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Excitation-evoked Ca®* influx is the fastest and most ubiquitous
chemical trigger for cellular processes, including neurotransmitter
release, muscle contraction, and gene expression. The voltage de-
pendence and timing of Ca?* entry are thought to be functions of
voltage-gated calcium (Cay) channels composed of a central pore
regulated by four nonidentical voltage-sensing domains (VSDs
I-1V). Currently, the individual voltage dependence and the contri-
bution to pore opening of each VSD remain largely unknown. Using
an optical approach (voltage-clamp fluorometry) to track the move-
ment of the individual voltage sensors, we discovered that the four
VSDs of Cay1.2 channels undergo voltage-evoked conformational
rearrangements, each exhibiting distinct voltage- and time-depen-
dent properties over a wide range of potentials and kinetics. The
voltage dependence and fast kinetic components in the activation
of VSDs Il and lll were compatible with the ionic current properties,
suggesting that these voltage sensors are involved in Cay1.2 activa-
tion. This view is supported by an obligatory model, in which acti-
vation of VSDs Il and Ill is necessary to open the pore. When these
data were interpreted in view of an allosteric model, where pore
opening is intrinsically independent but biased by VSD activation,
VSDs Il and Il were each found to supply ~50 meV (~2 kT), amount-
ing to ~85% of the total energy, toward stabilizing the open state,
with a smaller contribution from VSD | (~16 meV). VSD IV did not
appear to participate in channel opening.

fluorometry | Ca* entry | allostery | gating mechanism | Cay1.2

oltage-gated Ca®** (Cay) channels respond to membrane

depolarization by catalyzing Ca** influx. Cay-mediated ele-
vation of intracellular [Ca**] regulates such critical physiological
functions as necurotransmitter and hormone release, axonal
outgrowth, muscle contraction, and gene expression (1). Their rel-
evance to human physiology is evident from the broad phenotypic
consequences of Cay channelopathies (2). The voltage dependence
of Cay-driven Ca?" entry relies on the modular organization of the
channel-forming a; subunit (Fig. 1), which consists of four repeated
motifs (I-IV), each comprising six membrane-spanning helical
segments (S1-S6) (Fig. 14). Segments S1-S4 form a voltage-sensing
domain (VSD), whereas segments S5 and S6 contribute to the Ca**-
conductive pore (1). The VSDs surround the central pore (Fig.
1B). VSDs are structurally and functionally conserved modules (3-
5) capable of transducing a change in the cell membrane electrical
potential into a change of ion-specific permeability or enzyme
activity. VSDs sense depolarization by virtue of a signature motif
of positively charged Arg or Lys at every third position of helix S4
(Fig. 1D), which rearranges in response to depolarization (4, 6—
10). In contrast to voltage-gated K* (Ky) channels but similar to
pseudotetrameric voltage-gated Na* (Nay) channels, the amino
acid sequences encoding each VSD have evolved independently
(Fig. 1D). In addition to their distinct primary structure, the four
Cay VSDs may also gain distinct functional properties from the
asymmetrical association of auxiliary subunits, such as f, ®,d, and
calmodulin (1, 11-16) (Fig. 1C). The structural divergence among
VSD-driven channels was foreseen by the classical Hodgkin—
Huxley model (17), in which four independent “gating particles”

www.pnas.org/cgi/doi/10.1073/pnas. 1411127112

control the opening of homotetrameric Ky channels and only three
seem sufficient to open Nay channels. An early study by Kostyuk
et al. (18) suggested that only two gating particles are coupled to
Cay channel opening. We recognize today that gating particles
correspond to VSDs, and in Nay channels, VSDs I-1II control Na*
influx, whereas VSD 1V is associated with fast inactivation (19-21).

In this study, we used fluorometry to probe the properties of
four individual VSDs in a human L-type calcium channel Cay1.2,
which is a widely expressed regulator of physiological processes,
such as cardiac and smooth muscle contractility (22). Although
the collective transition of the Cay VSDs and the pore has been
investigated in studies measuring total charge displacement
(gating currents) (23, 24), the activation properties and func-
tional roles of each VSD are unknown. Evidence for the role of
each VSD in L-type Cay channel operation has been presented
from charge neutralization studies, but a clear picture has yet to
emerge. Work on a chimeric L-type channel suggests that VSDs I
and III drive channel opening (25), whereas other studies on
Cay/1.2 favored the involvement of VSD II over VSD I, with the
roles of VSDs III and IV remaining unclear (26, 27).

The individual optical reports of four Cay1.2 VSDs revealed that
each operates with distinct biophysical parameters. We found that
VSDs II and IIT exhibit voltage- and time-dependent characteristics
compatible with channel opening and that they can be considered
rate-limiting for activation. We compared the voltage and time
dependence of the fluorescent signals and ionic currents with the
predictions of thermodynamic models relevant to Cay, domain or-
ganization. We found that Cayl.2 activation is compatible with
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Ca,1.2VSD | 229: AGFDVKALRAFRVLRPLRLVSGV
Ca,1.2VSD I 612: SPEGESVLRCVRLLRIFKITRYW
Ca,1.2 990: AINXVKI LRVLRVLRPLRAINRA
Ca,1.2 1321: SRISITFFRLFRVMRLVKLLSRG
Shaker 357: SLAILRVIRLVRVFRIFKLSRHS

Fig. 1. Cay membrane topology, putative structure, and S4 helix homology.

(A) Cay channel-forming a4 subunits consist of four concatenated repeats, each
encompassing one voltage sensor domain (VSD) and a quarter of the central
pore domain (PD) (1). Stars indicate the positions of fluorophore labeling. (B)
The atomic structure of an Nay channel (Protein Data Bank ID code 4EKW; top
view) (56) shown as a structural representation for the Cay a4 subunit. (C) The
ay subunit asymmetrically associates with auxiliary , «,8, and calmodulin
(CaM) subunits (11-16). (D) Sequence alignment of VSD helix $4 from each of
four Cay1.2 repeats and the archetypal homotetrameric Shaker K* channel.
Conserved, positively charged Arg or Lys is in blue. Residues substituted by Cys
for fluorescent labeling are marked: F231 (VSD 1), L614 (VSD lI), V994 (VSD 1),
and S1324 (VSD IV).

a model of allosteric VSD-pore coupling, where VSDs II and III
are the primary drivers of channel opening with a smaller contri-
bution by VSD 1. We discuss the mechanism of Cay1.2 voltage
sensitivity, which exhibits similarities to but also clear differences
from the related pseudotetrameric Nay 1.4 channels.

Results
Optical Tracking of Individual Cay1.2 VSDs. To optically track the
conformational transitions of each VSD in human Cay1.2

A VSD |

channels, we used voltage-clamp fluorometry (VCF), a hybrid
electrophysiological-optical approach (28-34). A Cys was intro-
duced at the extracellular flank of S4 helices in each VSD of the
Cay1.2 pore-forming subunit (a;c) and labeled with a fluorophore
(Fig. 1D), which served as an optical reporter of local VSD con-
formational rearrangements. The voltage clamp was implemented
by a cut-open oocyte Vaseline gap to provide the necessary clamp
speed (35, 36). The fluorescently labeled positions included in this
work resulted in well-resolved depolarization-evoked fluorescence
deflections and minimally perturbed channel function.
Membrane current and fluorescence emission from Xenopus
oocytes expressing human Cay1.2 channels labeled at each of
four VSDs (Fig. 24) were simultaneously acquired. Fluorescence
emitted from the label attached to the VSD I S4 (Fig. 24, blue)
decreased on membrane depolarization, suggesting that this
segment undergoes a voltage-dependent conformational change
that results in quenching of the attached fluorophore. The
emission of a fluorophore conjugated to VSD II S4 increased on
depolarization (Fig. 24, red): that is, the fluorophore is more
efficiently quenched in the resting state of this domain than in the
active state. Fluorescence changes were reported from VSD III
(Fig. 24, green) on depolarization to —40 mV, suggesting that this
sensor exhibits distinct voltage dependence from VSD 1. When
the S4 of VSD IV was labeled, the fluorescence changes observed
were distinctly slower than in the other VSDs (Fig. 24, orange).
The voltage-dependent fluorescence emissions reported from
each of four Cay1.2 VSDs had distinct signs, voltage depend-
ences, and kinetics, confirming that they report on the short-
range transitions of their labeled domains. No voltage-evoked F
was detected in oocytes expressing WT Cay1.2 channels sub-
jected to the fluorophore-labeling protocol (Fig. 2B), confirming
that label conjugation of native Cys, if present, did not con-
taminate voltage-dependent F in channels with introduced Cys.

Each Cay1.2 VSD Activates with Distinct Voltage Dependence. The
activation curves [F(V)] for individual Cayl.2 VSDs were
obtained by measuring the F amplitude at the end of pulses at
a range of potentials and normalizing as described in Materials
and Methods. The F(V') curves exhibited characteristic sigmoid
shapes that could be described by Boltzmann distributions
(Fig. 34 and SI Appendix, Table S1). The membrane potentials
at which the VSDs reached 50% probability of activation (V) s)
ranged from near —50 (VSD IV) to +5 mV (VSD I). All F(V)
curves are left-shifted with respect to the conductance vs. voltage
[G(V)] curve, with the exception of VSD I, which overlaps with
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Fig. 2. Optical tracking of the conformational rearrangements of each human Cay1.2 VSD. (A) Membrane current (I,,) from oocytes expressing Cay1.2 (a1c/
®,5/p3) channels in extracellular 2 mM Ba®*. The traces acquired at pulses from —90 to —90, —40, 0, and 30 mV are shown superimposed above the simul-
taneously acquired fluorescence traces. The channels were labeled at helix S4 of VSDs |, IlI, IV (2-((5(6)-Tetramethyl-rhodamine)carboxylamino)ethyl meth-
anethiosulfonate, MTS-TAMRA), or Il (tetramethylrhodamine-5'-maleimide, TMRM). Increasing the test potential resulted in local VSD conformational
rearrangements resolved as fluorescence deflections (F). (B) No voltage-dependent F is observed in labeled oocytes expressing WT Cay 1.2 without engineered Cys.
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the G(V) at negative potentials (Fig. 34). The charge movement
[O(V)] is near the middle of four F(V) curves.

The F(V) steepness, which was determined by the Boltzmann
valence (z), suggests differences in the sensitivity of each VSD to
changes in the membrane potential ranging from 1.2 (VSD IV)
to 3.2 ¢” (VSD II). The sum of all F(V') curves weighed by their
respective valence reasonably approximates the gating charge
voltage dependence (SI Appendix, Fig. S1). This analysis repre-
sents a rough estimate of the true VSD charge displacements,
because Boltzmann analysis does not typically provide the cor-
rect valence in a multistate channel (37).

Cay1.2 Voltage Sensors Activate and Deactivate with Different Kinetics.
We characterized the time course of VSD transitions by fitting F to
single or the sum of two exponential function(s) (SI Appendix, Table
S2). To relate the kinetics of VSD activation to the timing of pore
opening, we superimposed the ionic current from WT channels with
representative F traces during a step to 20 mV (Fig. 3B). VSDs II
and III are the fastest to activate and clearly precede the ionic cur-
rent. VSD I is slightly slower and achieves steady state after inward
current has reached its plateau. By contrast, VSD IV is an order of
magnitude slower than current activation. On repolarization, VSD II
exhibits the fastest deactivation component, whereas VSDs [, III, and
IV deactivate at rates slower than channel closure. The fast activa-
tions of VSDs I-I1I are compatible with a predominant role for these
VSDs in opening the Cay1.2 pore, whereas VSD IV and the lack of
monoexponentiality (existence of slower kinetic components) in the
other VSDs suggest that the VSDs may also be involved in slower
processes, such as voltage-dependent inactivation. Alternatively, the

Normalized G, ForQ >
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VSD | VSD Il VSD Il VSD IV
£
g | 5ms

Fig. 3. Each VSD exhibits distinct voltage dependence and kinetics. (A) Mean
normalized conductance (G; black W) and charge movement (Q; white right-
pointing triangle) from WT channels and F from VSDs | (blue @), Il (red A), Il
(green @), and IV (yellow Wl). The curves are fits to single or (for G) the sum of
two Boltzmann distributions (parameters in S/ Appendix, Tables S1 and S3).
Error bars indicate + SEM. (B) Representative membrane current (gray) from
WT channels for a —90- — 20-mV pulse, with superimposed F reported from
VSD | (1 = 2.6 ms, 59%; 75 = 8.1 ms), Il (z1 = 1.1 ms, 98%; 7, = 20 ms), lll (1 =
0.88 ms, 68%; 7, = 9.2 ms), and IV (r = 17 ms). The black dashed lines are
exponential functions with the reported time constants. Mean kinetic parame-
ters are in S/ Appendix, Table S2. The sequence of activation for the Cay1.2 VSDs
(half-time to maximum, t;s) is VSD Il (1.0 ms), Ill (1.4 ms), 1 (2.9 ms), and IV (11 ms).
lonic currents from Cys mutant channels superimposed to their respective fluo-
rescence traces are in presented in S/ Appendix, Fig. S2B.
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slower fluorescence components may represent secondary tran-
sitions of the fluorescent labels.

Cysteine Substitution and Fluorescent Labeling Minimally Perturb
Cay1.2 Operation. The chosen positions for Cys substitution and
labeling had minimal effect on channel voltage dependence, which
is shown in SI Appendix, Fig. S2. Specifically, Cys introduction and
labeling did not substantially affect the kinetics of ionic current (S7
Appendix, Fig. S24) or gating currents (SI Appendix, Fig. S2C),
because representative traces of channels labeled in VSDs I (S
Appendix, Fig. S2, blue), I (SI Appendix, Fig. S2, red), and III (S
Appendix, Fig. S2, green) are shown superimposed with traces
from WT channels (SI Appendix, Fig. S2, black). Mutation S1324C
measurably slowed down current onset (ron = 2.7 + 0.23 ms for
—90- — 20-mV pulses; compare with WT 7on = 1.0 + 0.17 ms) (S
Appendix, Fig. S2A4, orange); however, the fluorescence signal from
this VSD is distinctly slower (zon = 21 + 5.3 ms) than the current
in both WT (Fig. 3B) and labeled S1324C channels (SI Appendix,
Fig. S2B). Therefore, the premise that VSD IV activation is too
slow to contribute significantly to current activation still holds for
the S1324C mutant. The potential of 50% total charge displace-
ment was largely unaffected by Cys introduction and labeling,
whereas the macroscopic conductance curve deviated from the WT
by up to 15 mV (VSD II) (SI Appendix, Fig. S2 D and E and Table
S3). This analysis shows that the highly distinct voltage dependence
and kinetics of the fluorescence reported from the different VSDs
were caused by the conformational changes of the protein rather
than effects of Cys introduction and/or fluorescent labeling.

Activation of VSDs Il and Ill Is Rate-Limiting for Cay1.2 Channel
Opening in the Context of an Obligatory Model. Because the onset
of ionic current precedes VSD IV activation (Fig. 3B), the latter is
unlikely to be rate-limiting for channel opening, which indicates
that Cay 1.2 channels do not operate similar to homotetrameric Ky,
channels, which require the activation of four VSDs before channel
opening (38-40). To test this hypothesis, we constructed a Ky-like
model of Cay1.2 activation (Fig. 4, scheme I) characterized by the
obligatory gating of all four VSDs. The voltage dependence and
kinetics of Cay1.2 current and VSD activations were fit simulta-
neously, which is shown in ST Appendix, Fig. S3. The time course of
ionic current is poorly predicted by this model, because it is limited
by the activation and deactivation rates of VSD IV.

In the closely related Nay channel, which also possess a
pseudotetrameric architecture (41), the activations of VSDs I-III
are thought to obligatorily precede channel opening, whereas
VSD 1V facilitates fast inactivation (19-21, 42, 43). We tested
scheme II (Fig. 4), in which open channel states are accessible only
when VSDs I-1II are active. Although scheme II accounted for the
experimental data better than scheme I (SI Appendix, Figs. S4 and
S3, respectively), it could not accurately reconcile the voltage- and
time-dependent properties of VSD movement and Cay current.
By contrast, scheme IIT (Fig. 4), in which the activations of VSDs
II and III are obligatory for channel opening, fit the data very well
(81 Appendix, Fig. S5). This result highlights the involvement of
the activation of VSDs II and III in Cay1.2 channel opening.

Cay1.2 Activation Properties Can Be Accounted for by an Allosteric
Voltage-Dependent Activation Mechanism. An alternative to the
obligatory models considered is the notion, inspired by pre-
vious work on Cay (27, 44, 45), large-conductance voltage-
and Ca?*-gated (BK) channels (34, 46), and Ky7.1 channels
(47), that pore opening is facilitated by VSD activation through
an allosteric gating mechanism: that is, each VSD contributes
a weak (i.e., quantifiable) characteristic energy to the stabili-
zation of the open state. An allosteric model of Cay1.2 acti-
vation is represented by scheme IV: “the Cat’s Cradle” (Fig. 4).
Because the pore can open independently, scheme IV pos-
sesses more open states than the previous obligatory models but

PNAS | December 23,2014 | vol. 111 | no.51 | 18383
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All VSDs
Active

All VSDs
Resting 0
pen
- states
Transitions:
—VSD | R&A —VSD Ill R&A
—VSD Il R&A —VSD IV R&A -+ Pore C<0

Scheme lll

Scheme IV “Cat’s Cradle”
VSD I

VSD 1l

VSD | V8D IV

Fig. 4. Cay structure-based kinetic models to account for optical and electrophysiological data. All schemes assume that each VSD activates independently,
resulting in 16 shut states (top tiers). Resting VSDs are in white. Active VSD | is in blue, active VSD Il is in red, active VSD lll is in green, and active VSD IV is in
orange. In scheme |, all VSDs are required to activate before channel opening. SI Appendix, Fig. S3 shows data fitting and model parameters. In scheme lI, the
activations of VSDs |-l are obligatory for pore opening (S/ Appendix, Fig. $4). In scheme I, the activations of VSDs Il and Il are obligatory for pore opening (S/
Appendix, Fig. S5). Scheme IV is an allosteric gating mechanism where VSD activation is not obligatory for pore opening, which in principle, allows opening
transitions from any shut state. The activation of each VSD contributes energy W toward stabilizing the open state. A simplified version of scheme IV is shown

to the right of scheme IV (Fig. 5 and S/ Appendix, Fig. S6).

carries no a priori assumptions on the VSDs responsible for pore
opening. The rate for each opening transition is scaled by in-
teraction energy W, representing the energetic contribution of
each active VSD toward channel opening. The values of the
pore-gating charge displacement and half-activation potential
parameters were fixed to values derived from linkage analysis
(48, 49) on a representative G(V) (SI Appendix, Fig. S6A).

This model accurately predicted the voltage- and time-
dependent properties of Cay1.2 opening and the activation of
each VSD (Fig. 5). The values of VSD/pore interaction energies
(W) (SI Appendix, Fig. S6B) showed that Cay1.2 opening is mostly
facilitated by the activations of VSDs II and III (W, ~ W5 ~ =50
meV). VSD I makes a smaller contribution toward opening the
channel (W, = —16 meV), representing ~14% of the total allo-
steric energy from VSD activation stabilizing the open state. The
energetic contribution of VSD IV (W) is nearly zero, reinforcing
the view that this VSD does not contribute to the voltage de-
pendence of Cay1.2 channel opening.

Discussion

By applying an optical approach (VCF) in human Cay1.2 channels,
we resolved the time course of each VSD activation individually
(Fig. 24) with minimal disruption to channel function (i.e., without
the use of pore blockers or charge-neutralizing mutations). An
important assumption of this work is that the fluorescence traces
faithfully tracked the voltage-dependent transitions of their re-
spective VSD without missing components related to gating or
reporting secondary fluorophore transitions irrelevant to channel
gating. The coarse graining of VSD activation to a two-state pro-
cess likely represents a simplification of the true gating mechanism,
which may involve multiple charge-carrying gating transitions, such
as in the Shaker VSD (50). We offer these justifications for our
interpretation of the fluorescence signals and the model strategy.

i) The use of relatively long, flexible fluorophores (~12-15 A
long) should allow for the detection of conformational
changes within the whole VSD. However, we cannot exclude
that other gating components may have been missed.

ii) The absence of a resolved delay in the fluorescence signals
(Fig. 3B), which one would expect if a secondary fluoro-
phore rearrangement followed charge movement, increases
confidence in that the optical signals faithfully tracked
VSD movements.

iii) The global charge displacement [Q(})] can be approximated
by the charge-weighted sum of the F(V) curves (SI Appendix,
Fig. S1), whereas schemes III and IV (which accounted for
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VSD activation and pore opening) predicted the Q(}) rea-
sonably well, although it was not included in the fit dataset.

Schemes III and IV were less satisfactory at predicting minor
slower components of the resolved fluorescence in VSDs I-III
(Fig. 5B and SI Appendix, Fig. S5B). Such components may un-
derlie slow Cay voltage-dependent processes (e.g., inactivation)
or secondary fluorophore movements. In future work, longer
depolarizations and expanded model schemes can be used to
correlate slow VSD movements and Cay processes.

All models were less satisfactory at predicting I, kinetics from
Co**-blocked channels. F signals from VSDs I and II acquired
under Co®* blockade were different from those from Ba®*-con-
ducting channels, showing opposite F sign (VSD I) and faster ki-
netics. We cannot ascertain whether these differences are because
of the Cay1.2 pore blockade or a direct effect of Co®* on the VSDs
and/or the fluorescent label. Accordingly, we focused our analysis
and modeling on membrane current and fluorescence data from
conducting channels.

A necessary condition for simultaneously fitting current and
fluorescence by the five-particle Cay model template (one pore and
four VSDs) is that only one G(V) and one set of current traces can
be used to be accounted for by the activation of four VSDs. We used
G(V) and current traces from WT channels. Because the current
kinetics of S1324C channels (VSD IV label) were slower than WT
(SI Appendix, Fig. S2), this discrepancy could have biased the model
fitting to underestimate the VSD IV—pore coupling (W,). However,
VSD IV movements are significantly slower than both WT and
S1324C channel currents (Fig. 3B and SI Appendix, Fig. S2B, re-
spectively); therefore, the model-independent assessment that VSD
IV does not contribute to activation stands for both channels.

Which VSDs Initiate and Govern Ca>* Entry? The activation kinetics
and voltage-dependent VSDs II and III precede ionic current in
time and voltage (Fig. 3). Taken together with the modeling
results, these data suggest that the voltage dependence and
timing of Cay1.2 pore opening and consequently, Ca" influx are
primarily governed by VSDs II and III. However, we cannot
exclude the involvement of VSD I, which also possesses fast
activation kinetics and contributes 14% of VSD energy toward
channel opening. In follow-up work, to further probe the role of
the Cayl.2 VSDs in gating, additional approaches (e.g., VSD
immobilization) (51) should be adopted. Moreover, the auxiliary
subunit composition of the Cay1.2 channel (3 and a8 in this
work) likely plays an important role in the voltage-sensing
properties and energy contribution of each VSD in a;¢: considering
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Fig. 5. An allosteric model designates VSDs Il and Ill as the drivers for the opening of a;c/fs/axd Cay1.2 channels. (A) Mean normalized total charge dis-
placement (Q; white right-pointing triangle), ionic conductance (G; black W), and F reported from VSDs | (blue @), Il (red A), Ill (green @), and IV (yellow W)
with superimposed predictions of scheme IV (curves). (B) Fluorescence traces recorded from each VSD normalized to the steady-state probability of activation
(scheme IV predictions are in black). The timescale for VSD IV traces is 75 ms. (C) Membrane current from WT channels (maroon) for the same pulses as in B
with superimposed scheme IV predictions (black). Activation of VSDs Il and Ill significantly biases the open state (W, ~ W3 ~ =50 meV), and therefore, channel

opening occurs at physiologically relevant potentials. VSD | makes a smaller contribution (W; = —16 meV), whereas VSD IV is effectively not involved in Cay1.2

opening (W, < 1 meV). Model parameters are in S/ Appendix, Fig. S6B.

the asymmetry encountered in both VSD—pore coupling and aux-
iliary subunit association with ;¢ (Fig. 1C), we propose that a layer
of regulation for Ca®* entry may involve the modulation of Cay
VSD-pore coupling by auxiliary subunits.

Do Cay1.2 Channels Use an Allosteric Voltage-Sensing Mechanism?
Schemes I-III (Fig. 4), which allow channel opening only after
the obligatory movement of a defined set of VSDs that is anal-
ogous to the opening of a bicycle lock for a specific combination,
can be viewed as the strong coupling limit of the allosteric model
(scheme 1V), in which the interaction energies between the
VSDs and the pore (W) are too large to be resolved. Obligatory
coupling as the limit of strong allosteric coupling is a reasonable
conjecture given the modular construction of ion channels and
the widespread use of allosteric control among regulatory pro-
teins in general (52). The ability of this model to satisfactorily fit
the data (Fig. 5) showed that an allosteric gating mechanism is
compatible with Cay1.2 channel activation. Interestingly, the
allosteric model fitting assigned a negligible (<1 meV) energetic
contribution of VSD IV to pore opening. It should be noted that
this result does not exclude physical coupling between VSD IV
and the pore (which are, indeed, parts of the same protein) (Fig.
1 A and B) but only that this VSD, in its resting or active state,
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contributes the same energy toward pore opening. Consequently,
a mutation in a specific VSD can still affect channel properties,
regardless of whether the activation transition of that VSD
facilitates channel opening.

A Cay Paradigm for Voltage Sensing? Because the activation of an-
other pseudotetrameric channel, Nay 1.4, has been studied by VCF
(20, 42, 43, 53), we may compare the voltage-dependent operations
of the Nay and Cay voltage sensors. The Nay1.4 VSDs activate
within a more restricted voltage range (Vs = =76 mV for VSD III
to =58 mV for VSD II) (43) than those of Cay1.2 (VSD IV, -52
mV; VSD [, 5 mV). Overall, the Cay1.2 VSDs are slower than their
Nay1.4 counterparts (43) (SI Appendix, Table S2). However, in both
channels, VSD 1V is the slowest, a finding consistent with the theory
that VSD IV evolution diverged from that of VSDs I-III in pseu-
dotetrameric channels (5). Nayl.4 VSD IV activation exhibits
a measurable delay, suggesting that it moves later in the activation
sequence of this channel (43), a feature not resolved in any Cay1.2
VSDs (Fig. 3B). Finally, an obligatory model consistent with Nay
channel gating (Fig. 4, scheme II), which is partly based on the
scheme in ref. 43, could not account for Cay1.2 activation (S Ap-
pendix, Fig. S4). The differences between Nay1.4 and Cay1.2 VSDs
support the view that, although the two channel types are related
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and share a repeated domain structure, they may not use their
voltage sensors in the same way to open the pore.

The functional heterogeneity of Cay1.2 VSDs reported in this
work likely arises from the Cay channel complex structural
asymmetry, because (i) the VSDs possess nonidentical amino
acid sequences and charge distributions along S4 helices (Fig.
1D) and (i) auxiliary subunits a,d and p5 associate with channel
forming-o ¢ in 1:1:1 stoichiometry (Fig. 1C) and likely modulate
each VSD differently, fine-tuning the magnitude and timing of
voltage-dependent Ca** influx. In conclusion, we found evidence
that VSDs II and III govern Cay1.2 conductance, with a smaller
contribution by VSD I. It will be of prime interest to explore the
roles of each VSD in additional voltage-dependent functions,
such as voltage-dependent inactivation and facilitation, and their
modulation by Cay auxiliary subunits.
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Materials and Methods

The human L-type Ca?* channel ay¢77 (gb CAAB84346) (54) was used with f3-
(Uniprot P54286) and a5-1 (Uniprot P13806) subunits. The voltage-
dependent rearrangements of each VSD were optically tracked by a cut-
open oocyte Vaseline gap voltage clamp complemented with fluorometry
(35, 36, 55) as previously described (30, 32-34). Complete details are in S/
Appendix.
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