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Voltage-gated ion channels confer excitability to biological mem-
branes, initiating and propagating electrical signals across large
distances on short timescales. Membrane excitation requires chan-
nels that respond to changes in electric field and couple the trans-
membrane voltage to gating of a central pore. To address the
mechanism of this process in a voltage-gated ion channel, we
determined structures of the plant two-pore channel 1 at different
stages along its activation coordinate. These high-resolution struc-
tures of activation intermediates, when compared with the
resting-state structure, portray a mechanism in which the voltage-
sensing domain undergoes dilation and in-membrane plane rota-
tion about the gating charge-bearing helix, followed by charge
translocation across the charge transfer seal. These structures, in
concert with patch-clamp electrophysiology, show that residues in
the pore mouth sense inhibitory Ca?* and are allosterically cou-
pled to the voltage sensor. These conformational changes provide
insight into the mechanism of voltage-sensor domain activation in
which activation occurs vectorially over a series of elementary
steps.
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oltage-gated ion channels (VGICs) use voltage-sensing

domains (VSDs) to sense changes in electrical potential
across biological membranes (1, 2). VSDs are composed of a
four-helix bundle, in which one helix carries charged residues
that move in response to changes in transmembrane electric
field (3, 4). VSDs usually adopt a “resting state” when the
membrane is at “resting potential”: ~ —80 mV for animal and
~ —150 mV for plant plasma membranes (5). In comparison,
much lower resting membrane voltages are set for intracellular
endo-membranes: ~ —30 mV across the plant vacuole (6) and
mammalian lysosome (7). As the membrane potential vanishes
during depolarization, so does the downward electrostatic force
on the cationic side chains causing them to relax toward the
outside of the membrane across a hydrophobic constriction site
(HCS) or hydrophobic seal (8). This conformational change is
conveyed to the central pore, formed by four pore domains in a
quasi-fourfold arrangement, which dilates to allow the diffusion
of ions down their electrochemical gradients. The exact nature
of the conformational change in VSDs has been the subject of
decades of biophysical investigation (9-12), though to this date,
only a few structural examples exist of voltage sensors in resting
or multiple conformations (13-18).

Two-pore channels (TPCs) are defined by their two tandem
Shaker-like cassette subunits in a single polypeptide chain,
which dimerize to form a C2-symmetric channel with four subu-
nits and 24 (4 x 6) transmembrane helices (19-21). There are
three TPC channels, TPC1, 2, and 3, each with different voltage
or ligand gating and ion selectivity. Among the voltage-gated
TPCs (all except lipid-gated TPC2), only the second VSD
(VSD2) is electrically active (18, 22-24), while VSD1 is insensi-
tive to voltage changes and is likely static under all changes in
potential.
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In plants, the vacuole comprises up to 90% of the plant cell
volume and provides for a dynamic storage organelle that, in
addition to metabolites, is a repository for ions including Ca*.
TPC1 channels confer excitability to this intracellular organelle
(252 and, unlike other TPCs, are calcium regulated: external
Ca** (in the vacuolar lumen) inhibits the channel by binding to
multiple luminal sites, while cytosolic Ca®* is required to open
the channel by binding to EF hands, although the exact mecha-
nism by which this activation occurs is unknown (22). These elec-
trical properties allowed our group and Youxing Jiang’s group to
determine the first structure of an electrically resting VGIC by
cocrystallizing the channel with 1 mM Ca?*, which maintains the
VSD in a resting configuration at 0 mV potential (16, 22).

Previously (17), we used a gain-of-function mutant of
AtTPC1 with three luminal Ca®*-binding acidic residues on
VSD2 neutralized (D240N/D454N/E528N) termed AtTPClppg
(abbreviated here as DDE) to visualize channel activation at
the level of atomic structure, but we were unable to sufficiently
resolve details of the electrically active VSD2 due to structural
heterogeneity. In addition, the intracellular activation gate
remained closed. We now present multiple structures of inter-
mediately activated states of AtTPC1 determined by extensive
image processing. In order to visualize such states, we
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modulated the channel’s luminal Ca** sensitivity using a well-
studied gain-of-function single-point mutant, D454N (fou2),
and also the triple mutant DDE for comparison. fou2 is known
to desensitize the channel to inhibitory, external (luminal) cal-
cium ions (26, 27). Mutations in D454 and closely related lumi-
nal Ca®*-binding carboxyls to alanine D240A, D454A, E528A
(termed AtTPC1ACa;) were previously shown to effectively
attenuate the Ca®"-induced shift of the voltage activation
threshold of AtTPC1 to depolarizing potentials at high luminal
Ca®* (28).

The fou2 and DDE mutations lie in the coordination sphere of
the inhibitory Ca** site on the luminal side of the VSD2-pore
interface formed by D454, D240, and E528. The D454N muta-
tion in the fou2 channel enhances the defense capacity of plants
against fungal or herbivore attack due to increased production of
the wounding hormone jasmonate (29). These effects on plant
performance and defense are probably due to short circuiting of
the vacuolar membrane (26, 27, 30) in which TPC1 has increased
open probability at resting potential. Compared to wild-type
(WT) TPCI1, the activation threshold in the fou2 channel is
shifted to more negatively polarized potentials and also has sig-
nificantly lower sensitivity to inhibitory Ca®* in addition to exhib-
iting faster activation kinetics than its WT counterpart that was
originally named the “slow vacuolar” (SV) channel due to its
slow conductance onset (20, 21, 30). Therefore, D454N confers
more than just reduced sensitivity to external Ca** but intrinsic
hyperactivity as well. Our structures of these AtTPC1 mutants
attempt to explain how the voltage sensor functions during
electrical activation and how exactly luminal Ca®* affects this
process.

Results

Experimental Design of Cryoelectron Microscopy and Electrophysiology
Experiments. In order to examine the role of inhibitory Ca** in
the electrical activation process of AtTPCl, we determined
cryoelectron microscopy (cryoEM) structures of mutants that
perturb luminal Ca®* binding and performed patch-clamp elec-
trophysiology on plant vacuole-bound TPC1 channels. We pre-
pared mutant channels for single-particle analysis by vacuolar
expression in Saccharomyces cerevisiae followed by solubiliza-
tion using the gentle detergent glycodiosgenin (SI Appendix,
Fig. S2). The channels were then imaged and reconstructed to
near-atomic resolutions of ~3 A (Fig. 1C). To test whether WT
and mutant TPCI1 channels generated were properly targeted
in the plant cell, leaf protoplasts (mesophyll cells with removed
cell wall) from Arabidopsis plants (Fig. 14) were transiently
transformed with carboxyl-terminal GFP-tagged versions of the
plant two-pore channel TPCI1. Upon selective osmotic disrup-
tion of the plasma membrane (31), the green fluorescence of
TPC1-GFP expressing vacuoles (Fig. 1B and SI Appendix, Fig.
S1A4) is visible and their vacuolar membrane accessible for
patch-clamp electrophysiology (see Fig. 4).

D454 Controls Compactness of the VSD. In the presence of 1 mM
Ca®*, the D454N channel still binds Ca®* via the two other car-
boxylate residues that remain in the WT chelation site: D240
from the N-terminal pore domain and E528 from the gating
charge-bearing S10 helix (Fig. 24). Loss of the negatively
charged residue D454 on S7 of VSD2 causes the helix S7 to
move away from the charge transfer center (CTC), and subse-
quent shifting of S8 and S9 causes dilation of the VSD (Fig. 24).
This subtle structural rearrangement results in a slightly more
“relaxed” four-helix bundle, indicating that the luminal Ca* site
controls domain constriction. This less sterically hindered confor-
mation of the VSD may explain the mutant’s fast activation by
decreasing resistance of the charge transfer pathway. Accompa-
nying this conformational change is a full 180° rotation (relative
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to WT) of the luminal residues on S10 due to a 3 to o-helix
transition, causing R531 (one of the voltage-sensing arginines) to
move from interacting with negatively charged E511 to E468.
Despite these differences, the gating charges (R3-RS5 in the
Shaker convention) located along the S10 helix are still in the
“down state,” overlaying almost exactly with those in the WT
Ca**-bound crystal structure (Fig. 24). Therefore, D454N does
not ablate inhibition by external Ca** but rather primes the VSD
for activation by unlocking S7 from the VSD—pore interface.

The VSD Ca?* Site Forms a Hinge between the Pore and VSD.
Removal of Ca** from the D454N channel renders the VSD
much more dynamic. In the presence of the calcium chelator
EDTA (ethylenediaminetetraacetic acid disodium salt dihy-
drate), VSD2 is highly mobile and is barely visible in initial
reconstructions (with and without the imposition of C2 symme-
try), despite the fact that the rest of the channel is resolved to
~3 A resolution. C2 symmetry expansion followed by three-
dimensional (3D) variability analysis in cryoSPARC revealed
that VSD2 undergoes substantial lateral movement in the
membrane plane, rotating approximately as a rigid body about
the gating charge-bearing helix S10, explaining why the domain
is poorly resolved. In order to separate these states, we per-
formed iterative rounds of masked “skip-align” classification on
VSD2 using the C2 symmetry—expanded particle stack, which
recovered three discrete states of the voltage sensor, termed
states I through III (Fig. 2B). These particle sets were then sub-
jected to gold-standard or resolution-limited refinement in
RELION and cisTEM, respectively. State I was refined to the
highest resolution (<3 A resolution) and is apparently identical
to the D454N, external Ca**-bound (resting state) structure.
State II (at ~3 to 4 A resolution) and state III (at ~8 A resolu-
tion) exhibit significant conformational changes from the Ca’*-
bound structure, in which the VSD2 helices have rotationally
shifted by ~10 A at the outermost region. In state II, the gating
charges have moved ~7 A upwards by approximately one heli-
cal turn (i.e., one “click”) so that one charge is transferred
across the HCS formed by Y475 (Fig. 2C). Interestingly, R543
(RS in the Shaker convention) has rotated out of the four-helix
bundle to point more toward the pore (Fig. 2C). This demon-
strates that the gating charges translocate upwards in this acti-
vated state, in contrast to our previously suggested mechanism
(17), although dynamics in the entire VSD do seem to play an
integral part in activation. These dynamics may explain, in part,
why sufficiently high resolution in VSD2 was not previously
achievable. S10 in state II has also moved subtly (~5 A) from
its position in state I, and Y475 from S8 (that forms the hydro-
phobic seal of the CTC, termed HCS) moves by ~5 A in the
membrane plane, probably to prevent a steric clash with R4
and R5 during charge translocation (Fig. 2C). Accompanying
the movement of S10 is a small upward shift in the last two
helical turns of the S10-S11 linker (i.e., the domain II equiva-
lent of the S4-S5 linker). This shifts the linker away from the
gate-forming S6 helix, clearing a path for dilation of the intra-
cellular activation gate. As intracellular Ca®* is necessary for
channel activation, it is conceivable that an accompanying shift
in S6 to open the gate only occurs when the EF hands are Ca*"
loaded, although the exact mechanism of how this would occur
is unclear. These data suggest that the electrical activation pro-
cess in AtTPC1 differs from all other structurally characterized
VGIC mechanisms: large-scale conformational changes in the
VSD precede charge translocation.

The DDE Ca®* Channel VSD Is Apparently Identical to State Il of
D454N/EDTA and Retains a Closed Pore. In order to compare these
results with our previous observations from saposin-solubilized
DDE (17), we determined a structure of the DDE channel sol-
ubilized in glycodiosgenin, in the presence of 1 mM Ca®* (SI
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Fig. 1. CryoEM structure of the vacuolar two-pore channel 1 D454N at near-atomic resolution. (A) Confocal fluorescent image of an Arabidopsis leaf proto-

- 7 Intra-cellular

plast released from the TPC1 loss-of-function mutant tpc7-2 expressing a TPC1-GFP construct. (B) Confocal fluorescent image of the vacuole liberated by selec-
tive hypoosmotic shock from a protoplast depicted in A. In A and B, red fluorescence results from chlorophyll autofluorescence of chloroplasts (Scale bar,
10 pm.) (C) Orthogonal views of the luminal Ca%*-bound, unsharpened Coulomb potential map, colored by subunit, along with the atomic model annotated
with functionally relevant residues from the VSD2 and pore. Please note that Ca®* on the EF hands is not shown. Cae>* sensor = luminal, inhibitory Ca* sen-
sor. A low-pass filtered map is shown to approximate the boundaries of the detergent micelle. (D) Atomic detail in the potential map obtained after density

modification, showing the quality of the fitted structure. (E) One-dimensional schematic of the domain arrangement of the AtTPC1 polypeptide.

Appendix, Fig. S5). In this triple-mutant channel, D454, D240,
and E528 (of the VSD2 Ca®" coordination sphere) have been
substituted with alanine as opposed to their cognate amides.
As in our D454N EDTA dataset, multiple VSD states were
recovered from 3D classification in which the S7-S9 helices have
undergone a substantial in-membrane plane rotation about S10,
which we compare to the aforementioned states I and II

Dickinson et al.
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recovered from the D454N EDTA dataset (SI Appendix, Fig. S5).
We observe a correlation between resolvability of the EF hands
and lateral shift of the VSD, wherein the state I EF-hand domain
is well resolved, whereas it is disordered in the state II conforma-
tion. It is possible that EF hand—VSD contacts are broken during
VSD shifting such that the EF hands are no longer rigid. Instabil-
ity in the EF hands may be a prerequisite for stochastic opening
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Fig. 2. Conformational flexibility in VSD2 and charge transfer during voltage activation. (A) Structural comparison of VSD2 between the WT crystal struc-
ture (PDB: 5DQQ) and D454N-Ca**, showing dilation of the four-helix bundle and HCS, loss of 340 helicity at the luminal side of $10, and remodeling of
the Caex>* site. Ca®* atoms are shown as green and orange spheres. (B) Three conformations of VSD2 are observed from 3D classification of the D454N-
EDTA dataset, shown here as the unsharpened electrostatic potential maps from the classification job. State | (in gray) is most similar to the Ca?* dataset,
and state IlI (in purple) is most distinct with quasi-C4 symmetry. (C) Charge translocation in $10 is defined by a combination of upwards translation and
helical screw type motion, accompanied by retraction of the hydrophobic constriction site, Y475 (HCS). On the left are orthogonal views of VSD2. On the
right is a detailed comparison of the charge transfer centers in the resting (green) and partially activated (blue) states.

of the intracellular activation gate, although it is still unclear why
our DDE Ca?* structures retain a closed gate.

We conclude that D454 controls internal compactness of the
VSD (as concluded from our D454N Ca®" structure) and that
D240 (Zfrom the pore domain) and E528 (from VSD2) stabilize
the Ca*"-dependent tether between VSD2 and the pore—thus,
the Ca’**-binding site at this VSD2-pore interface forms a
“hinge,” the angle at which is determined by the presence of
Ca**. In the presence of luminal, inhibitory Ca®* (termed
Caext”), the VSD is poised inwards, resulting in a more C2
rectangular channel locked in place by an interdomain chelate.
Removal of the Cagy’>" allows the VSD to move in plane, sam-
pling multiple discrete states. When in the outwardly poised
state (i.e., the channel is more quasi-C4 symmetric) and the
membrane potential has sufficiently depolarized, the S10 helix
can activate, during which the gating charges translocate
upwards to access extracellular solvent (Fig. 2C). Crystal struc-
tures of the bacterial Na* channels NayRh and NayAb show
large differences in orientations between the VSD and pore
(32-35). Furthermore, the angle between the VSD and pore
domains of TPC3 (18) and murine TPC1 (36) may suggest that
VSD mobility across the two-pore channel family is an essential
component of channel activation and that electromechanical
coupling may consist of more complex motions than the push/
pull mediated by the S4-S5 (or S10-S11 in VSD2) linker.

While all animal TPCs are Na*-selective, plant TPC1 con-
ducts K*, Na*, and Ca®", and this lack of cation discretion is
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conferred by its quasi-fourfold selectivity filter, with two resi-
dues, M629 and G630, from the second pore domain (filter IT)
that abolish Na* selectivity (22, 23, 28, 35) (Fig. 3 4 and B).
Our D454N Ca?* structure, at ~2.5 A resolution, reveals a
detailed arrangement of pore densities that we assign to waters
around a single metal bound in the selectivity filter, demon-
strating exactly how permeant ions interact with the conduction
pathway (Fig. 3 C and D). The pore domain of the mutant
channel has completely reorganized with respect to WT, making
and breaking contacts relative to the crystal structure of WT
AtTPC1. In comparison to our WT TPC1 structure (Protein
Data Bank [PDB]: SDQQ), N631 from filter II has rotated 90°
to avoid interacting with its symmetry mate across the pore
(Fig. 3B). The hydroxyl of Y608 is repositioned 11 A to contact
the water network around the sodium ion, and D606 is moved
by 4 A into the central water network. In the WT crystal struc-
ture, the twofold symmetry-related E605 pair forms the con-
striction point of the pore mouth situated above the selectivity
filter and bound an Yb** ion (a Ca®* mimetic used for phase
determination). In D454N, E605 is removed from the conduction
pathway, significantly altering the topology and electrostatics of
the mouth (Fig. 3 B and E).

Interestingly, F611 also moves to displace another Ca®* ion
observed in the WT crystal structure between N612 and N625.
Multiple unmapped inhibitory Ca®* sites exist in the pore
domain of AtTPC1 (20), so these mutant-driven rearrange-
ments may alleviate Ca®" inhibition at the pore. In summary,

Dickinson et al.
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Fig. 3. Conformational changes in the pore domain between AtTPC1 WT and D454N. (A) Overlay of WT AtTPC1 (red, PDB: 5DQQ) and D454N-Ca** (blue)
showing no perturbations of side chains of filter | due to the mutation. The channel axes are shown where z is coincident with the pore and perpendicu-
lar to the plane of the membrane (xy-plane). (B) Large conformational changes in the metal- and water-binding pore residues from filter Il along with
exclusion of a proximal Ca* ion by F611. (C) Density-modified potential map zoned 2 A around atoms of interest showing hydration around the bound
metal and interactions with filter I. (D) Same as C but from the perspective of filter Il. (E) Coulombic surface representation of the pore mouth of WT
(Left) and D454N (Right) showing how rearrangements in the three acidic residues 605 to 607 alter the topology of the region. The viewing direction is in
parallel with the pore axis.

we conclude that the Ca**-dependent positioning of D454 is
allosterically coupled to the pore and that the insensitivity of
fou2 (D454N) to luminal Ca** is manifest in three locations.
Therefore, the diminished sensitivity to luminal, inhibitory
Ca* in the fou2 channel can be explained by these conforma-
tional changes, which clearly show that Ca**-binding sites are

Dickinson et al.
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remodeled to exclude Ca®* at multiple sites across the chan-
nel’s luminal face.

Since the TPC1 channel is a nonselective cation channel, the
ion we see in the selectivity filter could be either Na* or Ca**
(K* is absent from the buffer). Despite the buffer consisting of
a 200-fold excess of Na®™ (200 mM versus 1 mM Ca*"), we
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Fig. 4. The pore mouth operates a luminal Ca®* sensor functionally coupled to the voltage sensor. (A) Normalized conductance-voltage plots [G/Gmax(V)]
of WT and pore-mouth mutants in the presence (red symbols and line, 10 mM Ca®*) and absence (black symbols and line) of luminal Ca%*. Symbols repre-
sent means + SE, and solid lines provide the best fits of the G(V) plots to a double Boltzmann function. (B) Half-activation voltages V; and V, given as
means + SE in the presence of 0 and 10 mM Ca®* in the vacuole lumen. V,,, values were derived from the double Boltzmann fits of the G(V) plots shown
in A. Significant differences were only analyzed for V,/, values under luminal Ca®*-free conditions with one-way ANOVA followed by Dunnett’s post hoc
comparison test. (C) Changes in V; values upon a rise in luminal Ca®* from 0 to 10 mM. Significant differences tested with one-way ANOVA followed by
Dunnett’s post hoc comparison test. Note, Ca®*-induced changes in V; values for all channel variants are summarized in S/ Appendix, Table S1. (D and E)
The number of apparent gating charges z, and z, (means + SE) at 0 and 10 mM luminal Ca®* derived from the double Boltzmann fits of the G(V) plots
shown in A. Significant differences in the gating charges between the WT and the channel mutants were analyzed for each Ca®* condition with one-way
ANOVA followed by Dunnett’s post hoc comparison test. Significance of Ca?*-induced changes in z;,, values were tested with Student’s t test. Significant
differences between tested groups in B-E are indicated by asterisks (*P < 0.05 and **P < 0.01). In the bar charts (B-E), open black circles represent individ-
ual data points. In A-E, the number of experiments performed on individual vacuoles per channel variant was n = 5 for WT, E605Q, E605A, and D606N
and n = 4 for D607N and EDD under luminal Ca?*-free conditions. For 10 mM luminal Ca®*, the number of experiments was n = 5 for WT and E605Q and
n = 4 for E605A, D606N, D607N, and EDD.
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Fig. 5. Proposed mechanism of AtTPC1 voltage activation: In the presence of luminal Ca?* (Cacy>"), the VSD is compact and the gating charges are in
the “down” position. Removal of luminal Ca2* dilates the CTC and 57-S9 move rotationally around $10. This flexibility in the VSD is coupled to conforma-
tional change in the pore mouth that transitions between a Ca®* binding-competent and —incompetent state. If the membrane potential is sufficiently
depolarized, the gating charges will translocate upwards into their electrically active state. While in the electrically activated state, the intracellular

activation gate can open when the cytosolic EF hands are loaded with Ca®*.

cannot faithfully assign an identity to the observed metal in the
filter, as we do not know their respective affinities, the putative
coordination geometry is favorable for either ion (1, 37-39),
and the ionic radii of Na* and Ca®* (1.16 A and 1.14 A, respec-
tively) are almost identical. The amide carbonyl to metal
distance is 2.3 A, and the equatorial water to metal distance is
2.5 A. We used the CheckMyMetal server (40) to validate
the consistency of ions in this position. The coordination geom-
etry is almost octahedral, though the lower axial water to ion
distance is 2.9 A.

The Pore Mouth Influences Voltage and Luminal Ca>* Sensing. The
cryoEM structure of fou2 shows rearrangements of luminal
pore residues (termed the “pore mouth”); the carboxylate resi-
dues E605, D606, and D607 are repositioned and so cause an
apparent loss of the luminal Ca®* coordination site on the pore
axis (Fig. 3). Therefore, in order to determine what functional
effect the pore mouth has on TPC1 channel activation, we
made substitutions at those positions and transiently trans-
formed protoplasts of the TPC1 loss-of-function mutant #pcl-2
with individual single and triple TPC1 mutant channels. Patch-
clamp measurements with isolated TPCl1-transformed vacuoles
were performed in the whole-vacuole configuration (SI
Appendix, Fig. S14). Typical macroscopic, outward-rectifying
TPCI1 currents were recorded in response to membrane depo-
larization (SI Appendix, Fig. S1 B and C). Raising the luminal
Ca* concentration from 0 to 10 mM affected both ion channel
current amplitude (SI Appendix, Fig. S1 B and C) and voltage-
dependent properties (Fig. 4). As a proxy for the latter, we dis-
played the voltage-dependent relative open-channel probability
(Fig. 44). To our surprise, mutating the negatively charged resi-
dues impacted channel function in three ways. First, in the
absence of luminal Ca**, the open probability of the single-
mutant channels (E605A and D606N) and the triple mutant
EDD shifted significantly toward more negatively polarized
membrane potentials (Fig. 4B). Second, while the channel var-
iants (i.e., mutants and WT) transferred a comparable number
of equivalent gating charges z;, more gating charges z, were
moved in the channel mutants E605Q/A, D606N, and triple-
mutant EDD than in WT during activation under luminal
Ca**-free condition (Fig. 4 D and E). An increase in luminal
Ca?* differentially affected the gating-charge movement during
channel activation. The number of gating charges z; decreased
in the WT but not in the mutant channels (Fig. 4D). Instead,
all mutant channels except D607N transferred fewer gating
charges z, at high luminal Ca** than at 0 mM Ca**, whereas a
similar number of gating charges z, was detected for WT under
these two Ca** conditions (Fig. 4E). Third, neutralization of all
three amino acids together (EDD) further reduced the suscep-
tibility to the inhibitory luminal gating modulator Ca** (Fig.
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4C). Taken together, these results suggest that the negatively
charged cluster at the external entrance to the pore (605 to
607) are involved in channel gating as a Ca>* sensor.

Discussion

We used cryoEM to explore the electrical activation of a Ca”*-
regulated VGIC. Our structures show that the voltage sensor
undergoes a number of discrete steps along its activation coordi-
nate, including dilation, in-plane rotation, and finally, charge
translocation (Fig. 5). Furthermore, we show that the VSDs are
coupled to a luminal Ca®* sensor within the conduction pathway,
termed the pore mouth, and that the conformational changes we
observe in that region are functionally relevant. This gating at the
pore mouth functions in addition to steric gating at the canonical
intracellular activation gate. While we describe herein the mecha-
nism for electrical activation and luminal Ca®* inhibition, we are
currently unable to determine how the EF hands ultimately bind
cytosolic Ca®* to open the intracellular activation gate.

The fou2 channel has previously been shown to have faster
activation kinetics and altered voltage- and calcium-dependent
gating compared to the WT channel (26, 29). Our data here
allow us to propose two reasons for these observations. First,
dilation of the VSD lowers the energetic barrier to gating-
charge translocation across the HCS, resulting in the observed
faster voltage-dependent activation. Second, significant confor-
mational changes in the external mouth of the pore may
decrease the resistance of the conduction pathway, likely
through steric effects and complex interactions with the extra-
cellular hydration network. These conformational changes in
the pore mouth reflect allosteric communication from the VSD
that are apparently not conveyed through the S10-S11 linker,
since it remains unchanged structurally, but rather through sub-
tle rearrangements near the VSD2 Ca®" site. Therefore, the
D454 position, given its placement between VSD2 and the cen-
tral pore, represents an important regulatory site in the luminal
face of the channel that interacts with external Ca®*, disruption
of which has allosteric implications across the pore domain to
include altering distal Ca**-binding sites across the channel.

Despite visualizing multiple conformations of VSD2, it is
worth considering the possibility that the mutations we used to
trap such states may have induced instability in the domain.
Neutralization of negatively charged residues could cause
unwanted perturbations in the structure. Fortunately, we can
rationalize our observations using the previously established
electrophysiological recordings and those that we present in
this manuscript. Hopefully, further structural and functional
experiments will confirm and elaborate on our findings to com-
plete our understanding of electrical activation in this channel.
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Using image processing, we determined multiple structures
of sparsely populated states of a VGIC. These states reveal a
mechanism for a multistep activation process. Further analysis
will reveal whether similar processes occur in other VGICs,
many of whose structures are currently limited to a single elec-
trical state (18, 23, 36), in which elusive and dynamic processes
may be responsible for the multitude of previously proposed,
sometimes conflicting mechanisms of voltage activation.

Materials and Methods

Protein Expression and Purification. All AtTPC1 constructs were cloned into
our 83nu yeast expression vector (41) that incorporates a carboxyl-terminal
10x His tag preceded by a thrombin cleavage sequence. The plasmids were
transformed into DSY5 S. cerevisiae and grown on synthetic complete media
lacking histidine (SC-His) plates. A single colony was used to inoculate a 100-
mL starter culture of SC-His™ media and grown overnight at 30 °C. The starter
culture was used to inoculate 750 mL SC-His~ media and grown overnight at
30°C. A total of 250 mL Yeast Extract-Peptone-glycerol media was added to
induce expression of TPC1 and grown overnight at 30°C. All of the following
steps were performed at 4 °C. Cells were harvested by centrifugation, resus-
pended in lysis buffer (50 mM Tris pH 7.5, 500 mM Nacl, 10% glycerol, 1 mM
phenylmethylsulfonyl fluoride (PMSF), and one protease inhibitor tablet per
100 mL), and lysed by Emulsiflex. The lysate was centrifuged at 16,000 x g for
20 min to remove debris; then, the supernatant was centrifuged at 180,000 x
g for 1 h to collect the membrane fraction. Membranes were resuspended in
solubilization buffer (50 mM Tris pH 7.5, 200 mM NaCl, 1 mM PMSF, one prote-
ase inhibitor per 100 mL, and 1% B-dodecyl maltoside) such that the mem-
brane mass to volume ratio is 1:20. The suspension was Dounce homogenized
and nutated for 2 h. The suspension was centrifuged at 180,000 x g for 30 min
to remove unsolubilized material. The supernatant was filtered through a
0.22-um filter, and 20 mM imidazole was added along with 4 mL Ni?*-NTA
resin per 100 mL of lysate volume and allowed to batch bind for 4 to 5 h. The
resin was collected on a (disposable) gravity column and washed with protein
buffer (50 mM Tris pH 7.5, 200 mM NaCl, and 0.06% glycodiosgenin), first
with 20 mM imidazole, then with 75 mM imidazole, and then in the absence
of imidazole. The washed resin was resuspended in protein buffer, and 400 U
thrombin was added for overnight, on-resin cleavage. The flow-through was
collected, concentrated to 500 pL, and injected onto a Superdex 200 increase
10/300 gel filtration column (GE Healthcare), preequilibrated in protein buffer
supplemented either with 1 mM EDTA or CaCl,. The peak fraction at ~10 mL
(SI Appendix, Fig. S1) was collected and concentrated to ~5 mg mL~" for
vitrification.

Microscopy. Freshly glow-discharged grids (300 mesh holey carbon Au Quanti-
foil R1.2/1.3) were used for vitrification in a Mark IV Vitrobot (FEI), using 100%
relative humidity and 4-s blot time, and plunge frozen in liquid
nitrogen—cooled ethane. The grids were loaded onto an FEI Titan Krios G3 elec-
tron microscope operating at 300 kV high tension, equipped with a K3 Bio-
Quantum imaging system using a 20-eV energy slit. Imaging was performed in
nanoprobe mode using a 50-um C2 aperture using a ~1.3-um parallel illumi-
nated beam diameter and no objective aperture. The nominal magnification
postenergy filter (EFTEM) magnification was 105,000x%, corresponding to a cal-
ibrated super-resolution pixel size on the specimen of 0.4175 A - pix~'. The
dose rate was 8 e - pix ' - s~ with a total exposure time of 5.9 s resulting in
an accumulated fluence of 68 e~ - A2 fractionated evenly across 117 frames,
using correlated double sampling. Movies were acquired semiautomatedly
with SerialEM (42) using 3 x 3 hole beam-image shift, using a nominal under-
focus range of 0.7 to 1.5 um with focus targeting once per nine shots. The mov-
ies were drift corrected and dose weighted using University of California, San
Francisco (UCSF) MotionCor2 (43) and 2x Fourier binned to a pixel size of 0.835
A pix".

Image Processing. For D454N-Ca>*, 4,989 dose-weighted images (S/ Appendix,
Fig. S3) were imported into cryoSPARC version 2 (44), and contrast transfer
function estimation was performed in patches. Micrographs with a CTF resolu-
tion worse than 5 A were discarded. A total of 1,255,176 particles were picked
using a Gaussian blob, extracted in 386-pixel boxes, and subjected to two-
dimensional (2D) classification, resulting in 555,256 particles from the best
classes. These particles were then used to calculate a C1 ab initio volume in cry-
OSPARC. The volume was aligned onto the cyclic symmetry axis using “relion_
align_symmetry” and used as a reference for nonuniform refinement in cryo-
SPARC without imposition of symmetry. The map was then used as a reference
for a three-class heterogeneous refinement in cryoSPARC, from which 140,438
particles from the best class (with apparent C2 symmetry) were retained. The
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particles were subjected to nonuniform refinement with imposition of C2 sym-
metry while applying per-particle defocus refinement and per-beam-image
shift group beam tilt refinement, yielding a 2.5-A reconstruction by gold-
standard Fourier shell correlation using a 0.143 threshold. Unfiltered,
unmasked half maps from the refinement were subjected to both Deepem-
hancer (45) and density modification in Phenix (phenix.resolve_cryo_em) (46)
for assistance with model building and atomic interpretation.

For D454N-EDTA, 8,629 dose-weighted images were imported into cryo-
SPARC version 2, and CTF estimation was performed in patches (S/ Appendix,
Fig. S4). A total of 1,447,101 particles were picked using a Gaussian blob and
extracted in 386-pixel boxes. The particles were subjected to 2D classification
from which 347,837 particles were selected from the best classes. These par-
ticles were then subjected to global angular refinement against the D454N-
Ca* volume using NU-refinement with imposition of C2 symmetry. Although
most of the volume was resolved to <3 A resolution, VSD2 was essentially
invisible. C2 symmetry expansion, followed by variability analysis in cryoSPARC
with a focused mask over VSD2, demonstrated extensive heterogeneity in the
domain, and numerous processing routes were employed to cluster the under-
lying conformational states; 3D classification into three classes showed two
volumes, a high-resolution class similar in conformation to that in the Ca**
structure, and a low-resolution class with an invisible VSD2. Refinement of the
particles corresponding to the high-resolution class yielded a 2.7-A reconstruc-
tion that appears identical to the Ca®* structure (termed D454N-EDTA state ).
In order to effectively separate the VSD2 conformations, the entire particle
stack, before 3D classification, was exported to cisTEM (metadata was gener-
ated using csparc2star.py from Daniel Asarnow’s pyem suite, and a single
image stack generated using relion_preprocess), and a generous, cosine-
edged mask comprising only half of the homodimer was calculated with
relion_mask_create using a low-pass filtered D454N-Ca®* volume as a tem-
plate. The metadata were C2 symmetry—expanded using relion_particle_sym-
metry_expand and subjected to iterative rounds of 3D classification in cisTEM
without alignment. Three distinct classes were isolated, displaying large con-
formational differences. The three classes are denoted states | through I, the
first of which is the most similar to the D454N-Ca®* structure and at highest
resolution, and the third of which is the least similar and at lowest resolution
(~8 A resolution). Masked, resolution-limited refinement of state Il yielded a
promising map at 2.8 A global resolution, with local resolution in the VSD2
region at ~3.5 A. The particles were exported to cryoSPARC version 3 for C1
local refinement using a micelle-excluding mask. The half maps were sub-
jected to postprocessing in Deepemhancer to assist with atomic modeling and
interpretation.

For DDE-Ca®*, 5,416 dose-weighted images were imported into cryoSPARC
version 2, and CTF estimation was performed in patches (S/ Appendix, Fig. S5).
A total of 1,237,058 particles were picked using a Gaussian blob and extracted
in 386-pixel boxes. The particles were subjected to 2D classification from
which 257,025 particles were selected from the best classes. These particles
were then subjected to global angular refinement against the D454N-Ca®*
volume using NU-refinement with imposition of C2 symmetry. The particle
metadata was exported to star format and C2-symmetry expanded, and a sin-
gle image stack was generated using relion_preprocess. A mask was calculated
that encompasses only a single asymmetric unit and used in classification with-
out alignment in cisTEM, which recovered classes nearly identical to those
from the D454N-EDTA dataset. A total of 107,458 particles from the state Il
class were refined with local searches in C1. The half maps were subjected to
modification in Deepemhancer, which better enabled modeling of VSD2.

Atomic Modeling. The atomic models were generated using the crystal struc-
tures of WT AtTPC1 as a reference [PDBs: 5DQQ (16) and 5E1J (22)] and manip-
ulated in Coot (47), followed by iterative rounds of phenix.real_space_refine
(46) and flexible fitting using Namdinator (48). All figures were prepared
using UCSF Chimera (49).

Plant Cultivation. The TPC1 loss-of-function mutant tpc71-2 from Arabidopsis
thaliana (50) was cultivated in soil for 5 to 6 wk in a climate chamber with an
8-h light period and a light intensity of 150 umol - m~2 - s~'. The temperature
in the dark and light was adjusted to 16 °C and 22 °C, respectively, and the rel-
ative humidity was about 60%.

Cloning and Mutagenesis Procedure. Using the advanced uracil excision-based
cloning technique (51, 52), the complementary DNA sequences coding for the
AtTPC1 channel variants were cloned as carboxyl-terminal eGFP fusions (52)
into the modified pSAT6-eGFP-C1 vector (GenBank AY818377.1), as essentially
described by Dadacz-Narloch et al. (27). The AtTPC1 channel variants were
under the control of the 35S promoter. Site-directed mutations were intro-
duced in WT AtTPC1 following a modified USER (Uracil-Specific Excision
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Reagent) fusion method as described by Dadacz-Narloch et al. (27). All channel
mutants were verified by sequencing. Sequences of all used primers are pro-
vided in S/ Appendix, Table S2.

Transient Protoplast Transformation. TPC1 channel variants were transiently
expressed in mesophyll protoplasts according to a well-established protocol (53,
54). Briefly, for isolation of mesophyll protoplasts, the lower epidermis of the
leaves was gently scrubbed with sandpaper before incubating the leaves for 3
h in the dark in the enzyme solution (1.5% cellulase R10, 0.4% macerozyme
R10, 400 mM mannitol, 20 mM KCI, 20 mM MES (4-morpholineethanesulfonic
acid), 10 mM CaCl,, and 0.1% BSA (Albumin, Fraction V), pH 5.7 adjusted with
Tris). The suspension was then filtered and washed through a 50-um nylon
mesh with 30 to 40 mL W5 buffer (154 mM NadCl, 125 mM CaCl,, 5 mM KdCl, 5
mM glucose, and 2 mM MES, pH 5.7 adjusted with Tris) and centrifuged at 100
x g for 2 min without acceleration or brake at 4 °C. After removing the superna-
tant, the enriched protoplasts were incubated on ice for 30 min in W5 to settle
at the bottom of the tube. The supernatant was replaced by 5 to 8 mL MMg
(Mannitol/Mg) solution (0.4 M mannitol, 15 mM MgCl, and 4 mM MES pH 5.7)
to obtain about 2 x 10° protoplasts per milliliter MMG. A 200-uL protoplast sus-
pension was gently mixed with 20 pg plasmid DNA and 220 pL PEG (polyethyl-
ene glycol) solution (2 g PEG 4000, 1.5 mL H,0, 1.25 mL mannitol [800 mM], and
0.5 mL CaCl, [1 M]) and incubated for 15 min at room temperature. To stop the
reaction, W5 (440 L) was added to the protoplast suspension. After shaking
the tube gently for few seconds, W5 (880 uL) was added for further dilution.
Following centrifugation at 100 x g for 1 min, the supernatant was removed,
and the protoplasts were resuspended and stored in 1.5 mL W5 buffer (plus 50
ug - mL~" ampicillin) in the dark and at room temperature for 2 d.

Fluorescence Imaging. To image the correct vacuolar membrane targeting of
the TPC1 constructs, the GFP fluorescence signal of transformed protoplasts
and vacuoles released therefrom were detected using a confocal laser scan-
ning microscope (TCS SP5, Leica) (55).

Patch-Clamp Experiments. A total of 2 d after transformation, an aliquot of
the protoplast suspension (50 pL) was transferred to the patch-clamp record-
ing chamber, and the vacuole-releasing (VR) solution was added [250 to
400 pL VR solution, modified in comparison to that of Lagostena et al. (56)].
The VR solution was composed of 100 mM malic acid, 155 mM N-methyl-o-
glucamine, 5 mM EGTA, 3 mM MgCl,, and 10 mM Hepes/Tris pH 7.5 and
adjusted to 450 mOsmol-- kg~" with p-sorbitol. After the whole-vacuole patch-
clamp configuration was established with fluorescent vacuoles harboring
GFP-tagged TPC1 channels, the VR solution was replaced by the standard bath
medium. The bath solution consisted of 150 mM KCl, 1 mM CaCl,, and 10 mM
Hepes (pH 7.5/Tris) and was adjusted with p-sorbitol to an osmolality of
520 mOsmol-- kg~". Patch pipettes with a resistance of 1.5 to 3.9 MQ were
filled with one of two pipette solutions. Both pipette solutions were com-
posed of 150 mM KCl, 2 mM MgCl,, and 10 mM Hepes (pH 7.5/Tris) and adjusted
with p-sorbitol to an osmolality 500 mOsmol-- kg~". One of the pipette solutions
additionally contained 0.1 mM EGTA to adjust nominal 0 mM Ca** (https/
somapp.ucdmc.ucdavis.edu/pharmacology/bers/maxchelator/iwebmaxciwebmaxcE.
htm), while 10 mM CaCl, was added to the other. The patch pipettes were
made of thin-wall borosilicate glass capillaries (1.5 outer diameter x 1.17 inner
diameter; Harvard glass capillaries GC150T-10, Harvard Apparatus). The inner
wall of the glass capillaries was coated with Sigmacote (Sigma-Aldrich) before
the capillaries were drawn with a two-stage puller (PC-10, Narishige Group).
Using a microforge (UMCPZ 101, List Medical-Elektronic), the pulled glass pip-
ettes were coated near the tip with Sylgard (184 Silicone elastomer Kit, Dow
Corning Corporation), and then the tips were fire polished. Current recordings
were performed at a sampling rate of 150 ps and a filter frequency at 3 kHz
using an EPC800 patch-clamp amplifier (HEKA Electronic). Data acquisition
was carried out with the software program Pulse (HEKA Electronic). For the
patch-clamp experiments, individual vacuoles with a membrane capacitance
of 31 to 69 pF were used to study the channel variants under different luminal
Ca®* conditions. According to the voltage convention for endomembranes
(57), the membrane potential is given for the cytosolic side of the vacuole
membrane, while the membrane potential at the luminal side is set to zero.
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The currents were measured in response to voltage pulses (1 s) in the range of
—80 mV to +110 mV applied in 10-mV increments from a holding voltage of
—60 mV. The steady-state current amplitudes (/s;) were determined at the end
of the current responses to the voltage pulses and normalized to the compen-
sated membrane capacitance (C,,) of the investigated vacuole, which was
used as a measure for the vacuole membrane surface. For conductance/volt-
age curves [G/Gax(V)], instantaneous tail currents (I;) were determined from
tail currents, which were recorded at —60 mV after the vacuole membrane
was clamped to voltage prepulses (1 s) in the range of —80 mV to +110 mV.
Following a linear kinetic three-state model for the plant TPC1 channel [C; =
C; = O, with two closed states C;,, and one open state O (58)], the tail currents
I were plotted against the respective prepulse voltages and fitted with a dou-
ble Boltzmann equation as follows:

1
R N (R )

with kg - T = 25.26 mV at room temperature. V; and V, give the half-
activation voltages for the C; = O and the C, = C, transitions, respectively. z,
and z, represent the apparent equivalent gating charges of these transitions.

The tail currents and the fits were then normalized to the maximal
predicted currents (Imax) Of the best Boltzmann fit to obtain the normalized
conductance-voltage curves [G/Gmax(V) = I/lnax (V)]. Data were analyzed
with the software programs pulse (HEKA Electronic) and Igor Pro-6.11
(Wavemetrics Inc.).

It(v) = Imax N

Statistical Analysis. Data are presented as means + SE. Significant differences
in V,,, values under 0 mM luminal Ca%* conditions were analyzed with one-way-
ANOVA followed by the Dunnett’s post hoc comparison test. To perform the
statistical analysis (one-way ANOVA with Dunnett’s post hoc comparison test) of
the Ca®*-induced shift in the V,,, values, the means of the V; and V, values
determined in the absence of luminal Ca®* were subtracted from the individual
V; and V, values, respectively, derived under 10 mM luminal Ca®* conditions.
Levene's test and Shapiro-Wilk test confirmed assumed equal variance and nor-
mality of the data points. Significant differences in z; and z, values at each Ca®*
condition were analyzed with one-way ANOVA followed by Dunnett’s post hoc
comparison test. Significance of Ca**-induced changes in z,/, values were tested
with Student’s t test. Sample size was not predetermined; under consideration
of technical feasibility, we conducted a minimum of independent patch-clamp
experiments on individual vacuoles per each channel construct and luminal Ca%*
condition. Statistical analysis was carried out with SPSS 2020 (IBM).

Data Availability. The unfiltered and unmasked half maps, unsharpened vol-
umes, postprocessed volumes, and atomic models are available in the Electron
Microscopy Data Bank and PDB under accession nos. PDBID-7TBG and EMD-
25798 (AtTPC1 D454N-Ca?*); PDBID-7TDF and EMD-25827 (AtTPC1 D454N-
EDTA state I); PDBID-7TDD and EMD-25825 (AtTPC1 D454N-EDTA state Il);
and PDBID-7TDE and EMD-25826 (AtTPC1 DDE-Ca?*). The atomic coordinates
for the structures are available in the PDB. All plasmids are available
upon request.
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