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ABSTRACT: Binding of Na™ and Ca?* ions to the large cytosolic loop of
the Nat/Ca®>t exchanger (NCX) regulates its ion transport across the
plasma membrane. We determined the solution structures of two Ca**-
binding domains (CBD1 and CBD2) that, together with an a.-catenin-like
domain (CLD) form the regulatory exchanger loop. CBD1 and CBD2
constitute a novel Ca**-binding motif and are very similar in the Ca?*-
bound state. Strikingly, in the absence of Ca?* the upper half of CBD1
unfolds while CBD2 maintains its structural integrity. Together with a
sevenfold higher affinity for Ca2" this suggests that CBD1 is the primary
Ca’* sensor. Specific point mutations in either domain largely allow the
interchange of their functionality and uncover the mechanism underlying
Ca’* sensing in NCX.
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INTRODUCTION

The Nat/Ca’* exchanger (NCX) in concert with the plasma membrane
Ca?* ATPase (PMCA) removes Ca’* ions from the cell that entered the cy-
tosol via L-type Ca?* channels and/or internal Ca®* stores during the action
potential. Driven by the Na™ gradient generated through the Nat/K* ATPase
the exchanger predominately expels one Ca>* ion for the uptake of three Na*t
ions,! may however, under certain conditions also operate in reverse mode.

A biochemically derived topology model of NCX predicts nine transmem-
brane -helices>? and a large cytosolic loop of approximately 500 residues
(FiIG. 1 A). Binding of Ca’** ions to sites located in the cytosolic loop
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FIGURE 1. (A) Topology model for NCX displaying its four domains: TM (residues 1—
216 and 706-903), CLD (residues 217-370 and 651-705), CBD1 (residues 371-500), and
CBD2 (residues 501-650) with the numbering based on canine NCX1 AD-splice variant.
(B) Sequence alignment of CBD1 and CBD2. Residues involved in Ca?* binding are in
bold and a bar above the letters indicates acidic segments. Italicized residues are not taken
into account for the numbering. (Figure adapted from Reference 8.)

generally activates the exchanger,* whereas binding of Na* ions has been
shown to deactivate NCX.> Residues 371-509 were reported to form a puta-
tive high-affinity Ca?*-binding domain (K4 ~140-400 nM)® and appear to
bind Ca®* on a beat-to-beat basis during excitation—contraction coupling in
cardiomyocytes.’

In order to explore Ca’* regulation in NCX, we determined the structures
of two Ca’*-binding domains (CBD1 and CBD2)? that are located in the large
exchanger loop. The existence of a second Ca’*-binding domain (CBD2) was
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inferred by a sequence identity of 27% of residues 501-650 with CBD1 as
well as the presence of two acidic segments, reported to be crucial for Ca’*
binding,® at homologous positions.

Structures of CBD1 and CBD2

We expressed three different constructs (residues 371-509, 501-657, and
371-657) of canine NCX1 in E. coli BL-21, which represent the stable forms
of CBD1, CBD2, and CBDI12, respectively. For CBD1 and CBD2 we deter-
mined the structures by high-resolution heteronuclear multidimensional NMR
spectroscopy in the Ca?*-bound form. Both domains display two antiparallel

-sheets that constitute a -sandwich or Greek key motif with one -sheet
containing strands A, B, and E, and the other containing strands C, D, F, and G
(F16. 2). With the exception of the long FG loops (residues 468—482 in CBD1
and residues 599—-627 in CBD2), the domains are well defined by the ensemble
of NMR structures. Superposition of the central chains of CBD1 and CBD2
results in an average rmsd of 1.3 A(on 101 C positions) with the biggest dif-
ferences observed for the BC, CD, DE, and the FG loops as well as for parts of

acidic segments acidic segments

FIGURE 2. Overlays of the 20 NMR-derived structures of CBD1 (residues 371-509;
accession code 2FWS) and CBD2 (residues 501-657; accession code 2FWU). C-terminal
residues 504-509 (CBD1) and 653-657 (CBD2) are disordered and removed from the figure
for clarity. (Figure adapted from Reference 8.)



10 ANNALS OF THE NEW YORK ACADEMY OF SCIENCES

the first acidic segment (residues 446454 and 577582, respectively). Both
domains contain a -bulge in strand A, but only CBD2 displays a second

-bulge in strand G. CBD1 instead, possesses a cis-proline at a structurally
similar position.

Ca?*+-Binding Sites in CBD1 and CBD2

A threefold approach to define the Ca>*-binding sites in CBD1 and CBD2
that included pseudo-contact shifts, structure calculations in the absence
of Ca?* ions as well as mutational data, suggested two Ca’* ions bound
within each of the two domains. The main contributors to the Ca?*-binding
sites are the two acidic segments, Asp446-Glu454 and Asp498-Asp500 in
CBD1 (FiG. 1 B) as well as Asp577-Glu582 and Glu647-Glu648 in CBD2
(FiG. 1 B). Crucially, Glu451 in CBD1 and Asp578 in CBD2 coordinate Ca?*
ions on both sides of the EF loop. In CBD2, Lys585 occupies a position equiv-
alent to Glu454 in CBD1 and forms a salt bridge with O ! of Asp552 that
constitutes an acidic cluster together with Asp578, Glu579, and Glu580. In
the case of CBDI, however, Ca>*-binding sites were better resolved by the
recently published CBD1 X-ray structure’® that showed four Ca>* ions bound
in an arrangement reminiscent of C2 domains. Notably, the two Ca’>* ions
implemented in the NMR structure occupy the average positions of the two
Ca?* ion pairs found in the crystal structure.

Ca?t-Free Forms of CBD1 and CBD2

In order to explore structural effects of Ca?* binding in CBD1 and CBD2,
we also recorded ['H,'N]-HSQC spectra for the two domains in the presence
of 10 mM EDTA. Strikingly, the CBD1 spectrum displayed a strong decrease
in peak dispersion with a large number of 'H-resonances clustered in a spec-
tral region, usually characteristic for unstructured residues. Mapping shifted
resonances, likely to result from structural alterations or residues exposed to a
changed chemical environment and disappearing resonances, probably reflect-
ing unstructured residues onto the molecular structure of CBD1, reveals a loss
of structural integrity in the upper half of the molecule (FiG. 3). In particular,
residues in the second part of strand A, the initial parts of strand B and F, the end
of strand G, as well as the AB, CD, and EF loops, which form the Ca?>*-binding
sites, become unstructured. In sharp contrast, the ['H,'SN]-HSQC spectrum
of CBD2 does not show this degree of chemical shift changes, thus suggesting
only limited structural alterations and preservation of the fold in the absence
of Ca?* (FiG. 3). This distinct behavior in the ['H,!>N]-HSQC spectra of the
individual domains in the absence of Ca’* is also observed for CBD12, the
construct containing both domains.
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FIGURE 3. Antiparallel orientation of the two Ca®*t-binding domains, CBD1 and
CBD2, in the regulatory exchanger loop. Residues in encircled areas show shifted reso-
nances in the ['H,'3N]-HSQC spectra and undergo conformational changes during Ca?*-
binding and release events. A movie based on the NMR structures as well as our biochemical
data, illustrating the distinct behavior of CBD1 and CBD?2, is available at http://www.mark-
hilge.com.

Two Distinctly Different Ca®t Sensors

The striking differences observed for CBD1 and CBD2 thus raise the ques-
tion of their cause and functional consequences. Examination of the CBD1 and
CBD2 Ca’*-binding sites reveals the presence of three basic residues, Arg547,
Lys583, and most importantly Lys585 in CBD2, which are well positioned to
form salt bridges with Glu579, Glu580, and Asp552, respectively. Upon Ca?*
release these salt bridges may partly stabilize some of the negative charges and
therefore prevent unfolding of CBD2. In sharp contrast, Ca’*-binding sites in
CBD1 do not contain any basic residues that could reduce repulsion between
the numerous glutamate and aspartate residues.
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To verify this hypothesis we aimed to invert the behavior of the two domains
by mutating Lys585 in CBD2 to a glutamate and the orthologous residue in
CBD1, Glu454 to a lysine residue. Indeed, contrary to their wild-type forms,
['H,'SN]-HSQC spectra of the Glu454Lys and Lys585GIu mutants in the pres-
ence of EDTA are characteristic for a fully structured and disintegrated domain,
respectively. Similarly, gel mobility shifts on native polyacrylamide gels in the
absence and presence of Ca’* are similarly indicative of the dramatic confor-
mational differences. We therefore conclude that electrostatic repulsion is the
major driving force for the unfolding of CBD1 in the absence of Ca’*.

To further characterize Ca?* binding we determined dissociation constants
of wild-type CBD1 and CBD2 as well as of the Glu454Lys and Lys585Glu
mutants by isothermal titration calorimetry (ITC). The ITC measurements
demonstrate that CBD1 binds Ca?>™ with K4 values of 120 and 240 nM,
while the respective values of CBD2 are 820 nM and 8.6 M. Strikingly,
the Lys585Glu mutant exhibits for its first Ca’*-binding event an affinity
comparable to CBD1, whereas the Glu454Lys mutant has attained the binding
affinities of CBD2. However intriguingly, only the Glu454Lys mutant shows an
endothermic reaction typical of electrostatic interactions, while Ca?* binding
in wild-type CBD1, CBD2, and the Lys585GIlu mutant is exothermic. Taken
together, the NMR, gel mobility shift, and ITC data demonstrate that point mu-
tations Glu454Lys and Lys585Glu have very similar properties to CBD2 and
CBD1, respectively, and in a way reverse the functionality of their wild-type
domains.

Model of the Intact Exchanger

A key aspect of the two Ca’>*-binding domains is their relative orientation to
each other in the regulatory exchanger loop. A first indication of the arrange-
ment between the domains originates from the turn at Asp498 in the CBD1
structure that directs residues 501-509, constituting strand A in CBD2, into
an antiparallel orientation with respect to strand G of CBD1. Comparison of
the ['H,'>N]-HSQC spectrum of CBD12 with ['H,">N]-HSQC spectra of the
individual domains in the presence of Ca®* reveals that the majority of the
shifting resonances is observed for residues in the Ca?*-binding regions of
both domains as well as for residues 374375, 379-382, 490-505, 529-531,
563-566,598-603, 632—-637, and 64 1. Taking these shifting resonances as am-
biguous interaction restraints in combination with restrictions imposed by the
orientation of Asp499-Ala502, we obtained a model for CBD12. This model
displays an antiparallel arrangement of the Ca**-binding domains with an ex-
tensive network of interactions in the center between residues in and around
the -bulges in strand A of CBD1 and strand G in CBD2.

In order to interpret Ca’>*-binding and release events in the context of the
intact NCX, we also constructed a hypothetical model for the entire exchanger
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FIGURE 4. Hypothetical model of the intact exchanger, displaying the four domains,
TM, CLD, CBD1, and CBD2 as well as the location of the Ca2*-binding sites. (Figure
adapted from Reference 8.)

with a simplified version displayed in FIGURE 4. Based on a homology we found
with -catenin,'” we propose that the remainder of the regulatory loop (residues
217-370 and 651-705) forms a third domain, which we designate as CLD or
catenin-like domain. Furthermore, as a consequence of sequence conservation
with P-type ATPases,!!!> we suggest that residues Vall94, Val195, Val197,
and Glu199 in NCX constitute a large part of the transport Ca?*-binding site
within the transmembrane domain (TM). In this model the Ca’>*-binding sites
of CBD1 are approximately 90 A away from the transport Ca>*-binding site.
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In contrast, the CBD2 Ca’*-binding sites must be in close proximity to the
CLD.

Gene Duplication

Members of the cation/Ca’t exchanger superfamily'® are characterized by
the presence of two conserved regions located in the TM that form reentrant
loops. These so-called -repeat regions likely originated from an ancient gene
duplication event.'"* Sequence and structural similarities between CBD1 and
CBD2 now suggest that the entire NCX may have emerged from gene dupli-
cation.

CONCLUSIONS

Our study revealed the existence of three domains in the large intracellular
loop of NCX. The two consecutive Ca>*-binding domains, CBD1 and CBD2,
are arranged in an antiparallel fashion and are connected via a third domain
that we designated as CLD (F1G. 4) to the membrane part of the exchanger.
CBDI1 is the primary Ca>* sensor in NCX and already detects small increases
of cytosolic Ca®*. In contrast, CBD2 undergoes comparably modest structural
alterations and binds Ca* only at elevated Ca?>* concentrations. These two
different sensitivity thresholds may enable NCX to function dynamically over
a wide range of Ca>* concentrations and permit high Ca>* fluxes in excitable
cells.
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