SUPPORTING INFORMATION TEXT

SUPPORTING MATERIALS & METHODS
Molecular biology

To optically track the movement of each VSD in ayc.77, @ single Cys was substituted at positions at the
extracellular flanks of S4 helices in VSDs | (F231C), Il (L614C), 11l (V994C) or IV (S1324C) (Fig.1D) for
subsequent modification by thiol-reactive fluorescent labels. Single-point mutations were generated with
QuikChange Site-Directed Mutagenesis Kit (Stratagene) and confirmed by sequencing. CRNA was transcribed

in vitro (INMESSAGE MACHINE; Ambion) and stored at —80 °C.

Oocyte preparation & labeling

Xenopus laevis (Nasco) oocytes (stage V-VI) were prepared as previously described (1) and injected with 50 nl
of total cRNA (0.1-0.4pg/ul) using a Drummond nanoinjector. Injected oocytes were maintained at 18 °C in an
amphibian saline solution supplemented with 50 ug/ml gentamycin (Gibco). 3-4 days after injection, oocytes
expressing channels with Cys substitutions in VSDs I, III or IV were stained for 2 minutes with 20 uM
membrane-impermeable, thiol-reactive fluorophore MTS-TAMRA (Santa Cruz Biotechnology) in a
depolarizing solution (in mM: 120 K-Methanesulfonate (MES), 2 Ca(MES),, and 10 HEPES, pH=7.0).
Fluorophore tetramethylrhodamine-5'-maleimide (TMRM; Invitrogen) was used to label the VSD Il S4 as it
produced higher F than MTS-TAMRA, by incubating oocytes with 10 uM label for 20 minutes. Both labels
have the same rhodamine fluorescent core but differ in their Cys conjugation moiety. Fluorophore stocks were
dissolved in DMSO (100 mM) and stored at —20°C. Following fluorescent labeling, the oocytes were rinsed in

dye-free solution.
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Electrophysiological Techniques

We used Cut-open Oocyte Vaseline Gap (COVG) voltage clamp complemented with epifluorescence apparatus
to simultaneously acquire ionic or gating currents and fluorescence emission, as previously described (2-7). To
prevent activation of endogenous Ca**/Ba®*-activated CI~ channels.Ca**-dependent inactivation, oocytes were
injected with 100 nl 10 nmol BAPTAe4K and 1 nmol HEPES (pH=7.0; final [BAPTA] ~ 10 mM). External
solution (mM): 110 Na-MES, 2 Ba(MES),, 10 Na-HEPES and 0.1 ouabain (pH=7.0). Internal solution (mM):
110 K-Glutamate, 10 HEPES (pH=7.0). Intracellular micropipette solution (mM): 2700 Na-MES, 10 NaCl and
10 Na-HEPES (pH=7.0). Low access resistance to the oocyte interior was obtained by permeabilizing the
oocyte with 0.1% saponin carried by the internal solution. Gating currents were acquired by substituting 2mM
Ba(MES); in the external solution (recording and guard shield chambers) with 2mM Co(MES),. The difference

in charge screening between 2 Ba?* and 2 Co?* solutions was corrected by comparing F reported from VSD IlI.

Voltage Dependence & Kinetics Analysis

Experimental data were recorded and analyzed using a customized program developed in our Department. The
voltage dependence of channel opening (normalized G(V)) was obtained from the peak tail current at —40 mV
and plotted against the test potential. Data for the membrane conductance (G), gating charge displacement (Q),
and fluorescence deflection (F) quasi-steady-state curves were fitted to the Boltzmann function given by A(V) =
K/(1+K), where K = exp(z(Vm — Vos)/KT), z is the valence, Vg5 is the half-activation potential, Vy, is the
membrane potential, and kT has its usual thermodynamic significance. and normalized as previously (2, 4-6, 8,

9). In the case of the G(V) curve, the sum of two Boltzmann functions was required for a satisfactory fit.

Current or fluorescence records were fit to a single, or the sum of two exponential functions. Only F with
sufficient signal-to-noise ratio (S:N > 2) were included in the kinetics statistics. S:N is defined as mean signal

amplitude divided by the root mean square. Fitting was performed by least squares using Microsoft Excel.
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Models of Cay activation

All models consist of four non-identical voltage sensors Ji...J4 coupled to a central pore L that is weakly

voltage-dependent.

We initially consider the limit of very strong coupling, in which pore opening is contingent upon a specific
subset of voltage sensors being activated. Specifically, we tested conditions where the following VSDs were
required to activate before channel opening: All four (Fig.4, Scheme I); VSDs I, 1l and Il (Scheme I1); and

VSDs Il and 111 (Scheme I11).

We also considered an allosteric-type model where the pore may open independently, so all open states are
accessible, giving rise to the ‘cat’s cradle’ model (Fig.4, Scheme 1V). Coupling factors D;...D4 (10) are related

to interaction energies between W; through:

D; = exp(-Wi/kT) [1]

Thermodynamics

The equilibrium constant of pore activation is given by L = exp(y./kT), where y_ = AqL(V-VL) is the energetic

“bias” of intrinsic pore opening. Similar expressions apply to the voltage sensors J; = exp(yi/KT).

The partition function governing channel gating (11) is given by Z = Z; + LZ,, where:

Z.= (1+J1)(1+J2)(1+J3)(1+J4). [2]

The definition of Z, varies with the type of coupling. For the obligatory gating model with four VSDs (Fig.4,

Scheme 1), Z, is defined as:

Zo=1J1J5 J3 s [3]

For the gating model with VSDs I, Il and 11 obligatorily coupled to opening (Fig.4, Scheme I1):
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Zo = J1 J2 J3(1+ds). [4]

For the gating model with VVSDs Il and 111 obligatorily coupled to opening (Fig.4, Scheme I11):

Zo = (1+J1) 3o J3(1+J4). [5]

And for the allosteric model (Fig.4, Scheme 1V):

Z, = (1+J:D1) (1+J32D7) (1+J3D3) (1+J4Dy). [6]

Activity curves for the six particle transitions are obtained from Z through differentiation. For example, ¢, =
olnz/olnL = LZ,/Z, with analogous derivations for the equilibrium constants Ji, J,, J3 and Js. All ¢ have range

(0..2). The equilibrium G(V) and Q(V) curves are linear functions of the particle activities:

G = Gmin + (Gmax— Gmin)dL [7]

Q = Qmin + N(AQLdL + AQ1d1 + AQ2d2 + AQadhs + AQsda) [8]

where Gnin and Qnin are baseline conductances and gating charges (to be subtracted off as part of experimental
analysis) and Gnax — Gmin = Ng, where N is the number of channels and g is the single channel conductance

(assumed voltage-independent).

The fluorescence curves are similarly defined:

Fi = Fimin + AFii [°1

The equilibrium curves are generally normalized to the range {0..1}. We define the open probability curve

Po(V) as the unit-normalized G(V) curve, which is also the activity curve for L:

Po= ¢L = (G - Gmin)/(Gmax_ Gmin) [10]
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Kinetics

Expanding the Cay model to a kinetic scheme requires specifying rates of activation for each particle. In the

case of the pore the forward and backward rate constants are:
a, =v, (LD) [11]

p.=v, (LD [12]

where v, is a frequency and x is the proportion of the perturbation energy applied to the forward rate, related to
the position of the pore transition barrier (11-14). For an allosteric model, the coupling parameter is
D = D*D;*D*D}, where n; is 0 if the i" voltage sensor is at rest, and 1 if it is activated. In obligatory models
(Fig.4, Schemes I, 11 or I11) coupling is implicit in the specific form of the kinetic scheme, and D = 1. We note
that the ratio o /B. yields the expected equilibrium ratio. Similar expression are used for voltage sensor

transitions, where D = D; for the i voltage sensor in the allosteric model.

The time courses of gating and ionic currents and the fluorescence traces were obtained by numerically
integrating the master equation dp/dt = pQ, where p is the row vector of state probabilities p; and Q is the “Q”
matrix (15). There are 17 kinetic states for Scheme I; 18 for Scheme II; 20 for Scheme Il and 32 (=2°) for

Scheme IV (Fig.4).

The linear background-subtracted ionic (I) and gating (lg) currents were computed according to:

| = NZ pjgj(v _Vrev) [13]

dp.
I :de—t'qj [14]

where g; and g; are the state conductances and gating charge displacements, respectively. Unitary conductance

was set to 0.5 pS. Membrane current (l,) output was calculated as:
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Im:|g+ICOef‘f'| [15]

Where lIcqetf IS a free scaling factor to compensate for null channels, and the real maximal Po and single-channel
conductance, and varied between 0.21 (Scheme I1l) and 0.28 (Scheme 1). The “number of channels” was
~1.5e8. While plausible since recording from Xenopus oocytes, this quantity is unreliable due to the unknown

maximal Po and single-channel conductance.

The unit-normalized fluorescence curves were obtained from:
R=2pf, [16]
]

where the fj are 0 in resting fluorescent states, and 1 in activated fluorescent states.

The time constant of the simulated voltage pulse was set to 45 ps, which was the measured time constant of

voltage steps in the cut-open oocyte clamp filtered at 4 kHz.
Datasets & curve fitting

Fluorescence traces were background-subtracted prior normalization for model fitting. The normalization was

performed as follows:

F. —F(-90)+ [Fi _F (-90)} « F(TP) [17]

max

Where F is the background-subtracted fluorescence data; Fnax is the fluorescence recorded at the end of the test
pulse (maximum AF); F(-90) and F(TP) were obtained from the normalized F(V) data (Fig.3A): they were the

mean, normalized steady-state fluorescence values at —-90 mV and the test potential, respectively.

The following datasets (45 steady-state and 25 Kinetic datasets in total) were fit simultaneously using the

Berkeley Madonna curve-fitting function with the models formulated above:
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e Mean, normalized, steady-state values at -120, -90, —40, -70, -20, 0, 20, 40, 60 mV for macroscopic
conductance and normalized fluorescence from each VSD, to describe the quasi-steady-state F(V) and
G(V) curves.

e Representative membrane current and VSD-specific fluorescence traces sampled at 4 kHz and
normalized according to the activation level at -90 mV (holding potential) and each test potential (40,

-20, 0, 20 and 40 mV), which included information on both voltage and time dependence.

Berkeley Madonna fit datasets by minimizing the sum of square of the differences between the data and the
model predictions. Each dataset was assigned a weight that resulted in satisfactory final fit. E.g., the
fluorescence traces, which were relatively noisy, were more tolerant of mis-fitting than the steady-state
projections, and Berkeley Madonna could terminate the fitting with an unsatisfactory solution for these traces.
In this case, the fitting was repeated with a higher assigned weight. After multiple iterations of initial parameter

choices and weight assignments, the best overall fit was chosen.

Hill analysis

The conductance Hill energy Wy is a logarithmic transformation of the G(V) curve that provides information

about intrinsic pore activation and the coupling between the pore and voltage sensors (11, 16). It is defined as:

Whig = KTIN[Po/(1-Po)] = KTIN[(G — Gpin)/(Gmax— G)] [18]

In the case of weak allosterism (Scheme V), one can resolve the limiting asymptotes of the Hill energy within a

reasonable voltage range. These are given by:

Witgiy = 1M Wy =71, [19]
Wigi = MWy =7 -W [20]
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where W = W; + W, + W3 + W, is total energy of pore-voltage sensor interactions. We note that the slope of
both asymptotes is equal to the intrinsic pore charge Aq., and the crossing of the negative asymptote on the
voltage axis marks the pore’s intrinsic half-activation potential V.. The g_ and V| values in the allosteric model
fitting (Fig.5 & SI Appendix, Fig.S6B) were fixed to the values derived from the Hill transformation of a

representative G(V) (SI Appendix, Fig.S6A), constraining the fit.
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SUPPORTING FIGURE LEGENDS:

Figure S1: Cayl.2 total charge displacement is composed of the voltage dependences of the four optically-
tracked VSDs. Q(V) (> and grey curve, as in Fig.3A) and the charge-weighed sum of all F(V) curves (purple
curve), i.e.: Fweighted= (F1(V)*z; + Fo(V)*z2 + F3(V)*z3 + Fo(V)*21) | (z1 + 25 + 23 + 24); where z is the valence

of each F(V) from the Boltzmann fit (SI Appendix, Table S1).

Figure S2: Cys mutations and fluorophore labeling minimally perturb Cay1.2 properties. (A) Membrane
currents from wildtype a1c/Ps/020 channels (black) elicited by depolarization to 0 mV are shown superimposed
with currents from fluorescently-labeled channels with ayc mutation F231C (to label VSD 1, blue), L614C
(VSD 11, red), V994C (VSD IlI, green) and S1324C (VSD 1V, orange). (B) Currents from labeled F231C,
L614C, V994C or S1324C labeled channels superimposed with fluorescence traces. To better compare current
and fluorescence kinetics, the amplitude of the fluorescence signal was scaled to maximum inward current, as in
Fig. 3B. (C) As in A, with gating instead of membrane currents. Mean, normalized ionic conductance (D) and
charge displacement (E) plotted against the test potential for wildtype channels (), as well as fluorescently-
labeled channels with F231C (to label VSD |, @), L614C (VSD II, A), V994C (VSD I, ®) and S1324C
(VSD 1V, ). The curves are single, or the sum of two, Boltzmann distributions for charge displacement and
ionic conductance, respectively. Error bars indicate +£S.E.M. Boltzmann parameters are listed in SI Appendix,

Table S3.

Figure S3: Cay1.2 channel opening does not require the activation of four VSDs. (A) Mean, normalized
total charge displacement (Q, [>) ionic conductance (G, ¥) and F reported from VVSD | (@), Il (A), 111 (#) and
IV (), with super-imposed predictions of Scheme | (curves; model scheme in Fig.4). (B) Fluorescence traces
recorded from each VSD of aic/Ps/020 channels for pulses from —90 mV to —40, —20, 0, 20 and 40 mV,

normalized to the steady-state probability of activation at every potential. Scheme | predictions are in black.
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Note that the timescale for VSD IV traces is 75 ms. (C) Membrane current from WT channels (maroon) for the
same pulses as in (B), with super-imposed predictions of Scheme | (black). The inset shows the current and

model fitting for the —40mV pulse in expanded vertical scale. (D) Scheme I fitting parameters.

Figure S4: The activations of VSDs I, Il and Il is not rate-limiting for Cay1.2 opening. (A) Mean,
normalized total charge displacement (Q, >) ionic conductance (G, ¥) and F reported from VSD | (@), |1 (A),
I (®) and IV (), with super-imposed predictions of Scheme Il (curves; model scheme in Fig.4). (B)
Fluorescence traces recorded from each VSD of ayc/Bs/026 channels for pulses from =90 mV to —40, 20, 0, 20
and 40 mV, normalized to the steady-state probability of activation at every potential. Scheme Il predictions are
in black. Note that the timescale for VSD IV traces is 75 ms. (C) Membrane current from WT channels
(maroon) for the same pulses as in (B), with super-imposed predictions of Scheme Il (black). The inset shows

the current and model fitting for the —40mV pulse in expanded vertical scale. (D) Scheme Il fitting parameters.

Figure S5: The activation of VSDs Il and 111 is obligatory for Cay1.2 opening. (A) Mean, normalized total
charge displacement (Q, >) ionic conductance (G, ¥) and F reported from VSD | (@), Il (A), Il (®) and IV
(™), with super-imposed predictions of Scheme Il (curves; model scheme in Fig.4). (B) Fluorescence traces
recorded from each VSD of aic/Ps/020 channels for pulses from —90 mV to —40, —20, 0, 20 and 40 mV,
normalized to the steady-state probability of activation at every potential. Scheme 111 predictions are in black.
Note that the timescale for VSD IV traces is 75 ms. (C) Membrane current from WT channels (maroon) for the
same pulses as in (B), with super-imposed predictions of Scheme |11 (black). The inset shows the current and
model fitting for the —40mV pulse in expanded vertical scale. Scheme 111 predictions fully account for the
voltage- and time-dependent properties of Cay1.2 VSD activation and pore opening, indicating that the

activation of VSDs Il and 111 governs Ca** conductance. (D) Scheme 111 fitting parameters.
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Figure S6: Hill transformation of a representative G(V) & Scheme IV fitting parameters. (A) A
characteristic G(V) was Hill-transformed (O) with allosteric model constraints (the positive and negative
asymptotes have equal slope), to determine intrinsic pore voltage dependence parameters (Vos=135mV;
q=0.76€°). These values were fixed for the fitting of Scheme IV (Fig.5). (B) Scheme IV (Figs.4D & 5) fitting
parameters. Parameters q and Vo5 for the pore (marked with *) were fixed to values estimated from G(V) Hill

analysis.
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SUPPORTING TABLES

VSD Vos (MV) z (%) N
| 5.1+1.3 2.140.12 5
I —28+1.4 3.240.42 7
11 -18+2.1 1.4+0.085 7
\Y —5242.7 1.2+0.093 6

Table S1: Voltage dependence of fluorescence signals from each of the four Cay1.2 VSDs. F acquired from

each VSD was normalized and fit to Boltzmann distributions with parameters listed here. The curves of the

distributions are shown in Fig.3A. The Boltzmann distributions of simultaneously-recorded conductance are

shown in SI Appendix, Table S3. Errors indicate +S.E.M.
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ON OFF

ams)  AL(%)  n@ms) A (%) 7 (ms) A, (%) 2 (Ms) A, (%) N
Current  1.0£0.17 100 0.31£0.034 97413 144013  3.3£13 3
VSD1 224022 65:43 14429  35t4.3 3.4£087 73195 4316 27+9.5 3
VSDIl  0.99£0.072 64+16 1334  36x16 114043 27482 23132 7318.2 4
VSDIIl  0.84:0.13 67457  9.0+1.3  33#57 5.240.61 100 4
VSDIV 21453 100 31436 100 4

Table S2: Cay1.2 Current and VSD Kinetics. The mean time constants (z) and fractional amplitudes (A) of the
exponential timecourse fitting of F reported from VSD I, II, 11l and 1V, upon a depolarization from —90 mV to
20 mV (ON; see Fig.3B) and repolarization to —90 mV (OFF). lonic currents were isolated before fitting by
subtracting the gating current component, acquired in 0.5 mM Co(MES), and 0.3 mM LaCls. Errors indicate

+S.E.M.
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Charge Displacement lonic Conductance

Channel Vos (MV) z (e N Vg5 (MV) z1 () A1 (%) V205 (MV) 22 (") A2 (%) N
WT —-18+0.47  1.7+0.080 4 -7.0+1.8  3.2+0.35 54+2.7 36+3.2 1.940.20 46+2.7 5
F231C —2241.0  1.5+0.035 4 -8.5+0.9  3.2+0.10 51+1.3 32437  1.6+0.082  49+1.3 5
L614C 2416  1.7+0.077 4 -1741.6  4.1£0.21 58+1.9 25+3.6  1.6+0.059  42+1.9 15
V994C —20+2.1  1.6+0.19 4 —11£1.7  3.240.26 53+3.1 34453 1.7+0.15 47+3.1 7
$1324C -13+1.6  1.6+0.071 4 -1.0#1.3  2.8+0.23 42+4.2 44+27  1.3+0.077  58+4.2 9

Table S3: WT and Cys mutant Cay1.2 voltage dependence of charge displacement and ionic conductance.
The voltage dependence (Boltzmann distribution parameters) of total Cayl.2 charge displacement (SI
Appendix, Fig.S2E) and ionic conductance (SI Appendix, Fig.S2D), for wildtype a;c channels, as well as
fluorescently-labeled channels with mutations F231C (to label VSD 1), L614C (II), V994C (III) or S1324C
(IV). The Boltzmann distributions for simultaneously-recorded F are shown in SI Appendix, Table S1. Errors

indicate =S.E.M.
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