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Abstract Hypokalemic periodic paralysis type 1 (HypoPP-1)
is a hereditary muscular disorder caused by point mutations in
the gene encoding the voltage-gated Ca®" channel « subunit
(Ca,1.1). Despite extensive research, the results on HypoPP-1
mutations are minor and controversial, as it is difficult to
analyse Ca®" channel activation macroscopically due to an
existence of two open states. In this study, we heterologously
expressed the wild-type and HypoPP-1 mutations introduced
into the rabbit cardiac Ca®*" channel (R650H, R1362H,
R1362G) in HEK-293 cells. To examine the cooperative
effects of the mutations on channel gating, we expressed two
double mutants (R650H/R1362H, R650H/R1362G). We
performed whole-cell patch-clamp and, to obtain more
information, applied a global fitting procedure whereby
several current traces elicited by different potentials were
simultaneously fit to the kinetic model containing four closed,
two open and two inactivated states. We found that all
HypoPP-1 mutations have “loss-of-function” features: D4/S4
mutations shift the equilibrium to the closed states, which
results in reduced open probability, shorter openings and,
therefore, in smaller currents, and the D2/S4 mutant slows the
activation. In addition, HypoPP-1 histidine mutants favored
the second open state O, with a possibly lower channel
selectivity. Cooperativity between the D2/S4 and D4/S4
HypoPP-1 mutations manifested in dominant effects of the
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Introduction

Hypokalemic periodic paralysis (HypoPP) is an autosomal
dominant skeletal muscle disorder characterised by sponta-
neous weakness and low potassium serum level during
paralytic attacks (for review, see [27]). HypoPP is caused
by mutations in the genes encoding the skeletal muscle
voltage-gated Ca®" channel Ca,1.1 «; subunit (HypoPP-1)
[21, 35] and the voltage-gated Na® channel Na,l1.4 «
subunit (HypoPP-2) [4, 22]. The mutations are located in
the fourth transmembrane segments either of the second
domain (D2/S4, HypoPP-2) or of the second and fourth
(D2/S4, D4/S4, HypoPP-1) domains of the corresponding
channels and are replacements of a positively charged
arginine by a neutral amino acid. As the S4 transmembrane
segments are suggested to act as voltage sensors opening
the channel gate upon membrane depolarisation [41], the
effects of HypoPP mutations are of interest to understand
the disease pathogenesis and voltage-dependent gating of
ion channels in general.

In case of HypoPP-2, the pathogenesis is partly
elucidated. HypoPP-2 mutations decrease the current
density, impair the activation and, most importantly, trap
the channels in the inactivated states from which they
cannot be reactivated [2, 22, 25, 40]. As the Na,1.4 are
responsible for the initiation and propagation of action
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potentials in the skeletal muscle, the aforementioned
changes impair sodium channel function and lead to a
decrease in muscle excitability and, thus, to paralysis.

Much less is known about the pathophysiology of
HypoPP-1 caused by mutations in Ca,l.1 channels, which
function as the voltage sensors of the calcium release
channels of the sarcoplasmatic reticulum, and initiate muscle
contraction. Previously, HypoPP-1 single mutations were
studied electrophysiologically in various expression systems.
The most prominent effect of HypoPP-1 mutations was a
reduction of current density [26, 28, 31, 32]. Changes of
steady-state and kinetic parameters of activation in HypoPP-
1 mutants were controversial among different groups [23,
29-32] and even within the same group [31, 32]. The main
reason for controversies was a different analysis of calcium
channel gating. In contrast to other voltage-gated cation
channels, calcium channels have a very pronounced second
component of activation due to an existence of the second
open state, characterised by long-lasting openings [9, 10, 14,
42]. However, all previous works on HypoPP-1 mutants did
not take into account this characteristic feature of calcium
channel gating, analyzing only peak amplitudes and single-
exponential activation [23, 26, 29-32].

To resolve both components of calcium channel activa-
tion, we analyzed wild-type (WT) and HypoPP-1 channel
kinetics by means of global fitting to gain insight into
HypoPP-1 channel gating and S4 voltage sensor function.
We demonstrated that the effects of the HypoPP-1 mutations
on the two activation components are clearly different. The
first component of activation, from the early closed to the
first open state, is disfavored, suggesting the HypoPP-1
mutants to have “loss-of-function” features; however, differ-
ently realised for R650H and R1362H/G. The second
activation component, reflecting transition to the second open
state, is strongly stabilised in HypoPP-1 histidine mutants,
resulting in a re-distribution of the open states. Additional
analysis of the double mutants revealed dominant effects of
the D4/S4 mutations on the kinetics of the double mutants.
Our results give an insight into biophysical properties of
HypoPP-1 mutations and suggest distinct functions of
D2/S4 and D4/S4 voltage sensors in calcium channel gating.

Materials and methods
Mutagenesis

HypoPP-1 mutations analogous to R528H, R1239H and
R1239G were introduced into rabbit cardiac calcium channel
in pcDNA3 at the corresponding positions: R650H, R1362H
and R1362G. In vitro site-directed mutagenesis was per-
formed using QuikChange™ Site-Directed Mutagenesis Kit
from STRATAGENE. Mutagenic primers were F: tgtgctgca
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ctgegtgeggetectg, R: geacgeagtge agcacagagatgecca for
R650H; F: cttettccgectgttccacgtcatgegectggtcaagetg, R:
cagcttgaccaggcgceatgacgtggaacaggeggaagaag for R1362H;
F: cttettccgectgttcggggteatgegectggteaagetg, R: cagettgacca
ggcgceatgaccccgaacaggeggaagaag for R1362G.

Two double mutations, R650H/R1362H (HH) and
R650H/R1362G (HG) were constructed by exchanging
fragments from the three single mutations (encoding
R650H, R1362H and R1362G). Afl 1T and BstE II restriction
endonucleases were selected to split the plasmid into two
fragments. One was 10 kb and the other 2 kb. Ligating the
10 kb fragment from R650H separately with 2 kb fragments
encoding R1362H or R1362G formed the double mutations.

Cell culture and transfection

Human embryonic kidney 293 cells (HEK 293) were
cultured in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal calf serum in a humidified
atmosphere (95%) at 5% CO, and 37°C. Cells were used
from 12-24 passages and were split every 4 days.

Transfection was performed using the standard calcium
phosphate method. For calcium channel measurements,
plasmids containing the rabbit cardiac calcium channel «;
subunits were co-transfected at a ratio of 1:1:1 with those
containing the rabbit cardiac calcium channel (3, subunit
and CD8 receptor genes. Binding of CDS§ antibody-coated
beads was used as a visual marker to identify successfully
transfected cells.

Whole-cell recording and data analysis

Standard whole-cell recording technique [12] was applied
for recording calcium channel currents. All recordings were
performed using an Axopatch 200A patch-clamp amplifier
linked to a personal computer with installed pCLAMP
program (Axon Instruments, Foster City, CA, USA). Internal
solutions contained (in mM): 142 CsCl, 1 MgCl,, 1 Mg-
ATP, 10 EGTA, 5 HEPES; pH 7.4. The extracellular solution
contained (in mM): 103 NMG, 5 CsCl, 1 MgCl,, 10 HEPES,
20 BaCl,; pH 7.4. CsOH was used to change the pH values.
All whole-cell recordings were performed at room temper-
ature (20-22°C) with barium as charge carrier instead of
calcium to avoid calcium-induced inactivation. Leak sub-
traction was not applied. Sampling interval was 120 us.
Series resistance errors were <4 mV. Excel (Microsoft),
pCLAMP and ORIGIN (Microcal Software, Northampton,
MA, US) programs were used for displaying and analysing
recordings. Data are presented as the mean+tstandard error of
the mean (SEM). Student’s ¢ test was applied for statistical
evaluation; the significance level was set at P<0.05.

For a detailed picture of channel gating in the WT and
mutants, we employed a global fitting procedure. This
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method and the equations used for the calculation of basic
channel parameters are described in Appendix A.

Analogs of the HypoPP-1 mutations are located in the
functionally important parts of the Ca, 1.2 channel: R650H—
in the voltage sensor S4 of the second domain (D2/S4) and
R1362H, R1362G mutations—in the voltage sensor S4 of
the fourth domain (D4/S4). For estimation of cooperativity
of the HypoPP-1 D2/S4 and D4/S4 mutations in the channel
gating, we applied the double-mutant cycle analysis and
calculated coupling energy between the corresponding
mutations in equilibrium (AGoypiing) and in the forward
and backward transitions (AGjcoupling), as explained in
Appendix B.

Results

Voltage sensitivity and current density are reduced
in HypoPP-1 mutants

We studied three L-type cardiac calcium channel mutations
homologous to the HypoPP-1 mutations: R650H in D2/54,
R1362H and R1362G in D4/S4. As the HypoPP-causing
mutations are located in the different domains of the L-type
calcium channel o subunit, we evaluated the cooperative effects
in two double mutations R650H/R1362H (HH) and R650H/
R1362G (HG). For the macroscopic analysis of activation and
for the detailed analysis of the calcium channel gating by kinetic
simulations, we obtained current traces elicited by a family of
depolarising pulses from a holding potential of —90 mV to the
test voltage from —60 mV to +60 mV in 10-mV steps. Figure 1a
shows the superimposed original current traces elicited by a
selected test pulse of +10 mV.

As the main goal of our study was to resolve the HypoPP-
related changes of the activation pathway, we applied 100-ms
depolarising pulses. This short duration was necessary to
prevent a run-down (amplitude decrease) of calcium channel
currents and to minimise the fluctuations of the electric
parameters (cell capacitance, pipette resistance) during the
experiment, as the resulting current amplitude and kinetics
changes would make the procedure of global fitting, applied in

this study, fully impossible. Therefore, inactivation rate con-
stants could not be determined precisely and are not discussed.

To grossly compare the steady-state parameters of activa-
tion, we normalised the current amplitudes by the cell
capacitance for each cell separately and plotted the means
against the voltages tested (current-voltage (/-V) curve,
Fig. 1b). Then the curves for each cell were fit with the
Boltzmann function from —60 mV to +50 mV. The Vi,
values were obtained by a linear extrapolation of the fit on
the V-axis. The fit parameters and current densities /., are
presented in Table 1. To account for a transfection-dependent
variation of current density, we determined current density
values from at least three different transfections for each
channel type. All mutants revealed reduced current densities
compared with WT. For R650H, I,,,.x was reduced by 39%,
for R1362H by 50%, for HH by 58%, for R1362G by 65%
and for HG by 84%. In addition, D4 mutants revealed large
right-shifts (+14 mV for R1362H and +13 mV for R1362G)
and a reduction in slope of the /-V curves (Fig. 1b, Table 1),
as expected for a neutralisation of positive charges in the
voltage sensors S4. The tendentially larger shifts observed in
the double mutants (+26 mV for HH and +16 mV for HG)
indicated positive interactions of the D4/S4 mutants with the
D2/S4 mutant, as the D2/S4 mutant had only marginal
effects alone. We tested WT and R650H for a possible
protonation by decreasing the pH from 7.4 to 7.2. Mild
acidification shifted the voltage-dependence (V;,,) for both
channels to the right: WT—by 9 mV (17£1 mV, N=4) and
R650H—by 19 mV (22+£6 mV, N=4), so that the initial left-
shift between WT and R650H disappeared. However, it is
due to an unspecific mechanism rather than a protonation of
amino acid residues in voltage sensors, as (1) both, WT and
R650H, shifted the voltage dependence of activation to the
right by pH decrease from 7.4 to 7.2 (if H650 were
deprotonated at 7.4, mild protonation would shift the -V
curve to the left and would not shift the voltage dependence
of WT) and (2) at a pH of 7.4, R650H is shifted to the left
compared with WT, but the slope of the -V curve is
decreased (consistent with the data of other groups),
suggesting the interference of conformational changes and
a possible charge neutralisation at position 650. As we see
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Table 1 Current—voltage relationships and current density

WT R650H R1362H R1362G HH HG
Vi (mV) 8.4+0.8 2.742.9% 22241 7%%% 21.241.2%8% 34.343.4%%% 25.044.4%%*
k —7.7£0.3 —9.6+1.0% —9.9£0.9% —12.74£1.7%%% —12.740.8%%* —15.0+£1.0%%*
View (mV) 63.4+0.7 66.2+1.6 68.8+1.7%* 69.5+4.7 66.2+1.9 65.5+5.6
I ax (PA/PF) —25.6+1.2 —15.642.6%* —12.8+4.8%* —9.04£2.6%** —10.7+0.6%%* —4.240.5%**
N 10 5 6 4 6 5
V Vi)

Fit parameters of the /- curves presented in Fig. 1b. The sigmoid fit function was I(V) = %

test voltage, Viev is the reversal potential, V., is the half-maximal voltage of activation and £ is the s
current divided by the cell capacitance) and N is the number of cells.

*P<0.05; **P<0.01; ***P<0.001 are the significance levels.

from the global fitting data, R650H slows all gating
transitions, implying the unspecific conformational changes
to prevail over effective charge changes in a result of the
R650H substitution. In general, our results suggest a more
prominent role of the D4/S4 voltage sensor in the activation
process compared with the D2/S4 segment.

Model of Ca,1.2 gating

For the global fitting procedure, we needed to create a
gating model, which satisfactorily fits both wild-type and
mutant currents at all potentials. Common questions arising
are (1) an existence of multiple open states [9, 14, 42] and
(2) an evidence for multiple closed states [5, 11, 17, 30]. To
answer these questions, we tested several models for their
suitability in fitting ionic currents.

Our data could not be satisfactorily fit with any model
containing only one open state (Fig. 2, left column), as such
model failed to fit the second component of activation
(Fig. 2, left column, arrows). Two open states were
sufficient to account for the activation behaviour of our
channels (Fig. 2, middle column). As the inactivation of the
channels was incomparably slower than all other transi-
tions, and in order not to bias our analysis, we assumed the
inactivation to occur from both open states in our model.

Calcium channels, as other voltage-gated cation chan-
nels, were suggested to pass a series of non-conducting
(closed) states before channel opening; however, different
numbers of closed states were proposed for Ca>* channel
gating [5, 11, 17, 30]. Considering channel structure where
four voltage sensors are thought to move upon membrane
depolarisation [3], analogously to other voltage-gated
cation channels [24] and as the model with four closed
states (Fig. 2, middle column) could better account for the
delay in current activation than the models with a lesser
number of closed states (Fig. 2, right column), we
introduced four closed states into our model.

The original model proposed by Hodgkin and Huxley [15],
which is based on the independent operation of four voltage
sensors, does not account for the details of activation when
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where g.x is the conductance, V'is the
1+exp P

"V
3

ope. Imax 1s the current density (maximal

data of macroscopic currents are complemented with single-
channel and gating current recordings. In addition, the
progression of the transition rates from the most closed
states to the open state does not follow the predicted 4,3,2,1
ratios calculated from the progress of four identical
independent subunits (for review, see [3]). As voltage
sensors in voltage-gated cation channels do not move
independently [3, 6, 43], we set the transition rates equal in
the C;>Cy—C3Cy0, pathway (Fig. 2, top), assuming
cooperativity in voltage sensors movements [7, 24, 43].

Domain-specific effects of the mutations on Ca®" channel
activation

To better resolve specific effects of the mutants studied on
Ca®" channel gating, we performed a simultaneous fit of
current traces at seven different potentials to the model
presented on Fig. 2 (middle column). Fit results are given in
Table 2 and in the text.

The HypoPP mutations revealed domain-specific effects
on Ca®" channel gating. The D2/S4 mutation R650H
symmetrically decreased both activation 0/1 and deactivation
ﬂ/l rates by approximately two times (Table 2), suggesting a
symmetrical increase in the barrier height during transitions
in either direction. Therefore, the equilibrium between C—C
and C-O is reached more slowly. However, the equilibrium
levels between adjacent states in the activation pathway
CeCyeC36C40,, determined as «/3; and, thus, the
Gibbs energies AG, remained almost the same as for the
WT, explaining why there is only a small displacement of
the -V curve along the J-axis (Fig. 1b, Table 1).

The D4/S4 mutants and the double mutants increased
activation rates 0/1 up to two times (except R1362H, which
was similar to WT) and deactivation rates ,B/l up to three
times (Table 2), reflecting a decreased barrier height and
resulting in faster transitions. This change in barrier height is
asymmetrical and results not only in kinetic changes (faster
activation and deactivation), but also in different equilibrium
levels. As the increase in rate constants was more prominent
for deactivation than for activation (Table 2), the equilibrium
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Fig. 2 Choosing the model. As an example, representative ionic currents
of WT (middle) and R650H mutation (bottom) are demonstrated. lonic
currents (shown in dots) elicited from a holding potential of “90 mV by
the voltages indicated (right) were simultaneously fit to the gating model
presented on the fop of the picture. Fits are overlayed (shown in lines).
Arrows near the traces demonstrate a mismatch of fit and experimental

levels (cv;/3;) were reduced at 0 mV from 1.03 (WT) to 0.58
(R1362H), 0.70 (R1362G), 0.52 (HH) or 0.73 (HG). As a
result, Gibbs energy (AG) values between the states in the
C1CyeC36Cy 0, pathway were less negative, result-
ing in a shift of the equilibrium to the earlier states and in
impaired activation. This indicates that the activation
pathway is disfavored due to disproportionally increased
deactivation rate constants 3;. Macroscopically, it is reflected
in the right-shifts of the /-V" curves.

HypoPP-1 mutants reduce effective charge in the entire
activation pathway

As the mutants neutralised gating charges in a voltage sensor,
effective charge moving in the activation pathway (calculated

Table 2 Activation pathway parameters

(4]
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data. The model presented in the middle was selected for kinetic
simulations. Sequential simplified models used for kinetic simulations
(top): C,—C, are the closed states, O; and O, are the open states, I; and
I, are the inactivated states reached from O; and O,, respectively, o,
n, a3 and 3y, (3, G5 are the voltage-dependent transition rates between
the states, as indicated in the models

as zx,, +zx3) was decreased for all transitions (C;—C,—C3;—
C4—0; and O;—0,) (Table 2). As a consequence, the volt-
age dependence is reduced, most prominently in the double
mutants, as more charge is neutralised (Table 2). Reduced
voltage dependence is macroscopically reflected in the
decreased slope of the I~V curves (Fig. 1b, Table 1). Based
on the zx values for the mutants and WT (Table 2), we
conclude that (1) most charge moves after the barrier peak and,
therefore, only a small translocation of charge is needed to
initiate an activation and a transition to the second open state
O, and vice versa, a large charge translocation is necessary for
deactivation and O,—O; transition and (2) HypoPP mutations
reduce mainly the part of the charge, which moves after the
barrier peak is reached, thus reducing the voltage dependence
of backward transitions—deactivation and O,—O;.

Parameters WT R650H R1362H R1362G HH HG

Activation 0’:17371 1,998+103 1,363+£96** 1,665+190 4,148+£302%** 2,478+198* 3,072+£149%**
,317571 1,934+126 1,256+£238* 2,885+£290** 5,939+£332%** 4,783 +£122%** 4,185+£125%**
ZX o1 0.17+£0.04 0.17+0.04 0.24+0.08 0.19+£0.04 0.04+0.01* 0.18+£0.05
X1 0.92+0.07 0.77+0.19 0.46+0.09%* 0.50+0.12* 0.51£0.03** 0.36+0.07%**

0,-0; transitions 0’,273_1 122+7 56+£12%** 144420 119+13 99+10 100£10
ﬁz’s_l 405+42 T8EL10*** 142+ 10%** 294+45 116+£15%** 804+213*
ZX 02 0.21£0.06 0.20£0.18 0.75+0.39 0.35+0.16 0.63+0.08** 0.12+0.05
X3 2.6+0.1 0.7£0.2%** 0.8£0.3%** 0.3£0.1%** 0.2:£0.2%** 0.6£0.4%**

Activation pathway parameters obtained by global fitting of whole-cell currents to the kinetic model in Fig. 2 (middle column). Parameters o' and ('
were the corresponding forward and backward transition rate constants at 0 mV and are dependent on the entropy and enthalpy of the system.
Parameters zx were the valences of the corresponding transitions and reflect voltage dependence of transition rates. Please refer to “Materials and
methods” section for more details. Number of cells used in the global fitting: WT—10, R650H—5, R1362H—6, R1362G—3, HH—5 and HG—S5.

*P<0.05; **P<0.01; ***P<0.001 are the significance levels.
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Effects of the HypoPP-1 mutations on the open states

The D2 R650H mutant revealed a specific effect on the
transitions between the two open states O;<0,. Both
forward v, and backward [3, transition rates were decreased
(Table 2), suggesting increased barrier height between both
states. This resulted in slower O;«>0O, transitions and in a
long time (7 = m) to reach the equilibrium between the
open states. The equilibrium level a,/3, for R650H was
more than two times increased compared to the WT (0.72
(R650H) vs 0.30 (WT)). As a result of the changed
transition rates a, and [, the open probability in the
second open state, P(O,), was mildly increased (Fig. 3d).
However, the time to reach the equilibrium in the entire
activation pathway, from C; to O,, was longer in R650H
compared with WT, resulting in a slower activation.

The other mutants showed no change in «a, level, but had
a different impact on the O,—O; return rate [3,: for
R1362H and HH, the (3, rate at 0 mV was approximately
three times reduced, for R1362G unchanged and for the HG
mutant two times increased (Table 2). The asymmetrical
effects on the O;<0, transitions lead to a higher AG
between the open states favoring the transition to O, in the
R650H, R1362H and HH mutants. The calculated time
fraction p spent in O, was approximately two times
increased in R650H, R1362H and HH mutants, pointing
at re-distribution of the open states favoring O, (Fig. 3d).
This re-distribution of the open states is mainly realised by
higher open probability P(O,) in R650H and lower P(O)
in R1362H and HH mutants (Fig. 3d). In R1362G and HG
mutants, the distribution of the open states was similar to

Fig. 3 Characteristics of the
open states. a Mean dwell time
7in O;. b Mean dwell time 7 in
O,. ¢ Fraction of long openings
&(long) in % of all openings.

d Probability P to be in a
particular open state (given in
parentheses) in equilibrium
reflecting the fraction of total
observation time spent in this
open state. P(O) is a total open 0

*

1,200+

1,000

800+

6004

T, (Ms)

400+

H %

200+

WT, suggesting conformational factors at position 1,362
playing a role in formation of the second open state.

Mutant-specific effects on the transitions in the C;«<>
CyC3C40,+0, pathway, described here, are
reflected in changed open state parameters. The O; mean
dwell time 7(0;) was ~2 times increased in the R650H
mutant. All other mutants revealed two to three times
decreased 7O;) due to increased deactivation forcing
channels to close more rapidly (Fig. 3a). The O, dwell
time 7(O,) was increased 5 times in R650H, 2.7 times in
R1362H and 3.4 times in HH, compared with WT (Fig. 3b).
The O, opening probability £(0O,) was ~3 times reduced in
R1362G and in the double mutants (Fig. 3c). All these
changes lead to a reduced open probability P(O;) and
resulted in (1) the re-distribution of the open states in the
histidine mutants, as discussed before, and (2) a signifi-
cantly (P<0.05) lower total open probability P(O) in the
D4/S4 HypoPP-1 mutants (Fig. 3d), suggesting “loss-of-
function” mechanism of pathogenesis.

Cooperativity between D2/S4 and D4/S4 mutations
during activation

To estimate the cooperativity between the D2/S4 and D4/S4
mutations, we performed double-mutant cycle analysis. For
both HH and HG mutants, there was no coupling in the
CCr>C3C4>0; pathway (AG oupling in kcal/mol:
0.14£0.13 in HH, —0.07+£0.13 in HG), meaning that the
effects of single mutations were additive in the double mutants.
However, for the HH mutant, there was a negative coupling
energy AGicoupling in activation o (—0.47+0.11 kcal/mol)

b

Hxk

*hk

= 4 *xk
& 8 *

probability calculated as the sum wT
of P(O;) and P(O,). Values

inside the columns reflect a

proportion of time spent in O c

and O,, p(O;) and p(0,), 8-
respectively. All parameters
were calculated from fit results,
as described in the “Materials
and methods” section, number
of cells is given in the legend to
Table 2. Calculations were done

Hokk

R650H R1362H R1362G

HH HG WT R650H R1362H R1362G HH HG

T 59%

P(O), %
n
o
;

—

76%
o 15 "

- £
T Fhk T T

at 0 mV in equilibrium. Signif-
icance levels are: *P<0.05;
**P<(0.01; ***P<0.001 0

Fraction of long openings, %
SN
1

104 .
N% 51% 70% okt 82%

53%
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and deactivation (; rate constants (—0.61+0.17 kcal/mol),
suggesting enhanced effects on the barrier height, although
the final AGeoupling did not change. In our case (Table 2), the
activation and deactivation rate constants in HH were faster
than the sum of effects of the single HypoPP-1 mutations,
pointing to a non-additive barrier height decrease and, thus, a
disproportional acceleration of kinetics in the HH mutant.

In the O;<>0, transitions, there was a positive coupling
energy AGcouiing in the double mutants in equilibrium
(HH: 0.5040.22 kcal/mol; HG: 1.50+0.36 kcal/mol), sug-
gesting the mutual attenuation of the effects of the single
mutants. This AGqypiing Originated from a negative coupling
energy AGicoupling, Unequal in forward (ap) (HH: —0.32+
0.19 kcal/mol; HG: —0.39+0.17 kcal/mol) and backward
(3>) (HH: —0.82+0.15 kcal/mol; HG: —1.40+0.29 kcal/mol)
transitions.

Negative coupling energy in the «; (HH) and o, (HH
and HG) transitions is reflected in the fast kinetics of the
double mutants, although the R650H mutant has the slower
kinetics. This reveals dominant effects of the D4/S4
mutations on kinetics of the double mutants and suggests
different roles of D2/S4 and D4/S4 voltage sensors in the
gating of voltage-gated calcium channels.

Discussion

Rationale for the selection of isoforms, expression system
and charge carrier

Due to the unsolved problem of a sufficiently high expression
of human Ca,l.1, the few previous functional studies on
HypoPP-1 mutations were performed using various channel
isoforms, species and expression systems: the rabbit skeletal
muscle «; subunit Ca,l.1, the full form expressed in a
muscular dysgenesis mouse (mdg) cell line (GLT) [23] and
mouse fibroblast Ltk cells [26] or the truncated form
expressed in Xenopus oocytes [32], the rabbit cardiac muscle
«y subunit Ca,1.2 expressed in HEK293 cells [29] and
myotubes cultured from satellite cells of patients [28, 31]. At
the first glance, the patients’ myotubes seem to be the best
system but demonstrate, as immature cells, an expression
profile differing from adult skeletal muscle; e.g. the L-type
currents are superimposed by other calcium currents [28,
36]. Oocytes, used by another group [32], as a non-
mammalian expression system, have a clearly different
secondary modification.

In this study, we expressed the rabbit cardiac isoform in
HEK?293 cells, as done previously by Lerche et al. [29].
Decisively, expression levels of the cardiac isoform are
higher than those of the skeletal muscle isoform, enabling a
more accurate analysis of channel gating. Due to the high
homology of the mutated S4 segments, previous results on

the HypoPP-1 mutations were similar in the skeletal muscle
[31] and cardiac [29] isoforms, pointing at a similar function
of the affected channel regions and making it possible to
extrapolate the results from one isoform to another. Because
the (3; subunit natively modulates the skeletal muscle but not
the cardiac «v; subunit, we co-expressed the (3, subunit that
enhances «v; subunit expression and thus produces measurable
currents. In addition, we did not use the «./d and - subunits
because transfection efficiency would be reduced and the co-
transfection of these subunits did not significantly alter
channel gating and the effects of HypoPP-1 mutations [29].

Finally, as the main goal of our study was to clarify the
effects of the HypoPP-1 mutations on the transitions in the
activation pathway, from the early closed to the open states,
including the HypoPP impact on the balance between the
open states, we used barium instead of calcium as charge
carrier to avoid calcium-dependent inactivation. This type of
inactivation, characteristic for some voltage-gated calcium
channels, is in its nature different from other, kinetically
distinct, voltage-dependent inactivation mechanisms (for
review, see [13]). The presence of the both types of
inactivation—voltage-dependent and calcium-dependent—
would unnecessarily complicate our gating model, resulting
in a range of additional fit parameters and, thus, degrees of
freedom, masking the HypoPP-related effects and making
our results less conclusive.

Global fitting procedure is a powerful tool for studying
L-type Ca®" channels

Previously, mainly two types of electrophysiological studies
were performed on voltage-gated Ca®" channels: either
whole-cell currents were recorded and macroscopically
analysed giving only a gross estimation of channel kinetics
or single-channel currents were obtained, which enabled the
analysis of open-time and opening frequency estimation, but
not the evaluation of kinetic and thermodynamic character-
istics of the gating transitions. In this study, we applied a
global fitting procedure [1], which was successfully used to
model the behaviour of different voltage-gated sodium [7,
24, 43] and potassium [18, 34] channels. This method yields
a more precise picture of channel gating, especially the
voltage dependency of a particular transition, the barrier
height, equilibrium levels and the state distribution. Most
importantly, using the global fitting procedure, we separated
HypoPP-related effects on both components of activation
and gained insight into all the steps of gating in WT and
HypoPP-1 channels. Our results on relative proportions of
the open states and values for the open-time constants for
WT Ca,1.2 channels correspond well to the values obtained
previously by single-channel measurements and fitting the
channel open-time histograms [8, 19] supporting the
reliability of our approach.
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All HypoPP mutations have “loss-of-function” features

Although causing the same disease, HypoPP-1 mutants in
D2/S4 and D4/S4 affect channel gating in different ways.
The main feature of the R650H mutant is slowing of all
gating transitions—activation, deactivation, inactivation and
between the open states. Previous macroscopic studies on
this mutant in different calcium channel isoforms revealed
small hyper-polarising shift of the /-V curve [23, 29, 32] and
slowing of activation and deactivation rates [31, 32], fully
in accordance with our data. Deceleration of all gating
transitions in R650H implies the wide role of the D2/S4
segment in channel gating and suggests that the R650H
mutation unspecifically hindered conformational changes
associated with gating transitions.

In contrast, D4/S4 mutations (R1362H and R1362G) and
the double mutations accelerated the activation transitions.
However, they disfavored activation by disproportionally
increasing deactivation rate constants, so that the equilibrium
was shifted to preceding states. Previous study on D4/S4
mutants in Xenopus oocytes [32] demonstrated a right-shift
of the activation curves and a strikingly faster deactivation
as in our study; however, the authors reported slower
activation rates. This seeming discrepancy emerged because
the second open state whose fraction we showed to be two
times increased in the D4/S4 mutants was not taken into
account. As this second component of activation (O;<>0,)
is tens of times slower than the fast component, an
increased slow fraction makes the macroscopic activation
appear slower, if fit with only one component.

Therefore, all HypoPP-1 mutations are “loss-of-function”
mutations: D4/S4 mutations shift the equilibrium to the closed
states, which results in smaller currents, and the D2/S4 mutant
slows the activation. Similarly, sodium channel mutations
causing HypoPP-2 were previously shown to have “loss-of-
function” features [22, 25, 40]. In contrast to the HypoPP-1
mutations, which disfavor the activation pathway (this
study), HypoPP-2 mutations increased channel unexcitability
by stabilising the inactivated states [2, 25]. This divergence
in mechanisms of action implies different roles of the S4
segments in the voltage-gated sodium and calcium channels.

Second open state O, is favored in HypoPP-1 histidine
mutations

HypoPP-1 mutants exhibited specific effects on channel
open times in O; and O,, opening probability and time
spent in each of the open states. Mean open time to O; was
increased in the R650H and reduced in the D4/S4, and in
the double mutants, implying domain-specific effects
determining the O mean lifetime and the strong dominant
effect of the D4/S4 mutants leading to an intense O;
lifetime shortening in the double mutants.

@ Springer

The O, lifetime was markedly increased in both histidine
mutants and in the HH double mutant. This results in O;—0,
re-distribution; whereas WT channels spend only 24% of the
total open time in O,, the histidine mutants reside 40-50% of
the open time in O,, i.e. these mutants spend equal time in
both open states, although channel mean dwell times and
opening probabilities may vary. In R1362G and HG mutants,
the proportion of time spent in O, was similar to WT. Our
results suggest that (1) different domains play different roles
in formation of the second open state in Ca®" channels; (2)
D4/S4 mutations have a dominant effect on O, formation in
the double mutants and (3) even at the same site, different
amino acid substitutions can differently affect the O;—-O,
equilibrium. The second open state in this type of Ca’"
channel was suggested to be less selective for divalent
cations, so that monovalent cations, such as Na', may be
allowed to permeate the channel [20]. Therefore, the re-
distribution of the open states towards O, in HypoPP-1
lowered calcium channel selectivity.

Thus, there are two most important distinguishing
characteristics of the HypoPP-1 mutants: (1) “loss-of-
function” due to the suppressed activation and (2) the re-
distribution of the open states. The latter, as a putative
determinant of calcium channel selectivity, is of high
physiological importance in HypoPP because the membrane
depolarisation causing paralytic attacks in the HypoPP
muscle is the result of shifts in the transmembrane gradients
of electrolytes [33, 37, 38]. Therefore, we applied a calcium
channel agonist (£)BayK8644 to reveal whether the function
of the HypoPP-1 mutants is restored and how the open state
distribution is affected in the WT and HypoPP-1 channels, as
described in the companion paper by Kuzmenkin et al.

D2/S4 vs D4/S4: specificity and cooperativity
in Ca*" channel gating

As we demonstrated, the mutations in D2/S4 and D4/S4
differently affect channel gating. Their impact on channel
activation, deactivation, inactivation and transitions between
both open states suggests different roles of the D2/S4 and
D4/S4 voltage sensors in channel gating. Mild changes of
activation kinetics in D2/S4 R650H mutant imply a lesser
role of D2/S4 segment in the Ca, 1.2 activation process not
only compared with D4/S4 voltage sensor, but also
compared with the D2/S4 role in the voltage-gated sodium
channels (for review, see [3]). Dominance of the effects of
the D4 single mutations in D2/D4 double mutants reinforces
this assumption. Residue-specific effects of the HypoPP-1
mutations point at conformational factors playing a role at
the corresponding positions in voltage-gated Ca®" channels.
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Appendix A
Kinetic simulations

For kinetic modelling, we created a new program (lonFit©) for
global simultaneous fit of current traces. We fitted 7 current
traces elicited by steps from a holding potential of =140 mV to
the test potentials from —10 to +50 mV in 10-mV steps for
each cell to the kinetic model presented in the Fig. 2, middle
column. Goodness of fit was estimated from the y* values.
The voltage-dependent forward a and backward S
transition rates between various states were assumed to be
single exponential functions of voltage [39] and are given by

/ aFV
a1 (V) = a, exp <ZX1 >,

RT
zxg1 FV M)
/ - ﬂ]
Bi(V) = B exp (T)
for the activation,
/ 72X FV
V =
st - o (2557,
FV @
/ —ZXp2
Bo(V) = B, exp (T)

for the transitions between the open states O; and O, and

a3(V) = ay exp (fof V>7 N
3
A —ZX/BFV
,33(V)/33€XP( RT )

for the inactivation, as assigned in the model. As the voltage
sensors in different domains do not move independently of
each other [3, 6, 43] and analogously to previous results
from other voltage-dependent cation channels [7, 24, 43], all
transition rates in the activation pathway, C; through Oq,
were assumed to be equal. The fitted parameters were:
0/1, /3/1, 0/2, ,8/2, 0/3, /3’3 for the transition rate constants includ-
ing enthalpic and entropic factors; and zx,,1, ZXg1, ZXa2, ZXg2,
ZX.3, ZX for the valences of the corresponding forward
and backward transitions. The latter reflected the effective
charge moving from an original state to the barrier peak,
as a product of the total charge moved and the fraction
of the electric field where the barrier peak was located.
Further parameters were ¥, the membrane potential; F, the
Faraday constant; R, the gas constant and 7, the absolute
temperature.

Based on the fit parameters and according to our model,
we estimated the mean channel dwell time 7 in O; and in
0O, as:

1 1
—, 1(0y) = .
oy +a3+ (02) a3 + B,

T(Ol) = (4)

Furthermore, we estimated the probability P to be in any

of the open states in equilibrium. According to the principle
of detailed balance and our model, we had: K;;, = %, an

equilibrium constant for any states i and j and

P(Cy) + P(Cy) + P(C3) + P(Cy) + P(O1) + P(O,) = 1
(5)

in the absence of inactivation.
Considering our model (Fig. 2, middle column) and
according to Eq. (5), we obtained:

4
o]
B
2 3 7 )
() < () < () () 2
4
o) e
(f—l) B (6)
2 3 T .
aj aj a aj aj ap
() < () <(3) () 2

P(0) = P(O1) + P(0y),

P(O) =

P(0,) =

where P(O,) and P(O,) are the probabilities to be in O; and
0O,, respectively, and P(O) the probability to be in any of
the open states. Thus, P(O) corresponds to the time fraction
of the openings in single-channel measurements.

As a special case of Egs. (5) and (6), we estimated the
0,-0, distribution by calculating the fractions of open time
p spent in a particular open state. Contrary to Eq. (5), we
considered only the equilibrium between the open states in
the absence of any other transitions:

S0y PO+ =1 )

where p(0,) and p(0,) are fractions of time spent in O; and
0O,, respectively.
Solving this equation system, we obtained:

p(o) = L2

a+ B

r(02) (8)

Further, we estimated the fractions of long and short
openings &. In this study, we performed our calculations in
the absence of inactivation, as the inactivation rates a;; were
incomparably slower than the other transitions. Considering
a channel being in O; and comparing a probability to pass
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to O, (long opening) with a probability to close (short
opening), and as

£(long) ~ayp, £(short)~3,, £(long)+£(short)=1 ,we obtained:

&(short) = 2.

S(long) = az(izﬂl ’ a+By

©)
Appendix B

Double-mutant cycle analysis

For the estimation of cooperativity of the HypoPP-1 D2/S4
and D4/S4 mutations in all the transitions in Ca®" channel
gating, we used a thermodynamic description of mutant-
specific effects. We calculated the free energy change due
to a transition between the channel states as

a, (V)
B(V)’

where x=1 for C<~C and C«<O transitions, x=2 for O;<0,
transitions and x=3 for Oel transitions. AG is the
difference in free energy between the states in the equilib-
rium and is not sensitive to symmetrical changes in barrier
height, which do not change the equilibrium level «o/f3, but
only change the rate of reaching it. In the two-state system
this rate is determined as a+(. To solve the problem, we
further estimated a free energy change from a state of origin

to a peak of the energy barrier between states. Considering
AG‘:’I: A,
oy =vexp | ——7 | and B, = vexp | — 57"

AG(V) = —RTIn

where v is

a pre-factor, we obtained AG$ (V)= —RTIna,(V)+ RT
Iny for any forward transition and AG) (V)= —RT
In3.(V) + RT Inv for any backward transition.

To measure the effect of a mutant on any channel gating
transition, we calculated the difference between the
corresponding AG values:

AAGwr—Mmut (V) = AGmur (V) — AGwr (V)

For the calculation of AAGQ and AAGB, we assumed
the pre-factor v to be equal for the WT and the mutant
channels. If there is no coupling between two mutations,
the change in free energy associated with a transition upon
a double mutation equals the sum of changes in free energy
due to the single mutations. The deviation from the
additivity is the coupling energy between the two mutations
in a particular transition [16]:

AGeoupling (V) = AAGwr—muri mur2 (V)
— [AAGwr—Mmun1 (V) + AAGwr—MuT2 (V)]

@ Springer

AG values were calculated for each cell separately and
then averaged for a channel type. Also, we determined a
voltage dependence of coupling energy. However, as it did
not provide us with new information on channel gating and
for simplicity, in the “Results” section, we present the
coupling energy values calculated at 0 mV. Data are
presented as the mean+tstandard error of the mean (SEM),
the latter is calculated by error propagation.
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