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BIOPHYSICS

Mechanisms of ion selectivity and throughput in the

mitochondrial calcium uniporter

Bryce D. Delgado’2 and Stephen B. Long'*

The mitochondrial calcium uniporter, which regulates aerobic metabolism by catalyzing mitochondrial Ca2*
influx, is arguably the most selective ion channel known. The mechanisms for this exquisite Ca%* selectivity
have not been defined. Here, using a reconstituted system, we study the electrical properties of the channel’s
minimal Ca%*-conducting complex, MCU-EMRE, from Tribolium castaneum to probe ion selectivity mechanisms.
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The wild-type TcMCU-EMRE complex recapitulates hallmark electrophysiological properties of endogenous Uni-
porter channels. Through interrogation of pore-lining mutants, we find that a ring of glutamate residues, the “E-
locus,” serves as the channel’s selectivity filter. Unexpectedly, a nearby “D-locus” at the mouth of the pore has
diminutive influence on selectivity. Anomalous mole fraction effects indicate that multiple Ca®* ions are accom-
modated within the E-locus. By facilitating ion-ion interactions, the E-locus engenders both exquisite Ca2* se-
lectivity and high ion throughput. Direct comparison with structural information yields the basis for selective

Ca?* conduction by the channel.

INTRODUCTION

The mitochondrial calcium uniporter (the Uniporter) is a multisu-
bunit Ca®* channel complex that serves as the primary mechanism
for Ca** uptake into mitochondria in higher eukaryotes (I, 2). The
Uniporter demonstrates exquisite selectivity for Ca**, arguably
making it the most selective ion channel known. The mechanisms
for this selectivity and for its ability to conduct millions of Ca** ions
per second are not well understood, in part, because mutations
within the ion pore of the Uniporter that might affect these func-
tions have yet to be studied using electrophysiology.

The Uniporter serves important biological functions. Mitochon-
drial calcium uptake through it regulates adenosine triphosphate
(ATP) production to meet energy demands, shapes cytosolic
calcium signals, and controls a mitochondrial permeability transi-
tion that, when activated, leads to mitochondrial stress and cell
death (2). Mice lacking the pore-forming subunit of the Uniporter
have diminished ability to respond to perform strenuous work (3).
Recently, it has been shown that the Uniporter coordinates ATP
production with action potential firing in neurons in real time
(4). The Uniporter is also implicated in regulating cell-intrinsic an-
timicrobial response (5), cardiac hypertrophy and hereditary car-
diomyopathy (6), memory formation (7), and muscle myopathies
(8). A negative electrical potential (~—160 mV) of the mitochondri-
al matrix relative to the cytosol, which is established by the H* gra-
dient, serves as a driving force for the uptake of cations from the
cytosol. The selectivity of the Uniporter for Ca®* is of paramount
importance—K* and other cations outnumber Ca®* by approxi-
mately 1 million—fold. Without high selectivity for Ca®*, substantial
influx of K* would reduce the proton motive force used for ATP
synthesis.

The transmembrane proteins MCU and EMRE are the core ion
channel-forming components of the Uniporter (9, 10). It has been
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shown, for example, that coexpression of MCU and EMRE in yeast,
which do not contain an endogenous Uniporter, is sufficient to cat-
alyze mitochondrial Ca®* uptake (11). The other known compo-
nents of Uniporters in higher eukaryotes, which generally serve
regulatory roles, are the proteins MICU1 to MICU3 (12-14),
MCURI (15-17), and MCUj, (18). The MICU1 to MICU3 proteins,
for example, confer Ca**-dependent activation to the channel
whereby these subunits reduce Ca®* flux at low resting concentra-
tions of Ca®* (below 1 uM) by occluding the ion conduction
pathway and set a threshold for Ca®*-dependent activation (13,
19-23).

To date, 10 x-ray or cryo—electron microscopy (cryo-EM) struc-
tures of metazoan MCU-EMRE complexes or of fungal MCU com-
plexes have been determined (23-28). The structures reveal a
conserved architecture of the channel, but no structural similarity
to other proteins, which limits insight into the Ca®* selectivity
mechanisms that can be drawn from other channels. The structures
reveal that a tetrameric assembly of MCU subunits forms an ion
pore along the axis of symmetry between the subunits. The
EMRE subunits, which may be only present in metazoan organisms
(9), are positioned at the periphery of the transmembrane region
and do not appear to contribute to the walls lining the pore in the
structures (28, 29). Subtle conformational differences among some
of the MCU-EMRE structures in the region closest to the mitochon-
drial matrix could represent different gating conformations of the
channel (28, 29). Of note for the current work, the conformation
of the pore closest to the mitochondrial intermembrane space
(IMS) is indistinguishable among all these structures. This region
includes a conserved sequence motif containing two acidic amino
acids (D261 and E264, human MCU numbering) that has been pos-
tulated to function as the selectivity filter responsible for the chan-
nel's remarkable Ca?* selectivity (24—27, 30). The structures show
that this region is a-helical, which was initially unexpected, as a
portion was proposed to be in a loop (18, 30, 31). In the structures,
D261 and E264 from each of the four subunits face the pore, creat-
ing two acidic rings at the mouth of the pore (Fig. 1, A and B, and
fig. S1). These amino acids, which we refer to as the D-locus and E-
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Fig. 1. Monovalent currents of TcMCU-EMRE. (A and B) Three-dimensional cryo-EM structure of TcMCU-EMRE (Protein Data Bank: 6X4S, cartoon representation). The
TM2 helices are yellow, EMRE is pink, and the remainder of the channel is gray. Ca?* is depicted as a green sphere. (B) View and close-up (right) of the transmembrane
region and acidic loci. Two subunits are shown (the other two are removed for clarity). The D-locus and E-locus residues are drawn as sticks. The gray surface represents the
ion pore. Approximate boundaries of the membrane are indicated. (C to F) Bilayer experiments using purified TcMCU-EMRE. (C) TcMCU-EMRE is cation selective. -V
relationships are plotted for symmetric (150 mM NaCl:150 mM NaCl; green) and asymmetric (15 mM NaCl:150 mM NaCl; gray) salt concentrations under divalent-free
conditions. Buffer components are listed as trans:cis. A reversal potential of —57.4 + 2.7 mV for the asymmetric condition agrees with the Nernst potential (—58 mV) for a
perfectly cation-selective ion channel. (D) Macroscopic Na* currents under divalent-free conditions (symmetric 150 mM NaCl). The voltage protocol is shown at the
bottom. To obtain I-V relationships similar to those in (C), mean currents of the test pulses were calculated over 1.7 s. (E) Nanomolar concentrations of Ca?* inhibit
Na* currents. [Ca?*]qee (10 NM) was added to the same bilayer from (D), and the voltage protocol was repeated. (F) TcMCU-EMRE displays selectivity for Na* over K*.

Asymmetric conditions (150 mM KCI:150 mM NaCl; blue) exhibit a reversal potential of —42 + 5 mV, indicating a P«/Pna permeability ratio of 0.22 + 0.06.

locus, are perfectly conserved among all MCU proteins identified to
date. Mutation of these residues has been shown to alter or eliminate
the ability of the channel to catalyze Ca** uptake into mitochondria
(30), suggesting that they have important roles in channel function.
However, the influences of these residues on ion selectivity have not
been evaluated by electrophysiological studies of mutants.
Electrophysiological studies of the endogenous Uniporter from
mammalian cells, made from mitochondria stripped of their outer
membrane (so-called "mitoplasts”), show that, similar to some
other cellular Ca*" channels, the Uniporter conducts monovalent
cations, such as Na*, when Ca?" is removed (I). Ca** potently in-
hibits these Na* currents with a dissociation constant (K4) of <2
nM, indicating that the Uniporter contains a high-affinity binding
site for Ca®* (1). However, the Uniporter does not appreciably
conduct Ca?* until much higher (~mM) levels of Ca®* are
present, and Ca** currents do not saturate until approximately 80
mM (I). Experiments showing current measurements through in-
dividual channels reveal a single-channel conductivity for Ca** of
2.6 to 5.2 pS at —160 mV (I), indicating that the Uniporter is
highly conductive and can permit approximately 10° Ca** ions to
flow through an individual channel per second. The high-affinity
binding of Ca?* and the high throughput of Ca** are paradoxical
—a binding site with such high affinity would typically have an
off-rate that is several orders of magnitude slower than the rate at
which the channel has been shown to catalyze Ca** conduction. In
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this study, we sought to address this seeming paradox by investigat-
ing the roles of the D- and E-loci using electrophysiological studies
of channel mutants.

While mitoplast recordings have yielded insight into the proper-
ties of endogenous Uniporter channels (I, 9, 16), they are very tech-
nically challenging (32). Mitoplast recordings are also complicated
by the heterogeneity of the protein components present, potential
mitochondrial toxicities when mutations are introduced, and the
inability to change the solution on the matrix side of the membrane
during the experiment, among other considerations. For these
reasons, we sought to use an alternative approach to study the elec-
trical properties of mutations made to the D- and E-loci. Two-elec-
trode voltage clamp experiments of channel subunits expressed in
frog oocytes present one alternative. Such experiments have been
used to demonstrate that expression of an MCU-EMRE fusion
protein in the oocyte membrane generates a channel with electrical
properties similar to the mitochondrial uniporter (33). While more
technically tractable than mitoplast recordings, two-electrode
voltage clamp experiments are complicated by the inability to
change the solution inside the oocyte during the experiment and
by the presence of endogenous Ca**-activated chloride channels
in their membranes, which could, for example, cloud the effects
of introduced mutations that alter ion selectivity. Nevertheless, it
has been shown using two-electrode voltage clamp experiments
that mutation of the E-locus to alanine in an MCU-EMRE fusion
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construct eliminates the ability of the channel to conduct Ca®* (33),
which is in agreement with previous mitochondrial Ca** uptake
measurements (24, 30) and suggests that the E-locus has an impor-
tant role in channel function.

We chose a reductionist approach to interrogate the ion selectiv-
ity properties of purified MCU-EMRE complexes and their mutants
in a reconstituted lipid bilayer system. This system allows complete
chemical control of the lipid and protein constituents, as well as the
ability to change the ionic compositions of the solutions bathing
each side of the membrane during the experiment (34). With this
system, the ion selectivity properties of mutants can be observed di-
rectly without concerns that the effects might stem from endoge-
nous ion transport proteins in mitochondria or oocytes. Previous
attempts to study MCU/EMRE using bilayer electrophysiology
(18, 31, 35) were, however, met with skepticism (10, 33). For
example, previous electrical recordings were made at the single-
channel level and inconsistent with single-channel recordings of en-
dogenous channels. The ability to interrogate multiple channels si-
multaneously, so-called “macroscopic” electrical recordings, when
using a reconstituted system is important to establish that the re-
cordings emanate from the protein of interest, in part, because
single-channel electrical signals may arise from trace contaminants,
even when using a highly purified protein (36). In addition, most
previous attempts to electrically characterize purified channel com-
ponents were performed before the discovery that EMRE is a nec-
essary component for Ca®* permeation through MCU, which casts
doubt that MCU was responsible for the observed currents (18, 31).
In this study, we first sought to evaluate whether a purified MCU-
EMRE complex could recapitulate macroscopic electrical hallmarks
of endogenous Uniporter channels. Upon demonstrating this, we
then investigated the effects of mutations of the D- and E-loci to
interrogate the mechanisms for the channel's superlative selectivity
for Ca?* and high throughput.

To select the MCU-EMRE protein construct for the functional
studies presented here, we leaned on previous work, in which our
laboratory determined cryo-EM structures of the MCU-EMRE
complex from the red flour beetle Tribolium castaneum, which we
refer to as TcMCU-EMRE (22, 29). This complex exhibited superior
biochemical stability in comparison to human and other metazoan
MCU-EMRE complexes that we evaluated. The TcMCU and
TcEMRE subunits share 77 and 48% identity with the human coun-
terparts within their transmembrane domains. Similar to the
human Uniporter, EMRE is required for Ca** uptake by TcMCU
(29). Stemming from the observation that functional channels in
mitochondria can be formed by covalent fusion of MCU and
EMRE subunits (37), the MCU and EMRE proteins were connected
with a flexible peptide linker for structural and functional studies
(29). The N-terminal domain (NTD) of MCU (amino acids 1 to
168) was also removed; we and others have found that the NTD is
not required for Ca®* uptake into mitochondria (24, 28, 29, 38, 39)
and that higher-resolution cryo-EM structures can be determined
without the NTD owing to its flexible connection with the pore
domain (22, 29). We have previously shown that this TcMCU-
EMRE construct catalyzes Ca** uptake into mitochondria when
heterologously expressed in mammalian cells and that purified
TcMCU-EMRE protein catalyzes Ca®* uptake into liposomes (29).
We suspect that the superior biochemical stability of the TeMCU-
EMRE construct facilitates functional studies of the purified
protein. These attributes inspired us to pursue the electrical
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recordings of purified TcMCU-EMRE presented here, which also
allow for direct comparison with its three-dimensional structure.

Using the reconstituted bilayer system, we determined that pu-
rified TcMCU-EMRE protein recapitulates hallmark electrical
properties of endogenous Uniporters. By making mutations of
the E- and D-loci and by studying the electrical properties of the
modified channels, we identify that the E-locus serves as the chan-
nel’s selectivity filter. The D-locus has only minor influence on ion
selectivity. Using noise analysis, we characterize single-channel
properties of the wild-type and mutant channels and identify that
the E-locus enables rapid ion conduction. From anomalous mole
fraction effects, we observe evidence for ion-ion interactions
within the E-locus. We conclude that the E-locus confers exquisite
Ca?* selectivity and catalyzes rapid ion conduction by accommodat-
ing multiple interacting Ca®* ions within this single locus.

RESULTS

A reconstituted MCU-EMRE complex recapitulates electrical
properties of the Uniporter

The TcMCU-EMRE protein was purified from mammalian cells as
previously described (29) and then reconstituted into liposomes
(see fig. S2 and Materials and Methods). Cardiolipin was included
in the liposomes following the results of our previous flux assay ex-
periments that indicated its importance for channel function (29).
The reconstituted protein was studied using planar lipid bilayer
electrophysiology, which allowed for the precise control of ionic,
lipid, and protein composition (34). Using macroscopic electrical
recordings (from numerous channels simultaneously), we first
sought to characterize whether the purified sample exhibited elec-
trical properties previously observed for endogenous Uniporters.
These properties include Na* permeability under divalent-free con-
ditions, potent block of Na* currents by Ca**, robust Ca** perme-
ation at higher levels of Ca?*, inhibition by ruthenium red (RuRed),
current rectification, and selectivity for Ca** following the conduc-
tivity sequence: Ca** ~ Sr** >> Mn** ~ Ba** > Mg** (1).

We observed robust Na* currents under divalent-free conditions
(Fig. 1, C and D). TcMCU-EMRE displayed essentially perfect se-
lectivity for Na* over Cl~ as evidenced by a reversal potential at the
Nernst potential when an asymmetric concentration of NaCl was
used across the membrane (Fig. 1C). Unlike most Ca** channels,
the Uniporter displays a preference for Na* over K* under diva-
lent-free conditions (I, 40). This property is thought to relate to
the slightly smaller size of Na* and to be an indication of narrow
dimensions in the Uniporter's pore (I). TcMCU-EMRE exhibited
this preference with a permeability ratio (Px/Py,) of 0.22 + 0.06
(Fig. 1F). We found that monovalent cation permeation properties
of the Uniporter are recapitulated by purified TcMCU-EMRE.

While Na* currents through many Ca*" channels are blocked by
micromolar levels of Ca®*, a notable property of the Uniporter is the
ability for low nanomolar levels of Ca** to block such currents (1,
40, 41). The high-affinity interaction of Ca?* in the pore is thought
to relate to the Uniporter's superlative selectivity for Ca®* (1).
Similar to endogenous Uniporters (1), we found that Na™ currents
through TcMCU-EMRE were inhibited by nanomolar levels of
Ca** (Fig. 1E).

Although nanomolar levels of Ca®* block monovalent cation
permeation in the Uniporter, the endogenous channel does not ef-
ficiently conduct Ca®* until millimolar levels of Ca** are present

3 of 20

€202 ‘v0 Afenuer uo USIAM NA ‘USIAN BRISBAIUN SUIS IUIZIPSLULSEU LIBIS A Te B10°90US 195 MAMM//:SA1Y WO | PaPE0 [UMOC]



SCIENCE ADVANCES | RESEARCH ARTICLE

(1). These two apparent affinities for Ca®" in the Uniporter, nano-
molar block and millimolar conduction, hint that ion conduction
could involve multiple Ca®* ions within the pore. In voltage-depen-
dent calcium (Cay) or voltage-dependent potassium (Ky,) channels,
multiple interacting ions have been shown to overcome the seeming
paradox of tight ion binding and high flux (42, 43). TcMCU-EMRE
exhibited an analogous pattern—nanomolar block of Na* currents
by Ca** and robust Ca®* current through the channel when 40 mM
Ca?* was present (Figs. 1, D and E, and 2A). Bi-ionic conditions
with 40 mM Ca®* on one side and 150 mM Na* or K* on the
other only displayed currents for Ca®*, indicating near-perfect se-
lectivity for Ca** over monovalent cations (Fig. 2B).

The macroscopic Ca®* currents were approximately 10 times
smaller than the macroscopic Na* currents recorded under diva-
lent-free conditions from the same membrane (at near-saturating
levels of cations; 40 mM Ca®* or 150 mM Na; fig. S3). Lower mac-
roscopic Ca®* currents in comparison to Na* could be due to
reduced flow of ions through each open channel (lower single-
channel conduction), reduced probability of the channels adopting
an open state (lower open probability), or a combination of these.
We observed a substantial amount of current fluctuation (also re-
ferred to as "noise”) in the macroscopic current traces for Na*
(Fig. 1D). The fluctuations are presumably due to the collection
of channels in the membrane opening and closing stochastically.

The fluctuations were notably reduced for Ca** currents from the
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Fig. 2. Ca?* selectivity and RuRed inhibition of TcMCU-EMRE. (A) Macroscopic Ca®* currents of TcMCU-EMRE in a planar lipid bilayer. Symmetric solutions containing
40 mM CaCl, were used. The voltage protocol is shown at the bottom. (B) Selectivity for Ca>* over Na* and K*. Representative I-V curves are shown for bi-ionic conditions
(150 mM KCl or NaCl in the trans chamber:40 mM CaCl, and 150 mM NaCl in the cis chamber). (C) Divalent cation selectivity. Representative /-V curves for symmetric 40
mM CaCl; (light brown) and bi-ionic (40 mM XCl, trans:40 mM CaCl; cis) solutions. (D) Schematic of the planar lipid bilayer system, showing channels oriented in both
directions. TMD, transmembrane domain; GND, electrical ground. (E) TcMCU-EMRE exhibits rectification for Ca?* currents. Representative Ca%* current traces using sym-
metric 40 mM CaCl, with 1 uM RuRed in the cis chamber. (F) Using the same membrane as in (E), the addition of 1 uM RuRed to the trans chamber inhibits Ca®* currents.
(G) -V relationships showing rectification of Ca?* currents (symmetric 40 mM CaCl,). Blue trace is without RuRed; black trace is with 1 uM RuRed in the cis chamber [from
(E)]. For comparison, the -V relationships were normalized by dividing by the mean current at —160 mV. Before normalization, each experiment elicited ~30 pA of current
at —160 mV. (H) Binding affinity of RuRed. Normalized mean Ca* currents observed at —160 mV (symmetric 40 mM CaCl,) in the presence of different concentrations of
RuRed in the trans chamber were plotted as shown. Currents were normalized by dividing by the uninhibited value and fit as described in Materials and Methods. The Hill
coefficient of the fit was 0.4 + 0.1. Error bars represent the SEM from three independent experiments. 1 uM RuRed was used in the cis chamber to block channels with their
IMS side facing the cis chamber.
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same membrane (e.g., one that contains the same number of ion
channels), which is another indication of a change in the open-
probability and/or single-channel conductance of the channel
when Ca?* is the charge carrier in comparison to Na* (fig. S3).
We used analyses of such fluctuations to estimate the single-
channel properties of TcMCU-EMRE, as described later.

Endogenous Uniporter channels have a divalent conductivity se-
quence that distinguishes them from most other Ca** channels (1).
For the Uniporter, Ca®* and Sr** are similarly conductive, but
Mn?*, Ba**, and Mg?* are hardly conductive (Ca** ~ Sr** >> Mn**
~ Ba** > Mg?*). The strong preference for Ca®* over Ba®* is unusual
among Ca*" channels. For example, Cay channels, the calcium
release—activated calcium channel, the inositol triphosphate recep-
tor, and the ryanodine receptor exhibit higher conductance for Ba**
compared to Ca** (44-48). While the transient receptor potential
channel TRPV6 shows selectivity for Ca** over Ba**, similar to
the Uniporter, it displays low conductivity to Sr** (49, 50), in con-
trast to the Uniporter, for which Sr** and Ca?* are similarly conduc-
tive. Thus, the distinct conductivity sequence is a hallmark of the
Uniporter.

Using bi-ionic conditions, with 40 mM Ca®* on one side of the
membrane and 40 mM of a test divalent cation on the other, we
observe that TcMCU-EMRE exhibits the same Ca®* ~ Sr** >> Mn?** ~
Ba®* > Mg?* conductivity sequence as endogenous Uniporter chan-
nels (Fig. 2C). This agreement inspires further confidence that
TcMCU-EMRE recapitulates fundamental properties of the Uni-
porter. Previously, low conductance of Mn?* had been attributed,
in part, to an inability of Mn®* to bind to the EF-hands of MICU
proteins that release from their inhibitory conformation at the
mouth of the ion pore (51, 52). Our results indicate that divalent
selectivity is an inherent property of the pore of the channel, con-
ferred by MCU and EMRE subunits, and independent of MICU
proteins or other protein components of the Uniporter that are
not present in our reconstituted system.

In the reconstituted system, purified TcMCU-EMRE channels
could be positioned in the bilayer in two possible orientations
(34), with the IMS side of their pore facing either the cis or the
trans compartment of the apparatus (Fig. 2D). Although endoge-
nous Uniporter channels are strong rectifiers, which preferentially
catalyze the flow of Ca®* into the mitochondrial matrix (1), we
observe robust Ca®* current at both positive and negative voltages
(Fig. 2A). The current-voltage (I-V') curve is sigmoidal (Fig. 2, C
and G), however, which would occur if rectifier channels were
present in both orientations. We reasoned that if we could prefer-
entially inhibit channels facing in one direction, we might observe
current rectification from channels facing in the other direction.
Ca®* currents through endogenous Uniporters are blocked by the
cationic molecule RuRed when it is added on the IMS side of the
membrane (I). Its binding site has been attributed to the D-locus
on the IMS entrance of the ion pore (53), which suggests that it is
a sided blocker. We found that the application of 1 uM RuRed to the
cis side of the bilayer, which would inhibit channels with their IMS
side facing the cis chamber, nearly eliminated Ca®* currents at pos-
itive voltages (Fig. 2, E and G). Inhibition of these channels divulged
the strong inward Ca®" current rectification by TcMCU-EMRE
channels oriented in the other direction, e.g., with their IMS side
facing the trans chamber (Fig. 2, D, E, and G). By titrating the con-
centration of RuRed, we found that it inhibits TceMCU-EMRE with
a median inhibitory concentration (ICsy) of approximately 40 nM
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(Fig. 2, F and H), which is in accord with the potency observed for
endogenous Uniporters (1). Our results indicate that rectification is
an inherent property of the MCU-EMRE complex and that rectifi-
cation does not require additional subunits.

The RuRed experiments introduced the technical complication
that we found it difficult to wash the compound from the apparatus
following the experiment; consequently, we did not use RuRed in
other experiments. The presence of active channels facing in both
orientations does not alter the conclusions drawn from the experi-
ments presented in this work. The strong rectification observed for
Ca?* provides evidence that currents observed at negative voltages
originate from channels with their matrix side facing the cis
chamber and those observed at positive voltages originate from
channels facing in the other orientation.

In summary, we found that purified TcMCU-EMRE protein re-
capitulated hallmark electrical properties of the Uniporter in our
experimental bilayer system. These include Na* permeability
under divalent-free conditions, preference for Na* over K*, nano-
molar-affinity blockade of Na* currents by Ca**, robust Ca*" per-
meation at millimolar levels, inhibition by RuRed, current
rectification, and a Ca** ~ Sr** >> Mn** ~ Ba®* > Mg** conductivity
sequence.

Mutagenesis identifies the E-locus as the high-affinity site
After determining that purified TcMCU-EMRE protein exhibited
electrical properties of the Uniporter, we turned to study the
effect of mutations of the acidic loci in the putative selectivity
filter region. Among several amino acid substitutions tried, many
resulted in low protein expression or poor biochemical stability
(Materials and Methods). Mutation of the D-locus to alanine
(D261A) or the E-locus to aspartic acid (E264D) (Fig. 1B), which
will subsequently be referred to as the D—A and E—D mutants, re-
spectively, yielded proteins that could be purified (fig. S2). The size
exclusion chromatography profiles of the purified mutants were
similar to that of the wild-type protein, suggesting that the muta-
tions did not disrupt the overall fold of the channel. The interroga-
tion of purified D—A and E—D mutants in the bilayer indicated
that both yielded Na* currents under divalent-free conditions that
could be blocked by Ca** (Fig. 3, A to D). Similar to the wild-type
channel, both mutants displayed strong selectivity for cations over
anions as evaluated by reversal potentials near the Nernst potential
for Na* selectivity using asymmetric concentrations of NaCl (fig.
S4). These properties are further indications that the structure of
the mutants generally corresponds to the wild-type channel.

By titrating the amount of Ca**, we found that Ca** blocked the
Na* currents observed for wild-type TcMCU-EMRE at —80 mV
with a Ky value of <2 nM (Fig. 3E). The D—A mutant displayed
an analogously high-affinity block of Na* currents (K4 < 2 nM)
(Fig. 3E). The E=D mutant, on the other hand, displayed incom-
plete block and markedly weaker affinity for Ca®* (K4 ~ 42 nM)
(Fig. 3, Cto E).

To further investigate the E- and D-loci, we quantified the ability
of Sr** to block Na* currents (Fig. 3F). Sr** was chosen because pre-
vious mitoplast recordings of the Uniporter (1) and our studies
show that it has similar conductivity properties to Ca**, which sug-
gests that it interacts with the pore in analogous ways. We found that
Na™ currents through wild-type TcMCU-EMRE were blocked by
Sr?* with a K4 of 10.5 + 0.6 nM. The somewhat weaker affinity
for Sr** in comparison to Ca** provided the technical advantage
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Fig. 3. E-locus is the high-affinity binding site for Ca2*. (A and B) Similar to wild-type (WT) TcMCU-EMRE, monovalent cation currents through the D—A mutant are
inhibited by nanomolar levels of Ca*. Representative current traces of the D—A (D261A) mutant using symmetric 150 mM NaCl under divalent-free conditions, denoted
“DVF" (A), and in the presence of symmetric 10 nM [Ca?*¢.. (B). The same conditions and voltage protocol were used as for the wild-type TcMCU-EMRE shown in Fig. 1. (C
and D) Representative current traces of the E—D (E264D) mutant using symmetric 150 mM NaCl under divalent-free conditions (C) and in the presence of symmetric 1 uM
[Ca**]free (D). (E) Dose-response curves for inhibition of Na* currents by Ca?* for the wild-type and mutant channels from experiments analogous to those in (A) to (D)
using a range of [Ca?*];.. Currents (at —80 mV) were normalized by dividing by the uninhibited (divalent-free) value (/). Each point represents an experiment using the
indicated concentration of [Ca?*]r.c.. Upper limits for Ky are given for the wild-type and D—A mutant channels because the affinity is greater than the buffering capacity of
EGTA. (F) Dose-response curves for inhibition of Na* currents by Sr?*. Experiments were analogous to those described above, using Sr?* instead of Ca*. (G to I) Voltage
dependence of Sr** blockade. The extent of block of Na* currents at a given concentration of Sr2* is a function of the applied voltage. Curves for wild-type and D—A
channels are shown using 10 NM [Sr?*]gee. The curve for the E=D mutant is using T pM [Sr?*]qee. Block is calculated by dividing the current at the test voltage in the
presence of Sr?* (/) by the current at the test voltage in the absence of divalent ions (I) and subtracting this fraction from 1.

that the divalent cation concentration could be more precisely ma- The observed voltage dependence indicates that the blocking site
nipulated by a buffering system, which enabled us to define the islocated within the electric field. The diminished block at stronger
effects of the mutagenesis more fully. Na* currents through both  voltages suggests that a blocking cation can be pulled from the
mutants were blocked by Sr**, with the D—A mutant exhibitinga  blocking site into the pore by the electric field, in a so-called
K4 value of 12.7 + 0.9 nM, whereas the E»D mutant displayed a  “punch-through” effect (54-57). This is evidence that a Sr** (and
markedly weaker Ky of 890 + 42 nM (Fig. 3F). Thus, for both  presumably a Ca®*) ion bound in the blocking site experiences a
Ca*" and Sr*", a high-affinity block of Na* currents was observed  force due to an electric field across the membrane.
in the D—A mutant, but the more conservative E-D mutant The D— A mutant displayed the same pattern, with a voltage de-
yielded dramatically weaker affinity. These results suggest that the pendence that was analogous to that of the wild-type channel
E-locus represents the high-affinity binding site for Ca?*/Sr** and  (Fig. 3H). The similarities between the wild type and D—A
indicate that the D-locus is not a component of it. mutant regarding block by Ca?* and Sr** suggest that the blocking
We found that the potency of block of the wild-type channel bya site within the E-locus is unperturbed by the D—A mutation at the
concentration of Sr** near its K4 was voltage dependent. Stronger  mouth of the pore. The E-»D mutant, on the other hand, displayed
(more negative) voltages resulted in a lower extent of block, relatively modest voltage dependence of block, which provides
whereas voltages closer to neutral yielded more block (Fig. 3G).
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further evidence that the high-affinity blocking site present in the
wild-type and D— A mutant channels is the E-locus (Fig. 3I).

The E-locus is the selectivity filter
In addition to conducting Na* under divalent-free conditions, both
the D—A and E—D mutant channels conducted Ca** when milli-
molar levels were present (Fig. 4, Band D, and fig. S5). We evaluated
the divalent cation selectivity properties using bi-ionic conditions,
with Ca®* on one side of the membrane and a test divalent cation on
the other. Notably, the D—A mutant exhibits the same divalent
conductivity sequence as the wild-type channel, Ca?* ~ Sr** >> Mn?**
~ Ba®* > Mg** (Fig. 4B). Current recordings suggested that this
mutant may have slightly higher relative conductivities of Mn?*
and Ba®* than the wild-type channel (Figs. 2C and 4, A to C). For
the D—A mutant and the wild-type channel, the conductivity se-
quence correlates with ionic radii. The highly conductive Ca**
and Sr?* ions have similar ionic radii (Fig. 4, A and C), 1.00 and
1.13 A, respectively. By contrast,Ba>*, with a larger ionic radius
(1.36 A), or Mn?>* and Mg?*, with smaller ionic radii (0.83 and
0.72 A, respectively), are much less conductive. The E—D mutant
displayed a different divalent conductivity sequence from the wild-
type pore, in which Ba®* is more conductive than Ca®* (Ba** > Ca®*
~ Sr** >> Mn** ~ Mg?*) (Fig. 4, D and E). The increased conduc-
tivity of the larger Ba** ion suggests that the selectivity filter is made
wider by the mutation. These results show that the ion selectivity of
the relatively conservative E-D mutant of the E-locus is radically
different from that of the wild-type channel. On the other hand, the
chemically pronounced D—A mutation of the D-locus yields a
channel with divalent cation selectivity properties highly similar
to that of the wild-type channel.

We next sought to study the monovalent cation permeability
properties of the wild-type and mutant channels under divalent-

free conditions to further characterize the physiochemical proper-
ties of the ion pore. Using bi-ionic conditions, with Na* on one side
and a monovalent test cation on the other, TcMCU-EMRE exhibit-
ed a permeability sequence of Li* > Na* > K* > Cs* as determined
by reversal potentials (Fig. 5, A and D, and fig. S6). This monovalent
permeability sequence reflects the Eisenman type XI highest field
strength selectivity sequence, indicating that the selectivity filter
of the open pore interacts strongly with ions at a distance of less
than 1.5 A (58). In such a pore, the ion directly interacts with the
surrounding pore, indicating that it becomes at least partially dehy-
drated during conduction. The permeability of an ion can be
thought of as the ability of that ion to enter the pore, whereas con-
ductivity relates to the rate at which an ion passes through the pore
(55). The permeability sequence correlates with ionic radii: Smaller
monovalent cations (e.g., Li* and Na*) are more permeable than
larger ones; that is, smaller ones more easily enter the pore
(Fig. 5D). The correlation with size suggests that ions the size of
K* or larger are too large to fit optimally. I-V relationships show
that the conductivity sequence of TcMCU-EMRE is slightly differ-
ent from the permeability sequence, with Na* exhibiting higher
conductivity than Li*: Na* > Li* > K* > Cs* (Fig. 5A). Na*, with
an ionic radius of 1.02 A, seems optimally sized to pass through
the filter. Together, the monovalent cation selectivity results
suggest that the selectivity filter acts in a size-selective manner.
Na* with an ionic radius of 1.02 A conducts most easily, whereas
the conductivity of the smaller Li* ion (ionic radius of 0.76 A) is
less, and larger K* and Cs* ions (ionic radii of 1.38 and 1.67 A, re-
spectively) are restricted. This size-based selection is consistent with
the divalent cation selectivity results, in which Ca®* and Sr?*, with
ionic radii of 1.00 and 1.13 A, respectively, are highly conductive,
whereas larger or smaller ions are much less so (Fig. 4A). A
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Fig. 4. Divalent selectivity of mutant channels. (A) Relative conductance ratios for wild-type TcMCU-EMRE deduced from /-V relationships as those shown in Fig. 2C.
Conductance ratios were determined by dividing the mean current observed for a test cation at —160 mV by the value observed for Ca?* from the same membrane. Points
within each bar represent different experiments (and different membranes). Effective ionic radii for ions are indicated below the graph (707). (B and C) Divalent selectivity
properties of the D—A mutant. (B) Representative I-V curves for symmetric 40 mM CaCl, (light brown) and bi-ionic (40 mM XCl, trans and 40 mM CaCl, cis) solutions. (C)
Conductance ratios among divalent cations are shown, calculated as in (A). (D and E) Divalent selectivity properties of the E—D mutant, showing representative -V curves

(D) and conductance ratios (E), determined as indicated above.
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Fig. 5. Monovalent selectivity of TcMCU-EMRE and mutants. (A to C) Representative /-V relationships of TcMCU-EMRE and mutants under divalent-free conditions. The
trans chamber contained 150 mM XCl test salt, as indicated, and the cis chamber contained 150 mM NaCl. (D to F) Relative permeability ratios (Py/Py.) among monovalent
cations for TcMCU-EMRE and mutants. As described in Materials and Methods, permeability ratios were determined from reversal potentials. Points within the bars
represent different experiments from different membranes. Error bars represent the SEM. Effective ionic radii for the cations are indicated (707).

cation with an ionic radius of approximately 1.0 A seems “just right”
for the selectivity filter.

Strikingly, the D— A mutant had the same permeability and con-
ductivity sequences for monovalent cations as the wild-type pore
(Fig. 5, B and E, and fig. S6). In addition, the wild-type and D—A
mutant channels exhibited indistinguishable relative permeabilities
among the ions tested (Fig. 5, D and E). These results suggest that
the interaction distances between the selectivity filter of the channel
and the monovalent cations moving through it are unperturbed by
the D—A mutation. Thus, the D-locus is not a component of the
selectivity filter that affects monovalent cation selectivity.

For the E—D mutant, by contrast, we observed a different mono-
valent permeability sequence, Li* > K* ~ Na* > Cs*, in which K* is
similarly permeable to Na* (Fig. 5, C and F, and fig. S6). This dif-
ference indicates a marked change in the field strength and an in-
creased distance between the permeating ion and the open pore
relative to wild type. Increased permeability of the larger K* ion
in the E-D mutant suggests, as the divalent cation experiments
do, that the E—D mutant has a wider selectivity filter than the
wild-type pore. The results of the monovalent selectivity experi-
ments were consistent with the divalent selectivity ones: Mutation
of the D-locus has very minor (if any) effects on ion selectivity,
whereas mutation of the E-locus causes marked changes.

The primacy of the E-locus in the ion selectivity of the channel
was unexpected. On the basis of structural studies of the channel
and the sequence conservation of the D-locus, we and others had
expected the D-locus to also have a substantial role in selectivity.
Strong density ascribed to a Ca®* ion has been observed within
the E-locus in all x-ray or cryo-EM structures of MCU channels,
suggesting that this region has an important role in selectivity
(21-29, 59). The structural studies also showed that the aspartic

Delgado and Long, Sci. Adv. 8, eade1516 (2022) 16 December 2022

acid residues of the D-locus are exposed to the pore (Fig. 1B).
From these observations, we and others proposed that a Ca®* ion
in the D-locus could interact with a Ca®* ion in the E-locus and
this ion-ion interaction would permit Ca** flux through the
channel while providing high levels of selectivity (24, 25). In
support of this hypothesis, weaker density consistent with a
second Ca** ion has been observed in the D-locus in some of the
structures (24, 59). The electrophysiological data presented here in-
dicate that the ion selectivity properties of a channel completely
devoid of the D-locus (the D—A mutant) are analogous to that of
the wild-type channel. This indicates that the D-locus is not a
primary component of the selectivity filter. On the other hand,
the conservative E-D mutation of the E-locus markedly alters
the ion selectivity properties of the channel. We find that the E-
locus is responsible for two main features of Ca®* selectivity in
the Uniporter: a high-affinity block of monovalent currents by
Ca?" and the distinct divalent conductance sequence of the
channel. We conclude that the E-locus serves as the selectivity
filter of the channel and that the D-locus has a diminutive role in
ion selectivity.

Noise analysis identifies the E-locus as a high-

throughput device

Considering our observations that the E-locus serves as the selectiv-
ity filter of the channel, we sought to address what mechanisms
would allow for rapid ion conduction through it and what, if any,
influence the D-locus has on the ion conduction rate. To address
these questions, we investigated the single-channel properties of
wild-type and mutant channels using nonstationary noise analysis.
Using this technique, the amount of current flowing through a
single channel (i) and the probability that the channel adopts an

8 of 20

€202 ‘v0 Afenuer uo USIAM NA ‘USIAN BRISBAIUN SUIS IUIZIPSLULSEU LIBIS A Te B10°90US 195 MAMM//:SA1Y WO | PaPE0 [UMOC]



SCIENCE ADVANCES | RESEARCH ARTICLE

open conformation (Pg) can be deduced (60). As shown in Fig. 1D,
macroscopic Na* currents, recorded from multiple channels under
divalent-free conditions, displayed substantial fluctuations. These
fluctuations or noise can be attributed to a collection of individual
channels that switch between conductive (open) and nonconductive
(closed) states in a stochastic manner. The fluctuations provided an
experimentally tractable means to estimate the single-channel Na*
current (iy,). The magnitude of observed fluctuations (variance, 62)
is given by 0® = nPo(1 — P)i%. One can appreciate that the variance
will be greatest when Pq, = 0.5; in this case, each channel has a 50%
probability of conducting ions as it stochastically switches between
conductive and nonconductive states. On the other hand, when Pg
is close to one or approaching zero, the variance will be minimized.

To deduce iy, using noise analysis, one must be able to modulate
P (60). Borrowing from methods used to probe these properties for
the Ca?* channel Orail (57), we used the blockade of Na* currents
by Sr?* to effectively modulate Po. Sr** was chosen for the blocking
agent because its affinities for wild type and the D—A and E-»D
mutants were in concentration ranges that could be well controlled
using a buffering system. [Sr**]f.. was titrated from 0 to 6.3 uM to
vary the amount of block. The current traces (Fig. 6A) and a plot of
o versus mean current ((I}) (Fig. 6D) depict graphically that the
variance observed in the absence of Sr** increases when (I) is
reduced to approximately half its uninhibited value. On the other
hand, when a higher concentration of Sr** is used to block most
of the current, the variance is minimized. This parabolic relation-
ship between o> and (I) was fit with the equation
? = iy (I) — % to estimate iy, (Fig. 6D) (61). Doing so for mul-
tiple recordings, we estimate that iy, is —2.17 £ 0.05 pA at —120 mV,
which corresponds to a single-channel conductance of 18.1 + 0.4 pS
(Fig. 6G). This value represents the average single-channel conduc-
tance, as the analysis does not discern whether the channel exhibits
subconductance states. The result agrees with mitoplast recordings,
in which the Uniporter exhibits evidence for multiple conductance
states, with iy, values at —120 mV between approximately —1.2
and —3.2 pA (41). Agreement with mitoplast recordings shows
that the MCU-EMRE complex recapitulates the single-channel
properties of the Uniporter without additional subunits. From the
relationship between (I) and P, (I) = niPo, we deduce that the un-
blocked channel exhibits a Pg of approximately 0.81 + 0.04 at —120
mV when Na* is the charge carrier (Fig. 6H).

We next evaluated iy, for the mutants. Using the same approach
as for wild-type protein, we find that the E—-D mutation has a
similar Pg to the wild-type channel (0.72+0.05) but that it has ap-
proximately fivefold lower iy, (—0.44 + 0.02 pA at —120 mV) and
single-channel conductance (3.7 + 0.2 pS) relative to it (Fig. 6, C, F,
and G). The E—D mutation therefore exhibits both reduced ion se-
lectivity and reduced single-channel conductance relative to the
wild-type channel.

By contrast, the D— A mutation displayed single-channel prop-
erties similar to the wild-type channel: iy, at =120 mV of —2.12 +
0.04 pA, corresponding to a conductance of 17.7 + 0.3 pS (Fig. 6, B,
E, and G), and a P, of 0.95 + 0.03 (Fig. 6H). The observed iy, at
—120 mV corresponds to approximately 1.3 x 107 Na* ions
flowing through an individual open channel per second. The
results indicate that the E-locus operates as a high-throughput
device that enables high conductivity.

Delgado and Long, Sci. Adv. 8, eade1516 (2022) 16 December 2022

Noise analysis of Ca%* currents

Building off the work from noise analysis of Na* currents, we next
sought to evaluate the single-channel properties of Ca** conduc-
tion. Using an approach analogous to methods used to estimate
ina» We identified that lanthanum (La®*) is a potent blocker of
Ca?* currents through the channel. The measured apparent affinity
of TcMCU-EMRE for La**, in the presence of 40 mM Ca**, was 150
+29 nM (Fig. 7, A and B). With La®* as a channel blocker, we used
noise analysis of Ca?* currents and estimated ic, = —0.45 + 0.06 pA
at —160 mV, which corresponds to a single-channel conductance of
2.8 £ 0.4 pS (Fig. 7, A, D, and E). This amount of current corre-
sponds to approximately 1.4 x 10° calcium ions flowing through
the pore per second. We find that the unblocked channel exhibits
a Po value of approximately 0.91 + 0.03 at —160 mV, with Ca** as
the charge carrier (Fig. 7F). Unfortunately, macroscopic Ca**
current levels were not sufficient to obtain reliable noise analysis
data for the mutants.

We found that block of wild-type TcMCU-EMRE by La** was
voltage dependent (Fig. 7C). Blockade of Ca®* currents by 50 nM
La** increased with more negative voltages, reached a peak at ap-
proximately —80 mV, and declined at more negative voltages. The
relief of block at the most negative voltages is consistent with the exit
of La** into the cis chamber due to a punch-through effect. The
voltage dependence of blockade indicates that the binding site for
La** is located within the electric field. The different voltage-depen-
dent pattern in comparison to Ca>* blockade of Na* currents, which
displayed maximal block near neutral voltage, indicates that La**
and Ca?* bind at different positions within the channel at neutral
voltage. We hypothesize that, similar to Ca**, La** also interacts
with the E-locus. Its voltage dependence suggests that its binding
position at 0 mV is slightly closer to the IMS side of the E-locus
than the high-affinity site for Ca®*.

A multi-ion pore in the Uniporter: The E-locus can
accommodate multiple Ca* ions

Having identified the E-locus as the primary selectivity filter and
that it catalyzes rapid ion permeation, we suspected that the E-
locus might be able to accommodate multiple Ca** ions despite
the appearance of density interpreted as a single ion in the x-ray
and cryo-EM structures. A classical model of selective ion perme-
ation through an ion channel, for which there is ample electrophys-
iological evidence in KyCay channels, and in glycine and y-
aminobutyric acid receptor chloride channels, involves multiple
ions in a single file within the selectivity filter (43, 44, 62-66). X-
ray structures of canonical tetrameric potassium channels show
this clearly, with four distinct K* sites within their selectivity
filters, as first exemplified for the potassium channel KcsA (67,
68) and subsequently for a mammalian Ky channel (69, 70). Mul-
tiple ions in a single file, in conjunction with interactions between
the permeating ions (ion-ion interactions), can allow both for selec-
tivity among ions, which could be attributed to selectivity for ion
binding, and for high throughput. However, the Uniporter, with a
K4 of <2 nM for Ca?*, is distinct from other ion channels that have
been characterized in that the affinity for the permeant ion is orders
of magnitude tighter. The K* channel KcsA, for example, has a K4 of
approximately 0.5 mM for K* (43, 71). The Ca** channel Orail,
which is among the most selective metazoan Ca®* channels
known, has an affinity for Ca** of approximately 4 to 20 uM (57,
72). However, the single-channel conductance of Orail (ic,),
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Fig. 6. Noise analysis of Na* currents to deduce single-channel properties. (A to C) Na* currents through TcMCU-EMRE and mutant channels exhibit substantial
fluctuations (noise). The magnitude of the fluctuations depends on the extent of block by Sr?*. Representative current traces show that fluctuations observed for divalent-
free conditions (black traces; without Sr?*) increase at an intermediate level of block by Sr?* (blue) and decrease when higher concentrations of [Sr?*¢e. are used (red). (D
to F) Representative variance-versus—mean current relationships for TeMCU-EMRE and mutant channels. [Sr**].e levels (from 2 nM to 6.3 uM) were used to vary the mean
current. Solid lines represent fits of the data (Materials and Methods) to yield estimates for the single-channel sodium current (iy,) observed at —120 mV and the number
of channels in the membrane (n). Errors given represent the error of the fit. (G) Single-channel conductance estimates. Noise analyses analogous to that in (D) to (F) were
conducted for test voltages between —20 and —120 mV, from four or more separate bilayers for each protein construct. The deduced values of iy, (with error bars
representing the SEM) are plotted for each test voltage. The data can be well fit by linear regressions to yield the indicated single-channel conductances (errors represent
errors in the fits). Near-linearity indicates that the single-channel conductance for Na* does not vary substantially with the applied voltage. (H) P values for the protein
constructs (at —120 mV) deduced from these experiments. Individual data points represent values deduced using different bilayers, with error bars representing the SEM.

estimated at 20 to 40 {S (73, 74), is approximately three orders of
magnitude lower than that of the Uniporter, despite the Uniporter’s
more than 1000-fold greater affinity for Ca*.

An electrophysiological hallmark of interactions between ions
during permeation is the so-called anomalous mole fraction effect
(AMFE) (55). If one considers a hypothetical ion channel contain-
ing multiple ions that interact with one another, the conduction
through the channel could be affected by the ion-ion interactions.
If the channel were able to conduct two different types of ions, Ca**
and Ba®*, for example, then each would give rise to a certain con-
ductance on their own. An AMFE can occur when a mixture of the
ions is used in the experiment: The interactions between two differ-
ent types of ions might result in a different conduction rate than
would be expected from the average of the rates for each ion. This
observed “anomalous” change in conduction is evidence for ion-ion
interactions within the channel (75).

Delgado and Long, Sci. Adv. 8, eade1516 (2022) 16 December 2022

We used Ca** and Sr**, which are similarly conductive through
the channel, to look for an AMFE in TcMCU-EMRE. The results
were striking. Mixtures of Sr** and Ca®* elicited a strong AMFE
in the wild-type channel (Fig. 8, A and D). For example, an equal
mixture of the ions yielded a nearly 50% reduction in current in
comparison to either ion alone. These data provide evidence that
selective ion conduction through the Uniporter operates through
a multi-ion mechanism.

We used the D— A and E—D mutants to investigate the involve-
ment of the D- and E-loci in multi-ion conduction. We found that
the D—A mutation has negligible effect: This mutant displayed an
AMEFE that was analogous to the wild-type channel (Fig. 8, B and E).
These results indicate that the D-locus is not responsible for the ion-
ion interactions that underlie selective ion permeation through the
channel. Although density that may represent a calcium ion is ob-
served in the D-locus in some of the cryo-EM structures, this site is
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representing the SEM.

not involved in the ion-ion interactions that generate an AMFE for
the wild-type channel.

On the other hand, an AMFE was not observed for the E=D
mutant (Fig. 8, C and F). This indicates that the E-locus is involved
in the multi-ion mechanism of selective permeation. Together, the
AMFE experiments suggest that the E-locus itself can contain more
than one Ca®* ion. The geometrical constraints of the E-locus
suggest that it could contain two Ca®* ions (e.g., two Ca’* ions
could fit in a single file in the E-locus with appropriate spacing
and coordination to the glutamate residues), but our data do not
exclude the possibility of interactions with more than two Ca?*
ions. For example, molecular dynamics simulations suggest that
three Ca®* ions sometimes interact with a ring of acidic amino
acids in the selectivity filter of the Ca®*-selective TRPV6
channel (76).

The AMEE that we observe is substantial. Typical effects in other
ion channels result in less than 10% perturbation in ion conduction
(77). The near 50% effect in the Uniporter suggests that the inter-
actions between the permeating ions are particularly important for
ion conduction. To provide context, we considered the following
two-site scenario. An equal mixture of permeant ions A and B in
a two-site pore would create four equally occupied possible ion con-
figurations: A-A, A-B, B-A, and B-B. Channels containing A-A or
B-B configurations would conduct ions at rates for the pure A or
pure B cases, with the total rate through both as the average of

Delgado and Long, Sci. Adv. 8, eade1516 (2022) 16 December 2022

these two rates. An AMFE could arise for channels containing A-
B or B-A configurations. If those configurations conducted A or
B ions at the same rates as for the pure A-A or B-B cases, then
there would be no anomalous effect. On the other hand, if the A-
B or B-A cases less (or more) efficiently conducted ions, then an
AMFE would be observed. An extreme example of an AMFE
would be if the A-B and B-A configurations were hardly conductive
at all. In this case, the total conduction through the collection of
channels would be reduced to approximately half of the mean con-
duction of the pure A and pure B cases. One can also imagine the
effect in intermediate cases where the distribution between the four
configurations was unequal, for example, when the concentration of
A used in the experiment was higher than that of B. The theoretical
maximum AMFE for this two-site model for Ca** and Sr** in
TcMCU-EMRE is plotted in Fig. 8 (D to F, orange lines). The
absence of an AMFE is plotted as a black line. Comparison with
the data indicates that the AMFE is approximately 90% of the
maximum possible value. This suggests that the A-B and B-A con-
figurations (e.g., Ca**-Sr** and Sr**-Ca") collectively conduct ions
at approximately 10% of the rate observed for Ca®* or Sr** alone.
The magnitude of the AMFE for the channel is among the greatest
observed for an ion channel and indicates that strong energetic cou-
pling between ions underlies selective ion permeation in the Uni-
porter. Our mutational studies indicate that this ion-ion coupling
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does not depend on the D-locus and indicate that it occurs in the
E-locus.

Low-affinity interaction of multiple Ca®* ions in the filter
enables Ca%* conduction

The electrophysiological studies presented here indicate that the E-
locus constitutes the selectivity filter of the Uniporter and that it
forms a high-affinity binding site for Ca** (K4 < 2 nM). Cryo-EM
densities from structures of the Uniporter are consistent with a
single Ca®* ion in the E-locus, but our AMFE experiments indicate
that multiple Ca?* ions can be accommodated in it. We sought to
reconcile these observations. As observed previously (1, 33, 41),
while Na* conduction through the channel is blocked by nanomolar
levels of calcium, Ca?* does not effectively permeate through the
channel until millimolar levels are reached. These drastically differ-
ent apparent affinities are another suggestion that multiple Ca**
ions can interact with the pore.

To better understand the loading of multiple ions in the filter, we
evaluated the Ca?* saturation activity of the wild-type protein and
its dependence on voltage. By titrating the amount of Ca** between
1 uM and 40 mM, we found that the wild-type protein displayed
increasing Ca®* currents as the concentration was increased
(Fig. 9A). These currents could be fit by a standard saturation
curve with a K, of approximately 16 mM when the applied
voltage was —80 mV (Fig. 9B). We found that K, was strongly de-
pendent on the applied voltage, ranging from approximately 62 mM
at —40 mV to only 1 mM at —160 mV (Fig. 9B). The data indicate
that the loading of multiple ions is concentration dependent and
facilitated by voltage. The negative electric potential of the mito-
chondrial matrix would increase the likelihood of loading multiple
Ca?* ions. The results suggest that the presence of multiple Ca**
ions in the E-locus underlies the high Ca®* conductivity of the
Uniporter.

Delgado and Long, Sci. Adv. 8, eade1516 (2022) 16 December 2022

DISCUSSION
When purified and reconstituted into planar lipid membranes, the
TcMCU-EMRE complex recapitulatedelectrophysiological proper-
ties of the endogenous Uniporter, including its high selectivity for
Ca?* and single-channel conductance (I, 41). The reconstituted
system afforded the opportunity to study the electrical properties
of mutations within the D- and E-loci of the pore. From structures
showing that both loci are exposed to the pore, it has been hypoth-
esized that both loci function in concert as the selectivity filter of the
channel (24, 25). Unexpectedly, the electrophysiological data pre-
sented here indicate that the E-locus constitutes the selectivity
filter and that the D-locus has diminutive influence on selectivity.
We find that E-locus forms the high-affinity site for Ca** that blocks
Na™ currents. The E-locus can interact with multiple Ca®* ions, as
evidenced by a robust AMFE, and it becomes highly conductive
when multiple Ca®* ions are within it. The loading of multiple
Ca?* ions within it occurs in a voltage-dependent manner and
may account for the voltage dependence of the Uniporter.
Structures of TcMCU-EMRE reveal the conformation of the E-
locus (22, 29). This conformation is indistinguishable from that in
all other MCU structures, including human MCU-EMRE complex-
es (21-29, 59). In the structures, the four glutamate residues of the
E-locus coordinate a bound Ca®* ion directly. The glutamate resi-
dues of the E-locus are constrained by the architecture of the sur-
rounding region. The structural integrity of the E-locus is bolstered
by packing with the neighboring tryptophan and proline residues
and by hydrogen bonds that are made to the nitrogen atom of the
tryptophan (fig. S1) (21-29, 59). The tight packing in this region
suggests that glutamate carboxylate moiety is unlikely to adopt dif-
ferent rotamer conformations. A highly structured, preformed
binding site would tend to have higher affinity for an ion in com-
parison to one that is more plastic through entropic terms in the free
energy (78).
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using separate bilayers.

In the superfamily of cation channels of which Nay channels are
the founding member, which include Ky, Cay, and TRP channels
and others, the selectivity filters are formed from loop regions
(67, 70, 79-82). In some of these channels, the selectivity filter
adopts different conformations under certain circumstances. For
example, the selectivity filter of the K* channel KcsA adopts con-
ductive or collapsed conformations, depending on the concentra-
tion of K* (79, 83). Ion selectivity filter conformational changes
also underlie pH dependence and inactivation gating in certain
K2P and Shaker potassium channels (84, 85). The observations
that the selectivity filter of MCU has the same conformation in all
structures determined to date, including those with MICU1-
MICU?2 bound, suggest that the selectivity filter does not undergo
large conformational changes. The a-helical nature of the filter may
provide stability to the protein backbone and limit the side-chain
conformations of the glutamate residues.

Each glutamate residue of the E-locus is positioned such that its
two oxygen atoms line the ion conduction pore with one closer to
the IMS side and one closer to the matrix side (Fig. 1B). In the
context of the tetrameric MCU assembly, this creates two rings,
each containing four oxygen atoms within the E-locus: a lower
ring closer to the IMS side and an upper ring closer to the matrix
side (Fig. 1B). In the structures, which represent the channel at 0
mV and in low concentrations of Ca?* (between ~2 nM and 2
mM) relative to the Kj,, of saturation, density consistent with a
single calcium ion is positioned between the two rings, where it
would be directly coordinated by all four glutamate residues
(Fig. 1B) (21-29, 86). The lower ring of oxygen atoms has narrower
diameter than the upper one in the atomic coordinates, which could
suggest a stronger interaction between Ca?* and the lower ring
(Fig. 1B). However, the precise locations of the Ca** ion and the
coordinating oxygens (and the possibility that the ion density
could represent two ions) are limited by the resolutions of the struc-
tures, which are determined at up to 3.1 A resolution and have co-
ordinate errors of 1.5 A or more. Nevertheless, the data presented in
this work indicate that the density for a Ca?* ion within the E-locus
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represents the high-affinity site that blocks monovalent current
through the channel. The observation that blockade is voltage de-
pendent indicates that this site is located within the electric field. We
find that the E-D mutation, which would increase the diameter of
the pore in this region by approximately 2 A, produces a channel
with lower ion selectivity for Ca®*. Furthermore, we observe that
the conductivity ratios for monovalent and divalent cations in the
wild-type pore are correlated with ionic radii. The results suggest
that the dimensions of the selectivity filter formed by the E-locus
are crucial for Ca®* selectivity. More precisely defined interatomic
distances garnered by higher-resolution structures would provide
further insight.

The approximately 10-A-wide dimensions of the pore at the D-
locus revealed by the structures (measured between oxygen atoms
across the pore) indicate that interaction with Ca?" at this position
could be water-mediated (Fig. 1B). Unlike the E-locus, the side
chains of the D-locus do not make interactions with nearby resi-
dues, and therefore, their conformations are more flexible. Accord-
ingly, the aspartate side chains of the D-locus have weaker density in
the x-ray and cryo-EM structures than the glutamate side chains of
the E-locus (21-29, 59). The studies presented here indicate that the
D-locus has very minor influence on ion selectivity. Removal of the
acidic charge at this locus with the D— A mutation creates a channel
that is highly similar in its electrical properties to the wild-type
MCU-EMRE complex. These properties include a high-affinity
block of Na* currents by Ca?* and the same ion Ca** ~ Sr** >> Mn?*
~ Ba** > Mg** conductivity sequence as the wild-type channel. The
D— A mutant also exhibited an AMFE, indicating that ion conduc-
tion through the mutant channel involves ion-ion interactions.
Solvent-exposed acidic residues such as the D-locus near the
mouths of cation channels have been proposed to concentrate
cations in their vicinity (87). Although the D-locus may have
such an effect, we find that iy, values for the wild-type and D—A
mutant channels are analogous, which suggests that the D-locus
does not have a major influence on the ion conduction rate, at
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least for Na*. Further experiments are needed to evaluate whether
the E-locus influences the Ca®* conduction rate.

Although it has very little role in Ca** selectivity or iy, the D-
locus is highly conserved among MCU channels. A possible expla-
nation for this conservation may be the interaction of the D-locus
with MICU regulatory complexes (21, 22). In metazoan organisms,
heterodimers of MICU1 and MICU?2 bind to the D-locus when the
concentration of Ca®* in the IMS is at a low resting level (below ap-
proximately 1 uM) (21-23). When cytosolic Ca** levels rise, a con-
formational change in MICU1-MICU?2 releases its interaction with
the D-locus, thereby allowing Ca?* flux through the pore and
helping to restrict the permeation of Ca®* to activation events
(21-23, 53, 88). Regulation of MCU-EMRE by MICU1-MICU2
may impart a degree of selectivity to the channel in a physiological
setting in the sense that, at submicromolar concentrations of Ca**,
MICU1-MICU2 would reduce the possibility of K* or other cation
permeation through the pore. Even under submicromolar [Ca**]
conditions, cryo-EM structures of MICU1-MICU2 in complex
with MCU-EMRE indicate that Ca®* occupies the blocking site in
the E-locus (21, 22). In a manner of speaking, the channel is doubly
blocked at resting concentrations of Ca** by MICU1-MICU?2 and
by Ca®*.

That the Uniporter achieves exquisite selectivity for Ca®* and yet
can conduct approximately 10° calcium ions per second is an im-
pressive feat when one considers the high affinity (K4 < 2 nM) with
which Ca?* blocks monovalent current. Ky is related to the off-rate
(kogr) and the on-rate (ko) by the following relationship: Ky = kog/
kon. If one considers a hypothetical hemispherical binding site that
acts as a sink for ions at the mouth of the pore, then the fastest k,,
from bulk solution is limited by diffusion and is approximately 2 x
10° M~! s7! (55). If the Ky of this binding site is 2 nM, then the kg
for that site is approximately 0.1 s™*; the site would allow the release
(conduction) of one ion approximately every 10 s. Even the fastest-
releasing 2 nM affinity binding site is approximately 10 million
times slower than the observed rate of ~10° ions/s at which Ca®*
ions can flow through the Uniporter. The Uniporter is an
extreme example among highly selective ion channels that ion
binding affinity alone cannot underlie selective ion conduction at
the observed rates.

From observations as early as Hodgkin and Keynes (89) made
for K* channels or by Eisenman et al. (90) relating to the behavior
of thin glass films, it was proposed that ion channels can contain
multiple interacting ions in the pore. From subsequent work on
voltage-gated Ca®* channels (44, 77, 91), the multi—ion pore hy-
pothesis was proposed as a mechanism for the selective permeation
of ions at rates that could reach those observed experimentally. Mul-
tiple interacting ions in a single file could account for selective ion
conduction because one ion could replace the binding of the next,
and thus, the pore would not be devoid of ions even as they perme-
ate. The Uniporter is an extraordinary example of this. The multi-
ion pore in the Uniporter elevates the rate of ion conduction from
approximately 1 ion every 10 s for a single site to the observed rate of
approximately 10° ions per second. We find that the E-locus is re-
sponsible for this feat, which it achieves it by facilitating the inter-
action of multiple Ca** ions with one another.

Although our experiments do not exclude the possibility that
more than two Ca®* ions could be present, the dimensions of the
E-locus suggest that two Ca** ions could fit comfortably within
the ring of glutamate residues. The data suggest that the presence
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of more than one Ca®* ion in the E-locus is both concentration
and voltage dependent. For example, at 100 nM [Ca®*] and 0 mV,
only one Ca** ion would be bound on average. This ion would
occupy the blocking site in the E-locus, as exemplified in the avail-
able x-ray and cryo-EM structures. At 10 mM [Ca**] and —160 mV,
our results suggest that two (or possibly more) Ca** ions would be
present within the E-locus.

We find that La** potently blocks Ca** current through TcMCU-
EMRE. On the basis of its high-affinity interaction, its similar ionic
radius (1.05 A) to that of Ca®* (1.00 A), and that lanthanides (La>*
or Gd**) often bind approximately where calcium ions do in the
selectivity filters of Ca®" channels (92-96), we hypothesize that
La®* binds in the E-locus and competes for Ca®*. Its binding
there would suggest that La** binding is preferential to the presence
of Ca** ions within the E-locus. It would also suggest that the E-
locus can accommodate a charge of +3 and that a charge of +2
(one Ca?* ion) or +4 (two Ca®" ions) is less favorable. This situation
is reminiscent of the selectivity filter of canonical potassium chan-
nels, exemplified in studies of KcsA, which suggest that the filter
accommodates more than two, but less than three, K™ ions on
average (68, 79). This metastable condition is thought to contribute
to selective ion permeation in those channels, as the selectivity filter
toggles between containing two and three K* ions. We hypothesize
that a similar situation is at work in the E-locus; it may alternate
between interacting with one and two Ca*" ions during conduction.

We propose a model for selective Ca*>* conduction by the Uni-
porter shown in Fig. 10. At a low concentration of Ca®* and the
absence of a voltage gradient across the membrane, a single Ca**
ion would be bound within the E-locus. This ion, located approxi-
mately between the two rings of oxygen atoms of the glutamate res-
idues, represents the high-affinity Ca®* site that blocks Na* current
and the configuration observed in the structures of the Uniporter to
date. Our data indicate that the blocking Ca** ion is located within
the voltage field across the membrane because the Ky of block
depends on the voltage applied. If the voltage were increased, for
example, to typical levels for mitochondria, approximately —160
mYV, the electric field would exert a downward force (toward the
matrix) on the Ca** ion. The force would cause displacement of
the Ca?* ion toward the matrix, where it would be closer to the
lower ring of oxygen atoms than the upper ring. If the field were
strong enough, the force on the Ca*" ion could cause it to be
pulled from the E-locus (a punch-through effect). Evidence that
punch-through occurs is that the extent of block for a given concen-
tration of Ca®* decreases as the voltage is increased to more negative
values. In the model, downward displacement of the Ca** would
create space for a second ion to bind, presumably where it would
interact with the upper ring of oxygen atoms. We have shown
that the apparent affinity for loading of multiple Ca** ions into
the E-locus is approximately seven orders of magnitude lower
than the Ky for the blocking Ca**. The loading of multiple ions is
strongly dependent on the applied voltage such that at —40 mV, K,
is approximately 62 mM, whereas at the typical mitochondrial
voltage of =160 mV, K, is approximately 1 mM. The average po-
sitions of the Ca®* ions in the E-locus would be due to a combina-
tion of the attractive forces with the coordinating oxygens,
electrostatic forces due to the membrane voltage, and repulsive
forces between the ions. When two Ca?" ions are present within
the E-locus, we hypothesize that neither ion would occupy the
blocking site. Rather, both ions would flank the blocking site,
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Fig. 10. Ca2* selectivity mechanism. Schematic of the proposed mechanism for Ca?* selectivity and Ca?* throughput described in the main text is shown. The ion pore is
represented by a blue shape. The D- and E-loci are denoted with white lettering. The E-locus is also represented by vertical lines to the left and right of the main panels. At
low resting levels of Ca?*, a Ca?* ion occupies the high-affinity site within the E-locus (top). The binding of this ion blocks monovalent cation permeation. Because the E-
locus is located within the electric field, the negative voltage of the matrix relative to the cytosol causes a slight downward displacement of the blocking Ca?* ion (top
right) relative to its position at neutral voltage (top left). At elevated levels of Ca%*, two (or possibly more) Ca?* ions can be accommodated in the E-locus (bottom right).
The presence of multiple ions in the E-locus is facilitated by the electric field. Mutual repulsion between the ions facilitates dissociation of an ion. The negative voltage of
the matrix biases the release of the lower Ca* ion, which can flow through the remainder of the pore (curved arrows, bottom right). Currently available x-ray and cryo-EM
structures of MCU/MCU-EMRE complexes represent neutral voltage conditions with subsaturating concentrations of Ca?* (left) in which a single Ca?* is bound in the

E-locus.

with one above and one below it. A negative voltage would bias the
release of the lower Ca?* into the remainder of the pore, thus result-
ing in Ca** conduction into the matrix. We suspect that the appar-
ent K, that we measure for Ca®" saturation represents the overall
affinity of multiple ions for the conductive configuration.
Continuing with the model, if access to the E-locus is limited by
diffusion, then the maximum on-rate of the second ion (k,,) would
be approximately 2 x 10° M™* s7! (55). With an apparent dissocia-
tion constant of 1 mM (the K;,, value at —160 mV), the off-rate of
one of the two ions (the ion conduction rate) would be approxi-
mately 2 x 10° s7". This value is satisfyingly consistent with the ob-
served conduction rate of approximately 1.4 x 10° calcium ions per
second (at —160 mV and saturating Ca®*) from the noise analysis
experiments. In the context of the negative mitochondrial potential
(approximately —160 mV) applying a downward force, the lower
ion would be more likely to dissociate. With the release of the
lower Ca?" ion, the upper Ca** ion would be drawn toward the
blocking site by coordination with the glutamate oxygens (and
also pulled downward by the electric field), returning the situation
to the original configuration and priming the E-locus for interac-
tion with another Ca** ion. If one considers the maximal ion
throughput rate of the channel (approximately 10° per ion per
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second) in comparison to an estimated rate of diffusion to the
mouth of the pore of 2 x 10° M™! s™! and that ion conduction
occurs as a result of a multi-ion pore, then it becomes apparent
that with sufficient [Ca?*] for conduction (~1 mM at —160 mV),
the rate for filling by the second ion is similar to the rate of
release. This suggests that the presence of two ions is transient: As
soon as the second ion arrives, the first one leaves.

This study identifies that the E-locus is the selectivity filter of the
Uniporter. Through a multi-ion mechanism, the E-locus imparts
the channel with both an exquisite selectivity for Ca®* and the
ability to conduct ions rapidly. The physiochemical environment
of the E-locus and its interactions with Ca** ions are tuned both
to prevent ion leakage at low concentrations of Ca** that would oth-
erwise disrupt the mitochondrial voltage gradient and to permit
Ca*" permeation when cytosolic levels rise. Through tightly and se-
lectively controlling Ca®* influx, the efficient design of the Uniport-
er communicates cellular energy needs to mitochondria to fulfill
these demands.
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MATERIALS AND METHODS

Protein purification

The TcMCU-EMRE expression construct previously referred to as
TcMCU-EMREg\, (29) was used for functional studies in this
work. Mutations were made using the New England Biolabs Q5
site-directed mutagenesis system, and coding regions were fully se-
quenced. TceMCU-EMRE and mutant proteins were expressed as
fusion proteins with the Venus variant of green fluorescent
protein (GFP) and purified as described previously (29), with
minor modifications. The following mutations were made and eval-
uated for protein stability [e.g., using fluorescence-detection size-
exclusion chromatography (97) and protein purification]: D261A,
E264D, E264Q, E264A, Y268F, Y268A, and T271A. Among these,
D261A and E264D yielded the protein that could be purified. Plas-
mids were transiently transfected into Expi293 cells (Invitrogen).
One milligram of plasmid was combined with 3 mg of PEI25k in
100 ml of Opti-MEM media (Invitrogen) and incubated at room
temperature for 20 min. The plasmid-PEI25k mixture was then
added to 900 ml of Expi293 cells (3.0 x 10° to 3.5 x 10° cells/ml;
in Expi293 expression media), and the cells were incubated at
37°C for 16 hours, after which point 10 mM sodium butyrate
(Sigma-Aldrich) was added and the cells were cultured at 30°C
for an additional 48 hours. Cells were harvested by centrifugation
(800g at 4°C for 20 min), washed once with phosphate-buffered
saline, flash-frozen in liquid nitrogen, and stored at —80°C until
use for protein purification.

Crude cell membranes were prepared in the following manner.
All steps were performed at 4°C unless otherwise noted. The cell
pellet from 1 liter of culture was thawed in a bath of cool water.
The pellet was then resuspended in 100 ml of lysis buffer [100
mM Hepes-NMDG (N-methyl-p-glucamine) (pH 7.6), 200 mM
NaCl, deoxyribonuclease I (0.1 mg/ml), leupeptin (1.5 pg/ml), pep-
statin A (1.5 pg/ml), 1 mM 4-benzenesulfonyl fluoride hydrochlo-
ride, 1 mM benzamidine, 1 mM phenylmethylsulfonyl fluoride
(PMSEF), and 1:500 dilution of aprotinin; Sigma-Aldrich, catalog
number A6279] and lysed by sonication (15% power, 5 s on and
10 s off, 5 min in total; Branson SFX 250). The crude membrane
fraction was pelleted by centrifugation (70,000¢ for 1 hour), resus-
pended in 30 ml of resuspension buffer [100 mM Hepes-NMDG
(pH 7.5), 200 mM NaCl, 20% glycerol, and 1:500 dilution PI mix
III; EMD Millipore], flash-frozen using liquid nitrogen, and
stored at —80°C until further use.

Cardiolipin (18:1; Avanti; dried from a chloroform solution
under argon gas, washed with pentane, and desiccated at room tem-
perature overnight while shielded from light) was resuspended to 10
mg/ml in water via end-over-end mixing at room temperature.
After 1 hour, the lipids were sonicated thoroughly using a water
bath, 2% (w/v) n-dodecyl-B-p-maltopyranoside (DDM) powder
(Anatrace) was added, and the sample was mixed end-over-end
for an additional hour at room temperature. The DDM-solubilized
cardiolipin mixture was subsequently stored on ice in the dark
until use.

Once the membranes were thawed (using a bath of cool water),
final concentrations of 1 mM PMSF (100 mM stock in ethanol), 0.1
mg/ml cardiolipin that had been solubilized with DDM (prepara-
tion described above), and 1% (w/v) DDM (from powder) were
added, and the sample was stirred for 1 hour to extract the mem-
brane proteins. Detergent-solubilized proteins were separated
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from the insoluble fraction by centrifugation (70,000¢ for 30
min). The supernatant was filtered through a 0.22-um polystyrene
membrane (Millipore Sigma, catalog number S2GPUO1RE). GFP
nanobody resin (2 ml) (98) was added, and the sample was
rotated for 1 hour for binding. The resin was then transferred to a
gravity column and washed with 70 ml of wash buffer 1 [20 mM
Hepes-NMDG (pH 7.6), 150 mM NaCl, 1 mM DDM, and 0.01
mg/ml cardiolipin], 50 ml of wash buffer 2 [20 mM Hepes-
NMDG (pH 7.6), 500 mM NaCl, 1 mM DDM, and 0.01 mg/ml car-
diolipin], and then 20 ml of wash buffer 1. TcMCU-EMRE was lib-
erated from the affinity column by proteolysis with 0.1 mg of
PreScission protease (3 hours of incubation in buffer supplemented
with 1 mM dithiothreitol). The eluted protein was concentrated to
approximately 0.5 ml using a 100-kDa MWCO concentrator
(Amicon Ultra-15) and applied to a Superose 6 Increase 10/300
GL size exclusion column (GE Healthcare) that was equilibrated
in 20 mM Hepes-NMDG (pH 7.6), 150 mM NaCl, 1 mM DDM,
and 0.01 mg/ml cardiolipin. Peak fractions containing TcMCU-
EMRE were evaluated for purity by SDS—polyacrylamide gel elec-
trophoresis and used for liposome reconstitution.

Reconstitution of TcMCU-EMRE into liposomes

All lipids were obtained from Anatrace. A mixture of lipids was pre-
pared by combining chloroform solutions containing 30 mg of 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE),
10 mg of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol
(POPG), and 3 mg of cardiolipin (18:1) in a glass tube; evaporating
the chloroform using argon; dissolving the lipids in pentane; drying
the lipids under argon; and placing the lipids under vacuum over-
night while protecting them from light. Reconstitution buffer [20
mM Hepes-NMDG (pH 7.6) and 450 mM NaCl] was added to
the dried lipids to yield a total lipid concentration of 20 mg/ml.
The lipids were incubated with end-over-end mixing for 1 hour,
and the mixture was sonicated in a water bath for a total of 5 min
in 1-min on/off intervals. The lipids were subsequently solubilized
by adding 2% DDM (w/v) from powder. Following an approximate-
ly 1-hour incubation (with end-over-end mixing at room tempera-
ture), this DDM-solubilized PE:PG:cardiolipin mixture was used
immediately for reconstitution.

For reconstitution into liposomes, freshly prepared protein was
concentrated to ~100 pl at ~1 mg/ml using a 100-kDa MWCO con-
centrator (Amicon Ultra-2) and mixed with the DDM-solubilized
PE:PG:cardiolipin lipids to yield a 1:20 protein-to-lipid ratio (for
example, 100 pg of protein would be mixed with 2 mg of PE:PG:car-
diolipin). After mixing end-over-end overnight at 4°C, an equal
volume of 100 mM methyl-p cyclodextrin (MBCD; Sigma-
Aldrich; dissolved in reconstitution buffer) was added every 8
hours for 24 hours to remove detergent (99). For example, a 100-
pl sample was supplemented with three additions of 100 pl of
MBCD every 8 hours to form proteoliposomes. The proteolipo-
somes were then collected by centrifugation (194,000g, 30 min,
4°C). After discarding the supernatant, the proteoliposomes were
resuspended in reconstitution buffer [20 mM Hepes-NMDG (pH
7.6) and 450 mM NaCl] to yield an approximate lipid concentration
of 20 mg/ml, sonicated briefly, flash-frozen using liquid nitrogen in
20-pl aliquots, and stored at —80°C until use in bilayer recordings.
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Planar lipid bilayer electrophysiology

Generally following the procedures previously described (100),
frozen liposomes were thawed and sonicated for ~10 s using a
water bath (Ultrasonic Cleaner, Laboratory Supplies Company).
All data are from recordings made using the Warner planar lipid
bilayer workstation (Warner Instruments). Two aqueous chambers
(4 ml) were filled with bath solutions. Chlorided silver (Ag/AgCl)
wires were used as electrodes, submerged in 3 M KCl, and connect-
ed to the bath solutions via agar-KCl salt bridges [2% (w/v) agar and
3 M KClI]. The bath solutions were separated by a polystyrene par-
tition with an approximately 200-um hole across which a bilayer
was painted using POPE:POPG in n-decane [3:1 (w/w) ratio at 20
mg/ml]. Liposomes were fused under an osmotic gradient across
the bilayer (34), under divalent-free conditions, with solutions con-
sisting of 150 mM NaCl (cis side) or 15 mM NaCl (trans side), 1 mM
EGTA-NMDG, 1 mM EDTA-NMDG, and 20 mM Hepes-NMDG
(pH 7.6). Liposomes were added, 1 pl at a time, to the cis chamber to
a preformed bilayer until currents were observed. We found that di-
valent-free conditions yielded better fusion with the bilayer than di-
valent-containing solutions. Solutions were then made symmetrical
by adding 135 mM NaCl (from a 5 M NaCl stock) to the trans side.
Unless noted, all reagents were purchased from Sigma-Aldrich. All
electrical recordings were taken at room temperature (22° to 24°C)
and represent the mean current at a given test voltage (calculated
from the 0.8- to 2.5-s window of the voltage protocol). Detailed
buffer compositions for electrophysiological experiments are
given in tables S1 to S9.

Currents were recorded using an Axopatch 200B amplifier
(Axon Instruments), filtered at 1 kHz, and digitized at 5 kHz
using the Clampex 10.4 program (Axon Instruments). Data were
analyzed using Clampfit 10.4 (Axon Instruments). In all cases, cur-
rents from bilayers without channels are subtracted. Error bars rep-
resent the SEM of at least three experiments, each using a different
bilayer. We define the side to which the vesicles are added as the cis
side and the opposite trans side as electrical ground, so that the
transmembrane voltage is reported as Vs — Vigans.

For experiments aimed at studying the channel properties of
monovalent cations, the trans chamber was perfused with approx-
imately 35 ml of a solution containing 150 mM test cation (K*, Li™,
and Cs") as a chloride salt under divalent-free conditions [1 mM
EGTA-NMDG, 1 mM EDTA-NMDG, and 20 mM Hepes-NMDG
(pH 7.6)]. The voltage protocols are outlined in the figure legends.

The Goldman-Hodgkin-Katz equation was solved to determine
permeability ratios between monovalent cations under bi-ionic
conditions, where E,., is the measured reversal potential, X is the
permeant cation perfused to the trans compartment, and sodium
is in the cis compartment. The equation takes the following form

RT P [X"]

Epy = —In—22 L
“ T ZF " Py [Na']

M

To record Ca®' currents, channels were first fused with the
bilayer as described above to measure Na* currents under diva-
lent-free conditions. For each experiment, we confirmed that the
addition of approximately 1 uM [Ca®*].. inhibited the Na* cur-
rents. To measure Ca®* currents, CaCl, (typically 40 mM) was sub-
sequently added to both chambers. For experiments aimed at
studying the channel properties of different divalent cations, the
trans chamber was then perfused with approximately 35 ml of a
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solution [20 mM Hepes-NMDG, 1 mM EGTA-NMDG, and 1
mM EDTA-NMDG (pH 7.6)] containing 40 mM test cation
(Sr**, Ba**, Mn?*, or Mg>*) as a chloride salt. We chose not to es-
timate relative permeability ratios among divalent cations because
the high selectivity for Ca** makes reversal potentials difficult to es-
timate (the I-V relationships asymptote along the voltage axis). Rel-
ative conductances (yx/yc,) were determined by dividing the mean
current at —160 mV for a given test ion by the mean current ob-
served at —160 mV for Ca®* from the same membrane.

For experiments using RuRed (Sigma-Aldrich), 1 pM RuRed was
added to the cis chamber to inhibit channels with their IMS side
facing that chamber. To assess the binding affinity, RuRed was
then titrated into the trans chamber from 2 nM to 1 uM. For final
concentrations less than 10 nM, a 2 uM stock of RuRed in dimethyl
sulfoxide (DMSO) was used; for final concentrations up to 1 uM, a
200 uM stock in DMSO was used. Currents were normalized by di-
viding by the maximum current recorded at —160 mV in the
absence of RuRed. The dose response was fit in GraphPad Prism
9 to the “log(inhibitor) vs. normalized response -- variable slope”
equation, in which X represents the concentration of RuRed

1 - 1
Tinax a {1 + 10[(10gIC50—X)><h]}

To assess the ability of Ca®* or Sr** to inhibit Na* currents,
CaCl, or SrCl, was added into standard divalent-free bath solutions
to obtain the desired concentrations of [Ca?*]gee and [Sr?*]fee, cal-
culated using MaxChelator (https://somapp.ucdmc.ucdavis.edu/
pharmacology/bers/maxchelator/webmaxc/webmaxcE.htm). A
range of [Ca**]ge. and [Sr**]g.. from approximately 2 nM to 6.3
uM was selected, appreciating that 2 nM is the lower limit of chela-
tion for EDTA and EGTA. The dose response was fit in GraphPad
Prism 9 to Eq. 2, with X representing the concentration of the diva-
lent cation.

Ca®* saturation experiments were performed by varying
[Ca*Igree from 1 uM to 40 mM using CaCl,. The dose-response
data were fit to the equation “specific binding with hill slope,” as
implemented in GraphPad Prism 9

(2)

d =B X X

Imax
in which I represents the mean current at a given concentration of
Ca?*, I . represents the mean current at 40 mM Ca**, B,,,,, repre-
sents the saturation value, and X represents the concentration
of Ca®*.

Nonstationary noise analyses to estimate Na* current properties
were performed by titrating [Sr**] . from ~2 nM to 6.3 pM. Mean
current values, (I), and variances, 6%, for a given test voltage and
concentration of [Sr**]g.. were calculated by segmenting the
pulse (time window: 0.7 to 2.5 s) into 200-ms intervals using
Clampfit 10.4. The data points in each noise analysis plot originate
from one bilayer. Single-channel current, iy,, and the number of
channels, n, were estimated by fitting a plot of 6® versus (I) to the
following equation using GraphPad Prism 9

0'2:iNa>< <I>_¥

3)

(4)
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Open probability, Pg, of the unblocked channel at a given test
voltage was subsequently estimated from the following equation,
with (I) representing the mean current of the unblocked channel

P o — L (5)
INa X N
Noise analysis was performed using at least three independent
experiments (using different bilayers) to estimate iy, for TceMCU-
EMRE and the mutants.
To estimate single-channel conductance (g), in, values deduced
from multiple noise analysis experiments were plotted as a function
of voltage and fit with a linear regression

iNa:gXV (6)

AMFE experiments were performed as follows. Starting from
symmetric 40 mM Ca®* solutions, the trans solution was perfused
with mixtures of Ca?* and Sr** with a total divalent cation concen-
tration of 40 mM (40 mM Ca?*, 34 mM Ca?* and 6 mM Sr?*, 28 mM
Ca®* and 12 mM Sr?*, 20 mM Ca®* and 20 mM Sr**, 12 mM Ca**
and 28 mM Sr?*, 6 mM Ca®* and 34 mM Sr?*, or 40 mM Sr?*). The
mean current at —160 mV for each condition was plotted versus the
mole fraction of Sr>*

N
[Sr71] + [Ca*]

The inhibition of Ca*" currents through the channel by La>* was
determined by generating currents in 40 mM CaCl, and titrating
La(NO;); to the trans chamber (which had been perfused to
remove chelators). Mean currents (at —160 mV) recorded in the
presence of La**were normalized by dividing by mean currents ob-
served in its absence. The dose response was fit in GraphPad Prism 9
to Eq. 2, with X representing the concentration of La**. Nonstation-
ary noise analyses to estimate Ca®" current properties were per-
formed in the same manner as for Na* currents.

Mole fraction =

(7)
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