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Supplementary Fig. 1: WT CaV3.1 does not elicit voltage-dependent fluorescence changes 

when labeled with a thiol-reactive MTS-TAMRA fluorophore, and MTS-TAMRA-labeled 

Cys mutants retain the same voltage dependence as CaV3.1 WT.  

a, Representative Ca2+ current recordings from an oocyte expressing WT CaV3.1 channel (without 

engineered cysteines) incubated with MTS-TAMRA. The simultaneously recorded fluorescence 

is shown in b. Note the absence of voltage-dependent changes in the fluorescence recordings (n = 

5 cells).  

c, Mean voltage dependence of channel opening (G(Vm)) for WT (n = 13 cells) and MTS-TAMRA-

labeled Cys mutants (S175C n = 10 cells, G829C n = 7 cells, M1353C n = 9 cells, I1669C n = 8 

cells). Note that the Cys mutations did not substantially alter the voltage dependence of pore 

opening compared to WT channel activation. Lines in c are fits to double Boltzmann distributions. 

Fitting parameters are reported in Supplementary Table 2. Data are represented as mean ± SEM, 

error bars when not visible are within the symbols. 
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Supplementary Fig. 2: Positive charges in S6Cyto prevent a deep resting state of VSD-IV. 

a, VSD-IV voltage-dependent activation in the WT and 11Q mutant as in Fig. 5g. The activation 

of VSD-IV in WT channel is well approximated by a single Boltzmann distribution (black circles). 

The neutralization of positive charges in S6Cyto (11Q mutant) allows VSD-IV to visit a new “deep 

resting” state which is revealed by an increase of the fluorescence signal (unquenching) at 
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hyperpolarized membrane potentials. Note the biphasic nature of the 11Q ΔF(Vm) curve (orange 

squares). 

b-c, Cartoon of a structural interpretation of the fluorescence signal from WT and 11Q channels. 

For simplicity, only S4 helix within VSD-IV is shown to undergo voltage-dependent movements.  

b, We speculate that in WT channels with an intact S6Cyto, the electrostatic interaction between the 

VSD-IV and the positive charged residues in S6Cyto (blue) stabilizes this sensor in its resting state 

disfavoring the occupancy of the deep resting state. In the resting state, the fluorophore is quenched 

(dim state). Upon membrane depolarization, the S4 segment is displaced causing the conjugated 

fluorophore to move away from the quencher resulting in an increase in fluorescence as the active 

state is populated (Fig. 2b, VSD-IV). Thus, in channels with an intact S6Cyto, VSD-IV moves 

between two conformational states (resting and active).  

c, 11Q channels lack the electrostatic interaction between positive charges in VSD-IV and S6Cyto. 

VSD-IV can still move between the resting and active states, however the neutralization of the 

positive charges permits the S4 segment to visit a deep resting state at hyperpolarized potentials. 

In this state, the fluorophore is unquenched causing a brightening of the fluorescence signal, 

generating the characteristic biphasic ΔF(Vm) curve (a, 11Q).  

 

 

  



 
 

Supplementary Fig. 3: LVA CaV3.1 and NaV channels share the same progenitor. 

a, The three amino-acid regions used for alignments and tree generation. Table reporting Uniprot 

accession number of human CaV and NaV channels and amino-acids used for the alignment and 

the phylogenetic trees.  

b-c, Phylogenic trees of CaV and NaV channels obtained from the sequence alignment of the 

channels full-length (b) or VSD S4 region (c) using the maximum likelihood approach. Node 

support values resulting from 1,000 bootstrap replicates are indicated in grey, and scale bar 

indicates the number of amino acid substitutions per site. All trees, including the one based on 

VSDs (S1-S4) shown in Fig. 6a, reveal the same common ancestor for NaV and CaV3 channels. 
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Supplementary Table 1: Fitting parameters of the voltage-dependent VSD activation, pore 

opening and charge movement. 

Voltage dependence of VSD activation (fluorescence changes), pore opening and charge 

movement were fit to a single (VSDs and Q), or the sum of two (G), Boltzmann distributions (Figs. 

2 and 4). Values are reported as mean ± SEM. Vhalf is half-activation potential, z is the valence, 

and n is number of cells. For pore opening, w1 was 0.61 ± 0.012 and w2 was 0.39 ± 0.012. 

  

nz (e0)Vhalf (mV)

104.1  0.14−50  0.95VSD-I

72.3  0.17−62  1.2VSD-II

94.1  0.11−55  0.84VSD-III

82.7  0.11−45  0.97VSD-IV

13(1) 4.2  0.27(1) −37  0.94G(Vm)

(2) 1.4  0.035(2) 3.4  1.9

41.6  0.094−2.2  2.1Q(Vm)



 

 

 
 

 

Supplementary Table 2: Fitting parameters of the voltage-dependent activation of pore 

conductance in WT and cysteine mutants. 

Voltage dependence of pore conductance was fit to the sums of two Boltzmann distributions 

(Supplementary Fig. 1c). Values are reported as mean ± SEM. WT and cysteine mutants were 

compared with one-way ANOVA followed with Dunnett’s multiple comparisons test. Vhalf is half-

activation potential, z is the valence, and n is number of cells. 

  

npz (2) (e0)p
Vhalf (2) 

(mV)
pz (1) (e0)p

Vhalf (1) 

(mV)

131.4  0.0353.4  1.94.2  0.27−37  0.94WT

103.14E-011.3  0.0267.24E-029.4  1.98.00E-033.3  0.179.11E-02−40  0.84S175C (VSD-I)

71.00E-001.4  0.0536.01E-010.12  2.99.20E-014.0  0.251.34E-01−40  1.0G829C (VSD-II)

89.77E-011.4  0.0348.04E-011.1  0.854.74E-013.8  0.131.00E+00−37  0.94M1353C (VSD-III)

88.70E-031.6  0.0331.04E-01−2.5  1.46.94E-013.9  0.218.00E-01−36  0.98I1669C (VSD-IV)



 
 

 

 

Supplementary Table 3: Fitting parameters of the voltage-dependent activation of each VSD 

in the absence (control) or presence of 200 µM La3+. 

Voltage dependence of VSD activation (fluorescence changes) was fit to a Boltzmann distribution 

(Fig. 4). Values are reported as mean ± SEM, two-tailed unpaired Student’s t-tests. Vhalf is the half-

activation potential, z is the valence, and n is number of cells. 

 

 

 

  

pLa3+Control

2.35E-09−23  1.2−50  0.95Vhalf (mV)

8.45E-052.7  0.104.1  0.14z (e0)VSD I

410n

2.87E-03−68  0.84−62  1.2Vhalf (mV)

3.92E-012.0  0.252.3  0.17z (e0)VSD II

57n

1.32E-06−43  1.3−55  0.84Vhalf (mV)

1.08E-091.8  0.124.1  0.11z (e0)VSD III

79n

2.11E-10−10  1.3−45  0.97Vhalf (mV)

1.79E-022.2  0.152.7  0.11z (e0)VSD IV

58n



 
 

 

Supplementary Table 4: Fitting parameters of the voltage-dependent activation of each VSD 

in WT or in 11Q mutant. 

Voltage dependence of VSD activation (fluorescence changes) and pore opening were fit to a 

single (VSDs) or the sum of two (G) Boltzmann distributions (Fig. 5). Values are reported as mean 

± SEM, two-tailed unpaired Student’s t-tests. Vhalf is half-activation potential, z is the valence, and 

n is number of experiments. 

p11QWT

6.13E-05−41  1.2−50  0.95Vhalf (mV)

4.37E-014.3  0.274.1  0.14z (e0)VSD I

610n

7.93E-01−61  1.5−62  1.2Vhalf (mV)

5.98E-012.1  0.202.3  0.17z (e0)VSD II

47n

9.38E-05−47  1.1−55  0.84Vhalf (mV)

7.53E-014.2  0.254.1  0.11z (e0)VSD III

79n

4.36E-03−39  1.5−45  0.97Vhalf (mV)

7.69E-054.6  0.352.7  0.11z (e0)VSD IV

58n

2.31E-06−27  0.85−37  0.94
Vhalf (1)

(mV)
G(Vm)

2.20E-035.8  0.274.2  0.27z (1) (e0)

7.09E-02−3.1  2.83.4  1.9
Vhalf (2)

(mV)

1.79E-042.0  0.181.4  0.035z (2) (e0)

613n


