988a,b) and Pizarro et al.
(1989) demonstrated that the presence of Ca** ions in
the extracellular medium opposes this relaxation in
frog muscles and proposed that C-type inactivation or
relaxation includes conformational changes akin to a
collapse of the pore in the regions that establish ionic
selectivity (reviewed by Melzer et al., 1995).

The EC coupling sensor charge of mammalian mus-
cle has been studied in rat myofibers (Hollingworth
and Marshall, 1981; Simon and Beam, 1983; Delbono
et al., 1991; Shirokova et al., 1996; Szentesi et al., 1997),
myotubes (Garcia et al., 1994; Avila and Dirksen, 2000),
human muscle biopsies (Garcia et al., 1992), and iso-
lated mouse muscle fibers (Wang et al., 1999; Collet et
al., 2003; Prosser et al., 2009). All these studies focused
on the charge that moves in well-polarized cells. There
have been no direct examinations of charge 2 or at-
tempts to separate it from charge 1 in mammals.

Here we describe, in mammalian muscle, dynamic
properties of the EC coupling-related sensing current,
its relationship with the Ca®* flux that it gates in RyRI,
and the properties of the relaxed mode, including its
sensitivity to the presence of extracellular Ca**. The
study demonstrates a fundamental property: like most
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other VSMs (reviewed by Villalba-Galea et al., 2008),
those in Cayl.1 transition among four stable states, two
of which are functionally inactivated. Ca** shifts the tran-
sition equilibria in favor of the non-inactivated states
and correspondingly favors mode 1 over mode 2 of sen-
sor charge movement. Analysis of the results constrains
possible models of gating by Cayl.1 VSMs. Our results
also indicate that changes in blood [Ca*] within the
range found in the human clinic can substantially alter
the signaling ability of muscle VSMs and thereby mod-
ulate contractile activation, potentially contributing to
the “disease phenotypes” of hypo- and hypercalcemia.

MATERIALS AND METHODS

Single-fiber preparation

Experiments were performed in single muscle fibers
isolated from the flexor digitorum brevis (FDB) muscle
of the mouse. Animals were obtained from the animal
facility of the School of Medicine and killed by cervical
dislocation in accordance with the protocol approved
by Comisién Honoraria de Experimentacién Animal
of Universidad de la Republica. FDB muscles were dis-
sected in Tyrode’s solution containing 145 mM NaCl,
4 mM KCl, 10 mM Hepes, 10 mM NaHPO,, 2 mM CaCls,
and 2 mM MgCl, and then incubated for ~1 h at 37°C
in Tyrode’s solution to which 4% FBS and 2 mg ml™" col-
lagenase type Ia (Sigma-Aldrich) were added. After di-
gestion, the solution was replaced by Tyrode’s solution
containing 4% FBS and left for 1 h at 4°C or RT. Before
the experiments, the fibers were gently dispersed using
glass pipettes of decreasing size and transferred to the
experimental chamber on an inverted microscope stage
(Nikon Diaphot or Leica SP5 DM6000 for confocal re-
cording). Fibers were obtained from 8-12-wk-old BAL-
B/c and B6D2F1 mice. Additional measurements were
performed in singly dissected rat muscle fibers. Rats
were sacrificed by COy inhalation and extensor digito-
rum longus muscles removed. Fibers were dissected in a
relaxing solution that contained 145 mM K-glutamate,
10 mM Hepes, 1 mM MgCly, and 0.1 mM EGTA. Indi-
vidual fibers were mounted in a 2-Vaseline gap cham-
ber following the method of Shirokova et al. (1996).
pH was adjusted to 7.4 and osmolarity to 310 mOsm/
liter in all cases.

Voltage clamp of single myofibers

Single mouse fibers were voltage clamped following
the procedure of Wang et al. (1999, 2000). Short
fibers (300-500 pm) were selected for whole-cell patch
clamping. External solution, designed to suppress
ionic currents, contained 145 mM TEACH3SOs, 10 mM
Hepes, 1.8 mM CaCly, 3.5 mM MgCly, 0.5 mM CdCls,
0.1 mM LaCls, and 1 mM 3,4-diaminopyridine and
9-anthracene carboxylic acid. In some experiments,
CaCl; was changed, either reduced to zero with an equal
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concentration of MgCl, added or increased to 5 mM
(removing an equal concentration of MgCly) or 10 mM,
with MgCl, reduced to zero. To avoid movement, 50 pM
BTS (n-benzyl-p-toluene sulphonamide; Sigma-Aldrich)
was added. Pipettes were made by conventional
methods (P-1000 puller; Sutter Instruments; Corning
7056 glass; Warner Instruments) and polished on a
microforge. Tip diameter was 10-15 pm, and pipette
resistance filled with the internal solution ranged from
0.4 to 1 MQ. The internal solution contained 145 mM
Cs-glutamate or N-methyl-glucamine-glutamate, 10 mM
Hepes, 5 mM ATP, and 10 mM EGTA. Mg* and Ca*
were added to set Mg to 0.9 mM and Ca®* to 100 nM.
Solution composition was calculated with Maxchelator
(http://maxchelator.stanford.edu). pH was adjusted to
7.4 with CsOH, and osmolarity was set to 310 mOsm in
all solutions. Fibers were patch-clamped with an Axon
200B patch amplifier (Molecular Devices). Whole-
cell access resistance was 1.55 + 0.06 MQ for BALB/c
mice (n = 158) and 1.06 + 0.07 MQ for B6D2F1 mice
(n = 111). Membrane capacitance was 3.53 + 0.09 nF
for BALB/c mice and 2.88 + 0.12 nF for B6D2F1 mice.
Holding current mean was —5.33 + 0.72 nA. When the
current was >3 A/F, the experiment was discarded. For
charge movement measurements, series resistance was
compensated analogically before recording, and the
setting was slightly adjusted during the experiment to
maintain good voltage control. Membrane capacitance
(C,n) was determined at regular intervals from the time
integral of the current, during +10-mV pulses applied
from a “subtracting holding potential” of +20 mV for
fibers held depolarized (at Vj, = 0 mV) or —10-mV pulses
applied from a subtracting holding potential of —140
mV for polarized fibers (V;, = =80 or —90 mV), although
aless negative subtracting holding potential was used in
some experiments.

Rat fibers were voltage-clamped in a 2-Vaseline gap
device, using the homemade clamp amplifier described
by Brum et al. (2003). Solutions and recording pro-
cedures in rat were as described for mice. Mouse ex-
periments were carried at 22°C and rat experiments
between 10°C and 15°C.

Measurement and nomenclature of sensor charge
Nonlinear capacitive currents, obtained by conven-
tional subtraction of test and scaled control currents,
were corrected by sloping baselines fitted starting 50
ms into the transient, to yield charge movement cur-
rents (Ip). Charges displaced during pulses and after
pulse termination (Qon and Qopr) obtained by time
integration of I, were normalized to membrane ca-
pacitance for quantification in dimensions of volt-
age and units of nC/pF. The dependence of Qpx or
the mean of Qon and Qe on test potential V,,, or
V when meaning is clear, was usually described by a
“Boltzmann” function:
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Q) = Qua/ (14 707). (1)

where Q.. is the maximum charge displaced, Vthe cen-
tral voltage of the distribution, and «k a steepness factor.

When needed, a distinction is made between two
modes of charge movement, charge 1 and charge 2, de-
fined in Scheme 1 in Results. The amount of displaced
charge in these modes is represented as Q; (where i =1
or 2), and the corresponding parameters in fits with Eq.
1 are identified as V; and k;. Model entity Q is usually
approximated by the charge mobilized from a well-po-
larized holding potential (V;, = =80 or =90 mV) and Q»
by that measured when the myofiber is held depolar-
ized (V}, = 0 mV). The estimates in these conditions will
be represented as Qp (for “polarized”) and Qp (for “de-
polarized”); the corresponding Boltzmann parameters
will be identified with the same subindexes.

In modes 1 and 2, the displacement of sensing charge
occurs over very different ranges of V. Therefore, in
conditions in which the sensors move in a different
mode, the control currents for determination of linear
capacitance may be measured at very different values of
V, that is, positive to 0 mV for determination of charge
movement in depolarized myofibers and negative to
—120 mV when fibers are well polarized. Finding a suit-
able voltage range for controls becomes especially dif-
ficult in cases studied herein, in which the fiber is well
polarized but Qp is thought to have contributions from
both modes (therefore producing nonlinear charge
movements at both extremes of the voltage range). In
some of those cases, suitable controls for Qp were ob-
tained later at positive potentials, after sustained depo-
larization, when all or most of the sensor charge moves
as charge 2 and pulses in the positive voltage range
elicit only linear capacitive current.

Measurement of Ca®* transients

Rhod-2 (Gentaur) was added to the internal solution in
the patch pipette at a concentration of 50-100 pM. To
allow for dye diffusion into the cell and internal solu-
tion equilibration, experiments were started 15-20 min
after membrane breach. A confocal microscope (SP5;
Leica Microsystems) in line-scan mode was used to re-
cord cytosolic Ca*-monitoring signals. Fluorescence
was excited with the 543-nm line of a solid-state laser.
Emitted light was collected in the range 550-650 nm,
at 1,400 or 2,800 512-pixel lines per second, to form im-
ages of 1,024 or 4,096 lines. Fluorescence intensity F(t)
was normalized to its initial value, F, = F(0), and [Ca®']
calculated as described by Royer et al. (2010):

[Ca*] 4u(D = [Ca*] ., (0) [f}_? L drw/ dt].

kayeFo

k™ 4y was set to 100 s™' (Royer et al., 2008).
Ca®* release flux R (a magnitude with dimensions of
concentration rate of change and units of mM/s, pro-
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portional to Ca®* current through RyRs) was derived
as described by Melzer et al. (1984) and Schuhmeier
and Melzer (2004). A “removal” model with four com-
ponents (a fast buffer, slow binding sites largely rep-
resenting the added EGTA, the monitor dye, and a
linear uptake term) was fitted to the decay of the Ca*
transient after the pulse. Release flux was calculated to
account for the transient during the pulse, assuming re-
moval consistent with the fitted four-component model.
Concentrations of EGTA and the dye in the cell were
fitted or estimated to be 0.7 of the concentration in the
pipette (Royer et al., 2008). Image analysis software was
written in IDL (Harris Geospatial); other processing
was done with Image] (National Institutes of Health).

Electrophysiological data collection was standard
(PC, analogue-to-digital converter, Digidata [Molecular
Devices], and pCLAMP v.10 software [Molecular De-
vices]). Signals were filtered at 2 kHz. Output signals
generated under pCLAMP were used to synchronize
voltage pulses with image acquisition.

Simulations

A kinetic version of the four-state model in Scheme 1 was
implemented in the IDL environment. The voltage-de-
pendent rate constants for the forward and backward
transitions between Cis; and Trans; were computed as

ko= we" "% and ko= @e TN (2)
where iis 1 or 2, and & is a voltage-independent factor
fitted for all transients at 0.03 ms™'. Note that mobile
charge with these kinetic characteristics will equilibrate
with the distribution Q(V) of displaced charge de-
scribed by Eq. 1; V; is the central voltage of the charge
distribution and x; the steepness factor. The vertical
transitions are voltage independent. Their kinetic con-
stants k7 (direction T; to Ty), kz, and k¢ were adjusted
to fit the experimental charge values measured in re-
sponse to test pulses applied after changing the holding
potential from a polarized to a depolarized condition
(see Fig. 3). k¢ was determined assuming microscopic
reversibility. The differential equations of the model
were solved using the Euler method.

Statistics

Values in text and figures correspond to mean + SEM.
Two-tailed Student’s t test was performed, and differ-
ences were considered significant at P < 0.05.

Symbols and glossary
V, Vi transmembrane potential, holding transmem-
brane potential.

I voltage sensor current (also known as intramem-
branous charge movement).

Q(V): charge displaced, obtained by time integration
of L.
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Q1, Qu: charges displaced in modes 1 and 2.

Qr, OQp: charges displaced at polarized and depolar-
ized holding potentials.

Qumax: maxima of displaced charge, reached at saturat-
ing V, usually evaluated with Eq. 1.

Vi, Va: central voltage in a fit of Q; or Q, with Eq. 1.

Vb, Vp: central voltage in a fit of Qp or Qp, with Eq. 1.

K;: steepness factor in Eq. 1 fits; ican be 1, 2, P, D, or h.

G, T occupancies of states Cis; and Trans; (Scheme
1);ican be 1 or 2.

K¢, Kr: equilibrium ratios between states Cis and
Trans in Scheme 1.

T;: time constant in exponential fit to I(t); i can be
1,2,P orD.

T, b: Parameters in fit of 7;(V) by Eq. 7.

kp, e,z Boltzmann constant, elemental charge, and
effective valence.

k1, k7 V-independent transition rate constants be-
tween Trans states.

k¢, ke: V-independent rate constants between Cis states.

ki, ki: V-dependent rate constants between states Cis;
and Trans; (Eq. 2).

R,R(1): Ca* release flux, with dimensions of d[Ca]/dt
(a function of tand V).

R(V): peak value of R(#) during a pulse at voltage V.

F: rate of change of Ca*" indicator fluorescence; ap-
proximates R.

RESULTS

This section consists of three parts. The first one presents
the properties of intramembranous mobile (sensing)
charge in myofibers of mouse FDB. These properties
are both steady state (which include activation Q(V)
and availability, a function of the holding potential
Vi that characterizes VDI or relaxation of the voltage
sensor) and kinetic (time course of charge movement
currents and time dependence of the slow changes that
characterize relaxation). The second section includes a
description of activation and inactivation of one of the
functional effectors of the voltage sensor, Ca* release
from the SR quantified by flux R Finally, we probe
the dependence of the inactivation process on extracel-
lular Ca*, found to play a major role in earlier work
on frog muscle.

Steady properties of the sensing charge;

charge 1 and charge 2

Fig. 1 A represents currents obtained in the same mouse
fiber, at different Vj,. Shown are nonlinear capacitive
(“charge movement”) currents I,. With the fiber at V}, =
—80 mV (blue traces), pulses are applied in the positive
direction; this is reversed when the fiber is held at V;,=0
mV (green). These currents satisfy the classic criteria of
sensing current, namely, saturation at the extremes of V
and near equality of ON and OFF charge displacement.
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Table 1. Charge distribution parameters

Species or strain Polarized or depolarized  Qax K Vv N cells
condition
nC/pF mV mV
BALB/c QO 38.9 (4.0) 13.6 (0.9) -21.6 (2.4) 18
Q 40.4 (4.3) 20.7 (1.0) —=79.3 (3.7) 24
B6D2F1 QO 38.9 (4.0) 13.6 (0.9) —46.1 (2.4) 16
o) 41.4 (4.8) 19.1 (0.9) —81.1 (2.1) 21
Rat 1o} 47.4 (4.4) 10.3 (0.5) —99.7 (2.4) 2
Q 46.0 (24.9) 23.8 (11.5) -81.0 (2.1) 2

Data were fitted by Eq. 1, and fitted parameters were averaged. Differences in Q. are not statistically significant, whereas k and V differ significantly in the polarized
and depolarized conditions (P < 0.001). Values listed are mean (SEM) except for rat where range is indicated.

The charge displacement Q(V), time integral of the
ON and OFF transients, averaged in 10 fibers, is plotted
in Fig. 1 B for the two conditions of Vj,. The subindex
P (for polarized) identifies variables and parameters
pertaining to fibers held at V;, = =80 mV, and D marks
corresponding values, measured in fibers (usually the
same) held at V;, = 0 mV. The dependence on pulse
voltage of the charge displaced was parameterized by
Boltzmann fits to the averages (Eq. 1, smooth curves).
The maximum charge displaced (Qy.x) Was approxi-
mately the same in both cases; the central voltage 7
was —20 mV, and Vp, pertaining to the depolarized con-
dition, was —80 mV.

A

“primed”
HP=-80 mV

1.5A/F

“relaxed”
HP=0 mV

The aforementioned results were obtained in BAL-
B/c mice; to our surprise, in murine strain B6D2F1
(used when BALB/c mice temporarily became unavail-
able; see Fig. 5 and Tables 1 and 2 for a detailed pre-
sentation of these data) V; was about the same as in
BALB/c mice, but V; was almost 30 mV more negative.
The implications of the strikingly unequal shift are con-
sidered in the Discussion.

Mean parameters are listed in Table 1. The slope fac-
tor ¥ was different at the two values of V;; whereas at
—80 mV it was 12 or 13 mV, it was ~20 mV in the cells
held depolarized. The difference was significant and
similar for both murine strains.

Figure 1. Nonlinear capacitive currents in
polarized and depolarized condition. (A)
Sensor current I recorded at holding poten-
tial (HP) =80 mV (blue) and 0 mV (green). Test

pulse voltage listed in mV. (B) Mean charge

distribution at the two HPs: Qp, at V;, = 0 mV

-80 mV

Q, nC/uF

(green), and Qp, at Vi, = =80 mV (blue) (mean
+ SEM). In terms of the model of Scheme 1,
Op(V) approximates the properties of charge
2, and Qp(V) approximates those of charge 1,
with limitations demonstrated later. Best fit
parameters of Eq. 1, in myofibers held depo-
larized: Qpox =53 £ 2.1 nC/pF, V = -78 £ 3.0
mV, and x = 21 = 2.2 mV (n = 5); for polarized
fibers: Qpax = 50 = 1.3 nC/pF, V= -25 + 1.5
mV, and k =16 = 1.1 mV (n = 9). (C) Time
constant of decay of In(1) in the two conditions
of polarization. Points plot mean and SEM for
eight (depolarized) or four (polarized) fibers.
Curves plot best fit with Eq. 7: 75 = 6.0 £ 0.15
ms, Vo = -82+3.3mV,kp =21 mV, and bp =
0.22+0.02;7,=40+05ms, Vp=-36+7.7
mV, kp = 16 mV, and bp = 0.21 = 0.02. Inset:
superimposed ON transients in response to
—100, —-80, —40, and —20 mV test pulses from
HP 0 mV. In red, exponential function fitted to
T the individual records. All data were obtained

T
-150 -100
V, mV V, mV

JGP Vol. 149, No. 11

=50 0 in myofibers of BALB/c mice. For cells of the
B6D2F1 strain the values were similar in the
depolarized condition: Tp = 5.4 £ 1.5 ms, Vp
=-91+47 mV, xp =20 mV, and bp = 0.2 +
0.03; n = 10. Data in polarized B6D2F1 are
shown in Fig. 5.
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Table 2. Effects of variation of external [Ca?*] on charge distribution

Strain Condition Ouax K Vo N cells
nC/pF mV mV

BALB/c 0 Ca*, 5.3 Mg“* 29 (2.5) 6.8 (0.7) —40 (1.9) 9

1.8 Ca*, 8.5 Mg** 39 (3.9) 14 (0.9) —22 (2.4) 18

10 Ca*, 0 Mg* 38 (3.0) 12 (2.3) -5 (2.9) 4
B6D2F1 0 Ca*, 5.3 Mg‘“ 33 (5.0) 10 (1.3) —55 (2.8) 14

1.8 Ca*, 3.5 Mg* 39 (4.0) 14 (0.9) —46 (2.4) 16

10 Ca*, 0 Mg** 30 (12.3) 12.3 (0.6) —23 (2.6) 37

Charge distributions were obtained from BALB/c and B6D2F1 fibers. Values listed are mean (SEM) of best parameters in fits with Eq. 1. Free Ca* and Mg2*
concentrations are in mM. Data for 1.8 mM Ca®*" are the same as in Table 1; they are included here to facilitate comparison. Qu.x in both strains did not differ

significantly in any of the conditions tested.

Based largely on the equality of Q.. in both condi-
tions of polarization found for sensors of Nay channels
of the squid giant axon, Bezanilla et al. (1982) proposed
that the currents correspond to transitions between sep-
arate pairs of conformations of the same voltage sensor
(later identified with charge 1 and charge 2 modes in
skeletal muscle). A shift of Q(V) toward negative volt-
ages upon sustained depolarization turned out to be
shared by all known four-helix VSMs (reviewed by Vil-
lalba-Galea, 2012, 2016).

As proposed by Brum and Rios (1987), a minimum
of four conformations, illustrated in Scheme 1, is neces-
sary to explain the observations.

The model, which has been applied with varied
nomenclature, consists of two functional states here
identified with the index 1 (Cis; is resting but avail-
able to convert to Trans;, which is activating for the
ion pathways) and two nonfunctional states, of index
2, which are generally unable to activate the release
channels (and were termed relaxed by Villalba-Ga-
lea et al., 2008). Horizontal transitions are voltage
dependent and produce intramembranous charge
movement; namely, transitions between states 1 re-
sult in movement of charge 1 (the displaced charge is
represented as Q;(V)), and those between states 2 re-
sult in displacement of charge 2 (Q.(V)). Cis names
states of sensors located on the intracellular side of

Ky

j _—
Cis,; Trans,

K

Cis, < Trans,

Scheme 1. State model of the VSM. Horizontal transitions
are Vdependent and fast. Those between states 1 cause move-
ment of charge 1. Charge 2 moves between states 2. Vertical
transitions are slow and Vindependent. The pair of states with
index i (1 or 2) will be referred to as mode i. Q(V), the amount of
charge i displaced across the membrane field upon application
of voltage V, is proportional to the occupancy of Trans. The
availability of charge i is proportional to the sum of occupan-
cies of states i.
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the membrane electric field and Trans states in which
the charge has crossed the field. As shown in Fig. 1,
the characteristic times of charge movement are 20
ms or less. Transitions between states 1 and 2 (Cis
or Trans), which are accompanied by changes in the
functional availability of the effectors, take seconds
or longer (see Fig. 3) and are voltage independent.
Occupancies are represented as C;, T;, where iis 1
or 2. Q;and T; are trivially proportional. The charge
distribution Qp(V), measured at Vj, = 0 mV or greater,
approximates v, and Qp(V) approximates Q, The
correspondence between Q, and Qp breaks down in
conditions described later; therefore it is necessary
to use different nomenclature for experimental and
model entities.

With one exception, the four-state model describes
well the observations on “steady-state” or “quasi-equilib-
rium” properties of the sensor charge. As shown by the
fits in Fig. 1 B, the Boltzmann function (Eq. 1), which
applies to equilibria between two states in a canonical
ensemble, describes well the dependence Q(V), sepa-
rately for Qp and Qp, at times short compared with the
time constants of the slow transitions. In terms of the
four-state model, the canonical distribution prescribes
for the equilibrium constants

K ’T]/C] _ e(V*V\)a,/k,{T.

K= G/Ty = e*(VLVz)eZ'z/ku'l'.

where z'; is the effective valence of the moving parti-
cle. This is consistent with a Boltzmann distribution for
Q, and Q, provided that the slope factor k; is kg 7/ ez .
A salient failure in the model description is that con-
servation of charge requires equality of z'; and z’y, but
the slope factors are different for the measured Qp(V)
and Qp(V). A simple change in the model (consisting
of the addition of an intermediate state in the transition
between Cisy and Transy) accounts for this difference
(Villalba-Galea et al., 2008).

The equilibrium occupancies of the four states, as
functions of V;, are given by Brum et al. (1988a) as
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Cl =
[1+ 0T/ 4 Ry oW/ (T (VB )

a1 (3)

T, = Cle(":,—V.)/Ku (4)

Availability of sensing charge

Charge 1 is progressively reduced at increasing values
of Vj,. This is illustrated in Fig. 2, in which the charge
moved by a pulse from —70 to 0 mV (an experimental
measure of the available charge 1) is plotted as a func-
tion of V4. Charge displaced in this range follows a de-
creasing sigmoidal dependence with V;,, well fitted as

(1-0.)

1+ eV o/e

Qi) = Q.+ (5)

As shown by Brum et al. (1988a), this dependence is
approximately predicted by the equilibrium equations
of the four-state model. Indeed, at any value of holding
voltage, the availability of charge 1 is equal to the sum of
occupancies of states Cis; and Trans,. From Eqs. 3 and
4, and assuming that k; = K = x, this sum can be shown
to have the same mathematical form as Eq. 5, with k;, =
k. Moreover, the half-inactivation voltage V,, satisfies

ik Tu/x
o e+ Kpe'™
Vi = xln K (6)

Therefore, V) is the logarithmic mean of V; and V, with
weights 1 and Kr. When the inactivation tendency is
large, the half-inactivation voltage is close to Vs.

In the present case, V, obtained fitting measurements
in the BALB/c strain with Eq. 5 is —=57.4 mV. Using in-
stead Eq. 6, with parameters derived under the assump-
tion that Q;(V) and Q»(V) are approximated by Qp and
Qp (Table 1) and x;, = (k1 + K9) /2, the calculated value is
the same provided that Kr = 90. That the same value can
be derived from the fit to a direct measurement of avail-
able charge (Fig. 2) or from model-based operations
on the voltage dependence of charge displacement
(Eq. 6) establishes the four-state model as an adequate
first approximation.

Note in Eq. 5 the additive term Q,, representing
the amount of charge measured at the highest val-
ues of V4. This is not an actual remnant of charge
1 (i.e., it does not reflect transitions between states
Cis; and Trans,) but is instead charge 2 displaced by
the test pulse as states 2 are populated because of the
steady depolarization. On the basis of limited mea-
surements of the charge displaced with pulses in a
highly depolarized voltage range (unpublished data),
we estimate that the remnant of charge 1 at V; be-
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Figure 2. Charge availability as a function of holding poten-
tial. (A) Pulse protocol. Fibers were held for 2 min at each hold-
ing potential (HP) before the test pulse. (B) Charge displaced
(mean = SEM) between —70 and 0 mV (Qy) versus V4. The curve
corresponds to a fit by Eq. 5. Parameters: V}, = —=57.4 mV, «;, =
7.48 mV, and Q.= 0.26. Data from five BALB/c fibers.

yond 0 mV corresponds to a joint occupancy C; + T;
of 0.01 or less.

Kinetics of charge movement: fast transitions

We characterized the voltage-dependent kinetics of
sensing currents by fitting to the Iy(t) transients re-
corded at both values of Vj, an exponential term (of
time constant correspondingly represented as Tp or Tp)
plus a constant (Fig. 1 C, inset). The dependence of the
time constants on test potential V was fitted with Eq.
7, derived for a second-order, single-barrier Eyring-rate
model (Tsien and Noble, 1969) as implemented by
Simon and Beam (1985):

T = % eb[(%f’,)/?l{,]“/cosh[(‘Lfﬁ)/QK,J. (7)

Here iis P or D, %, represents the time constant at a
voltage V; where T is maximum, b is the weight of the
second-order term in a polynomial description of the
dependence of free energy on V, andk; = kg T/ ez ;.
The fairly good fits, with similar parameter values for
the voltage dependence of charge distribution and ki-
netic rates, show that the two-state Eyring-rate model
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captures well the basic kinetic and steady-state proper-
ties of sensor charge in both modes.

Kinetics of slow transitions: Charge interconversion

Fig. 3 illustrates experiments designed to monitor the
inactivation transition, which is associated with loss of
function of the voltage sensor and is depicted vertically
in Scheme 1 (Trans, to Transs). The pulse protocol is
in Fig. 3 A: starting from a well-polarized fiber (V, =
—90 mV), the holding potential is changed to 0 mV
for a variable time, then charge displacement is mea-
sured in two ranges that separately probe the existing
amounts of charge 1 or 2. In Fig. 3 B are averages of
charge displaced in these ranges versus time elapsed
at V;, = +20 mV. The curve in blue, labeled @, traces
the charge displaced by the positive-going pulse (a
measure of dwindling charge 1). Q. represents the
charge displaced by the negative pulse, a measure of
available charge 2. The changes are reciprocal and
of similar magnitude. The kinetics of both changes is
roughly exponential with © ~200 ms. The conserva-
tion of the sum, consistent with the simple four-state
model, justifies describing the phenomenon as “charge
interconversion” (Brum and Rios, 1987) to mark the
contrast with the “charge immobilization” that charac-
terizes N-type inactivation of ion channels (Armstrong
and Bezanilla, 1977). The continuous curves in Fig. 3
are generated with a kinetic version of the four-state
model, using the parameter values experimentally de-
termined above. (According to the kinetics revealed in
Fig. 3, there is some conversion of charge 1 to charge
2 during the pulses to high Vin the activation exper-
iments illustrated in Fig. 1. Specifically, in a 100-ms
pulse to +20 mV, 34% of the available Q, converts to
(. From the measured distribution of Q; and Q it can
be further calculated that the charge displaced in the
OFF transient will be ~10% less than the amount in the
ON. This error would have been reduced substantially
by monitoring Qp with briefer pulses at the higher V,
which was not done because we were not aware at the
time of the rapid inactivation in these rodents.)

The conclusion from this section is that the
movements of sensor charge are well described as
rapid voltage-dependent transitions inside pairs of
states (modes) and that these pairs are connected
by voltage-independent transitions, which are ~100
times slower.

Activation of Ca®* release by the voltage sensors

In mouse muscle the bulk of charge movement con-
trols activation of Ca®* release from the SR (Wang et al.,
1999; Collet et al., 2004; Prosser et al., 2009). Fig. 4 A
shows I(t) and Ca?" transients recorded in the same
myofiber at Vj,= =80 mV. Averages in BALB/c myofibers
of charge displacement (red symbols) and peak release
flux R derived from the Ca* transients are in Fig. 4 B.
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Figure 3. Interconversion of charge upon sustained mem-
brane depolarization. (A) Pulse protocol. Fibers were held at
—90 mV and depolarized to +20 mV for increasing time inter-
vals. Sensor current was induced from —50 mV by a pulse to
+10 mV (charge displacement represented in blue) or a nega-
tive-going pulse to =120 mV (displacement in red). (B) Charge
displacement plotted versus depolarization time. In black are
sums of the displacement in both pulses at the same condition-
ing duration. Note approximate constancy of this sum. Continu-
ous curves plot the kinetic simulation described in Materials and
methods, with kf =5x 107°, kf =4.5x 1073, k& =5x%x 1074, V,
=-25mV, V, = -78 mV, x; = 12 mV, and x, =19 mV. Data are
mean * SEM from five BALB/c fibers.

Fig. 4 C plots the “transfer function” R/Rmx(Q/ Ouax) s
which summarizes the relationship between response
and sensing charge (Rios et al., 1993). As reported be-
fore for frog muscle (Rios et al., 1993), this function
is concave upwards at low values of Q, suggesting a co-
operative action of activating sensors. Given that four
Cayl.1 complexes face every other RyR channel in the
triadic junction (Block et al., 1988), cooperativity or
collective action of some sort is expected. The depen-
dency saturates at high values of Q, suggesting the pres-
ence of other voltage-dependent movements, which
may be redundant, be functionally silent, or occur at
unrelated VSMs (Sigg and Bezanilla, 1997). Some of
this redundant charge might arise for example from
Cays in excess of the minimum required for activating
the underlying RyR.

VSMs require extracellular Ca?* for their

gating functions

Work on frog muscle by several laboratories has
shown effects of many pharmacological agents and
ions on the functional availability of Ca® release, via
a change in the balance of charge 1 and charge 2
modes. Specifically “Ca antagonist” drugs (dihydro-
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Figure 4. Gating of Ca?* release. (A)
Sensor currents and Ca®* transients re-
corded in a BALB/c myofiber held at
—80 mV. Test pulse voltages are listed.
(B) Ca?* release flux (R) and charge dis-
placement as a function of test voltage.
-30 mV Data (mean = SEM) were normalized

-20 mV

vw 1o individual maxima in five fibers and
averaged. Parameters for Q/Q,. ad-
A0mY . justed with Eq. 1: V= =19 mV, x = 15

50 mV mV; for R/Rimax, V=—=30mV, k = 8.9 mV.
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(C) Transfer function: release flux versus
charge displacement (mean = SEM),
plotted parametrically from data (and
fits) in B.
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pyridines, phenylalkylamines, diphenyl-butylpiperi-
dines, and benzolactams) promote sensor relaxation
(reviewed by Romey et al., 1988; Rios and Pizarro,
1991), whereas metal cations, chiefly Ca?, antagonize
it. The key observations are that Ca®" release is dis-
abled upon removal of extracellular Ca** and that the
change is accompanied by and due to full transition
of VSMs to charge 2 mode (Brum et al., 1988b; re-
viewed by Melzer et al., 1995).

To assess whether extracellular Ca** has a similar
role in mammalian muscle, we explored the effects of
changing its concentration [Ca*]. in fibers held at V;, =
—80 mV, while keeping total divalent cation concentra-
tion constant (replacing Ca®* by an equal concentration
of Mg**) to minimize changes in electrostatic shielding.
Anticipating the presence of charge 2, controls for cal-
culation of asymmetric current were obtained at highly
negative potentials, as far as possible from the range
where most of charge 2 movement occurs.

The mean Qp(V) in 0 mM Ca* is shown in Fig. 5 A.
Although the total mobile charge did not change from
thatin normal [Ca®'],, the mid-voltage had a large nega-
tive shift (from —22 to —40 mV). In the same graph, the
distribution Qp(V) of mobile charge (in fibers held at
Vi = 0 mV, replotted from Fig. 1) is seen to be centered
at Vp = =79 mV. The inset in the figure confirms that
Qp (V) has the same distribution in normal and 0 mM
[Ca%*].. In agreement with the results in frog muscle,
the effect of removing external Ca®* can be attributed
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to partial inactivation of the voltage sensor, with partial
conversion of charge 1 to charge 2.

That switching to zero Ca*" led to partial inactivation
raised the unexpected possibility that the VSMs may not
be fully available in the physiological condition (V; =
—80 mV, [Ca®*] = 1.8 mM). If this were the case, increas-
ing [Ca®*] in the conventional saline solution would
increase activation at normal V;, (after an increase in
the availability of sensors). This was indeed the case, as
shown with Qp(V) in 10 mM [Ca*'], (in red in Fig. 5 A).
The distribution shifted positive to a midvoltage of
-5 mV. The shift, by nearly +30 mV, is much greater
than what can be attributed to electrostatic shielding
by the extra calcium (10 mV at most, as established by
Brum and Rios, 1987). From these effects and effects
on release flux presented later, we conclude that the
voltage sensor is indeed partially inactivated in the rest-
ing condition. Increasing [Ca®*]. then reduces inactiva-
tion, whereas reducing it to zero increases inactivation,
bringing the sensor closer to the fully inactivated condi-
tion or charge 2 mode.

The study was repeated in mouse strain B6D2F1, with
qualitatively similar but quantitatively different results.
Q(V) averages are in Fig. 5 B; Boltzmann fit parame-
ters at various holding voltages and in solutions with
different [Ca®'] are listed in Table 2. The distribution
in depolarized fibers (Qp, green), centered at —81 mV,
is similar to that in BALB/c fibers. Qp(V), however, was
shifted negative to that in BALB/c. The midvoltage in
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Figure 5. Dependence of charge distribution on extracellu-
lar Ca?*. (A) Data obtained in the BALB/c strain. Qpx(V) in three
solutions with different [Ca?’], as indicated. The fit to Op(V) in
reference [Ca®']. (green) is replotted from Fig. 1. Curves: Eq. 1
fitted to averages. In 1.8 mM Ca?*, Q. = 36 nC/pF, V = 24
mV, and k = 15 mV (n = 5 myofibers). In 0 mM, Q,.x = 39 nC/
uF, V = —41mV, and k = 12 mV (n = 6). Other parameters are in
Table 2. Inset: comparison of Op(V) in 1.8 mM (black) and 0 mM
(blue) [Ca®*].. Same fit for both conditions, V = =94 mV, « = 28
mV (n = 3). (B) Same variables in B6D2F1 mice. Fit to Op(V): k¥
=20mV, V = =79 mV (n = 21). Fits to Qp(V); in 0 mM [Ca®*].: ¥
=14mV,V=-58mV(n=12).In1.8mM,x=20mV, V = —45
mV (n=16).In 10 mM, k =14 mV, V = =27 mV (n = 37). In both
panels, data points correspond to mean = SEM.

standard Tyrode’s solution was 25 mV more negative
(=46 mV), and the change to [Ca*].=0 brought the
distribution much closer to Qp(V) (Vp = =55 mV).

The experiments show that the function Qp(V) shifts
negative as extracellular Ca®" is reduced. This may re-
flect either a shift in Q,(V) (reflecting a change in the
properties of the sensors that dwell in mode 1, i.e., the
pair of states Cis; and Trans;) or a greater inactivation
of VSMs (so that Q increases as a fraction of Qp and
therefore Qp(V) approaches the negatively shifted dis-
tribution »(V)). The second alternative predicts a re-
duction in maximum R as [Ca®']. is decreased.

To test this prediction, Ca* transients and sensor
currents were recorded simultaneously in an external
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solution with 1.8 mM Ca*" and immediately after chang-
ing to 0 mM [Ca®']... The change had the predicted ef-
fect; as shown in Fig. 6, R was reduced to almost zero,
and the effect was reversible immediately upon return
to normal [Ca*].. On average in 10 BALB/c myofi-
bers, peak Rwas reduced by 62% (SEM = 8.7), the qua-
si-steady value reached by R(#) after the peak, by 64%
(SEM = 5.6), and the available sensor charge Q), evalu-
ated in a pulse from —90 to 0 mV, was reduced by 36%
(SEM =5.7).

A trivial explanation for this effect is that Ca®" tran-
sients are reduced in zero Ca® because they rely on Ca*"
influx via Ig,, which could contribute directly and has
a demonstrated role in SR loading (Robin and Allard,
2015). The direct contribution appears to be negligible
in frog muscle (e.g., Armstrong et al., 1972; Brum et
al., 1987); besides, it was minimized here by measuring
Rat V close to the reversal potential of I.,. Changes in
SR Ca*" content under the present conditions can be
ruled out because the interval between measurements
in different [Ca®'], was 2 min, and >10 min is required
for releasable Ca* to decay by 50% in mouse myofibers
exposed to zero [Ca®']. (Royer et al., 2010). Note also
that the transfer function R(Q) (Fig. 4) predicts that a
reduction in Q; will cause a greater than proportional
reduction in R, as observed. In sum, the simultane-
ous reduction in R and Q; commensurate with R(Q),
indicates that the functional deficit is due to a primary
impairment of the voltage sensors. (It should also be
noted, in this regard, that the record of I(t) in [Ca®!]
= 0 in Fig. 6 provides an exaggerated version of the re-
duction in Q), as in this case the subtracted “control”
current is likely in error, increased by the contribu-
tion by  in the voltage range where control currents
are collected.)

Our inference that VSMs are partially inactivated in
normal Tyrode’s solution requires that raising extracel-
lular [Ca®*] above normal values increase maximal R
and that the increase be more marked in B6D2F1 mice
(because the rested-state inactivation of VSMs in these
was greater than in the BALB/c strain; Fig. 5). These
expectations were tested by comparing maximally acti-
vated R immediately before and after transfer between
[Ca*]. = 1.8 and 5.3 mM. Results are summarized in
Table 3. To reduce the possible changes in SR calcium
load, we compared E, the maximum rate of change in
[Cag*]cyw, rather than R (the calculation of which, on the
basis of fits to multiple Ca*" transients, requires applica-
tion of many pulses, some of which must be long-last-
ing; Gonzalez and Rios, 1993; Schuhmeier and Melzer,
2004). In B6D2F1 mouse fibers, the fractional increase
in Fassociated with the change was 0.77. In BALB/c it
was 0.28. The difference between strains was statistically
significant. We conclude therefore that VSMs are par-
tially inactivated in normal [Ca*]., to a variable degree
in different mouse strains.
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Table 3. Effects of variation of extracellular [Ca?*] on Ca?* transients

Strain Myofiber ID Viest 1.8 mM Ca* 5.3 mM Ca® Ratio
Peak I Peak I
mV w.a./ms u.a./ms
BALB/c 20160907a 20 22.29 28.06 1.26
20160908a 20 12.00 15.34 1.28
20160908e 40 16.30 17.20 1.05
20160908f 20 19.47 24.29 1.25
Mean 1.21
SEM 0.05
B6D2F1 20160504d 20 40.24 48.43 1.20
20160520a 40 5.45 4.64 0.85
20160506d 40 4.24 9.12 2.15
20160506a 40 7.09 15.64 2.21
20160506¢ 20 7.25 14.22 1.96
20160504e 40 65.17 94.35 1.45
20160511c 40 22.89 59.42 2.59
Mean 1.8
SEM 0.24

Fluorescence signals were recorded in response to large depolarizing pulses in reference 1.8 mM external [Ca*] and after changing external [Ca*] to 5.3 mM to
keep total divalent cation concentration constant. [Mg2*] was 3.5 mM in the reference solution and 0 mM in the high—[Caﬁ*] solution. In both strains, the differences

in peak amplitude in the two conditions were significantly different (P < 0.05).

Charge 2 is present in rat fibers

To confirm and generalize the observations, we re-
corded sensor charge movement in a different mam-
mal using a different method. Fibers from rat extensor
digitorum longus were studied by the 2-Vaseline gap
technique, which allows for clamping greater areas of
junctional membrane and repeating measurements on
the same preparation for longer times, thus providing
more reliable measurements. Fig. 7 summarizes the re-

1.8 mM [Ca?] 0 mM [Ca?]

0.1 mM
[Ca*]

200 ms
5 mM/s

REERE
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1.8 mM [Ca?]

sults. Currents at different potentials, applied from V;
=0 mV, are plotted in Fig. 7 A; Qp(V) and Qp(V) are in
Fig. 7 B. The parameters of Qp(V) are similar to those
in either mouse strain (Table 1). Qp(V) is centered near
—20 mV, as previously reported (Hollingworth and Mar-
shall, 1981; Delbono et al., 1991; Szentesi et al., 1997).
In both conditions of holding potential and in physio-
logical [Ca®7], the distributions of mobile charge are re-
markably similar to those of the BALB/c mouse strain.

Figure 6. Ca* release in low extracellular Ca?*.
Top: Ca?* transients in response to test pulses from
—80to 0 mVin 1.8 mM[Ca**], (left), after changing to
0 mM (center; 2 min and 6 s later), and after return-
ing to reference solution (right). Middle: R(t) derived
from the Ca?" transients shown. Bottom: asymmetric
(sensor) current, recorded simultaneously. (While the
sensor current is indeed reduced in the 0 Ca%* con-
dition, the reduction is exaggerated in the example.
Indeed, the sensor current records were obtained
by subtraction from the current elicited by the pos-
itive-going pulses, the scaled “control” currents
elicited by pulses between —90 and —110 mV. These
pulses displaced some charge 2 in the 0 Ca?* con-
dition, which when scaled and subtracted from the
test current, resulted in an erroneous further reduc-
tion of the difference.) BALB/c myofiber.
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DISCUSSION

The present study revealed multiple properties of the
EC coupling voltage sensors of skeletal muscle. We
characterized for the first time in mammalian skeletal
muscle the phenomenon of VSM inactivation or relax-
ation, which occurs upon holding the membrane po-
tential at 0 mV (or higher) and results in closure with
loss of gating function of both VSM-gated ion pathways;
we found that the process is similar qualitatively but has
substantial quantitative differences with the well-stud-
ied relaxation of the corresponding VSMs of frog skele-
tal muscle. We also demonstrated that extracellular Ca*"
antagonizes the relaxation process and conversely that
its absence promotes VDI. This effect is quantitatively
different than its counterpart in frog muscle, with the
consequence that murine VSMs appear to be partially
relaxed in the muscles at resting potential in physiolog-
ical extracellular Ca®* concentration. In this discussion,
we focus on the consequences of these observations for
physiology and mechanism of control of Ca* release
in EC coupling.

The EC coupling VSMs have four major
conformations and two modes
The properties of the VSMs in the rodents studied here
and in amphibians uphold the suitability of a simple
four-state biophysical model to describe approximately
the observed Q(V) and its steady-state inactivation
properties, as well as the kinetics of its displacements.
The most salient steady-state property of sensor
charge is the adoption of two distributions Q(V) at ex-
tremes of holding potential. These distributions reflect
the voltage sensitivity of the VSMs in two sets of states
(modes), which in muscle are named charge 1 and
charge 2. A similar two-mode scheme has been found to
apply to other four-helix VSMs. The discovery sequence
started with Nay channels of squid axon (Bezanilla et
al., 1982), continued with EC coupling of frog skeletal
muscle (Brum and Rios, 1987; reviewed by Melzer et
al., 1995), Nay of crayfish axon (Rayner and Starkus,
1989), and Cayl.2 of mammalian cardiac muscle (Field
et al., 1988; Bean and Rios, 1989; Shirokov et al., 1992).
Similar modes were found later for Shaker and HERG
K (Olcese et al., 1997; Piper et al., 2003), the bacterial
Na channel (Kuzmenkin et al., 2004), and hyperpo-
larization-activated HCN channels (Bruening-Wright
and Larsson, 2007). In most channels, the transitions
to mode 2 are accompanied by loss of permeation (re-
viewed by Villalba-Galea et al., 2008). The existence
of four main conformations of the sensor has been di-
rectly demonstrated via changes in the fluorescence of
tetramethylrhodamine, methyl ester, placed as label on
the VSM of the phosphatase Ci-VSP (Villalba-Galea et
al., 2008). The description of VSM states by Scheme 1 is
therefore approximately valid for every four-helix VSM
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Figure 7. Sensor current and charge distribution in rat fi-
bers. (A) Iy records in response to negative pulses from V, = 0
mV in —10-mV steps from —20 to —100 mV and in —20-mV steps
up to =140 mV. (B) Mean Qs (V) and Qp (V) in three fibers. Vp =
—21TmV,kxp =13 mV; Vp = =77 mV, kp = 21 mV. Q,..x Was 36 = 10
nC/pF. Data points represent mean + SEM.

in which charge movements have been measured. VSM
relaxation was reviewed recently within the wider set of
hysteresis phenomena (Villalba-Galea, 2016).

Variation across taxa

Within a general picture of similarity, there are salient
quantitative differences between sensors of rodents and
frogs. The properties measured here for charge move-
ment in normally polarized fibers (when most of the
sensors operate in charge 1 mode) are as previously
described in mouse (Wang et al., 1999; Prosser et al.,
2009) and rat muscle (Hollingworth and Marshall,
1981; Delbono et al., 1991; Szentesi et al., 1997). The
steepness factor values found here for rodents are sim-
ilar in frogs. Large differences, however, were found in
the central voltage Vp of Qp(V), the charge mobile in
polarized conditions. The variation resulted in different
shifts Vp — Vp; whereas in the frog the shift is approxi-
mately —90 mV, in mice it ranged from —60 mV in BAL-
B/c to =32 mV in the B6D2F1 strain. The shift in rats
was similar to that in BALB/c mice.

Vp and V}, estimate the central voltages V; and Vs in
the four-state model. In the context of the model, Vs - V;
is a critical measure of steady-state properties. As shown
by Brum et al. (1988a), the equality ¢("""= /b7 = K. K,
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applies (see Scheme 1 for definitions), which implies
that the shift ¥, — V; measures the thermodynamic sep-
aration of the modes. Indeed, KcKris a joint measure of
the tendency of the system to inactivate at a depolarized
potential (Kr) and be available in the well-polarized
cell (K¢). That Vp — Vp is so much greater in frogs than
mice might reflect actual differences in K¢ and/or Kr.
Alternatively, Vp, the central voltage in the distribution
of charge measured from a polarized holding potential,
may not be equivalent to V,, the central voltage of the
Cis; = Trans, transition. In other words, Qp, the charge
displaced in well-polarized cells, which in frog muscle
is about equal to Q;, may have a major component
of Q, in mice.

In the framework of the fourstate model (Scheme
1), if Qp consists of Q; and » components, its depen-
dence Qp(V) should equal a linear combination of
Qi (V) and (V). While this fit worked in some cases
(not depicted), in others Qp(V) did not feature two
clearly separated components. As shown by Shirokov et
al. (1998), a continuum model that describes activation
without recourse to discrete barriers (Lauger, 1988;
Levitt, 1989) fits better the Cayl.2 sensor in situations
of partial inactivation, without introducing more pa-
rameters. Such models have the additional advantage
of accounting for “preopening” transitions of the sen-
sor, which are obviously ignored by the four-state model
and become prominent in Cayl.2 (Olcese et al., 1997).
More simply, the Q», component may be underestimated
because of partial cancellation with sensor charge con-
tributing to the “linear capacitive current” displaced by
control pulses.

Measurement of R in high extracellular [Ca
(which evidenced a large potentiation attributable to a
reactivated voltage sensor rather than an increase in SR
Ca®" load) showed this indeed to be the case. Voltage
sensors are partially inactivated in resting physiological
conditions in these mice.

2+]

Sensor availability and Ca?* flux depend on
extracellular Ca®*
The present experiments extend to mammalian mus-
cle the observation of antagonism between extracellu-
lar cations and VDI of the VSM, first made by Brum et
al. (1988b) in frog muscle. Pizarro et al. (1989) showed
that other cations substitute for Ca*" with efficiency scal-
able to their Cayl.l permeability; on the basis of this
correspondence, they proposed that C-type inactivation
or relaxation involves a collapse of the pore at the selec-
tivity filter, a collapse opposed by permeant ions within
the pore. Similar effects of permeant ions have been
found in most channels that undergo C-type inactiva-
tion (Grissmer and Cahalan, 1989; Hoshi et al., 1991;
Demo and Yellen, 1992; Lopez-Barneo et al., 1993).
The reduction or removal of extracellular Ca*" has
effects on sensor charge and associated Ca” currents
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similar to those of sustained depolarization, dihydro-
pyridines, and other inactivation-promoting drugs in
both frog Cayl.1 (Rios and Pizarro, 1991; Schnier et
al., 1993; Melzer et al., 1995) and mammalian Cay1.2
(Field et al., 1988; Shirokov et al., 1993). In agreement
with the early findings, we now demonstrate that the
Q(V) distribution present in depolarized cells does
not change in 0 [Ca®*]. (Fig. 5 A, inset). Collectively,
these observations indicate that the inactivated mode
reached by three means (depolarization, removal of
permeant ions, and drugs) is the same and is shared by
all Cayl channel isoforms.

Large quantitative differences in the effects of [Ca*'].
were found between the two mouse strains. As listed in
Table 1, Vp is similar in both mouse strains and in the
rat, at about —80 mV. This agreement indicates that in
depolarized cells all sensors adopt the charge 2 mode,
and therefore V, is equal to Vs. In contrast, Vp is 37 mV
more negative in B6D2F1 than in BALB/c. The variabil-
ity of Vp suggests that the charge mobile in well-polarized
mouse myofibers in solutions of physiological [Ca®'] is
contributed by sensors in charge 1 and charge 2 modes,
with greater contribution of charge 2 in the B6D2F1
strain. This interpretation justifies the greater shift in Vp
observed in this strain upon exposure to 10 mM [Ca*'],
as the consequence of the greater starting proportion
of charge 2. Also in agreement, the distribution Qp(V)
in 0 mM [Ca®']. is leftshifted in B6D2F1 relative to
that in BALB/c (Fig. 5 B). The conclusions are that the
mouse VSMs are more prone to inactivation than the
frog’s—especially in B6D2F1—and that changes in ex-
tracellular [Ca®"] near its physiological value alter the
availability of sensors.

A potential clinical implication

Extrapolation of the present results to humans has im-
plications for pathophysiology. That R is nearly zero
when [Ca®']. is absent (Fig. 6) and increases by 28% or
77% when [Ca®*']. is raised from 1.8 to 5 mM (Table 3)
implies that the protective (inactivation-antagonizing)
effect of the ion is far from saturated at normal [Ca®]..
Ionic [Ca*] in human plasma is ~1.25 mM, but in
hypocalcemia it may reach <0.7 mM (e.g., Héstbacka
and Pettild, 2003; Cecchi et al., 2015). A change of
such magnitude in [Ca*], would diminish Ca*" release
flux substantially just by reducing VSM availability (to
0.7/1.25 of the normal value; proportionality is a suit-
able first approximation here). Conversely, hypercal-
cemia would increase VSM availability and Ca** release
flux. Of course, the effects will not stop there; long-term
changes in calcemia will eventually change SR calcium
content and other variables that affect EC coupling.
The present results simply reveal that VSM availability,
a variable of physiological impact, will be directly and
significantly affected by changes in calcemia within the
clinical range.
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Models of coupling

That a permeating ion (Ca®' in this case) may affect
a channel’s VSMs from an extracellular location has
mechanistic implications. Here we explore these and
conclude that these effects rule out the class of mod-
els of electromechanical coupling that achieve acti-
vation and inactivation with only one physical gate.
The diagram in Fig. 8 A represents one such model
for the Cayl.1 channel (the same argument can be
made for the RyR, but the presence of two mem-
branes makes the graphics more complex in that
case). In correspondence with Scheme 1, the model
has four states; in two of them (those of index 1) the
mobile charge is engaged with the gate, which favors
the closed state at the resting potential. The bias is
represented by a spring that keeps the gate closed
and requires energy to allow its opening. In the en-
gaged states, the energy is provided by the field act-
ing on the mobile charge, which can be in position
Cis (favored at negative potentials) or Trans. In the
two other states, of index 2, the sensor is disengaged
from the gate; disengagement is the simplest possi-
ble form of inactivation, it allows the model to work
without a dedicated inactivation gate. An alternative
representation of the model, as four free energy local
minima separated by barriers of arbitrary height
along a single reaction coordinate, is in Fig. 8 B. The
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Cis2 Figure 8. Two models of electrome-
chanical coupling. (A) Hypothetical sin-
gle-gate model of the Cay1.1 channel.
A conventional activation gate can be
opened by the electric field acting on
@ an "engaged” charged sensor. Inactiva-
tion is represented by disengagement
of sensor and gate (states 2). (B) Repre-
sentation of the model in terms of free
energy along a reaction coordinate.
Negative polarization (black trace)
lowers the energy of states Cis. The
spontaneous tendency to inactivation
is reflected in the voltage-independent
difference between the energies of
Trans states. (C) Right shift in the Q (V)
curves reflects the additional work re-
quired to displace the sensor when it is
engaged with the gate. (D) A two-gate
model; the inactivation “gate” is repre-
sented by narrowing of the pore at lo-
cations external to the activation gate
(contours in red). Whereas in the sin-
gle-gate model (A), states Cis;, Trans,,
and Cis, present an identical aspect to
extracellular Ca®, in D, the presence
of an inactivation gate, closed in states
Cis, and Trans,, defines a site that pre-
sents the same properties to extracel-
lular ions in both states, thus justifying
the differential promotion of states 1 by
extracellular Ca?*.

Cis2

electric field changes the energy linearly between Cis
and Trans locations.

This single-gate model is good in first analysis, as it
justifies the main change induced by sustained depo-
larization. Indeed, the work done by the electric field
on the system is proportional to the area comprised
between the Q(V) curve and the vertical axis (Chow-
dhury and Chanda, 2012). When the sensing charge is
engaged (i.e., in states 1), the Cis to Trans transition re-
quires additional work to open the gate, compared with
the disengaged situation 2, in which the sensor moves
without the load imposed by the gating interaction.
This is reflected by a right shift of Q(V) and growth in
the area of work in states 1 (the difference is in dark
gray in Fig. 8 C).

This simple model, however, fails to account for the
effect of [Ca®'].. In the single-gate hypothesis, extracel-
lular Ca®* can only promote activation by stabilizing the
open state (Trans;), as all the other states are closed
to extracellular agents. Such stabilization would ease
the opening (lower the elastic constant or shorten the
excursion of the spring in the cartoon representation).
Therefore the work of opening would be reduced, and
the Q(V) curve would shift to the left on the V axis,
contrary to the observation of right shifts upon increase
in [Ca®'].. In more intuitive terms, because the extracel-
lular ion modifies equally (the free energy of) two states
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with the activation gate in different position (closed or
open), its action must be independent of this gate.

The alternative is to assume a second process that
closes the channel independently, an “inactivation
gate,” as represented in Fig. 8 D. The assumption and
cartoon match the current structural picture of the
Cayl.1 channel complex, which, similar to that of other
Vzsensitive channels, includes a selectivity filter and a
separate “helix crossing” stricture, located more deeply
along the permeation pathway (Wu et al., 2015). In
Fig. 8 D, inactivation includes narrowing of the pore
at a location near the outside of the cell, presumably
corresponding to the selectivity filter, while the activa-
tion gate is placed closer to the interior of the cell, in
correspondence with the helix crossing. Under this as-
sumption, high [Ca*']. favors Cis; and Trans;, the states
that have the inactivation gate open (represented by no
narrowing in this cartoon), increasing their occupancy
at any voltage without favoring one over the other. The
effect may be justified by the steric “foot in the door”
mechanism envisioned for other channels. Under this
assumption, the shift of Q(V) in the positive direction
at high [Ca®], simply reflects a greater occupancy of
noninactivated states, rather than changes in voltage
dependence of the activating transition. Unlike the sin-
gle-gate model, this scheme does not require a change
in voltage dependence of activation of release flux, con-
sistent with the observed properties of Rin high [Ca*']...

In the single-gate model, the sensor has only two
states, linked by a voltage-dependent transition; the
changes observed in the sensor upon relaxation are
entirely due to its linkage to the effector. In the two-
gate model, the sensor remains connected to the effec-
tor when the system is inactivated. Therefore, in this
model, inactivation/relaxation is an intrinsic property
of the sensor. In other words, the sensor has four states.
Evidence that relaxation is intrinsic to the VSM was first
obtained by Villalba-Galea et al. (2008), who showed
that the VSM of Ci-VSP may adopt four states even when
separated from its effector, the intracellular stretch with
enzymatic activity.

The highest resolution structure of Cayl.1 available
to date (Wu et al., 2016), derived from cryoelectron
microscopic images of protein particles in 10 mM Ca,
tentatively assigns two Ca®' ions to pore spaces at the
selectivity filter. The channels are closed at the helix
crossing and the voltage sensing helices are “UP,” with
most charged residues on the extracellular side of the
charge transfer center, in what we call a Trans position.
The authors tentatively assign this structure to an inac-
tivated state, a view according to which the voltage sen-
sors in an activating, Trans location coexist with a closed
activation gate—in essence a one-gate model in which
inactivation amounts to disengagement of sensor and
gate. Our results and the observation in the same paper
(Wu et al., 2016, Extended Data Fig. S7) of structural
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differences induced by extracellular Ca*" are instead
consistent with the operation of two gates. Therefore,
the conclusions from structural and “biophysical” ap-
proaches are yet to be reconciled.

Conclusions

We evaluated quantitatively in skeletal muscle of ro-
dents the relationship between the sensing current in
VSMs of Cayl.1 and the gating of the associated Ca** re-
lease pathway. The sensor’s transitions are reproduced
approximately by a fourstate model with two function-
ally inactivated states, common to every four-helix VSM
in which these transitions have been studied. The en-
ergy differences that favor inactivation at depolarized
membrane potentials and recovery at the resting po-
tential are lesser and more variable in these rodents
than in frog muscle, with the unexpected consequence
that the voltage sensors appear to be partly inacti-
vated in muscles at rest. As found previously with frog
muscle, extracellular [Ca*'] antagonizes inactivation.
Combined with the presence of inactivated sensors in
resting muscle, the observation predicts that the frac-
tion of inactivated sensors in working muscles, and
hence their performance, will vary steeply with changes
in calcemia within the clinical range. The inactiva-
tion-opposing effect of extracellular Ca®* favors a class
of biophysical models in which inactivation is intrinsic
to VSMs rather than a consequence of their disengage-
ment from effector gates.
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