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NCX1 is an important cardiac Ca2+/Na+ exchanger whose activity is tightly
regulated. This manuscript describes the structural basis of activation by the lipid
PIP2 and inhibition by binding of a small molecule to NCX1. These results provide key
insights into NCX1 regulation and cellular Ca2+ signaling, but the evidence presented
is still incomplete.
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Abstract

Na*/Ca?* exchangers (NCXs) transport Ca?* across the plasma membrane in exchange for Na*
and play a vital role in maintaining cellular Ca?* homeostasis. Our previous structural study
of human cardiac NCX1 (HsNCX1) reveals the overall architecture of the eukaryotic
exchanger and the formation of the inactivation assembly by the intracellular regulatory
domain that underlies the cytosolic Na*-dependent inactivation and Ca?* activation of NCX1.
Here we present the cryo-EM structures of HSNCX1 in complex with a physiological activator
phosphatidylinositol 4,5-bisphosphate (PIP,), or pharmacological inhibitor SEA0400 that
enhances the inactivation of the exchanger. We demonstrate that PIP, binding stimulates
NCX1 activity by inducing a conformational change at the interface between the TM and
cytosolic domains that destabilizes the inactivation assembly. In contrast, SEA0400 binding in
the TM domain of NCX1 stabilizes the exchanger in an inward-facing conformation that
facilitates the formation of the inactivation assembly, thereby promoting the Na*-dependent
inactivation of NCX1. Thus, this study reveals the structural basis of PIP, activation and
SEA0400 inhibition of NCX1 and provides some mechanistic understandings of cellular
regulation and pharmacology of NCX family proteins.
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Introduction

Sodium-calcium exchangers (NCX) are transporters that control the flux of Ca?* across the plasma
membrane and play a vital role in maintaining cellular calcium homeostasis for cell signaling
(Berridge et al., 2003 ; Blaustein and Lederer, 1999 2; Clapham, 2007 2 ; DiPolo and Beauge,
2006 (7 ; Ottolia et al., 2021 ; Philipson and Nicoll, 20002 ). NCXs facilitate the exchange of 3 Na*
for 1 Ca%* in an electrogenic manner, primarily responsible for extruding Ca®* from the
cytoplasm. However, this process can be reversed to permit Ca%* entry, depending on the chemical
gradients of Na* and Ca2+, as well as the membrane potential (Blaustein and Lederer, 1999(%;
Blaustein and Russell, 19757 ; Hilgemann et al., 1991 @; Kang and Hilgemann, 2004 &2 ; Kimura et
al., 1986 ; Matsuoka and Hilgemann, 1992 (7 ; Rasgadoflores and Blaustein, 1987 2 ; Reeves and

multiple splice variants expressed in distinct tissues, thereby modulating numerous fundamental
physiological events (Dyck et al., 1999 3; Kofuji et al., 1994(Z; Lee et al., 1994 Z; Linck et al.,
1998 (7 ; Lytton, 2007 2 ; Philipson and Nicoll, 2000 @ ; Quednau et al., 2004 2). Dysfunctions of
NCXs are associated with a plethora of human pathologies including cardiac hypertrophy,
arrhythmia, and postischemic brain damage (Blaustein and Lederer, 1999(% ; Matsuda et al.,

1997 (4; Pott et al., 2011 3 ; Watanabe et al., 2006 (@). The cardiac variant NCX1.1 has been
extensively studied, with its function playing a central role in cardiac excitation and contractile
activity (Bridge et al., 19907 ; Kimura et al., 1987 %; Ottolia et al., 2013 ; Scranton et al., 20247 ;
Shigekawa and Iwamoto, 2001 &).

The eukaryotic NCX consists of a transmembrane (TM) domain with 10 TM helices and a large
intracellular regulatory domain between TMs 5 and 6 (Dong et al., 2024 (2 ; Hilgemann, 1990 (2;
Matsuoka et al., 1993 % ; Philipson and Nicoll, 2000 & ; Ren and Philipson, 2013 ; Sharma and
O’Halloran, 2014 & ; Xue et al., 2023 ). The TM domain is responsible for the ion exchange
function in NCX. It consists of two homologous halves (TMs 1-5 and TMs 6-10) with TMs 2-3 and
TMs 7-8 forming the core of the TM domain and hosting the residues that coordinate the
transported Na* and Ca?* (Liao et al., 2012 (2; Liao et al., 2016 (). The large regulatory domain
contains two calcium-binding domains (CBD1 and CBD2). Ca?* binding at CBDs enhances NCX
activity and rescues it from the Na*-dependent inactivation, a process that manifests as slow decay
of the exchange current due to elevated levels of cytosolic Na* ions (Hilge et al., 2006 (2;
Hilgemann, 1990 (7; Hilgemann et al., 1992a (% ; Hilgemann et al., 1992b (@ ; Matsuoka and
Hilgemann, 1992 (%, 1994 (2 ; Matsuoka et al., 1995 (% ; Matsuoka et al., 19937 ; Ottolia et al.,

1991 @ ; Matsuoka et al., 1997 @).

Several other cellular cues can also modulate NCX1 activity, including phosphatidylinositol 4,5-
bisphosphate (PIP,) in the membrane. PIP, has been shown to stimulate the NCX1 activity by
reducing the Na*-dependent inactivation and the XIP region was suggested to participate in the
PIP, activation (He et al., 2000 3 ; Hilgemann and Ball, 1996 3 ; Hilgemann et al., 1992a (3;
Yaradanakul et al., 2007 ). In addition, several small molecule NCX inhibitors have been
developed to provide valuable tools for studying the physiological and pharmacological properties
of NCXs, among which compound SEA0400 is a highly potent and selective NCX1 inhibitor that
promotes the Na*-dependent inactivation of the exchanger (Bouchard et al., 2004 ; Iwamoto et
al., 2004 ; Lee et al., 2004 % ; Matsuda et al., 2001 @ ; Tanaka et al., 2002 (% ; Watanabe et al.,
2006 (@ ; Watano et al., 1996 (2).

We previously determined the human cardiac NCX1 structure in an inward-facing inactivated
state in which XIP and the B-hairpin between TMs 1 and 2 form a TM-associated four-stranded [-
hub and mediate a tight packing between the TM and cytosolic domains, resulting in the formation
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of a stable inactivation assembly that blocks the TM movement required for ion exchange function
(Xue et al., 2023 2). The study also provides a mechanistic insight into how cytosolic Ca®* binding

expand our understanding of NCX modulation by PIP, lipid and small molecule inhibitors, we
present the cryo-EM structures of human cardiac NCX1 in complex with PIP, or SEA0400,
revealing the structural basis underlying PIP, activation and SEA0400 inhibition of NCX1.

Results

PIP, activation of NCX1

Phosphatidylinositol 4,5-bisphosphate (PIP,) has been shown to modulate NCX1 activity by
reducing the Na*-dependent inactivation of the exchanger (He et al., 20002 ; Hilgemann and Ball,
1996 Z; Hilgemann et al., 1992a % ; Yaradanakul et al., 2007(%). To characterize the effect of PIP,
on HsNCX1, we expressed the exchanger in Xenopus laevis oocytes and recorded the outward
exchanger currents using the giant patch technique in the inside-out configuration with or without
applying porcine brain PIP, (Fig. 12, and Methods). The recording was performed with 12 yM
free cytosolic [Ca2+]l (bath) and the outward NCX1 current was elicited by the rapid replacement
of 100 mM Cs* with 100 mM Na" in the bath solution. In the patches without applying PIP,, the
outward exchanger currents quickly decay and reach a steady state due to Na*-dependent
inactivation (Fig. 1A). Introducing 10 uM PIP, at the steady state progressively increases the
current that plateaus at about two-fold of the peak current measured before PIP, addition (Fig.
1A@). After PIP, washout, the outward current remains at the pre-removal level without obvious
inactivation, indicating high-affinity PIP, binding and its positive modulation of NCX1 by both
potentiating the peak current and reducing the Na*-dependent inactivation. Intriguingly, the
commonly used shorter chain PIP, substitute (PIP, diC8) does not have the equivalent activation
effect on NCX1 and the exchanger remains susceptible to Na*-dependent inactivation when
recorded in the presence of 10 uM PIP, diC8 (Fig. 1B (). However, PIP, diC8 still binds and
stimulates both the peak and steady currents of the exchanger. This stimulation effect is abolished
after PIP, diC8 washout, indicating a lower affinity of short-chain PIP, than that of the long-chain
native PIP,.

Structural insight into PIP, binding in NCX1

To reveal the structural mechanism of PIP, activation, we tried to obtain the EM structure of
HsNCX1 in the presence of the long-chain porcine brain PIP,. However, the exchanger becomes
highly dynamic, yielding a low-resolution EM map with an overall shape similar to a cytosolic
Ca%*-activated NCX1 whose B-hub-mediated inactivation assembly is destabilized and cytosolic
domain (CBD1 and CBD2) is detached from the TM domain (Xu 23[@) (Fig. S1). We suspect
the long-chain PIP, exerts the same activation effect on NCX1 as high cytosolic ca® by
destabilizing the inactivation assembly. As NCX1 retains its Na*-dependent inactivation property
in the presence of the short-chain PIP,, we reasoned that the PIP, diC8-bound NCX1 likely remain
in an inward-facing inactivated state in high Na* low Ca?* condition and its structure would still
reveal how PIP, binds in NCX1. We therefore determined the EM structure of NCX1 in complex
with PIP, diC8 at 3.5A (Fig. 23, Fig. S2, Table S1, and Methods), which indeed adopts an inward-
facing conformation with intact inactivation assembly. The density of the IP; head group from the
bound PIP, diC8 is well-defined in the EM map. The acyl chains, however, are flexible and could
not be resolved in the structure (Fig. S2). The lipid is attached to the cytosolic sides of TMs 4 and 5
with its head group positioned at the C-terminal end of TM5 (Fig. 2A ). Four positively charged
residues including K164 and R167 from the N-terminus of TM4 and R220 and K225 from the C-
terminus of TM5 participate in the electrostatic interactions with the head group.
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PIP, enhances HsNCX1 activity.

(A) Representative outward currents recorded from oocytes expressing the human NCX1 before and after application of
long-chain brain PIP,. Currents were activated by replacing cytosolic Cs* with Na*. Application of 10 pM brain PIP, enhanced
HsNCX1 current and abolished the Na*-dependent inactivation irreversibly. Perfusion time of PIP, is indicated above traces
while lines below traces indicate solution exchange. Arrows mark the peak and steady currents used to measure the fold of
increase upon PIP, application. The fold of current increase was calculated by comparing the peak or steady-state current

before and after PIP, application.

(B) Representative outward currents recorded before and after application of short-chain PIP, diC8 (10 uM). PIP, diC8 was
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perfused from the cytosolic side before HsNCX1 activation (in the presence of Cs* for 30 s) and during transport (in the

presence of Na*). Both peak and steady-state currents of HSNCX1 are enhanced by PIP, diC8 and the effect is reversible. The

Na*-dependent inactivation remains in the presence of PIP, diC8.
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Fig. 2.

PIP, binding in NCX1.

(A) Structure of the TM and B-hub regions of PIP, diC8-bound NCX1 with a zoomed-in view of the lipid binding site.

(B) Structural comparison between apo (grey) and PIP, diC8-bound (color) NCX1.

(€) Zoomed-in view of the structural comparison (boxed area in (B)). The two major conformational changes occur in the
boxed regions with the two areas SEA0400 binding site and the schematic diagram detailing the interactions between NCX1
residues and SEA0400.

(D) Zoomed-in views of the two conformational changes between apo (left in grey) and PIP, diC8-bound (right in color) state.
Top: conformational change 1 at the C-terminus of TM5. Bottom: conformational change 2 at the interface between XIP and
CBD2.
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PIP, diC8-induced conformational changes in NCX1

Two major conformational changes occur in NCX1 upon PIP, diC8 binding (Fig. 2B-D ™). The first
change occurs at the C-terminus of TM5 which ends at R220 and is connected to the 2-stranded XIP
B-sheet (B3 and p4) via a 6-residue loop in the apo structure. When PIP, binds, the TM5 helix
extends by one helical turn. This loop-to-helix transition significantly changes the locations of
these connecting loop residues and their side-chain orientations to accommodate PIP,, enabling
K225 to reorient and interact with the IP5 head group (Fig. 2D (2, top panel). The second
conformational change is the partial detachment of the CBD2 domain from XIP upon PIP, binding,
resulting in a downward swing of cytosolic CBD domains (CBD1 and CBD2) as a rigid body (Fig.

2B @ &C). This CBD2 detachment is a result of the first PIP,-induced conformational change at TM5
that disrupts part of the interactions between CBD2 and XIP as follows: In the apo inactivated
state, Y226 and R247, the two termini residues of the 2-stranded XIP B-sheet, form H-bonds with
several CBD2 residues including E554 sidechain and backbone carbonyls of 1518 and 1520 (Fig.

2D @, bottom panel); The loop-to-helix transition of TM5 upon PIP, binding leads to a dramatic
rotation of Y226 that allows it to move closer to and directly interact with R247, resulting in the
loss of H-bonding interactions between XIP and CBD2 (Fig. 2D (3, bottom panel); In addition, the
rotation of Y226 also causes a direct collision with CBD2 if it remains closely attached to XIP. Thus,
the PIP,-induced TM5 movement, particularly the reorientation of Y226, abolishes some local
interactions between CBD2 and XIP and also pushes CBD2 away from XIP, causing the partial
detachment of CBD2. However, the short-chain PIP, only partially destabilizes rather than
completely disassembles the inactivation assembly as the CH2 helix of CBD2 still engages in
extensive interactions with the C-shaped B-hub.

To test if the PIP,-interacting residues play a critical role in the native long-chain PIP, activation,
we performed mutagenesis to those positively charged residues, including K164A, R167A, R220A,
and K225A single mutants. We also generated an R220A/K225A double mutant as these two
residues undergo PIP,-induced conformational change at TM5. While all mutants remain
susceptible to current potentiation upon brain PIP, application as seen in the wild-type NCX1, the
PIP,-potentiation effects on peak and steady-state currents are weakened in some mutants, most
notably in R220A and R220A/K225A (Fig. 3A-C@). Interestingly, these two mutants also have
reduced Na*-dependent inactivation as demonstrated by their higher fractional activity (ratio
between stead-state and peak currents) before applying PIP, (Fig. 3D (?). The retained PIP,
activation on these mutants implies that the longer acyl chain from native PIP, plays a more
dominant role in its interaction and activation of NCX1. While we expect the long-chain PIP, to
bind in the same location as PIP, diCS8, it is unclear how it exacerbates the destabilization effect on
the inactivation assembly. The long acyl chain of native PIP, may engage in some interactions with
the TM module of NCX1 that are not present in the short-chain lipid, rendering a higher affinity
binding and more profound destabilization effect on the inactivation assembly than PIP, diC8.

Structure of NCX1 in complex with SEA0400 inhibitor

SEA0400 is known to potently inhibit cardiac NCX1 by facilitating the inactivation of the exchanger
(Bouchard et al., 2004 @ ; Iwamoto et al., 2004 (@ ; Lee et al., 2004 &). To reveal the structural
mechanism of its inhibition, we determined the structure of HsNCX1 in complex with SEA0400 at
2.9 A (Fig. 4, Fig. S3, Table S1, and Methods). The SEA0400-bound NCX1 structure adopts an
inward-facing, inactivated state identical to the apo NCX1 structure obtained at high Na*, nominal
Ca?"-free condition (Xue et al., 2023 ) (Fig. 4A % and Fig. $4). SEA0400 binds at the TM domain in
a pocket enclosed by the internal halves of TMs 8 (8a segment), 2 (2ab segments), 4, and 5 (Fig.

4B ). The pocket has a lateral fenestration in the middle of the membrane (Fig. 4B%), which
provides a portal for the SEA0400 entrance. The pocket is sealed off at the cytosolic side by E244
from the XIP B-sheet. As demonstrated in our previous study, XIP and the linker B-hairpin (1 and
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Mutagenesis at the PIP, binding.

(A) Representative HSNCX1 currents recorded of single mutants before and after perfusion of 10 pM brain PIP, to the
cytosolic side of the patch.

(B&C) Summary graphs demonstrating the effects of PIP, on the enhancement of peak (B) and steady-state currents (C).
Potentiation (fold of increase) was measured by comparing the current magnitude before and after PIP, application. Mutants
R167A, R220A, and K225A showed decreased response to PIP,, while the double mutant R220A/K225A response to PIP, at
steady state decreased by ~70% (Fold of increase WT=8.9+1.6, n=10 vs R220A/K225A=2.4+0.5, n=7). Data points are mean +
s.e.m. (* p <0.1).

(D) The extent of Na*-dependent inactivation was measured as the ratio between steady state and peak currents (fractional
activity) and values for WT and the indicated mutants are shown. Mutants R220A and R220A/K225A displayed significantly
higher fractional activity values when compared to WT, indicating that the Na*-dependent inactivation was less pronounced

in these mutant exchangers.
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B2) between TMs 1 and 2ab form a B-hub that stabilizes the exchanger in an inactivated state. This
B-hub has to be dissembled in an activated NCX1 and XIP is expected to be detached from the TM
domain, which would lead to the opening of the SEA400-binding pocket to the cytosol and provide
a cytosolic portal for the release of the inhibitor release as further discussed below. Fig. 4C2
summarizes the interactions between SEA0400 and NCX1 and demonstrates that SEA0400 fits
perfectly in the pocket, making extensive contact with surrounding residues. Mutations of some
key interacting residues, such as F213 and G833, have been shown to compromise the inhibitor
binding (Iwamoto et al., 2004 % ). The same SEA0400 binding was also demonstrated in the recent
study of human NCX1.3 and mutations at some pocket-forming residues mitigate the SEA400
inhibition of the exchanger (Dong et al., 2024 ).

Inhibition mechanism of SEA0400

The TM domain of NCX1 shares a similar overall architecture to the archaea exchanger NCX_Mj
(Liao et al., 2012 ). The structural comparison between the TM domains of the inward-facing
NCX1 and the outward-facing NCX_Mj reveals the conformational changes that occur during ion
exchange, providing structural insight into the SEA0400 inhibition mechanism (Fig. 5A(%). The
inward-outward transition mainly involves the sliding motion of TMs 1 and 6 and the bending
movement of TMs 2ab and 7ab (Liao et al., 2012 %; Liao et al., 2016 @ ; Marinelli and Faraldo-
Gomez, 20237 ; Xue et al., 2023%). As TM2ab directly interacts with SEA0400 in the inward-facing
state, its bending movement towards the outward conformation would cause a direct collision
with the inhibitor (Fig. 5A ). Thus, the binding of SEA0400 stabilizes the exchanger in the
inward-facing state and blocks the conformational change from the inward to the outward state.
The Na*-dependent NCX1 inactivation occurs when the exchanger is in a Na*-loaded, inward-
facing state with low cytosolic [Ca%*] (Hilgemann, 2020 ; Hilgemann et al., 1992b &3 ; Matsuoka
and Hilgemann, 1994 (%). As demonstrated in our previous study, only in this state, the B-hub can
form and readily interact with the cytosolic CBD domains, generating the inactivation assembly

Thus, SEA0400 promotes NCX1 inactivation by stabilizing NCX1 in the inward-facing conformation
which facilitates the formation of the inactivation assembly. The formation of the inactivation
assembly also reciprocally stabilizes SEA0400 binding as the XIP of the assembly interacts with the
TM domain and seals off the inhibitor binding pocket from the cytosolic side (Fig. 5B 2). Under
conditions in which the inactivation assembly cannot form in NCX1, such as chymotrypsin
treatment or forward exchange mode (Na* influx/Ca%* efflux), the removal or detachment of XIP
from the TM domain would generate a cytosolic open portal for SEA0400 release and effectively
reduce its binding affinity (Fig. 5C @) (Bouchard et al., 2004 (Z; Lee et al., 2004 ). Indeed, cysteine
scanning mutagenesis studies have shown that the pocket-forming G833 residue is accessible to
intracellular sulfhydryl reagents in the chymotrypsin-treated inward-facing NCX1, confirming the
cytosolic exposure of the SEA400-binding pocket upon XIP removal (John et al., 2013 @). This
cytosolic opening of the SEA0400 pocket explains the low efficacy of SEA0400 inhibition in NCX1
when the Na"-dependent inactivation is absent.

Summary

In this study, we provide mechanistic underpinnings of cellular regulation and pharmacology of
NCX family proteins by revealing the structural basis of PIP, activation and SEA0400 inhibition in
HsNCX1. Both compounds modulate NCX1 activity by reducing or enhancing the physiologically
relevant Na*-dependent inactivation process that occurs when the exchanger is in an inward-
facing, Na*-loaded state with high [Na*] and low [Ca?*] on the cytosolic side (Hilgemann et al.,
1992b @ ; Scranton et al., 2024 @). In this inactivation state, XIP and B-hairpin can assemble into a
TM-associated four-stranded B-hub that mediates a tight packing between the TM and cytosolic
domains, resulting in the formation of an inactivation assembly that blocks the TM conformational
changes required for ion exchange function (Dong et al., 2024 2 ; Xue et al., 2023 @). PIP, or
SEA0400 binding changes the stability of the inactivation assembly in NCX1, resulting in a
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SEA0400 binding in NCX1.

(A) Overall structure of human NCX1 in complex with SEA0400 obtained in high Na* and low Ca?* conditions. Yellow spheres

represent the bound Ca®*in CBD1 and XIP.

(B) Cartoon representation of the TM domain and B-hub of the complex with surface-rendered view of the fenestration in the
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middle of the membrane. The B-hub is assembled by B-hairpin (81 and 2) and XIP (B3 and B4).

(C) Zoomed-in view of SEA0400 binding site and the schematic diagram detailing the interactions between NCX1 residues and

SEA0400.
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Fig. 5.

Structural mechanism of SEA0400 inhibition.

(A) Structural comparison at the core part of the TM domain between the SEA0400-bound, inward-facing HsNCX1 and the
outward-facing NCX_Mj (PDB 3V5U). Red arrows mark the sliding movement of TMs 1 and 6 and the bending of TM2ab from
inward to outward conformation.

(B) Surface-rendered views of the SEA0400-binding pocket sealed off from the cytosolic side by E244 from XIP in the
inactivated state.

(€) Removal of XIP would generate a cytosolic portal that facilitates the release of SEA0400.
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reduction or potentiation of inactivation. Although short-chain PIP, cannot fully recapitulate the
NCX1 activation effect from long-chain native PIP,, the structure of PIP, diC8 NCX1 allows us to
define the lipid-binding site and the lipid-induced conformational changes at the interface
between CBD2 and XIP that destabilize the inactivation assembly. The SEA0400-bound NCX1
structure presented here, along with the recent study by Dong et al. (Dong et al., 2024 (@), suggests
that the drug can directly inhibit NCX1 by blocking the inward-outward conformational change at
TM2ab. SEA0400 binding also traps NCX1 in an inward-facing state, facilitating the formation of
the inactivation assembly in which the interaction between XIP and the TM domain can in turn
stabilize SEA0400 binding by sealing the drug-binding pocket from the cytosol. When XIP is
removed as in the chymotrypsin-treated NCX1 or when the inactivation assembly cannot form as
in the NCX1 at forward exchange mode, the SEA0400-binding pocket becomes exposed to the
cytosol, mitigating the inhibition efficacy of SEA0400 (Bouchard et al., 2004 (Z; Lee et al., 2004 2).

Methods

Protein expression and purification

The expression and purification of the HsNCX1 (cardiac isoform NCX1.1, indicated as HsSNCX1 or
NCX1 throughout the manuscript) were carried out as described previously (Xue et al., 2023(2).
Truncated HsNCX1 (A341-365aa) containing a C-terminal Strep-tag was cloned into a pEZT-BM
vector and baculoviruses were produced in Sf9 cells (Morales-Perez et al., 2016 (3). For protein
expression, cultured Expi293F GnTI-cells were infected with the baculoviruses at a ratio of 1:20
(virus: GnTI-, v/v) for 10 hours. 10 mM sodium butyrate was then introduced to boost protein
expression level and cells were cultured in suspension at 30°C for another 60 hours and harvested
by centrifugation at 4,000 g for 15 mins. All purification procedures were carried out at 4°C. The
cell pellet was resuspended in lysis buffer (25 mM HEPES pH 7.4, 300 mM Nacl, 2 ug/ml DNase I,
0.5 yg/ml pepstatin, 2 ug/ml leupeptin, 1 ug/ml aprotinin, and 0.1 mM PMSF) and homogenized by
sonication. NCX1 was extracted with 2% (w/v) N-dodecyl-pB-D-maltopyranoside (DDM, Anatrace)
supplemented with 0.2% (w/v) cholesteryl hemisuccinate (CHS, Sigma Aldrich) by gentle agitation
for 2 hours and supernatant collected by centrifugation at 40,000 g for 30 mins was incubated with
Strep-Tactin affinity resin (IBA) for 1 hour. The resin was then collected on a disposable gravity
column (Bio-Rad) and washed with 30 column volumes of buffer A (25 mM HEPES pH 7.4, 200 mM
NacCl, 0.06% digitonin). NCX1 was eluted in buffer A supplemented with 50 mM biotin and further
purified by size-exclusion chromatography on a Superdex200 10/300 GL column (GE Healthcare).
For the generation of NCX1-Fab 2E4 complex, NCX1 was incubated with purified Fab in a molar
ratio of 1:1.2 (NCX1: Fab 2E4) for 2 hours and further purified by size-exclusion chromatography in
buffer A. The peak fractions were collected and concentrated to ~5-6 mg/ml for cryo-EM analysis.
To prepare the protein samples in complex with various compounds, 0.9 mM SEA0400, 0.47 mM
PI(4,5)P, diC8 or 0.42 mM brain PI(4,5)P, were added to the protein samples 2 hours before grid
preparation.

Expi293F GnTI-cells were purchased from and authenticated by Thermo Fisher Scientific. The cell
lines were tested negative for mycoplasma contamination.

Cryo-EM sample preparation and data acquisition

HsNCX1-Fab 2E4 samples (~5-6 mg/ml) in various conditions were applied to a glow-discharged
Quantifoil R1.2/1.3 300-mesh gold holey carbon grid (Quantifoil, Micro Tools GmbH, Germany),
blotted for 4.0 s under 100% humidity at 4 °C and plunged into liquid ethane using a Mark IV
Vitrobot (FEI). For the SEA0400-bound NCX1-Fab 2E4, raw movies were acquired on a Titan Krios
microscope (FEI) operated at 300 kV with a K3 camera (Gatan) at 0.83 A per pixel and a nominal
defocus range of -0.9 to -2.2 ym. Each movie was recorded for about 5 s in 60 subframes with a
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total dose of 60 e/A2. For other samples, raw movies were acquired on a Titan Krios microscope
operated at 300 kV with a Falcon 4i (Thermo Fisher Scientific) at 0.738 A per pixel and a nominal
defocus range of -0.8 to -1.8 um. Each movie was recorded for 4 s with a total dose of 60 e’ /A%,

Image processing

Cryo-EM data were processed following the general scheme described below with some
modifications to different datasets (Figs. S1-S3). First, movie frames were motion-corrected and
dose-weighted using MotionCor2 (Zheng et al., 2017 @). The CTF parameters of the micrographs
were estimated using the GCTF program (Zhang, 2016 (2). After CTF estimation, micrographs were
manually inspected to remove images with bad defocus values and ice contamination. Particles
were picked using program Gautomatch (Kai Zhang, https://www.mrc-Imb.cam.ac.uk/kzhang/2) or
crYOLO (Wagner et al., 2019(%) and extracted with a binning factor of 3 in RELION (Scheres,

2012 (%; Zivanov et al., 2018 (%). Extracted particles were subjected to 2D classification, ab initio
modeling, and 3D classification. The particles from the best-resolving 3D class were then re-
extracted with the original pixel size and subjected to heterogenous 3D refinement, non-uniform
refinement, CTF refinement, and local refinement in cryoSPARC (Punjani et al., 2017%). The
quality of the EM density maps for the transmembrane (TM) and cytosolic domains was further
improved through focused refinement, allowing for accurate model building for a major part of
the protein. For the dataset of NCX1 in complex with brain PI(4,5)P,, the maps of apo inactive
NCX1 (PDB 8SGJ) and Ca2*-bound active NCX1 (PDB 8SGT) are used as references for
heterogeneous refinement. Due to the highly dynamic nature of the protein samples, the particles
sorted into the active state produce a map with very low resolution. All resolution was reported

Model building, refinement, and validation
The EM maps of HSNCX1 in the SEA0400-bound and PI(4,5)P, diC8-bound states show high-quality

718, and 738-935. The EM map of HSNCX1 in complex with brain PI(4,5)P, is relatively poor. The
Ca®*-bound activated NCX1 structure (PDB 8SGT) is directly docked into the EM map without
adjustment.

The statistics of the geometries of the models were generated using MolProbity (Chen et al.,

Electrophysiological experiments

The wild-type HsNCX1 and its mutants were cloned into a pGEMHE vector and expressed in
oocytes for electrophysiological recordings. RNA was synthesized using mMessage mMachine
(Ambion) and injected into Xenopus laevis oocytes as described in (John et al., 2018 ). Oocytes
were kept at 18°C for 4-7 days. Outward HsNCX1 currents were recorded using the giant patch
technique in the inside-out configuration. The external solution (pipette solution) contained the
following (mM): 100 CsOH (cesium hydroxide), 10 HEPES (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid), 20 TEAOH (tetraethyl-ammonium hydroxide), 0.2 niflumic acid, 0.2
ouabain, 8 Ca(OH), (calcium hydroxide), pH = 7 (using MES, (2-(N-morpholino) ethanesulfonic
acid)); bath solution (mM): 100 CsOH or 100 NaOH (sodium hydroxide), 20 TEAOH, 10 HEPES, 10
EGTA(ethylene glycol-bis(B-aminoethyl ether)-N,N,N’,N’-tetra acetic acid) or HEDTA (N-(2-
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Hydroxyethyl) ethylenediamine-N,N’,N’-triacetic acid) and different Ca(OH), concentrations to
obtain the desired final free Ca®* concentrations, pH = 7 (using MES). Free Ca?* concentrations
were calculated according to WEBMAXc program and confirmed with a Ca®* electrode.

HsNCX1 currents were evoked by the rapid replacement of 100 mM Cs* with 100 mM Na*, using a
computer-controlled 20-channel solution switcher. As HSNCX1 does not transport Cs*, there is no
current and only upon application of Na* does the exchange cycle initiate. Data were acquired at 4
ms/point and filtered at 50 Hz using an 8-pole Bessel filter. Experiments were performed at 35°C
and at a holding potential of 0 mV. The effects of the Na*-dependent inactivation were analyzed by
measuring fractional currents calculated as the ratio of the steady-state current to the peak
current (fractional activity). All P values were calculated using an unpaired, two-sided Welch’s ¢-
test.

PI(4,5)P, diC8 (Phosphatidylinositol 4,5-bisphosphate diC8, Echelon Bioscience) and brain PI(4,5)P,
(L-a-phosphatidylinositol-4,5-bisphosphate, Brain, Porcine, Avanti Polar Lipids) were dissolved in
water and Kept as stock at -20 °C. Immediately prior to recordings, PI(4,5)P, was diluted in the bath
solution to 10 pM final concentration and perfused cytosolically for the indicated time.

Data availability

The cryo-EM density maps of the human NCX1 have been deposited in the Electron Microscopy
Data Bank under accession numbers EMD-40456 for the SEA0400-bound state and EMD-60921 for
the PI(4,5)P, diC8-bound state, respectively. Atomic coordinates have been deposited in the Protein
Data Bank under accession numbers 8SGI for SEA0400-bound structure and 9IV8 for the PI(4,5)P,
diC8-bound structure.

Supplementary fogures and tables
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Fig. S1.

Cryo-EM data processing of HsNCX1 in the presence of long-chain porcine brain PIP,.

The structural model of Ca®*-activated HsNCX1 from a previous study (PDB 8SGT) was directly fitted into the low-resolution
EM-map (~11.5 A). The Fab fragment from a monoclonal antibody against NCX1 was used as a fiducial marker to facilitate the
single-particle alignment.
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Fig. S2.

Structure determination of HsNCX1-PIP, diC8 complex.

(A) Cryo-EM data processing of HsSNCX1 in complex with short-chain PIP, diC8. The Fab fragment from a monoclonal
antibody against NCX1 was used as a fiducial marker to facilitate the single-particle alignment.

(B) Zoomed-in view of density map of the bound PIP, diC8 contoured at the threshold level of 0.43 using ChimeraX.
(C) The Fourier shell correlation (FSC) curves for cross-validation between the maps and the models.

Jing Xue et al., 2025 eLife. https://doi.org/10.7554/eLife.105396.1 15 of 27


https://doi.org/10.7554/eLife.105396.1
https://doi.org/10.7554/eLife.105396.1

MotionCor2

A
Getf . 2D classificati
— b 179,488 particles —oCiassification
gautomatch picking
select 1,249,151 particles
6129 micrographs 3D classification
# S
£y \
368,227 particles
3D auto-refine and CTF refinement
further NU and Local refinement in cryosparc
i GSFSC Resolution: 2.934
) —— NoMask (3.64)
—— Loose (3.14)
0.8 ~— Tight (2.94)
~—— Corrected (2.94)
0.6
0.4
0.2
NS Fab
0.0 T T T T T P y
DC 154 754 54 374 34 254 214 194 $
C
1.0
} =
2
T 0.8
s 3.36 A
8 0.6 /
)
5 041 — summed map
e = half map 1
L02{ — par map 2
3 )
(s}
L 0.0 T T e
0.0 0.1 0.2 0.3 0.4
Resolution (1/A)
SEA0400-bound structure
Fig. S3.

Structure determination of HsNCX1-SEA0400 complex.

(A) Cryo-EM data processing scheme of HsSNCX1 in complex with SEA0400 inhibitor. The Fab fragment from a monoclonal
antibody against NCX1 was used as a fiducial marker to facilitate the single-particle alignment.

(B) Zoomed-in view of density map of the bound SEA0400 inhibitor contoured at the threshold level of 0.52 using ChimeraX.
(C) The Fourier shell correlation (FSC) curves for cross-validation between the maps and the models.
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Fig. S4.

Structural comparison between the apo (grey) and SEA0400-bound (color) HsNCX1.
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eample preparaton Conditony 25 mM Hepes pH 7.4, 25 mM Hepes pH 7.4,
200 mM NaCl 200 mM NaCl,
0.9 mM SEA0400 0.47 mM PI(4,5)P2 diC8
SEA0400-bound state PI(4,5)P2 diC8-bound state
(EMD-40456, (EMD-60921,
PDB 8SGI) PDB 91V8)

Data collection and processing
Magnification 105k 105k
Voltage (kV) 300 300
Electron exposure (¢ /A”) 60 60
Defocus range (um) -0.9--2.2 -0.9--2.2
Pixel size (A) 0.83 0.84
Symmetry imposed Cl Cl
Initial particle images (no.) 1,249,151 2,233,044
Final particle images (no.) 368,227 117,748
Map resolution (A) 2.93 3.47

FSC threshold 0.143 0.143
Refinement
Initial model used 8SGJ 8SGJ
(PDB code)
Model resolution (A) 3.36 3.81

FSC threshold 0.5 0.5
Model composition

Non-hydrogen atoms 7667 5947

Protein residues 982 750

Ligands 3:Na 5:Ca

6: Ca 1: PI(4,5)P2 diC8
1: H20
1: SEA0400

B factors (A”)

Protein 66.21 50.47

Ligands 58.55 106.20
R.m.s. deviations

Bond lengths (A) 0.005 0.004

Bond angles (°) 0.696 0.679
Validation

MolProbity score 1.36 1.28

Clashscore 5.24 522

Poor rotamers (%) 0 0
Ramachandran plot

Favored (%) 97.62 98.24

Allowed (%) 2.38 1.76

Disallowed (%) 0 0

Table S1.

Cryo-EM data collection and model statistics.

Jing Xue et al., 2025 elLife. https://doi.org/10.7554/eLife.105396.1 18 of 27


https://doi.org/10.7554/eLife.105396.1
https://doi.org/10.7554/eLife.105396.1

i eLife

Acknowledgements

Single particle cryo-EM data were collected at the University of Texas Southwestern Medical
Center Cryo-EM Facility which is funded by the CPRIT Core Facility Support Award RP170644.
Cryo-EM sample grids were prepared at the Structural Biology Laboratory at UT Southwestern
Medical Center which is partially supported by grant RP170644 from CPRIT. This work was
supported in part by the Howard Hughes Medical Institute (to Y.J.) and by grants from the National
Institute of Health (R35GM140892 to Y.J. and R0O1HL152296 to M.0.), and the Welch Foundation
(Grant I-1578 to Y.J.).

Additional information

Author contributions

J.X. prepared the samples and performed data acquisition, image processing, and structure
determination; M.O., S.J., N.A., and W.Z. performed electrophysiology recording; Y.J. supervised the
work; all authors participated in research design, data analysis, discussion, and manuscript
preparation.

Jing Xue et al., 2025 eLife. https://doi.org/10.7554/eLife.105396.1 19 of 27


https://doi.org/10.7554/eLife.105396.1

7 eLife

References

Adams P.D., Afonine P.V., Bunkoczi G., Chen V.B., Davis I.W., Echols N., Headd }.J., Hung L.W.,
Kapral GJ., Grosse-Kunstleve R.W., et al. 2010) PHENIX: a comprehensive Python-based
system for macromolecular structure solution Acta Crystallogr D Biol Crystallogr 66:213-221

Berridge M.J., Bootman M.D., Roderick H.L 2003) Calcium signalling: dynamics, homeostasis
and remodelling Nat Rev Mol Cell Biol 4:517-529

Blaustein M.P., Lederer W.J 1999) Sodium/calcium exchange: its physiological implications
Physiol Rev 79:763-854

Blaustein M.P., Russell .M 1975) Sodium-calcium exchange and calcium-calcium exchange
in internally dialyzed squid giant axons j Membr Biol 22:285-312

Bouchard R., Omelchenko A., Le H.D., Choptiany P., Matsuda T., Baba A., Takahashi K., Nicoll
D.A., Philipson K.D., Hnatowich M., et al. 2004) Effects of SEA0400 on mutant NCX1.1 Na+-
Ca2+ exchangers with altered ionic regulation Mo/ Pharmacol 65:802-810

Bridge J.H.B., Smolley J.R., Spitzer K.W 1990) The Relationship between Charge Movements
Associated with Ica and Ina-Ca in Cardiac Myocytes Science 248:376-378

Chen V.B., Arendall W.B, Headd J.J., Keedy D.A., Immormino R.M., Kapral G,J., Murray L.W.,
Richardson J.S., Richardson D.C 2010) MolProbity: all-atom structure validation for
macromolecular crystallography Acta Crystallogr D Biol Crystallogr 66:12-21

Clapham D.E 2007) Calcium signaling Cell 131:1047-1058

DiPolo R., Beauge L 2006) Sodium/calcium exchanger: influence of metabolic regulation on
ion carrier interactions Physiol Rev 86:155-203

DongY., YuZ,LiY. Huang B., Bai Q., Gao Y., Chen Q., Li N., He L., Zhao Y 2024) Structural
insight into the allosteric inhibition of human sodium-calcium exchanger NCX1 by XIP
and SEA0400 EMBO J 43:14-31

Dyck C., Omelchenko A., Elias C.L., Quednau B.D., Philipson K.D., Hnatowich M., Hryshko L.V
1999) Ionic regulatory properties of brain and kidney splice variants of the NCX1 Na(+)-
Ca(2+) exchanger J Gen Physiol 114:701-711

Emsley P., Lohkamp B., Scott W.G., Cowtan K 2010) Features and development of Coot Acta
Crystallogr D Biol Crystallogr 66:486-501

Goddard T.D., Huang C.C., Meng E.C., Pettersen E.F., Couch G.S., Morris J.H., Ferrin T.E 2018)
UCSF ChimeraX: Meeting modern challenges in visualization and analysis Protein Sci
27:14-25

He Z., Feng S., Tong Q., Hilgemann D.W., Philipson K.D 2000) Interaction of PIP(2) with the
XIP region of the cardiac Na/Ca exchanger Am J Physiol Cell Physiol 278:C661-666

Jing Xue et al., 2025 eLife. https://doi.org/10.7554/eLife.105396.1 20 of 27


https://doi.org/10.7554/eLife.105396.1

7 eLife

Henderson R., Sali A., Baker M.L., Carragher B., Devkota B., Downing K.H., Egelman E.H., Feng
Z., Frank ., Grigorieff N., et al. 2012) Outcome of the first electron microscopy validation
task force meeting Structure 20:205-214

Hilge M., Aelen J., Vuister G.W 2006) Ca2+ regulation in the Na+/Ca2+ exchanger involves
two markedly different Ca2+ sensors Mo/ Cell 22:15-25

Hilgemann D.W 1990) Regulation and Deregulation of Cardiac Na+-Ca2+ Exchange in Giant
Excised Sarcolemmal Membrane Patches Nature 344:242-245

Hilgemann D.W 2020) Regulation of ion transport from within ion transit pathways J Gen
Physiol 152

Hilgemann D.W., Ball R 1996) Regulation of cardiac Na+,Ca2+ exchange and KATP
potassium channels by PIP2 Science 273:956-959

Hilgemann D.W., Collins A., Matsuoka S 1992a) Steady-state and dynamic properties of
cardiac sodium-calcium exchange. Secondary modulation by cytoplasmic calcium and
ATP J Gen Physiol 100:933-961

Hilgemann D.W., Matsuoka S., Nagel G.A., Collins A 1992b) Steady-state and dynamic
properties of cardiac sodium-calcium exchange. Sodium-dependent inactivation J Gen
Physiol 100:905-932

Hilgemann D.W., Nicoll D.A., Philipson K.D 1991) Charge movement during Na+
translocation by native and cloned cardiac Na+/Ca2+ exchanger Nature 352:715-718

Iwamoto T., Kita S., Uehara A., Imanaga 1., Matsuda T., Baba A., Katsuragi T 2004) Molecular
determinants of Na+/Ca2+ exchange (NCX1) inhibition by SEA0400 J Bio/ Chem 279:7544-
7553

John S., Kim B., Olcese R., Goldhaber J.I,, Ottolia M 2018) Molecular determinants of pH
regulation in the cardiac Na(+)-Ca(2+) exchanger J Gen Physiol 150:245-257

John S.A,, Liao ., Jiang Y., Ottolia M 2013) The cardiac Na+-Ca2+ exchanger has two
cytoplasmic ion permeation pathways Proc Nat/ Acad Sci U S A 110:7500-7505

Kang T.M., Hilgemann D.W 2004) Multiple transport modes of the cardiac Na+/Ca2+
exchanger Nature 427:544-548

Kimura J., Miyamae S., Noma A 1987) Identification of sodium-calcium exchange current in
single ventricular cells of guinea-pig J Physiol 384:199-222

Kimura J., Noma A., Irisawa H 1986) Na-Ca Exchange Current in Mammalian Heart-Cells
Nature 319:596-597

Kofuji P., Lederer W.J., Schulze D.H 1994) Mutually Exclusive and Cassette Exons Underlie
Alternatively Spliced Isoforms of the Na/Ca Exchanger Journal of Biological Chemistry
269:5145-5149

Lee C., Visen N.S., Dhalla N.S., Le H.D., Isaac M., Choptiany P., Gross G., Omelchenko A.,
Matsuda T., Baba A,, et al. 2004) Inhibitory profile of SEA0400 [2-[4-[(2,5-
difluorophenyl)methoxy]phenoxy]-5-ethoxyaniline] assessed on the cardiac Na+-Ca2+
exchanger, NCX1.1/ Pharmacol Exp Ther 311:748-757

Jing Xue et al., 2025 eLife. https://doi.org/10.7554/eLife.105396.1 21 of 27


https://doi.org/10.7554/eLife.105396.1

7 eLife

Lee S.L., Yu AS.L., Lytton | 1994) Tissue-Specific Expression of Na+-Ca2+ Exchanger Isoforms
Journal of Biological Chemistry 269:14849-14852

Li Z., Nicoll D.A., Collins A., Hilgemann D.W., Filoteo A.G., Penniston ).T., Weiss J.N., Tomich J.M.,
Philipson K.D 1991) Identification of a peptide inhibitor of the cardiac sarcolemmal Na(+)-
Ca2+ exchanger J Biol Chem 266:1014-1020

LiaoJ., Li H., Zeng W.Z., Sauer D.B., Belmares R., Jiang Y.X 2012) Structural Insight into the
Ion-Exchange Mechanism of the Sodium/Calcium Exchanger Science 335:686-690

LiaoJ., Marinelli F., Lee C., Huang Y., Faraldo-Gomez J.D., Jiang Y 2016) Mechanism of
extracellular ion exchange and binding-site occlusion in a sodium/calcium exchanger Nat
Struct Mol Biol 23:590-599

Linck B., Qiu Z., He Z., Tong Q., Hilgemann D.W., Philipson K.D 1998) Functional comparison of
the three isoforms of the Na+/Ca2+ exchanger (NCX1, NCX2, NCX3) Am J Physiol 274:C415-
423

Lytton ] 2007) Na+/Ca2+ exchangers: three mammalian gene families control Ca2+
transport Biochem | 406:365-382

Marinelli F., Faraldo-Gomez J.D. 2023) Conformational free-energy landscapes of a
Na(+)/Ca(2+) exchanger explain its alternating-access mechanism and functional
specificity bioRxiv

Matsuda T., Arakawa N., Takuma K., Kishida Y., Kawasaki Y., Sakaue M., Takahashi K., Takahashi
T.,Suzuki T., Ota T., et al. 2001) SEA0400, a novel and selective inhibitor of the Na+-Ca2+
exchanger, attenuates reperfusion injury in the in vitro and in vivo cerebral ischemic
models J Pharmacol Exp Ther 298:249-256

Matsuda T., Takuma K., Baba A 1997) Na(+)-Ca2+ exchanger: physiology and pharmacology
JpnJ Pharmacol 74:1-20

Matsuoka S., Hilgemann D.W 1992) Steady-State and Dynamic Properties of Cardiac
Sodium-Calcium Exchange - Ion and Voltage Dependencies of the Transport Cycle / Gen
Physiol 100:963-1001

Matsuoka S., Hilgemann D.W 1994) Inactivation of outward Na(+)-Ca2+ exchange current in
guinea-pig ventricular myocytes J Physiol 476:443-458

Matsuoka S., Nicoll D.A., He Z., Philipson K.D 1997) Regulation of cardiac Na(+)-Ca2+
exchanger by the endogenous XIP region J Gen Physiol 109:273-286

Matsuoka S., Nicoll D.A., Hryshko L.V., Levitsky D.O., Weiss J.N., Philipson K.D 1995) Regulation
of the cardiac Na(+)-Ca2+ exchanger by Ca2+. Mutational analysis of the Ca(2+)-binding
domain J Gen Physiol 105:403-420

Matsuoka S., Nicoll D.A., Reilly R.F., Hilgemann D.W., Philipson K.D 1993) Initial localization of
regulatory regions of the cardiac sarcolemmal Na(+)-Ca2+ exchanger Proc Nat/ Acad Sci U S
A90:3870-3874

Morales-Perez C.L., Noviello C.M., Hibbs R.E 2016) Manipulation of Subunit Stoichiometry in
Heteromeric Membrane Proteins Structure 24:797-805

Jing Xue et al., 2025 eLife. https://doi.org/10.7554/eLife.105396.1 22 of 27


https://doi.org/10.7554/eLife.105396.1

7 eLife

Ottolia M., John S., Hazan A., Goldhaber ).1 2021) The Cardiac Na(+) -Ca(2+) Exchanger: From
Structure to Function Compr Physiol 12:2681-2717

Ottolia M., Nicoll D.A., Philipson K.D 2009) Roles of two Ca2+-binding domains in regulation
of the cardiac Na+-Ca2+ exchanger J Biol Chem 284:32735-32741

Ottolia M., Torres N., Bridge J.H., Philipson K.D., Goldhaber J.I 2013) Na/Ca exchange and
contraction of the heart J Mol Cell Cardiol 61:28-33

Pettersen E.F., Goddard T.D., Huang C.C., Couch G.S., Greenblatt D.M., Meng E.C., Ferrin T.E
2004) UCSF Chimera--a visualization system for exploratory research and analysis /
Comput Chem 25:1605-1612

Philipson K.D., Nicoll D.A 2000) Sodium-calcium exchange: a molecular perspective Annu Rev
Physiol 62:111-133

Pott C., Eckardt L., Goldhaber J.1 2011) Triple threat: the Na+/Ca2+ exchanger in the
pathophysiology of cardiac arrhythmia, ischemia and heart failure Curr Drug Targets
12:737-747

Punjani A., Rubinstein J.L., Fleet D.J., Brubaker M.A 2017) cryoSPARC: algorithms for rapid
unsupervised cryo-EM structure determination Nat Methods 14:290-296

Quednau B.D., Nicoll D.A., Philipson K.D 2004) The sodium/calcium exchanger family - SLC8
Pflug Arch Eur | Phy 447:543-548

Rasgadoflores H., Blaustein M.P 1987) Na/Ca Exchange in Barnacle Muscle-Cells Has a
Stoichiometry of 3 Na+/1 Ca2+ Am J Physiol 252:C499-C504

Reeves J.P., Hale C.C 1984) The stoichiometry of the cardiac sodium-calcium exchange
system J Biol Chem 259:7733-7739

Ren X., Philipson K.D 2013) The topology of the cardiac Na(+)/Ca(2)(+) exchanger, NCX1 J
Mol Cell Cardiol 57:68-71

Scheres S.H 2012) RELION: implementation of a Bayesian approach to cryo-EM structure
determination J Struct Biol 180:519-530

Scranton K., John S., Angelini M., Steccanella F., Umar S., Zhang R., Goldhaber J.I,, Olcese R.,
Ottolia M 2024) Cardiac function is regulated by the sodium-dependent inhibition of the
sodium-calcium exchanger NCX1 Nat Commun 15:3831

Sharma V., O'Halloran D.M 2014) Recent Structural and Functional Insights into the Family
of Sodium Calcium Exchangers Genesis 52:93-109

Shigekawa M., Iwamoto T 2001) Cardiac Na(+)-Ca(2+) exchange: molecular and
pharmacological aspects Circ Res 88:864-876

Tanaka H., Nishimaru K., Aikawa T., Hirayama W., Tanaka Y., Shigenobu K 2002) Effect of
SEA0400, a novel inhibitor of sodium-calcium exchanger, on myocardial ionic currents BrJ
Pharmacol 135:1096-1100

Wagner T., Merino F., Stabrin M., Moriya T., Antoni C., Apelbaum A., Hagel P., Sitsel O., Raisch T.,
Prumbaum D., et al. 2019) SPHIRE-crYOLO is a fast and accurate fully automated particle

Jing Xue et al., 2025 eLife. https://doi.org/10.7554/eLife.105396.1 23 of 27


https://doi.org/10.7554/eLife.105396.1

v eLife
picker for cryo-EM Commun Biol 2:218

Watanabe Y., Koide Y., Kimura ] 2006) Topics on the Na+/Ca2+ exchanger: pharmacological
characterization of Na+/Ca2+ exchanger inhibitors j Pharmacol Sci 102:7-16

Watano T., Kimura J., Morita T., Nakanishi H 1996) A novel antagonist, No. 7943, of the
Na+/Ca2+ exchange current in guinea-pig cardiac ventricular cells Br j Pharmacol 119:555-
563

Xue J., Zeng W., Han Y., John S., Ottolia M., Jiang Y 2023) Structural mechanisms of the human
cardiac sodium-calcium exchanger NCX1 Nat Commun 14:6181

Yaradanakul A, Feng S., Shen C., Lariccia V., Lin M., Yang J., Kang T.M., Dong P., Yin H.L.,
Albanesi J.P., et al. 2007) Dual control of cardiac Na+ Ca2+ exchange by PIP(2):
electrophysiological analysis of direct and indirect mechanisms J Physio/ 582:991-1010

Zhang K 2016) Gctf: Real-time CTF determination and correction J Struct Biol 193:1-12

Zheng S.Q., Palovcak E., Armache J.P., Verba K.A., Cheng Y., Agard D.A. 2017) MotionCor2:
anisotropic correction of beam-induced motion for improved cryo-electron microscopy
Nat Methods 14:331-332

Zivanov J., Nakane T., Forsberg B.O., Kimanius D., Hagen W.J., Lindahl E., Scheres S.H 2018) New
tools for automated high-resolution cryo-EM structure determination in RELION-3 eLife 7

Author information

Jing Xue*

Howard Hughes Medical Institute and Department of Physiology, the University of Texas
Southwestern Medical Center, Dallas, United States, Department of Biophysics, the University
of Texas Southwestern Medical Center, Dallas, United States

#Present address: Renji Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai,
China

Weizhong Zeng

Howard Hughes Medical Institute and Department of Physiology, the University of Texas
Southwestern Medical Center, Dallas, United States, Department of Biophysics, the University
of Texas Southwestern Medical Center, Dallas, United States

Scott John
Department of Medicine (Cardiology), UCLA, Los Angeles, United States

Nicole Attiq

Department of Anesthesiology and Perioperative Medicine, Division of Molecular Medicine,
David Geffen School of Medicine, University of California Los Angeles, Los Angeles, United
States

Jing Xue et al., 2025 eLife. https://doi.org/10.7554/eLife.105396.1 24 of 27


https://doi.org/10.7554/eLife.105396.1

7 eLife

Michela Ottolia

Department of Anesthesiology and Perioperative Medicine, Division of Molecular Medicine,
David Geffen School of Medicine, University of California Los Angeles, Los Angeles, United
States

For correspondence: mottolia@g.ucla.edu

Youxing Jiang

Howard Hughes Medical Institute and Department of Physiology, the University of Texas
Southwestern Medical Center, Dallas, United States, Department of Biophysics, the University
of Texas Southwestern Medical Center, Dallas, United States

ORCID iD: 0000-0002-1874-0504

For correspondence: youxing.jiang@utsouthwestern.edu

Editors

Reviewing Editor

Leon Islas

Universidad Nacional Autbnoma de México, México City, Mexico

Senior Editor
Merritt Maduke
Stanford University, Stanford, United States of America

Reviewer #1 (Public review):

This study uses structural and functional approaches to investigate the regulation of the
Na/Ca exchanger NCX1 by an activator, PIP2, and an inhibitor, SEA0400.

State-of-the-art methods are employed, and the data are of high quality and presented very
clearly. The manuscript combines two rather different studies (one on PIP2; and one on
SEA0400) neither of which is explored in the depth one might have hoped to form robust
conclusions and significantly extend knowledge in the field.

The novel aspect of this work is the study of PIP2. Unfortunately, technical limitations
precluded structural data on binding of the native PIP2, so an unnatural short-chained
analog, di-C8 PIP2, was used instead. This raises the question of whether these two molecules,
which have similar but very distinctly different profiles of activation, actually share the same
binding pocket and mode of action. In an effort to address this, the authors mutate key
residues predicted to be important in forming the binding site for the phosphorylated head
group of PIP2. However, none of these mutations prevent PIP2 activation. The only ones that
have a significant effect also influence the Na-dependent inactivation process independently
of PIP2, thus casting doubt on their role in PIP2 binding, and thus identification of the PIP2
binding site. A more extensive mutagenic study, based on the di-C8 PIP2 binding site, would
have given more depth to this work and might have been more revealing mechanistically.

The SEA0400 aspect of the work does not integrate particularly well with the rest of the
manuscript. This study confirms the previously reported structure and binding site for
SEA0400 but provides no further information. While interesting speculation is presented
regarding the connection between SEA0400 inhibition and Na-dependent inactivation,
further experiments to test this idea are not included here.

https://doi.org/10.7554/eLife.105396.1.sa2
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Reviewer #2 (Public review):

The study by Xue et al. reports the structural basis for the regulation of the human cardiac
sodium-calcium exchanger, NCX1, by the endogenous activator PIP2 and the small molecule
inhibitor SEA400. This well-written study contextualizes the new data within the existing
literature on NCX1 and the broader NCX family. This work builds upon the authors' previous
study (Xue et al., 2023), which presented the cryo-EM structures of human cardiac NCX1 in
both inactivated and activated states. The 2023 study highlighted key structural differences
between the active and inactive states and proposed a mechanism where the activity of NCX1
is regulated by the interactions between the ion-transporting transmembrane domain and
the cytosolic regulatory domain. Specifically, in the inward-facing state and at low cytosolic
calcium levels, the transmembrane (TM) and cytosolic domains form a stable interaction that
results in the inactivation of the exchanger. In contrast, calcium binding to the cytosolic
domain at high cytosolic calcium levels disrupts the interaction with the TM domain, leading
to active ion exchange.

In the current study, the authors present two mechanisms explaining how both PIP2
stimulates NCX1 activity by destabilizing the protein's inactive state (i.e., by disrupting the
interaction between the TM domain and the cytosolic domain) and how SEA400 stabilizes this
interaction, thereby acting as a specific inhibitor of the system.

The first part of the results section addresses the effect of PIP2 and PIP2 diC8 on NCX1
activity. This is pertinent as the authors use the diC8 version of this lipid (which has a shorter
acyl chain) in their subsequent cryo-EM structure due to the instability of native PIP2. I am
not an electrophysiology expert; however, my main comment would be to ask whether there
is sufficient data here to characterise fully the differences between PIP2 and PIP2 diC8 on
NCX1 function. It appears from the text that this study is the first to report these differences,
so perhaps this data needs to be more robust. The spread of the data points in Figure 1B is
possibly a little unconvincing given that only six measurements were taken. Why is there one
outlier in Figure 1A? Were these results taken using the same batch of oocytes? Are these
technical or biological replicates? Is the convention to use statistical significance for these
types of experiments?

I am also somewhat skeptical about the modelling of the PIP2 diC8 molecule. The authors
state, "The density of the IP3 head group from the bound PIP2 diC8 is well-defined in the EM
map. The acyl chains, however, are flexible and could not be resolved in the structure (Fig.
S2)."

However, the density appears rather ambiguous to me, and the ligand does not fit well within
the density. Specifically, there is a large extension in the volume near the phosphate at the 5'
position, with no corresponding volume near the 4' phosphate. Additionally, there is no
bifurcation of the volume near the lipid tails. I attempted to model cholesterol hemisuccinate
(PDB: Y01) into this density, and it fits reasonably well - at least as well as PIP2 diC8. I am also
concerned that if this site is specific for PIP2, then why are there no specific interactions with
the lipid phosphates? How can the authors explain the difference between PIP2 and PIP2 diC8
if the acyl chains don't make any direct interactions with the TM domain? In short, the
structures do not explain the functional differences presented in Figure 1.

The side chain densities for Arg167 and Arg220 are also quite weak. While there is some
density for the side chain of Lys164, it is also very weak. I would expect that if this site were
truly specific for PIP2, it should exhibit greater structural rigidity - otherwise, how is this
specific?

Given this observation, have the authors considered using other PIP2 variants to determine if
the specificity lies with PI4,5P2 as opposed to PI3,5P2 or PI3,4P2? A lack of specificity may
explain the observed poor density.
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I also noticed many lipid-like densities in the maps for this complex. Is it possible that the
authors overlooked something? For instance, there is a cholesterol-like density near Val51, as
well as something intriguing near Trp763, where I could model PIP2 diC8 (though this leads
to a clash with Trp763). I wonder if the authors are working with mixed populations in their
dataset. The accompanying description of the structural changes is well-written (assuming it
is accurate).

I would recommend that the authors update the figures associated with this section, as they
are currently somewhat difficult to interpret without prior knowledge of NCX architecture.
My suggestions include:

- Including the density for the PIP2 diC8 in Figure 2A.

- Adding membrane boundaries (cytosolic vs. extracellular) in Figure 2B.
- Labeling the cytosolic domains in Figure 2B.

- Adding hydrogen bond distances in Figure 2A.

- Detailing the domain movements in Figure 2B (what is the significance of the grey vs. blue
structures?).

The section on the mechanism of SEA400-induced inactivation is strong. The maps are of
better quality than those for the PIP2 diC8 complex, and the ligand fits well. However, I
noticed a density peak below FO2 on SEA400 that lies within the hydrogen bonding distance
of Asp825. Is this a water molecule? If so, is this significant?

Furthermore, there are many unmodeled regions that are likely cholesterol hemisuccinate or
detergent molecules, which may warrant further investigation.

The authors introduce SEA400 as a selective inhibitor of NCX1; however, there is little to no
comparison between the binding sites of the different NCX proteins. This section could be
expanded. Perhaps Fig. 4C could include sequence conservation data.

Additionally, is the fenestration in the membrane physiological, or is it merely a hole forced
open by the binding of SEA400? I was unclear as to whether the authors were suggesting a
physiological role for this feature, similar to those observed in sodium channels.

https://doi.org/10.7554/eLife.105396.1.sa1

Reviewer #3 (Public review):

NCXs are key Ca2+ transporters located on the plasma membrane, essential for maintaining
cellular Ca2+ homeostasis and signaling. The activities of NCX are tightly regulated in
response to cellular conditions, ensuring precise control of intracellular Ca2+ levels, with
profound physiological implications. Building upon their recent breakthrough in determining
the structure of human NCX1, the authors obtained cryo-EM structures of NCX1 in complex
with its modulators, including the cellular activator PIP2 and the small molecule inhibitor
SEA0400. Structural analyses revealed mechanistically informative conformational changes
induced by PIP2 and elucidated the molecular basis of inhibition by SEA0400. These findings
underscore the critical role of the interface between the transmembrane and cytosolic
domains in NCX regulation and small molecule modulation. Overall, the results provide key
insights into NCX regulation, with important implications for cellular Ca2+ homeostasis.

https://doi.org/10.7554/eLife.105396.1.sa0
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