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FIGURE S1 
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Fig. S1. No voltage-dependent activation of CaV2.1 VSD-II is detected. (a) Snake plot of the 

S3-S4 segment, and extracellular linker, of CaV2.1 VSD-II. Positions tested by VCF are 

indicated by red circles. (b) Current and fluorescence traces from MTS-TAMRA-labelled CaV2.1 

channel complexes (α1A construct indicated + α2δ-1 + β2a) in response to a voltage step from −80 

mV to 80 mV. (c-e) As in (b) for channels labeled with fluorophores TMR6M, 6-TAMRA C6 

maleimide or Alexa-488 maleimide, respectively. (f-h) As in (b), using channels with a 

substituted Trp in S3, co-expressed with the β3 subunit, or lacking the α2δ-1 subunit, 

respectively. (i) Magnified view of the PIP2-binding site in VSD-II (PDB: 8X90). PIP2-binding 

residues (sand-coloured) and counter-charge residues (blue) are indicated. (j,k) As in (b), using 

channels lacking two counter-charge residues in S2-S3, or the PIP2 binding residues, 

respectively. Despite extensive efforts, no fluorescence deflections are observed from CaV2.1 

channels fluorescently labelled in VSD-II in response to membrane depolarization. 
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FIGURE S2 

 

 
Fig. S2. Mutations in VSD-II have minimal effects on CaV2.1 voltage-dependent opening. 

Normalized tail current-voltage relationships were fit to a Boltzmann distribution (eq.1). Errors 

are S.E.M.  
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FIGURE S3 

 
Fig. S3. 4-state model fitting. (a) Fitting of ΔF traces in a representative cell expressing VSD-

III-labeled CaV2.1-channels with β3. VSD-III activation was probed with test potentials (Vt) from 

−140 to 40 mV over the holding potentials (Vh) indicated, from −120 to 40 mV. Grey traces are 

the ΔF data; black lines are the model output (eq.14). A total of 14 cells from this condition 

(VSD-III, β3) were fit thus, and 81 cells across all conditions. (b,c) Model fits (black curves) 

over the raw (b) and normalized (c) ΔF (open circles) from the cell in (a). (d) Mean model fits 

(curves) and mean, normalized ΔF (open circles). Parameters are in table S2. Vh, from darker to 

VSD-I

β2a

VSD-III

β2a

VSD-IV

β2a

VSD-I

β3

VSD-III

β3

VSD-IV

β3M
e

a
n

, 
n

o
rm

a
liz

e
d

 Δ
F

Vt (mV)

d

Δ
F

(p
A

)
N

o
rm

a
liz

e
d

 Δ
F

Vt (mV)

b

c

a

N_CW_CF3_20230920

−120 −100 −80 −20 40

Vt (mV)

−140

−120

−100

−80

−60

−40

−20

0

20

40

Vh (mV)

50 ms
20

pA

Vh (mV)

−20

40

−80

−100
−120

Vh=40mV

Vh=−120mV



 

 

Wang et al. CaV2.1 conformational diversity and availability (SI) p.6 

 

lighter shade (in mV): VSD-I, β2a: −120, −100, −80, −60, −40, −20, 0, 40; VSD-I, β3: −120, 

−100, −90, −80, −60, −40, 40; VSD-III, β2a: −160, −120, −100, −80, −60, −40, 40; VSD-III, β3: 

−140, −120, −100, −80, −20, 40; VSD-IV, β2a: −120, −100, −80, −20, 40; VSD-IV, β3: −160, 

−120, −100, −90, −80, −60, −40, 40.  
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TABLE S1 

 
Table. S1. Conversion Boltzmann parameters. Equation 3 was used. Errors are S.E.M.

VSD-I

β2a
(Fig.3f)

400−20−40−60−80−100−120Vh (mV)

 0.3430.489 0.01750.0175 1.759.66 3.4538.3 2.2160.0 2.3769.2 1.2392.3 1.0498.5F1 (%)

 1.246.85 1.965.18 0.8998.00 0.9517.39 1.547.02 0.9664.31 1.562.62 1.09−0.996V0.5_1 (mV)

 0.08471.82 0.1851.87 0.1242.10 0.1242.12 0.09872.11 0.1032.36 0.1382.53 0.1572.40z1 (e0)

 1.65−125 0.923−123 1.19−122 1.80−121 2.74−123 1.76−123 3.09−120 3.10−123V0.5_2 (mV)

 0.03861.81 0.09791.90 0.1242.10 0.1242.12 0.09872.11 0.1032.36 0.1382.53 0.1772.37z2 (e0)

17911111224108n (cells)

VSD-I

β3
(Fig.3i)

40−40−60−80−90−100−120Vh (mV)

 0.000.00 1.061.06 3.4117.6 3.3333.1 6.7646.8 4.6173.4 1.7097.0F1 (%)

- 1.04−5.00 0.865−5.08 0.629−5.27 1.44−5.25 0.884−5.72 0.920−5.47V0.5_1 (mV)

- 0.2585.04 0.2894.67 0.2284.08 0.1733.25 0.1453.44 0.1473.39z1 (e0)

 1.28−121 0.783−121 2.32−124 1.35−124 2.17−125 1.84−126 2.00−126V0.5_2 (mV)

 0.06751.76 0.08731.60 0.08811.57 0.07601.75 0.1101.73 0.1021.70 0.1101.70z2 (e0)

97112061312n (cells)

VSD-III

β2a
(Fig.4a)

40−40−60−80−100−120−160Vh (mV)

 0.2330.233 4.0526.0 4.3725.9 3.0838.1 4.7777.7 2.1487.793.0F1 (%)

 0.941−15.9 1.75−12.5 1.15−18.3 0.941−15.9 1.33−15.7 0.980−16.2−13.1V0.5_1 (mV)

 0.1683.28 0.3773.95 0.263.30 0.1683.28 0.2363.59 0.1843.332.87z1 (e0)

 1.14−72.7 1.34−69.5 2.43−73.1 1.14−72.7 1.50−71.5 1.14−72.3−76.4V0.5_2 (mV)

 0.1201.84 0.3282.25



0.1101.95 0.1201.84 0.1582.09 0.1311.841.82
z2 (e0)

19561911172n (cells)

VSD-ΙΙI

β3
(Fig.4d)

40−20−80−100−120Vh (mV)

 0.000.00 0.000.00 1.9010.9 1.7733.4 2.6270.1F1 (%)

-- 1.64−26.2 1.60−26.0 1.56−25.4V0.5_1 (mV)

-- 0.1782.70 0.1672.69 0.1752.77z1 (e0)

 2.00−78.3 1.72−76.7 2.16−78.9 2.03−78.2 1.91−77.7V0.5_2 (mV)

 0.04691.45 0.08441.46 0.03941.45 0.04411.43 0.04271.45z2 (e0)

116131112n (cells)

VSD-IV

β2a
(Fig.4g)

40−20−60−80−100−120Vh (mV)

 0.000.00 1.432.80 1.5932.2 2.2637.6 5.3952.1 2.9455.4F1 (%)

- 1.10−7.96 1.22−9.63 0.737−8.59 0.917−7.73 0.922−9.58V0.5_1 (mV)

- 0.2233.68 0.09052.48 0.1893.17 0.3243.57 0.1832.97z1 (e0)

 2.38−99.2 1.63−93.9 2.36−102 1.95−97.2 2.65−93.0 2.65−99.0V0.5_2 (mV)

 0.02920.695 0.05970.679 0.04140.641 0.02670.665 0.07830.617 0.03180.656z2 (e0)

197426418n (cells)

VSD-IV

β3
(Fig.4j)

40−40−60−80−90−100−120−160Vh (mV)

 0.000.00 2.284.02 3.2712.8 2.0427.6 3.3639.1 4.0750.6 2.4862.4 1.5269.2F1 (%)

- 1.14−14.4 0.822−16.1 0.533−15.0 0.682−14.7 0.822−16.1 0.701−15.3 0.369−14.1V0.5_1 (mV)

- 0.2532.68 0.2513.24 0.1532.97 0.1912.64 0.2513.24 0.1912.98 0.2752.91z1 (e0)

 0.785−101 0.714−99.5 1.23−101 0.785−101 1.20−101 1.23−101 0.772−100 2.18−102V0.5_2 (mV)

 0.01400.776 0.02710.784 0.02610.763 0.01400.776 0.02040.780 0.02610.763 0.01810.773 0.01930.787z2 (e0)

15561576114n (cells)
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TABLE S2 

 

R1A1 (mode 1 activation / deactivation)

high CI 95%low CI 95%mean

179137159

−17.3−19.6−18.3

2.602.302.44

0.7440.6950.721

high CI 95%low CI 95%mean

215175195

−11.6−18.7−13.5

1.491.311.39

0.6490.5820.626

R2A2 (mode 2 activation / deactivation)

96.272.087.4

−76.6−81.7−78.7

1.541.301.41

0.06240.02090.0374

163116138

−111−131−119

0.8130.6610.741

0.7620.5850.655

R1R2 (resting-state conversion / recovery)

2.160.5941.12

0.1300.03940.0688

−52.8−72.3−65.3

1.170.8931.03

0.6370.3690.512

0.4280.06430.167

0.2070.02660.0835

1.46−33.0−16.8

0.7530.5320.652

0.6960.3100.498

A1A2 (active-state conversion / recovery)

0.2370.05530.115

0.001100.0002580.000511

000

0.1280.005510.0176

0.005080.0001980.000620

000

Mode 12 interconversion

−79.5−86.0−83.1 −75.2−83.3−79.2

VSD-I (n=13 cells) VSD-III (n=16) VSD-IV (n=14)

Pore opening

1.32−1.52−0.0189 0.481−1.59−0.674

205133167

−23.5−26.4−25.0

2.912.532.74

0.8430.7750.806

197128146

−16.3−18.7−17.5

1.681.461.57

0.7220.6960.708

R2A2 (mode 2 activation / deactivation)

99.485.291.1

−74.7−79.7−76.8

1.391.241.32

0.05940.02460.0419

196168182

−105−112−108

0.7830.7050.743

0.6300.5610.593

R1R2 (resting-state conversion / recovery)

1.520.4610.831

0.004070.001100.00223

−101−108−105

1.591.241.42

0.5400.2200.357

0.3270.1600.245

0.03950.01910.0287

−56.4−71.1−64.3

0.9260.7460.829

0.5840.2980.412

A1A2 (active-state conversion / recovery)

0.4630.09670.232

0.0002760.0001360.000169

000

0.01330.006500.00912

0.0001400.0001280.000133

000

Mode 12 interconversion

−107−111−109 −90.0−98.3−93.9

R1A1 (mode 1 activation / deactivation)

VSD-I (n=10) VSD-III (n=14) VSD-IV (n=14)

Pore opening

12.93.437.06 1.41−2.48−0.666

notesparameter

1keq (s−1)

Veq (mV)

z (e0)

β

1keq (s−1)

Veq (mV)

2z (e0)

β

1kcon (s−1)

1krec (s−1)

3Veq (mV)

4z (e0)

β

1,5kcon (s−1)

1krec (s−1)

6z (e0)

3V0.5 (mV)

7V0.5 (mV)

1keq (s−1)

Veq (mV)

z (e0)

β

1keq (s−1)

Veq (mV)

2z (e0)

β

1kcon (s−1)

1krec (s−1)

3Veq (mV)

4z (e0)

β

1,5kcon (s−1)

1krec (s−1)

6z (e0)

3V0.5 (mV)

7V0.5 (mV)

high CI 95%low CI 95%mean

66.416.639.1

11.3−4.734.42

1.641.411.52

0.8630.6930.769

16.912.614.8

−121−126−123

1.641.411.52

0.3200.2940.309

0.01700.0009950.00425

0.5480.03760.157

---

000

---

3.730.08800.773

0.07570.002020.0148

000

−58.3−67.8−62.2

11.45.978.03

9.062.214.13

−14.0−29.9−22.4

2.622.102.37

0.8730.7250.790

10.77.689.33

−112−121−118

2.622.112.37

0.4170.2770.335

0.03620.005530.0121

0.5500.08760.217

---

000

---

3.780.3031.39

0.01090.0008200.00344

000

−81.4−93.9−87.5

7.312.275.21

β2a

β3
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Table S2. 4-state model kinetic parameters. Notes:  

1: geometric mean 

2: constrained parameter (charge conservation; eq.10) 

3: calculated after fitting 

4: fixed parameter (VSD-I only) 

5: constrained parameter (microscopic reversibility; eq.9) 

6: fixed parameter (all VSDs) 

7: from Boltzmann fits of tail currents (eq.1) at Vh = −80 mV 
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TABLE S3 

 
Table S3. Transition equilibrium constants (quotient of forward and backward rates) at 

−80 and 0 mV. 

Equilibrium constants at −80 mV

high CI 95%low CI 95%mean

0.003970.001610.00258

1.090.8290.935

0.7730.4580.620

331133225

high CI 95%low CI 95%mean

0.03400.01970.0261

3.592.512.90

0.3220.2090.256

39.120.828.4

Equilibrium constants at 0 mV

6.215.235.73

12353.979.4

27.38.3816.2

331133225

2.791.872.12

37.923.830.1

3.281.272.00

39.120.828.4

VSD-I (n=13 cells) VSD-III (n=16) VSD-IV (n=14)

equilibrium

R1A1

R2A2

R1R2

A1A2

R1A1

R2A2

R1R2

A1A2

high CI 95%low CI 95%mean

0.01130.004890.00681

15.310.713.1

0.03570.02090.0271

85.833.552.1

1.430.5570.821

26009961580

0.03570.02090.0271

85.833.552.1

β2a

Equilibrium constants at −80 mV

high CI 95%low CI 95%mean

0.004480.001590.00255

0.9610.7570.835

5.363.044.21

25006401380

high CI 95%low CI 95%mean

0.02820.01600.0207

2.482.072.29

0.7890.5120.623

99.748.268.6

Equilibrium constants at 0 mV

16.912.314.5

66.744.753.5

786153373

25006401380

3.322.672.96

27.319.923.8

13.96.108.53

99.748.268.6

VSD-I (n=10) VSD-III (n=14) VSD-IV (n=14)

equilibrium

R1A1

R2A2

R1R2

A1A2

R1A1

R2A2

R1R2

A1A2

high CI 95%low CI 95%mean

0.01110.002660.00495

66.819.935.8

0.09430.03850.0560

752132405

19.63.718.68

2610001710062800

0.09430.03850.0560

752132405

β3


