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Abstract

Voltage-gated calcium channels control key functions of excitable cells, like synaptic transmission in
neurons and the contraction of heart and skeletal muscles. To accomplish such diverse functions,
different calcium channels activate at different voltages and with distinct kinetics. To identify the
molecular mechanisms governing specific voltage-sensing properties we combined structure
modeling, mutagenesis, and electrophysiology to analyze the structures, free energy, and transition
kinetics of the activated and resting states of two functionally distinct voltage-sensing domains
(VSDs) of the eukaryotic calcium channel Cayl.1. Both VSDs displayed the typical features of the
sliding helix model; however, they greatly differed in ion-pair formation of the outer gating charges.
Specifically, stabilization of the activated state enhanced the voltage-dependence of activation, while
stabilization of resting states slowed the kinetics. This mechanism provides a mechanistic model
explaining how specific ion-pair formation in separate VSDs can realize the characteristic gating

properties of voltage-gated cation channels.
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Introduction

Voltage-gated calcium channels (Cay) translate membrane depolarization into calcium influx. Thus,
they contribute to cellular excitability and they couple electrical activity to fundamental cell functions
like contraction of heart and skeletal muscle, secretion of neurotransmitters and hormones, and the
regulation of gene expression. Together with voltage-gated sodium channels (Nay), Cays form a
structurally related ion channel superfamily with a four-fold symmetry (Fig. 1A). Their pore-forming
o, subunits are composed of four homologous but non-identical domains (repeats I-1V), each
containing six trans-membrane helices (S1-S6). The S5 and S6 helices plus the connecting P loop of all
four repeats form the central channel pore with the selectivity filter and the activation gate (Catterall
et al., 2020). Helices S1-5S4 of each repeat form separate voltage-sensing domains (VSD). The S4 helix
contains positively charged residues (termed gating charges) in every third position, and its
movement across the electric field upon membrane depolarization is thought to initiate the

conformational change resulting in channel opening (Catterall et al., 2017).

Several high-resolution structures of prokaryotic and eukaryotic Nay channels have been solved
(Lenaeus et al., 2017; Pan et al., 2018; Payandeh et al., 2011; Yan et al., 2017; Zhang et al., 2012).
Recent advances in cryo-electron microscopy (cryo-EM) enabled the determination of the structure
of the voltage-gated calcium channel Cay1.1 at 3.6 A resolution, displaying a closed pore and the
VSDs in the activated up-state (Wu et al., 2016, 2015). Very recently three cryo-EM structures of
homo-tetrameric sodium channels experimentally locked in resting- (or VSD-down) states have been
reported (Wisedchaisri et al., 2021, 2019; Xu et al., 2019). However, up to now the resting states of
eukaryotic Cay and Nay channels remained inaccessible to experimental structure determination.
Nevertheless, many years of experimental work and structure modeling provide ample support for
the sliding helix model of the voltage-sensor action (Catterall et al., 2017; Yarov-Yarovoy et al., 2012).
According to this model the negative membrane potential at rest pulls the positively charged S4
helices down toward the cytoplasmic side of the membrane holding the channel gate closed. The
reversal of the electric field upon membrane depolarization causes the outward displacement of the
S4 helix by about 10 A. The movement of 2 to 3 positive gating charges through the hydrophobic
constriction site (HCS) in the center of the VSD is facilitated by the transient formation of ion-pair

interactions with negative counter charges in the other helices of the VSD (Catterall et al., 2017).

While this model describes the principal mode of voltage-sensor action, without further structure-
function data it does not explain how the four homologous, but structurally distinct VSDs of
eukaryotic channels cooperate in channel gating and how the unique gating properties of different
channel isoforms are achieved. The distinct structure of the four VSDs of eukaryotic Nay and Cay

suggests that there might be considerable variability between the four VSDs of a channel in the
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80 movement of the S4 helices and the molecular interactions of their gating charges. In fact,
81  accumulating evidence indicates functional differences between the VSDs of individual channel
82 isoforms (Ahern et al., 2016; Pantazis et al., 2014; Tuluc et al., 2016a). The rabbit skeletal muscle
83 Cayl.1 is the first member of the Cay family for which the structure has been solved (Wu et al., 2016,
84  2015; Zhao et al., 2019). Biophysically it is characterized by slow kinetics and right-shifted voltage-
85 dependence of activation (Tuluc et al., 2016a). Together these attributes make Cayl.1 a prime
86  candidate for studying how specific structural features of the VSDs determine voltage-dependence

87 and kinetics of channel activation.

88  Here we applied molecular dynamics (MD) simulation and Markov state modeling (MSM) combined
89 with site-directed mutagenesis and electrophysiological analyses to identify the molecular
90 mechanism by which individual VSDs determine the characteristic voltage-dependence and kinetics
91 of current activation. Our structure models of the activated and resting states of Cay1.1 VSDs | and IV
92 are consistent with the sliding helix model and yielded reliable predictions of the importance of ion-
93 pair formation between the outer gating charges and various counter charges within the particular
94  VSD. Our data provide novel insight in how the stabilization of the VSDs in resting and/or the

95 activated states shapes the kinetics and voltage-dependence of activation, respectively.
96

97 Results

98 The structure of Cay1.1 reveals differences between VSDs

99 Based on the cryo-EM structure of Cay1.1 (Wu et al., 2016, 2015) we generated a new structural
100 model to study the molecular mechanisms determining the specific gating properties of this voltage-
101 gated calcium channel. To this end we used the Rosetta computational modeling software (Bender et
102 al., 2016; Rohl et al., 2004) to build a homology model of the human eukaryotic Cay1.1 and included
103 all missing loops and modelled both splice variants with and without exon 29 (Tuluc et al., 2009). The
104 resulting models were equilibrated and simulated at 300 K in the membrane environment to identify

105  favorable side-chain orientations and to relax the protein.

106  Cayl.1is a pseudo-tetrameric channel with a domain-swapped arrangement in which each VSD (S1-
107  S4) is positioned next to the pore domain (PD; S5-S6) of the adjacent repeat in a clock-wise
108  orientation (Catterall et al., 2017) (Fig. 1B,D). The structures of the individual repeats closely
109 resemble the crystal structure of NayAb (Ca RMSD of 2.7 A) (Payandeh et al., 2011), which is
110 regarded as phylogenetic ancestor of Cay and Nay channels and for which considerable structural
111 information is available (Fig. 1E; Fig. 1-figure supplement 1). While all four VSDs of Cay1.1 display the

112 canonical voltage-sensor fold, individually they differ from one another in significant aspects like the

4
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113 length of the helical structures and the number of gating charges in S4 (Fig. 1-figure supplement 2).
114  Only VSD IV contains four gating charges (R1-R4) at the three-residue interval, like NayAb (Fig. 1C).
115 VSDs | and lll possess an additional positive charge (KO) at the outer end of S4, and VSD Il an
116  additional gating charge (K5) at the cytoplasmic side of S4. All four VSDs are in the activated (S4-up)
117 state in that (KO) R1, R2, and R3 are positioned above the phenylalanine (in S2) of the HCS and R4
118 (and K5) below (Fig. 1F).

119  As predicted by the sliding helix model (Catterall et al., 2017), the gating charges form ion-pairs with
120  counter charges of the extracellular negative cluster (ENC) and intracellular negative cluster (INC).
121 The interactions of the inner gating charges with countercharges of the INC are identical in the four
122 VSDs of Cayl.1, representing the typical arrangement of the highly conserved charge-transfer center
123 (Tao et al., 2010). However, between the VSDs the outer ion-pair interactions differ. Overall, the four
124  VSDs of Cayl.1 can be grouped in two classes — VSDs | and Ill, and VSDs Il and 1V, respectively — each
125 with the same number and position of counter charges in the ENC. While in VSD | and VSD lll the
126  gating charges form ion-pairs with two glutamate residues in the S2 helix, VSD Il and VSD IV gating
127 charges interact with one negative countercharge each in the S2 and S3 helices. Also, in VSD | and
128  VSD lll the additional outermost gating charges are lysines (KO), whereas in VSD Il and VSD IV the
129  innermost gating charge is a lysine residue (K4) instead of an arginine (R4) in VSD | and VSD IIl. Note
130  that lysine forms only a single interaction with a negative countercharge in the INC as opposed to
131  two formed by arginine. Together these differences in the ion-pairs formed by the gating charges
132  indicates that the activated state of VSDs | and Il is considerably more stabilized than that of VSDs I

133 and IV.

134  MD simulation and MSM of VSD | in activated and resting states

135  The interactions between gating charges and their ion-pair partners observed in the structure model
136 based on available cryo-EM structures of Cayl.1 merely represent a snapshot depicting the endpoint
137 of the voltage-sensing process. However, because high-resolution structures of resting states of Cay
138  channels are lacking, the molecular details of the steps leading up to VSD activation are still elusive.
139 Exploiting the potential of structure modeling to fill this gap (Jensen et al., 2012; Yarov-Yarovoy et al.,
140  2012), we applied molecular dynamics (MD) simulation and Markov state modeling (MSM) of
141 individual VSDs to predict the structures, kinetics, and energy levels of resting states. To overcome
142  the high energy barriers and the timescale limitations of MD simulations in the absence of the
143 membrane potential, we used Umbrella sampling. This enhanced sampling technique explores the
144  conformational transitions of a VSD as the positively charged S4 helix moves along the likely pathway
145  towards the cytoplasmic side of the VSD, and thus create the seeding points for subsequent MD

146  simulations. For this purpose, the obtained structures were clustered based on a geometrical RMSD
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147 criterion resulting in about 50 cluster representatives. These were simulated for 100 ns each
148 (aggregated simulation time close to 5 us) to obtain unbiased trajectories, which were then projected
149 in a TICA, representing the slowest reaction coordinates. Finally, the kinetic coordinate system
150 provided by the TICA allows calculation of thermodynamics and kinetics by a MSM (Fig. 2-figure
151  supplement 1).

152 Using this approach, we modeled the resting state structures of Cayl.1 VSD | and VSD IV, because
153  they represent the two structurally distinguishable classes of VSDs (see Fig. 1F; Fig. 1-figure
154  supplement 2), and because they differentially regulate the specific gating properties of skeletal
155 muscle calcium currents. VSD | determines Cay1.1’s slow activation kinetics and VSD |V its voltage-
156 dependence of activation (Nakai et al., 1994; Tuluc et al., 2016a). The latter is regulated by
157 alternative splicing in that exclusion of the 19 amino acids of exon 29 from the extracellular loop
158 linking IVS3 and S4 causes a 30 mV left-shift of the voltage-dependence of activation and a several-
159  fold increase in current density (Tuluc et al.,, 2009). Previously we demonstrated that the loss of
160  voltage sensitivity upon insertion of exon 29 is caused by the relative lateral displacement of S3 and
161  S4 and the resulting loss of ionic interactions of the outer gating charges (R1, R2) with a single
162 counter charge (D1196) in the S3 helix (Tuluc et al., 2016b). Considering the importance of these
163  ionic interactions in VSD IV for regulating the channel’s voltage-dependence we hypothesized that
164  similarly the specific kinetic properties of Cay1.1 may be encoded in the structure, ionic interactions,

165 and the molecular kinetics of the state transitions of VSD I.

166  The free energy maps calculated for the MD simulation of VSD I, VSD IVe, and VSD IVa each
167 comprised four energy minima (Fig. 2A,E,l) and the corresponding structures resembled the activated
168 and three resting states, as predicted by the sliding helix model. Across these states the S4 helix of
169  VSD | described a stepwise downward movement of 15.3 A, corresponding to 3 helical turns (Fig.
170  2B,C). In the activated state the gating charges KO, R1, R2, and R3 were above phenylalanine (F97) of
171  the HCS, and only R4 was below it. In the deepest resting state 1 only KO and R1 were positioned
172 above the HCS, while R2, R3, and R4 were located below it. In all four states 1S4 adopted a shifting
173  stretch of 3;p-helical conformation (Fig. 2-figure supplement 2), so that the side chains of the gating
174  charges all pointed towards the center of the VSD. As 1S4 moved from the activated state to resting
175 state 1, R4, R3, R2, and R1 sequentially formed ion-pairs with counter charges of the INC (E100 in IS2,
176 and D126 in 1S3), which are part of the highly conserved charge transfer center of voltage-gated
177 cation channels (Fig. 2B; Fig 3A) (Tao et al., 2010). In all states also the gating charges above and
178 below the HCS formed extensive ionic bonds with negative counter charges in I1S1 and IS2. In the
179 resting states 2 and 3 and in the activated state R1, R2, and R3 formed ion bonds with E87 and E90,

180 plus in resting state 3 and the activated state KO formed an additional ion bond with E76 in the 1S1-S2
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181 loop. In resting states 1 and 2 gating charges R3 and R4 formed ion bonds with E49 and E54 at the
182 cytoplasmic end of 1S1. This multitude of ionic interactions stabilizes each of the consecutive states
183 and thus strictly delineates the path of IS4 through VSD | upon channel activation and deactivation.
184 Note that in addition to the indicated ionic bonds, the gating charges form transient hydrogen bonds
185  and hydrophobic and polar interactions with several other putative interaction partners, all of which
186  might contribute to the movement of S4 across the membrane electrical field, but are not subject of

187  the present study.

188  Next, we used Markov state modeling (MSM) of the MD simulation data to estimate transition times
189 between the resting and activated states during the activating and deactivating VSD motion (Fig.
190 2B,D; Fig. 2-figure supplement 3; Supplementary file 1 — Table 1). The conformational transitions
191 between the different activation states of Cay1l.1 VSD | occurred in the high ps to low millisecond
192  timescale. Because the values calculated in our model are obtained in the absence of the force
193 provided by changes in the electric field, the absolute transition times derived from MSM may not
194  correspond to the actual transition times of the VSD upon physiological activation and deactivation.
195 Nevertheless, relative differences between transition times provide meaningful information when
196  compared between different VSDs or functionally different mutants (see below). Relying on a simple
197  transition state theory model (Laidler and King, 1983) we generated a schematic 1D-representation
198  of the high-dimensional free energy surface (Fig. 2D), allowing an intuitive interpretation of free
199 energy levels of the states and AG of the energy barriers. The free energy of the activated state was
200 the lowest and transitions in the activating direction were two- to four-times faster than in the
201 deactivating direction, consistent with the fact that our MD simulations were performed on structure
202 models at a depolarized membrane (0 mV), which favors the activated state of the VSDs. The energy
203 barriers (AG) for the three state transitions of VSD | in the activating direction were between 48 and

204 51 kJ/mol.

205 MD simulation and MSM of VSD IV in activated and resting states

206 How do the molecular interactions during VSD activation and deactivation and the kinetics of state
207  transition differ between VSD | and VSD IV to explain their distinct functions in determining kinetics
208 and voltage-dependence of activation, respectively? (Tuluc et al., 2009) The basic structural features
209 of the activated and resting states of VSD IV corresponded to those of VSD I, except that in VSD IV
210 the translocation of S4 across the HCS covered a shorter distance and involved fewer ion-pair
211  interactions (Fig. 2F,G,J,K). Upon the deactivating motion of the S4 helix of VSD IV only a single gating
212 charge (R3) fully translocated from a position above the HCS (F1161) to below it. Accordingly, the
213 total vertical displacement in the two splice variants of IVS4 was 12.9 A in VSD IVe and only 10.2 A in

214  VSD IVa, corresponding to roughly 2 helical turns.
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215 In the four states of both VSD IV variants only the two inner gating charges R3 and K4 sequentially
216  interacted with the conserved ion-pair partners of the charge transfer center (E1164 and D1186) (Fig.
217 2F,J; Fig 3A). R2 moved into the HCS but did not form ion-pairs with E1164 or D1186. In the deep
218 resting states an additional ion-pair was formed between K4 and E1121 at the cytoplasmic end of
219 IVS1. At variance with VSD I, ion-pair formation of the outer gating charges of VSD IV was completely
220  absent in the resting states. Instead, R1 and R2 established several weaker hydrogen bonds with side
221  chains of uncharged polar amino acids. In VSD IV ion-pair interactions of R1 and R2 with the ENC
222  were limited to the activated state of the Cay1l.1e splice variant. Within VSD IV they were established
223 with a single ion-pair partner (D1196), the functional importance of which for splicing-dependent
224 regulation of the voltage-dependence of activation had been show previously (Tuluc et al., 2016b).
225  Consistent with that study these interactions were greatly attenuated when exon 29 was included in
226  the IVS3-54 linker of Cayl.1a (Fig. 3A,C). The activated state structure of VSD IVa (containing exon 29)
227 showed only a single H-bond between R2 and D1196, compared to two each of R1 and R2 with
228  D1196 in VSD IVe (lacking exon 29). Thus, the three resting states of VSD IV are not stabilized by ion-
229 pairs formed by the outer gating charges, and the ion-pairs forming in the activated state are further

230 reduced by inclusion of exon 29 in the linker separating the two participating helices.

231  Can these striking structural differences explain the kinetic differences conferred to the channel by
232 VSD | and IV? Our MSM calculations of state transition kinetics strongly support this notion.
233  Compared to VSD | the energy barriers between the states were substantially lower in VSD IV (35-38
234 kJ/mol for IVe, and 35 to 42 kJ/mol for IVa) (Fig. 2H,L). Consistent with the differences in activation
235 kinetics, the transition times determined for VSD IV were in the us range (Fig. 2F,J), which is two to
236 three orders of magnitude faster than those of VSD I. Also, the transitions between resting states 1
237 and 2, and between resting state 3 and the activated state were about three times faster in Cayl.1a
238 compared to Cayl.1le, indicating an effect of exon 29 insertion on the kinetics of VSD IV movement.
239 However, compared to the substantial difference between the kinetically distinct VSD | and VSD 1V,
240  the differences in energy barriers and transition times between the two VSD IV splice variants remain
241 unexpectedly small. Apparently, the calculated transition times primarily reflect differences in
242 kinetics, but much less differences of the voltage-dependence of activation. This makes sense,
243 considering that the height of energy barriers and the transition kinetics are expected to affect the
244  sequential transitions of a VSD through all four states, which determine the channel activation
245 kinetics, whereas changes in voltage-sensitivity primarily rely on the stabilization of the activated

246  state and therefore are little affected by differences of the state transitions.

247  The direct comparison of VSD | and the two splice variants of VSD IV in the activated and resting

248  states demonstrates striking differences between VSD | and IV in the extent of ion-pair formation in
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249  the ENC (Fig. 3). As shown above, in VSD IV these involve interactions of R1 and R2 with the ion-pair
250 partner D1196 in IVS3 formed in the activated state that are subject to modulation by alternative
251 splicing of exon 29. VSD | lacks an analogous ion-pair partner in the corresponding position of IS3.
252 Instead 1S4 displays extensive ion-pairs with counter charges (E76, E87, E90) in IS2 that are
253  sequentially formed by gating charges R3, R2, R1, and KO in the activated and the intermediate
254  resting states 2 and 3 (Video 1). This indicates that in VSDs | and IV the gating charges above the HCS
255 utilize structurally distinct ion-pair partners to stabilize the voltage sensor either only in the activated
256  state (VSD IV) or in the activated and resting states (VSD 1). The additionally formed ion-pairs in the
257 resting states of VSD | are paralleled by a remarkable increase in the energy barriers and the state
258  transition times, suggesting that the number and strength of interactions between the gating charges

259  and the ENC transiently formed in the resting states determine the slow activation kinetics of VSD I.

260  VSD |l ion-pairs differentially regulate gating properties

261  To experimentally test this hypothesis, we simultaneously mutated both counter charges, E87 and
262 E90, to alanine (E87A/E90A) in the rabbit GFP-Cayl.1le (Tanabe et al., 1988; Tuluc et al., 2009),
263  expressed them in their native environment in dysgenic myotubes and examined the effects on the
264  gating properties of its calcium currents (Fig. 4A). The structure of the VSDs in general and in
265 particular the studied residues are highly conserved in Cay channels (Wu et al, 2016).
266 Immunofluorescence labeling demonstrated that wildtype and mutant channels were equally
267 expressed and targeted to triad junctions in the myotubes (Fig. 4-figure supplement 1). In contrast,
268  their gating properties differed significantly (Fig. 4B-l; Supplementary file 1 - Table 2). As
269 hypothesized, activation kinetics was more than four times faster in the mutant compared to
270  wildtype (Fig. 4D,E), thus identifying E87 and/or E90 as critical determinants of the slow activation
271 kinetics of Cayl.1. Interestingly, also the voltage-dependence of activation was right-shifted to more

272 depolarizing potentials by 18.2 mV and the peak current density was somewhat reduced (Fig. 4F-1).

273 If the comparably long transition times for wildtype VSD | determined by MSM related to the
274 experimentally determined activation kinetics, then MSM of the E87A/E90A mutant channel should
275 result in rapid transition times. This was indeed the case! The transition times of VSD | on activation
276 and deactivation of the E87A/E90A mutant were more than 50 times faster than those of the
277 wildtype VSD (Fig. 4J-L; Fig. 2-figure supplement 3, Fig. 4-figure supplement 2, Supplementary file 1 -
278  Tables 1 and 2; Videos 1 and 2). This supports our interpretation of the role of the two counter
279 charges in determining the gating properties, and also substantiates the reliability and predictive
280  value of the kinetic analysis of our MD simulations. Yet, it is worth noting that the transition kinetics
281 derived from our MD simulation relate to the activation of an isolated VSD, whereas kinetics and

282  voltage-dependence of channel activation reflect the concerted action of all four VSDs and its
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283 mechanical transduction to the channel gate. Consequently, changes in activation properties of a
284  single VSD will only result in similar changes of current activation, when this VSD is obligatory and
285 rate-limiting for gating, or, in an allosteric model, according to its relative contribution to the gating
286 process. This limitation may also account for the different magnitudes of the effects (50-fold vs. 5-

287 fold) on the activation kinetics of the E87A/E90A mutant observed in MSM and current recordings.

288 As E87 and/or E90 govern the kinetics as well as voltage-dependence of Cayl.1 activation, we
289 wondered whether these two properties are mechanistically linked to each other or separable? Our
290  structural model predicts that E87 interacts with R1 in resting state 3, and with R1 and R2 in the
291 activated state (Fig. 5A), which is consistent with a prime role in stabilizing the activated state. In
292 contrast, E90 forms consecutive interactions with R3, R2, and R1 in resting state 2, resting state 3,
293 and the activated state, respectively (Fig. 5K), thus stabilizing VSD | both in its resting and activated
294  states. To examine the individual contributions of E87 and E90 to shaping the gating properties we
295 generated constructs with individual E87A and E90A substitutions. The two mutations showed
296  differential effects on the gating properties of Cayl.1 currents. The E87A mutation right-shifted the
297  voltage-dependence of activation by 12.3 mV, while activation kinetics were not altered (Fig. 5B-G).
298 In contrast, the E90A mutation accelerated the activation kinetics 4 to 5-fold and showed a 7.7 mV

299 right-shift of voltage-dependence (Fig. 5L-Q).

300 Again, MD simulation and MSM analysis reflected these differential functional effects. In accordance
301 with its effect on activation kinetics the E90A mutation, but not E87A, showed greatly accelerated
302 transition times and reduced energy barriers between the resting and activated states (Fig. 5H-J and
303 R-T). Furthermore, the free energy maps of all three mutations showed shallower energy wells in the
304 activated states, consistent with their reduced stabilization and their right-shifted voltage-
305 dependence of current activation. Also, compared to wildtype VSD | the three mutants displayed a
306 decreased drop of the energy minima (AG) from resting state 3 to the activated state (Fig. 4L and Fig.
307 5J),T; Fig. 4-figure supplement 2; Supplementary file 1 - Tables 1 and 2). In the two mutations
308 affecting activation kinetics (E87A/E90A and E90A), resting states 2 and 1 collapsed into a single deep
309 energy well (Fig. 4) and 5R), consistent with the notion that in wildtype VSD | sequential formation of
310 ion-pair interactions between E90 and R1, R2, and R3 is required to stabilize the separate resting
311 states of VSD |, and that the transitions between these states slow down activation kinetics (Videos
312 1-4; Supplementary file 1 - Table 3). Thus, the structures derived from our simulations provide

313 mechanistic explanations for how Cay channels determine their unique gating properties.

314  Notably, the differences of the transition kinetics observed in the MSM analysis between VSD | and
315 VSD IV, and between WT VSD | and the E87A and ESOA were manifested in the activating and

316 deactivating direction (Figs. 2, 4, and 5). However, patch clamp analysis of deactivation kinetics in WT

10
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317 and mutant VSD | did not reflect these differences (Fig. 5-figure supplement 1). Upon repolarization
318 to negative membrane potentials the deactivation time constants of all tested constructs were
319 between 4 to 10 ms and thus near the activation time constants of the fast activating mutants
320 (E87A/E90A and E9Q0A). This is expected considering the distinct dependence of channel activation
321  and deactivation on the actions of multiple VSDs. Upon depolarization, the VSDs need to proceed
322  through all resting states into the activated state before the channel gate will open. Inevitably, the
323  speed of this action is limited by the slowest VSD necessary for channel opening (VSD | in the case of
324 Cayl.1). In contrast, on deactivation the channel gate closes when the first essential VSD transits
325  from the activated state into resting state 2 (Fig. 5-figure supplement 1). Principally, this can be any
326 one of the four VSDs. Therefore, channel deactivation will be rapid even if VSD | requires

327  considerably more time to return to its deepest resting state, as predicted by our MSM analysis.
328
329 Discussion

330 Our advanced structure models of the activated and resting states of Cay1.1 VSDs fill an important
331 gap in the understanding of the voltage-sensing mechanism in eukaryotic voltage-gated cation
332 channels. The results presented in this study demonstrate two surprisingly different VSDs, which
333 substantially differ in the range of S4 helix displacement during activation/deactivation, as well as in
334  the number and position of ionic bonds formed between the outer gating charges and counter
335 charges of the ENC in the resting and activated states. These structural differences correspond to
336 differences in the free energy states and kinetics of the state transitions, which in turn correlate with
337  the experimentally determined kinetics and voltage-dependences of current activation. Throughout
338  this structure-function study the combination of MD simulation and MSM proved to be of
339  exceptionally high predictive value. All tested interaction partners suggested by the model showed
340 the predicted effects on channel gating when experimentally tested by mutagenesis and
341 electrophysiology analysis. Conversely, alterations of kinetic properties first recognized

342 experimentally were reliably reproduced and explained by our computer model.

343  Overall, the structures of the lowest energy states of Cay1.1 VSDs display the basic features of the
344  sliding helix model (Catterall et al., 2017) and of previous simulations of VSD structures (Tuluc et al.,
345 2016b; Yarov-Yarovoy et al., 2012). Notably, two of the resting states predicted by our models closely
346  correspond to recently described cryo-EM structures of homotetrameric Nay channels with the VSD
347  in a down-state. Our resting state 1 structure of VSD IVa resembles a mutated NayAb captured in the
348  resting state by disulfide locking (Ca RMSD of 1.7 A) (Fig. 2-figure supplement 4) (Wisedchaisri et al.,

349 2019). Our resting state 2 structure of VSD | resembles that of a NayAb/Nay1.7 chimera stabilized in a
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350  deactivated state by toxin binding (Ca RMSD of 1.9 A) (Fig. 2-figure supplement 5) (Xu et al., 2019).
351  Thus, the voltage-sensing action of the eukaryotic Cay1.1 displays a remarkable similarity to that of
352 its homotetrameric bacterial ancestor. Particularly the sequential movement of the gating charges
353 across the HCS and the stabilization of the states by their transient formation of ion-pairs with
354  negatively charged amino acids of the INC were similarly observed in VSD | and VSD IV. Evidently,
355  these features represent highly conserved properties of voltage-gated cation channels (prokaryotic

356  and eukaryotic) and probably define the essence of the voltage-sensing mechanism.

357 In contrast, the interactions of the outer gating charges with the negatively charged amino acids of
358 the ENC differed considerably between the two studied VSDs of Cay1.1, as well as between the two
359 splice variants of VSD IV. Although the outer gating charges of both VSDs established such ion-pairs,
360 they used partners in different transmembrane segments (IS2 vs. IVS3). In both VSDs the examined
361 ion-pair partners of R1 proved to be crucial for stabilizing the voltage sensor in the activated state; as
362  their mutations consistently resulted in a shift of the voltage-dependence of activation to more
363 depolarized voltages (EI Ghaleb et al.,, 2019; Tuluc et al.,, 2016b). Furthermore, the ion-pair
364 interactions in the two VSDs differed in the extent they were formed in different states. While in VSD
365 IV such ion-pairs were restricted to the activated state, in VSD | they were also found in resting states
366 2 and 3, leading to a substantially stronger stabilization of these resting states in VSD | compared to
367  VSD IV. Concordantly MSM and site directed mutagenesis demonstrated that this stabilization of
368  resting states in VSD | causes a dramatic slowing of state transitions and of activation kinetics
369  characteristic for Cayl.1 currents, respectively. Apparently, the repeated formation and breaking of
370 ionic bonds in consecutive resting states increases the energy barriers between the states and thus
371 slows down the movement of 1S4 to the activated state. In contrast, the weaker hydrogen bonds of
372  the outer gating charges of IVS4, or mutation of ion-pair partners in 1S3 support fast state transitions

373 and current activation.

374  This indicates that the negative counter charges in the ENC serve a dual role in the voltage-gating
375 process. They enable the hand over hand movement of the gating charges, thus guiding the state-
376 transitions of S4 across the membrane electric field, and they stabilize the VSD in the activated
377  states. Accordingly, mutation of specific counter charges differentially affected the voltage-
378 dependence and kinetics of activation. While the charge-neutralizing mutation of E87 in IS2, which
379 stabilizes the VSD | in the activated state, perturbed the voltage-dependence of activation, mutating
380 E90, which also forms ionic bonds with R1 and R2 in the resting states, accelerated the activation
381 kinetics. MD simulation and MSM suggested that the loss of the stabilizing interactions with the
382 negative countercharge E90 causes the collapse of resting states 1 and 2, thereby enhancing the

383 speed of VSD | transition into the activated state. As E90 also contributed to stabilizing the activated
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384  state, its mutation also caused a right-shift of the voltage-dependence of activation. The importance
385 of activated state-stabilizing interactions of the outermost gating charges for specifically setting the
386  voltage-dependence of activation is consistent with earlier mutagenesis experiments of R1 in VSD |
387 and of R1, R2, and D1196 in VSD 1V, all of which right-shifted voltage-dependence without changing
388 activation kinetics (El Ghaleb et al.,, 2019; Tuluc et al., 2016b). Unlike VSD I, VSD IV establishes
389  stabilizing ion-pairs exclusively in the activated state. The lack of stabilizing ion-pairs in the resting
390 states is consistent with the intrinsically fast activation kinetics of this VSD. However as in VSD |,
391  weakening the counter charges in IVS3 either physiologically, by insertion of exon 29 in the IVS3-54
392 linker, or experimentally, by mutagenesis, caused a right-shift of the voltage-dependence of
393 activation with little effect on kinetics (Tuluc et al., 2016b). Thus, ion-pair formation of R1 with E87
394 and E90 in VSD I, and of R1 in VSD IV with D1196 are functionally equivalent in stabilizing the
395  activated state in both VSDs, whereas ion-pair formation of multiple gating charges with ESO that
396  stabilize the resting states is specific for VSD | and represents the structural correlate of Cay1.1 slow

397 activation.

398 If the outward motion of the S4 helix with the sequential stabilization of the inner gating charges by
399 ion-pair formation with the INC is the general theme of the voltage-sensing process, the interactions
400 between the outer gating charges with counter charges of the ENC represent the variations to this
401  theme. They differ in number, strength and position from analogous interactions described in the
402  structures of other channels, and even between the VSDs of a single channel. Importantly, in which
403  states they are established determines which biophysical properties of channel gating are being
404 modulated. The general principle derived from our modeling and mutagenesis experiments is that
405 stabilization of VSDs in the activated state supports channel opening by shifting the voltage-
406 dependence of activation to more hyperpolarizing potentials. On the other hand, ion-bond formation
407 between the gating charges and the ENC in resting states delays channel opening by slowing down
408 the activation kinetics. Interestingly, at least in Cayl.1, these actions are divided between separate
409  VSDs. Thus, our findings provide a molecular mechanism explaining how channels using the same
410  general voltage-sensing mechanism can produce very distinct gating properties and how in pseudo-
411  tetrameric eukaryotic voltage-gated cation channels the distinct VSDs cooperate in establishing the

412 characteristic gating properties.

413

414
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Key Resources Table

Reagent

type . Designation Source or Identifiers Addltlonz.;\l

(species) or reference information

resource

gene Wu et al.,,

(human) CACNALS Nature, 2016 Q13698

. Grabner et al,,
gene (rabbit) CACNA1S PNAS, 1998 P07293
. GLT, dysgenic

cell line Powell et al., _

(mouse) skeletal JCB 1996 GLT; mdg/mdg Cay1.1-null
myotubes

transfected GFP-CaV1.le T}lluc etal, Cayl1-

construct (wild type) Biophys J. D exon 29

(rabbit) P 2009

transfected GFP-CaVl.le

construct -E87A/E90A, - This paper

(rabbit) E87A, -E90A

antibod ra(1)ll)bgonal anti- Invitrogen A-6455, IF

y EFg’ Thermo Fisher | RRID:AB_221570 (1:10,000)

mouse Invitrogen (MA3-925) 34-C

antibody monoclonal Thermg Fisher RRID: IF (1:500)
anti-RyR AB_2254138

software, gl\r/r[l]?lllzziion AmberMD RRID:

algorithm SCR_014230
Software

software, RRID:

algorithm Ambertools 19 AmberMD SCR_018497

software, s RRID:

algorithm Pymol Schrodinger SCR_000305

software, Clampex Clampex Version 10.2

algorithm p p RRID:SCR_011323

software, ) ) Version 10.7

algorithm Clampfit Clampfit RRID:SCR_011323

software, . . Verison 12.0

algorithm SigmaPlot SigmaPlot RRID:SCR_003210

software, . GraphPad Version 7

algorithm GraphPad Prism | p jo RRID:SCR_002798
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416 Homology model of the Cay1.1 al-subunit

417 We predicted the structure of the human wildtype Cay1.1 al-subunit by making a homology model
418 based on the cryo-EM structure of the rabbit Cavl.1 al-subunit in the inactive state (Wu et al.,
419 2016). Homology modelling has been performed using Rosetta and MOE (Molecular Operating
420 Environment, version 2018.08, Molecular Computing Group Inc., Montreal, Canada). The sequence
421  identity between the rabbit and the human Cay1.1 al subunit is 92.6 %, the sequence similarity even
422  95.6 %. Because of the high sequence similarity and identity between the human and the rabbit
423  Cayl.1, we generated only 10 homology models and chose the one model with the best energy score
424  as starting structure for further minimizations, equilibrations and simulations. The fragment-based
425  cyclic coordinate descent (CCD) algorithm implemented in Rosetta was used to generate structures
426  for loops that were not resolved in the Cavl.1 al-subunit template (Supplementary file 1 — Table 4;
427 Input scripts - IS1) (Canutescu and Dunbrack, 2003; Wang et al., 2007). The C-terminal and N-
428  terminal parts of each domain were capped with acetylamide (ACE) and N-methylamide to avoid
429 perturbations by free charged functional groups. The structure model was embedded in a plasma
430 membrane consisting of POPC (1-palmitoyl2-oleoyl-sn-glycero-3-phosphocholine) and cholesterol in
431 a 3:1 ratio, using the CHARMM-GUI Membrane Builder (Jo et al., 2009). Water molecules and 0.15 M
432 NaCl were included in the simulation box. Energy minimizations of the wildtype and the mutants in
433  the membrane environment were performed. The topology was generated with the tleap tool of the
434  AmberTools18 (Case et al., 2018), using force fields for proteins and lipids, ff14SBonlysc and Lipid14
435 (Dickson et al., 2014), respectively. The wildtype and mutant structures were heated from 0 to 300 K
436 in two steps, keeping the lipids fixed, and then equilibrated over 1 ns. Then MD simulations were
437 performed for 10 ns, with time steps of 2 fs, at 300 K and in anisotropic pressure scaling conditions
438  that is suitable for membrane proteins. Van der Waals and short-range electrostatic interactions
439  were cut off at 10 A, whereas long-range electrostatics were calculated by the Particle Mesh Ewald
440  (PME) method. A hierarchical clustering was performed on the 10 ns trajectory using a RMSD
441 distance cut-off criterion of 2.5 A, resulting in three clusters. We chose the highest populated cluster
442 representative for all further steps. Pymol Molecular Graphics System was used to visualize the key
443 interactions and point out differences in the wildtype and mutant structures (The PyMOL Molecular

444 Graphics System, Version 2.0 Schrédinger, LLC.).

445 Enhanced sampling and molecular dynamics simulation protocol

446 Because high-resolution structures of resting states of Cay and Nay channels are still lacking, we
447  applied molecular dynamics (MD) simulation and Markov-state modeling (MSM) of individual VSD in
448  the context of the whole channel to predict the structures and energy levels of resting states
449  (Chodera and Noé, 2014). The work-flow of the modeling procedure is summarized in Fig. 2-figure

450  supplement 1. To overcome the high energy barriers and the timescale limitations of MD simulations,
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451 we applied Umbrella sampling as enhanced sampling technique. As collective variable we used the
452 distances between the S4 gating charge residues (R1, R2 and R3) and anchor residues at the
453 intracellular helical ends of the voltage-sensing domains located in S1 and S3, by using a force
454  constant of the harmonic spring potential of 80 kcal/mol*A? to pull the $4 helix downwards. Starting
455 from the equilibrated structure, the Umbrella windows decreased between a distance of 24.0 to 14.0
456 A using a step-size of 1 A. Each Umbrella window was simulated for 100 ns. After 20 ns of simulation
457 time, the current conformation was extracted and used as starting structures for the next Umbrella
458 window. The force constant of 80 kcal/mol*A* was determined to allow a sliding movement of S4
459 with minimal distortion of the VSDs. Additionally, we applied a weak backbone restraint on the ¢
460  torsion angle of the S4 helix of 50 kcal/mol*rad? to guarantee a minimum of local artifacts of the
461 Umbrella sampling process, i.e., loss of secondary structure of the S4 helix. This combination of
462 pulling and torsional restraint was tested and resulted in a sliding movement of the S4 helix without
463  observing unfolding events. Note that the combination of restraints and Umbrella sampling does not
464  result in equilibrium distributions, due to insufficient overlap between the individual sampling
465 windows. Rather the Umbrella sampling was applied to generate conformations along a potential
466  deactivation pathway; however, no states were pre-defined based on the Umbrella sampling. Hence,
467  the Umbrella sampling was used as a mechanical force to pull the S4 helix in the absence of a
468 membrane potential. To obtain the different activation and resting states, we used the resulting
469 pathway of the combined Umbrella sampling trajectories and clustered it using a small distance cut-
470  off criterion to also obtain cluster representatives at transition state regions. Using this procedure,
471 we cannot exclude the possibility of other substantially different pathways (e.g. such that involve helix
472 rotation and formation or breaking of interactions before or after S4 translocation). However, from our
473 calculations we see no indications of the existence of such completely different pathways, which are
474 kinetically accessible. Thus, to reconstruct the transition kinetics and to improve the sampling
475 efficiency, we clustered the Umbrella sampling trajectories applying the program implemented in the
476  AMBER suite cpptraj (Roe and Cheatham, 2013) by using the average linkage hierarchical clustering
477 algorithm with a RMSD distance cut-off criterion of 1.2 A resulting in a large number of clusters. The
478  choice of the distance cut-off is optimized to obtain a broad cluster distribution within the
479 conformational space of each VSD. The cluster representatives of the different activation states were
480 equilibrated and simulated for 100 ns using the AMBER18 simulation package. For the resulting
481  trajectories a time-lagged independent component analysis (tICA) was performed using the python

482 library PYEMMA 2 employing a lag time of 10 ns.

483 Construction of tICA and Markov state models
484  tICA is a dimensionality reduction technique, detecting the slowest-relaxing degrees of freedom and

485 facilitating the kinetic clustering, which is crucial for building an MSM (Pérez-Hernandez and Noé,
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486 2016). It linearly transforms a set of high-dimensional input coordinates to a set of output
487 coordinates, by finding a subspace of good reaction coordinates. Thereby, tICA finds coordinates of
488 maximal autocorrelation at a given lag time. The lag time sets a lower limit to the timescales

489 considered in the tICA and the MSM.

490 Thermodynamics and kinetics were calculated with a Markov-state model by using PyYEMMA 2
491 (Scherer et al., 2015), which uses the k-means clustering algorithm to define microstates and the
492 PCCA+ clustering algorithm to coarse grain the microstates to macrostates (Réblitz and Weber, 2013;
493 Wu and Noé, 2020). The k-means clustering represents an iterative and robust clustering algorithm,
494  which partitions the dataset into pre-defined distinct non-overlapping clusters, with the aim to make

495  theintra-cluster points as similar as possible and keeping the subgroups as different as possible.

496 To construct coarse-grained models the Perron Cluster Cluster Analysis (PCCA) uses the
497  eigenspectrum of a transition probability matrix. The eigenvectors corresponding to the Perron
498  Cluster can be further used to coarse-grain a MSM. Here, we applied the PCCA+ clustering, as it is
499 more robust than PCCA. PCCA+ tries to identify a set of indicator functions that can reproduce the

500 slowest dynamical eigenvectors. PCCA+ relies on a maximum likelihood estimate of the transition.

501 To build the Markov-state model we used the Ca coordinates of the respective S4 transmembrane
502 helix, defined 100 microstates using the k-means clustering algorithm and applied a lag time of 10 ns.
503  The sampling efficiency and the reliability of the Markov-state model (e.g., defining optimal feature
504  mappings) can be evaluated with the Chapman-Kolmogorov test (Fig.S4), by using the variational
505 approach for Markov processes and by taking into account the fraction of states used, as the network
506  states must be fully connected to calculate probabilities of transitions and the relative equilibrium
507 probabilities (Likas et al., 2003). The construction of the MSM allows to quantify thermodynamic and
508 kinetic properties of the resulting ensembles without the intrinsic bias resulting from the seeding
509 process (Fig. 2-figure supplement 1). The first stage of the MSM is to discretize the obtained
510 conformational space into so-called microstates, grouping together conformations of the system that
511 can exchange rapidly (e.g., by k-means clustering). The aim is to construct a kinetically relevant
512 clustering by using a geometric criterion, which still allows a quantitative connection with
513 experiments, due to their high resolution. To identify the kinetic relevance of the clustering, an
514  appropriate lag time, i.e., observation interval, has to be chosen. This resulting microstate model can
515 then be used as starting point for a kinetic clustering. To create a more understandable model, a
516 kinetic clustering of a relevant set of microstates to so-called macrostates, can be performed, which
517 are larger aggregates that correspond to the free energy wells (e.g., by PCCA+ clustering). The
518 additional kinetic clustering into macrostates results in a more compact representation than the

519 microstate model and thereby allows an easier processing and understanding of the conformational

17



Fernandez-Quintero, El Ghaleb et al., 30/03/2021

520 space. Thus, these qualitative models are ideal for generating new hypotheses, which can then be
521  tested again with higher resolution models and experiments. The MSM was constructed by following
522  the guidelines and input commands from the provided tutorial (http://www.emma-

523 project.org/latest/tutorial.html#jupyter-notebook-tutorials).

524  To calculate the 1D free energy barriers K¥ we used the obtained mean first passage times k from
525 the MSM and calculated the barriers according to the transition state theory with the equation

526 below.

kzsz*K*

527 Expression plasmids

528  Cloning procedure for GFP-Cayl.1le WT was previously described (Tuluc et al., 2009). For better
529 comparison with the literature the non-corrected version of Cay1.1 was used. This Cayl.1 construct
530 contains a lysine in position R1 of the VSD |, that results in a 12 mV left-shifted VY compared to the
531  construct with the evolutionary conserved arginine in position R1 (El Ghaleb et al., 2019). To
532 generate the double mutant GFP-Cay1.1e-E87A/E90A and the single mutants GFP-Cay1.1e-E87A and
533 GFP-Cayl.1e-E90A, aa E87 and E90 were neutralized by SOE-PCR (Table S5). Briefly, nt 1-1113 of the
534  coding sequence of Cayl.1le (nt 226-1338 of CACNA1S NCBI reference sequence NM_001101720.1)
535 were PCR amplified with overlapping primers introducing the point mutation A > C at position nt 260
536 and/or the point mutation A >G at position nt 269 (nt 485 and nt 494, respectively, of
537 NM_001101720.1) in separate PCR reactions using GFP-Cayl.1e-WT as template. The two separate
538  PCR products were then used as templates for a final PCR reaction with flanking primers to connect
539 the nucleotide sequences. This fragment was then Sall/EcoRI digested and cloned into the respective
540  sites of GFP-Cayl.le WT. Sequence integrity of the newly generated constructs was confirmed by
541 sequencing (MWG Biotech, Martinsried, Germany).

542

543  Cell culture and transfection

544 Myoblasts of the dysgenic (mdg/mdg) cell line GLT were cultured as previously described in Powell et
545 al. (Powell et al., 1996). Briefly, cells were plated on 35 mm culture dishes and transfected with 0.5
546 ug of the desired Cayl subunit 4 days after plating using FUGENE-HD transfection reagent (Promega).
547  After 7 to 8 days in culture, transfected myotubes showing GFP fluorescence were analyzed by
548 electrophysiology or fixed for immunolabeling after 9 to 10 days in culture. The auxiliary calcium
549 channel subunits a26-1, Bla, and y,;, along with the STAC3 protein and ryanodine receptor, are
550 endogenously expressed by GLT myotubes, enabling functional membrane incorporation of the

551  channel constructs in the triad junction.
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552

553 Immunofluorescence and antibodies

554 Paraformaldehyde-fixed cultures were immunolabeled as previously described (Flucher et al., 1994)
555 with rabbit polyclonal anti-GFP (1:10,000; Invitrogen Thermo Fisher) and mouse monoclonal anti-RyR
556  (34-C; 1:500; Invitrogen Thermo Fisher) and fluorescently labeled with goat anti-rabbit Alexa-488 and
557  secondary goat anti-mouse Alexa-594 (1:4000), respectively. Thus, the anti-GFP label and the
558 intrinsic GFP signal were both recorded in the green channel. Samples were observed using a 60X,
559 1.42 NA objective with a BX53 Olympus microscope and 14-bit images were captured with a cooled
560 charge-coupled device camera (XM10, Olympus) and CellSens Dimension image-processing software
561 (Olympus). Image composites were arranged in Adobe Photoshop CS6 (Adobe Systems INC.) and
562 linear adjustments were performed to correct black level and contrast.

563

564 Electrophysiology and data analysis

565 Calcium currents were recorded with the whole-cell patch-clamp technique in voltage-clamp mode
566 using an Axopatch 200A amplifier (Axon Instruments). Patch pipettes (borosilicate glass; Science
567 Products) had resistances between 1.5 and 3.5 MQ when filled with (mM) 145 Cs-aspartate, 2 MgCl2,
568 10 HEPES, 0.1 Cs-EGTA, and 2 Mg-ATP (pH 7.4 with CsOH). The extracellular bath solution contained
569 (mM) 10 CaCl2, 145 tetraethylammonium chloride, and 10 HEPES (pH 7.4 with tetra-ethylammonium
570 hydroxide). Data acquisition and command potentials were controlled by pCLAMP software (Clampex
571  version 10.2; Axon Instruments); analysis was performed using Clampfit 10.7 (Axon Instruments) and
572  SigmaPlot 12.0 (SPSS Science) software. The current-voltage dependence was fitted according to

573

574 I=Gmax*(V-Vrev)/(1+exp(-(V-V1/2)/k))

575 where Gp.,is the maximum conductance of the L-type calcium currents, V.. is the extrapolated
576 reversal potential of the calcium current, Vy, is the potential for half maximal conductance, and k is
577  the slope. The conductance was calculated using G =(- | * 1000)/(V.e.— V), and its voltage

578 dependence was fitted according to a Boltzmann distribution:

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

580

581 statistical analysis

582 All four experimental groups were analyzed in transiently transfected cells from 3 to 5 independent
583 cell passages. The E87A/E90A, E87A and E90A variants of Cavl.le were always recorded in parallel
584

with the WT Cavl.le in cells of the same passage to obtain the best controls for statistical
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comparison. Consequently, the values for wildtype controls vary slightly between conditions. The
means, standard errors (SE), and p-values were calculated using the student t-test, 2-tailed,with
significance criteria p < 0.05 *, p <0.01 **, and p <0.001 ***). Two-way repeated measure ANOVA,

with the Holm Sidak posthoc test, was used to calculate p-values of deactivation.

Data and Materials Availability.

All relevant data are included in the manuscript or Supplementary Information. The Rosetta models
for VSD I and VSD 1V, as well as the pdb structures of the models of the activated and resting states of
both the WT and the mutant VSDs are available from the Dryad server
https://doi.org/10.5061/dryad.hhmggnkfd. Expression plasmids are available with materials transfer

agreement from B.E.F., Medical University Innsbruck.
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714  Figure Legends

715 Figure 1: Structure model of the hetero-tetrameric human Cayl.1. (A) Domain structure of
716 eukaryotic Cay channels. (B) Structure model of the human Cay1.1 a4 subunit (top view; color-code as
717 in A) refined with MD simulation in a membrane environment (see Materials and Methods) based on
718 the 3.6A structure of rabbit Cay1.1 (Pan et al., 2018; Wu et al., 2016). (C) Sequence alignment of the
719 S4 helices of each Cayl.1 VSD compared to the homo-tetrameric NayAb; gating charges (R, K) are
720 indicated in blue. (D) Structure of a single repeat (IV) within the space-filling model of Cay1.1. (E)
721 Structural overlay of NayAb with VSD IV of Cay1.1. (F) Cylindrical representation of the VSD structure
722  showing the positive gating charges in S4 (blue) and counter charges (red) of the inner and
723 extracellular negative clusters (INC, ENC) in S1, S2, and S3. The phenylalanine in S2, marking the
724 hydrophobic constriction site (HCS), is indicated in green. Ribbon models of the four VSDs of Cay1.1
725 in the up-state, showing the side chains of the S4 gating charges (R, light blue; K, dark blue) and their
726 putative ion-pair partners (red). Note that the numbers and positions of the ion-pair interactions in

727 the ENC differ between the VSDs.

728  Figure 1-figure supplement 1: Structure comparison of the four VSD of Cayl.1 with the VSD of
729 NayAb. Comparison of the individual four VSD of Cayl.1 with the VSD of NayAb (Payandeh et al.,
730  2011) illustrates the overall similarity with the ancestral channel. At the same time highlights the
731 structural differences between the Cayl.1 VSDs. NayAb, orange; Cayl.1 VSD are color-coded

732 according to Figure 1A; exon 29 in the S3-5S4 linker of VSD IVa is shown in yellow.

733 Figure 1-figure supplement 2: Structure comparison between the four VSD of Cay1.1. Structural
734  overlay of all four VSD with each other to visualize the structural differences between each VSD. The
735  first mentioned of each pair is shown in turquoise, the second in gray; exon 29 in the IVS3-54 loop is
736  shown in yellow. The RMSD values calculated of the VSDs without loops indicate the similarities of
737 VSD | with VSD Ill, and of VSD Il with VSD IV. Insertion of exon 29 in VSD IVa decreases its structural
738 similarity with the other VSDs.

739

740  Figure 2: MD simulation and kinetics of voltage sensor transitions of VSD | and VSD IV with and
741 without exon 29. (A,E,l) The free energy surfaces of 5.0 us trajectories of VSD | (A), VSD IV of Cayl.1e
742 (E), and Cayl.1a including exon 29 (I) reconstructed in the tICA coordinate space resulted in four
743 macrostates. (B,F,J) Representative structures of each VSD in the four macrostates correspond to
744  three resting and the activated states. The S4 gating charges (blue) show a sequential movement
745 relative to the phenylalanine (green) in the HCS and stabilizing interactions with ion-pair partners

746 (red) and h-bond donors/acceptors (pink) in the INC and ENC. Transition kinetics (in ps) were
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747  calculated using a Markov state model. (C,G,K) Overlays of the activated (magenta) and resting state
748 1 (cyan) illustrating the maximum displacement of S4 during activation. (D,H,L) Schematic 1D
749 representations of the free energy surface of VSD | (D), VSD IV of Cayl.1e (H) and Cayl.1a (L), with
750 energy barriers calculated using transition state theory at 0 mV favoring the activated state. Gray
751  trace in (H) shows free energy surface of (D) for comparison; gray trace in (L) shows free energy
752  surface of (H) for comparison. Because in skeletal muscle cells VSDs Il and IIl probably control
753  excitation-contraction coupling (Flucher, 2020, 2016) and their contribution to channel gating is less

754  well understood, we did not include them in the present study.

755 Figure 2-figure supplement 1: Schematic illustration of our robust protocol for describing and
756  characterizing protein dynamics and statistically validating the results by constructing a Markov-
757  state model (MSM).

758 1) We applied Umbrella sampling as enhanced sampling technique to overcome the timescale
759 limitations of classical molecular dynamics with the aim to generate structurally diverse starting
760 points for further MD simulations along the putative activation pathway.

761 2) The resulting Umbrella trajectories were clustered geometrically resulting in the distinct starting
762 structures for subsequent classical MD simulations.

763  3) The obtained trajectories (aggregated simulation time close to 5 us) were used to construct a tICA
764  (time-lagged independent component analysis). This kinetic coordinate system represents the basis
765  for the MSM. The symbolic structures in the center show the movements represented by TIC1 and
766  TIC2.

767  4) To allow subsequent MSM, so-called microstates have to be identified by applying k-means
768  clustering.

769 5) These microstates are coarse-grained into macrostates by performing spectral clustering.

770 6) The free energy surface and the transition times are obtained by including the resulting weights
771 and probabilities of the MSM.

772 Note that the figures represent schematic examples and not data from the present modeling.

773 Figure 2-figure supplement 2: 3, helix content of the S4 helices of Cay1.1 VSDs | and IV in the
774  activated and resting state 1. As predicted by the sliding helix model the S4 helices of Cay1.1 VSD |
775  (left) and VSD IV (right) assume a 34 helical conformation, thus aligning consecutive gating charges in
776 one direction. The length and position of this 3,4 helical stretch differ between the two VSDs and

777 between the activated and resting states.

778  Figure 2-figure supplement 3: Parameter selection and validation of the MSMs corresponding to
779  the results presented in Figs. 2, 4 and 5. Implied timescales as function of lag time for each system

780 (top). A lag time of 100 steps has been selected to build the MSM. The Chapman-Kolmogorov tests
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781 (bottom) for the respective MSM of each VSD demonstrate the reliability of our MSM. The individual
782 panels of the Chapman-Kolmogorov tests show transitions between two states as labelled
783 respectively. The x-axis denotes multiples of the lag time, the y-axis represents the probability. The
784 plots show a comparison between MSMs estimated at higher lag times and depict extrapolations of

785  the MSMs at a single lag time.

786  Figure 2-figure supplement 4: Structural comparison of the Cay1.1 VSD | resting states with the
787  experimentally determined resting state structure of a Nay1.7/NaVAb chimera. Comparison of the
788 Cryo-EM structure of VSD Il of Nayl.7/NavAb stabilized in a resting state by toxin binding (PDB
789  accession code 6N4R) (Xu et al., 2019) (green), with the resting states of CaV1.1 VSD | obtained by
790  our MD simulation. We observed the highest structural similarity of the VSD Il of Nay1.7/NavAb with
791  our resting state 2 (grey) (Ca RMSD of 1.9 A).

792 Figure 2-figure supplement 5: Structural comparison of the Cayl.1 VSD IV resting states with the
793  experimentally determined resting state structure of NayAb. Comparison of the Cryo-EM structure
794  of VSD of NayAb stabilized in a resting state by toxin binding (PDB accession code 6P6W)
795 (Wisedchaisri et al., 2019) (cyan), with the resting states of Cayl.1 VSD IV obtained by our MD
796  simulation. We observed the highest structural similarity of the NayAb VSD with our resting state 1
797  (grey) (Ca RMSD of 1.7 A).

798

799 Figure 3: lon-pair partners of Cay1.1 VSD | and IV gating charges in activated and resting states. (A)
800 Tabular overview of ion-pair interactions of the positive gating charges (blue) with counter charges
801 (red) observed in the activated and three resting states of VSD |, VSD IVa, and VSD IVe. Fields shaded
802  in green show the sequential interaction with the ion-pair partners of the INC. In VSD | this transition
803 through the CTS involves R4, R3, R2, R1, whereas in VSD IV only R4 and R3 participate in equivalent
804 interactions. lon-pair formation with the ENC (pink shading) of VSD | involved three gating charges
805 (R3, R2, R1) in the activated and intermediate resting states 2 and 3. In VSD IV ion-pair formation
806  with the ENC is limited to the activated state, and it is further reduced by inclusion of exon 29 in VSD
807 IVa. (B) Structure overlay of VSD I, VSD IVa (including exon 29; yellow), and VSD IVe in the activated
808  state. (C) Schematic representation of the three VSDs indicating similar ion-pair formation in the INC,
809 representing the conserved CTC (dark green), but highly distinct ion-pair formation in the ENC (light
810  green) of the three analyzed VSDs.

811
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812 Figure 4: Counter charges E87 and/or E90 in IS2 determine the voltage-dependence and kinetics of
813 Cayl.1 current activation and VSD transitions. (A) Schematic model of VSD I in the activated and
814 resting states, showing the putative loss of interactions between gating charges and counter charges
815 E87 and E90 upon their mutation to alanine. (B-1) In Cayl.le the double mutation E87A/E9S0A
816  (orange) accelerated activation kinetics and right-shifted the voltage-dependence of activation,
817 compared to wildtype Cayl.1e (red). (B,C) Representative current traces at V., of WT Cayl.1e (20
818 mV) and Cavl.1le E87A/E90A (40 mV), respectively, and normalized currents at V., (D). (E) Scatter
819 plot of the time to peak; (F) current-voltage relationship; (G) scatterplot of maximum current density
820 (p=0.03) (H) voltage-dependence of activation; () scatter plot of the voltage at half-maximal
821 activation (V%). MeanzSEM; p-values calculated with student t-test, ***p<0.00001. (J,K) The tICA
822  free energy surface of Cayl.1e E87A/E90A displays three macrostates with structures corresponding
823 to the activated state and resting states 1 and 3, and transition kinetics in the low microsecond
824  timescale. (L) The 1D energy plot shows substantially lower calculated energy barriers between the

825  states of the double mutant (black) compared to the wildtype VSD | (gray).

826 Figure 4-figure supplement 1: Expression and triad targeting of WT and E87A, E90A mutant GFP-
827 Cayl.1e channels in dysgenic myotubes. Dysgenic (Cay1.1-null) myotubes were transfected with the
828 indicated GFP-Cayl.1e constructs and myotubes were fixed and double-immunofluorescence labeled
829 with anti-GFP (to localize the Cayl.1 construct) and anti-RyR1 (as a triad marker). Colocalization of
830  GFP-Cayl.le constructs with RyR1 in clusters indicates its normal incorporation into triadic calcium
831 channel complexes of skeletal myotubes. All three used GFP-Cay1.1e mutants (E87A/E90A, E87A and

832 E90A) showed similar expression and distribution as the wildtype GFP-Cay1.1e. Scale bars, 10 um.

833 Figure 4-figure supplement 2: Putative counter charge E90, but not E87, determines slow activation
834  kinetics of VSD I. (A-C) scatter plots of the time constant of activation, when fitted to a bi-
835  exponential function (fast and slow component) or to a mono exponential function (mono). (A) This
836  scatter plot shows that, when counter charges E87 and E90 are simultaneously neutralized, kinetics
837  of activation becomes best described by a mono exponential function due to the loss of the slow
838 component; this time constant of E87A/E90A is faster than that of the mono exponential fit of
839 Cavl.le WT (WT mono, red; E87A/E90A mono, orange; p=0.0003 calculated with the student t-test)
840 and even faster than WT fast (maroon) when Cayl.1le WT activation is fitted to a bi-exponential
841  function. (B) The scatter plot for E87A shows that, when only this counter charge is neutralized,
842  activation is still best fitted to a bi-exponential function as in Cavl.1le WT. No significant differences
843 were found between WT slow vs. E87A slow (p=0.24, student t-test) and WT fast vs. E87A fast
844 (p=0.20, student t-test). When activation is forced to a mono exponential function, no differences

845  were found between WT mono and E87A mono (p=0.84, student t-test). (C) When counter charge
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846 E90 alone is neutralized, kinetics of activation is best described by a mono exponential function due
847  to a complete loss of the slow component; the time constant of E90A is faster than the mono
848 exponential fit of Cavl.1le WT (WT mono,red; E90A mono, purple; p=0.003) and even faster than WT
849  fast (maroon) when Cayl.1le WT activation is fitted to a bi-exponential function. (D-F) bar graphs
850 show the current contribution of the slow vs fast component of activation, when fitted best to a bi-
851  exponential function (Cavl.le WT in D, E and F and CaV1.1e E87A in E). (D) Cavl.1le WT is best fitted
852  to a bi-exponential function with a 31.9:68.1 % ratio of fast:slow. Cavl.1e E87A/E90A can only be
853  described by a mono exponential function, indicating a 100 % contribution of the fast component. (E)
854  Activation of both Cavl.1le WT and E87A are best described bi-exponentially, with a somewhat bigger
855 current contribution of the slow component (Agow) in the mutant (Agow WT vs. E87A is 63.8 % vs. 80.8
856 %, p=0.052 calculated with the student t-test). (F) E90A can only be described by a mono exponential
857  function, indicating a loss of the slow component. (G-l) scatter plots showing the fractional
858 inactivation at the end of the 500 ms test pulse. None of the mutations affected the inactivation
859 properties of Cayl1.1 (p-values calculated with the student t-test are 0.31in G, 0.16 in H and 0.10 in |,

860  see Supplementary file 1 — Table 2).
861

862 Figure 5: Counter charges E87 and E90 differentially regulate kinetics of VSD | transitions and
863 current activation. (A,K) Schematic of VSD | in activated and resting states, showing the loss of ionic
864 interactions upon mutation of E87A or E90A. (B-G) In Cay1.1e E87A right-shifted voltage-dependence
865  of activation without affecting kinetics (wildtype (red), E87A (lime)). (L-Q) The E90A mutation
866 accelerated kinetics >4-fold and right-shifted voltage-dependence of activation (wildtype (red), ES87A
867  (purple)). (B,L) Normalized representative currents show acceleration of activation in E90A (L) but
868  notin E87A (B). (C,M) Time to peak (p=0.47 in C, p=0.00017 in M); (D,N) current-voltage relationship;
869  (E,0) maximum current density (p=0.08 in E, p=0.04 in O); (F,P) voltage-dependence of activation;
870 (G,Q) voltage at half-maximal activation (V) (p=0.000014 in G, p=0.008 in Q). MeantSEM; p-values
871  calculated with student t-test. (H-J) The tICA free energy surface and schematic 1D representation of
872 E87A show four macrostates corresponding to resting states 1, 2, 3 and the activated state with
873  energy barriers similar to wildtype (gray) and transition kinetics in the higher microsecond timescale.
874 (R-T) E90A shows three macrostates corresponding to the resting states 1 and 3 and the activated

875 state, reduced energy barriers, and transition kinetics in the low microsecond timescale.

876  Figure 5-figure supplement 1: Deactivation kinetics are fast in Cayl.1e WT and in slowly (E87A) and
877  fast-activating (E90A) VSD | mutants. (A) Voltage-clamp protocol used to examine deactivation
878  kinetics (top) and representative current traces (bottom). Upon repolarization from +60 mV to

879  varying negative potentials (at 10 mV increments), activated channels conduct a transient inward
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880  calcium current (downward spike) before they deactivate and close the channel pore. The decay of
881  this so-called tail current was fitted with a mono-exponential function to determine the time
882 constants of deactivation. (B) The time constants of deactivation are equally fast in Cayl.1e WT,
883 E90A, and E87A (in contrast to their distinct activation kinetics; cf. Figure 5 — figure supplement 6). At
884  -20 mV significant kinetic differences start to occur, because at such week repolarization part of the
885  channels fail to deactivate and thus contaminate the tail current with a slowly inactivating current
886  component (p=0.019; two-way repeated measure ANOVA and Holm-Sidak posthoc test). (C)
887  Simplified model explaining slow activation and fast deactivation of the channel. We assume that at
888 least two VSDs need to be in the up-state for the channel gate to open (at +60 mV). In response to
889  the depolarizing voltage step the slow VSD (orange; VSD | in CaV1.1) will be rate-limiting and thus
890 endow the channel with slow activation kinetics. On repolarization, the rapid downward movement
891 of another VSD (green) will close the channel gate with fast deactivation kinetics, thus masking the

892 continuing downward movement of the slow VSD.

893
894
895 Additional files

896  Supplementary file 1
897 Mean values and confidence intervals for probabilities and mean first passage times calculated from

898 the Bayesian MSM, the confidence intervals are calculated at a confidence level of 95%.

899 Supplementary file 2
900 Current properties of E87A/E90A, E87A, E90A and WT controls.

901  Supplementary file 3
902 Linear Interaction Energy (LIE) calculations with the programm cpptraj for the two VSDs and the
903 mutants to calculate the electrostatic interactions of the S4 helix with all other parts of the voltage

904 sensor.

905 Supplementary file 4

906 Summary table of the modelled loops in the voltage sensors with ab-initio Rosetta (Robetta).

907  Supplementary file 5

908  Primers used for site-directed mutagenesis.
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910 Input Scripts.
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Video legends:

Video 1: Movement of wildtype Cay1.1 VSD | upon activation and deactivation, highlighting the ion-
pair interactions formed between the S4 gating charges (blue) and relevant counter-charges (red)

in the S2 and S3 helices.

Video 2: Movement of the E87A/E90A double-mutant of Cayl.1 VSD | upon activation and
deactivation, highlighting the ion-pair interactions formed between the S4 gating charges (blue) and

relevant counter-charges (red) in the S2 and S3 helices.

Video 3: Movement of the E87A mutant of Cay1.1 VSD | upon activation and deactivation,
highlighting the ion-pair interactions formed between the S4 gating charges (blue) and relevant

counter-charges (red) in the S2 and S3 helices.

Video 4: Movement of the E90A mutant of Cay1.1 VSD | upon activation and deactivation,
highlighting the ion-pair interactions formed between the S4 gating charges (blue) and relevant

counter-charges (red) in the S2 and S3 helices.
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