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Summary

The plasma membrane Na*/Ca®* exchanger (NCX) is
almost certainly the major Ca2* extrusion mechanism
in cardiac myocytes. Binding of Na* and Ca®* ions to
its large cytosolic loop regulates ion transport of the
exchanger. We determined the solution structures of
two Ca®* binding domains (CBD1 and CBD2) that, to-
gether with an a-catenin-like domain (CLD), form the
regulatory exchanger loop. CBD1 and CBD2 are very
similar in the Ca?* bound state and describe the Calx-
motif. Strikingly, in the absence of Ca?*, the upper
half of CBD1 unfolds while CBD2 maintains its struc-
tural integrity. Together with a 7-fold higher affinity
for Ca?*, 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.

Introduction

Ca®* is an ambivalent signal that is both essential and
potentially dangerous for cell life. The accurate control
of the spatio-temporal homeostasis of Ca?* is thus vital
and demands a regulatory machinery of exquisite preci-
sion and complexity (Carafoli, 2004). Ca?* enters the
cytoplasm through either the plasma membrane Ca®*
channels or the Ca?* release channels of internal Ca®*
stores such as the endo/sarcoplasmic reticulum. Be-
cause the cytosolic concentration of Ca?* needs to re-
main constant, the equivalent amount of imported Ca2*
has to be continuously removed from the cytoplasm.
This is accomplished by a rich diversity of plasma mem-
brane (PMCA) and sarcoplasmic reticulum (SERCA) Ca®*
ATPases, the mitochondrial CaZ* uniporter (Kirichok
et al., 2004), and the plasma membrane Na*/Ca®*
exchanger (NCX). For reviews see Carafoli (2002) and
Berridge et al. (2003).

Na*/Ca?* exchange is the dominant Ca?* efflux mech-
anism across the plasma membrane that reestablishes
resting levels of Ca?* in the heart after muscle contrac-
tion (Egger and Niggli, 1999) and in neurons upon sen-
sory stimulation (Wang et al., 2005). In its major transport
mode, NCX exports one Ca?* for the uptake of three Na*
ions (Kang and Hilgemann, 2004) and undergoes 2500-
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5000 turnovers per second and molecule (Hilgemann
etal., 1991; Egger and Niggli, 1999). A biochemically de-
rived topology model predicts nine transmembrane o he-
lices (lwamoto et al., 1999; Nicoll et al., 1999) and a large
cytosolic loop of ~500 residues for NCX (Figure 1A).
Binding of Ca®* ions to sites located in the cytosolic
loop generally activates the exchanger (Hilgemann,
1990; Hilgemann et al., 1992a; Matsuoka et al., 1993),
whereas binding of Na* ions has been shown to deacti-
vate NCX (Hilgemann, 1990; Hilgemann et al., 1992b).
Residues 371-509 are reported to form a putative high-
affinity Ca* binding domain (K4 ~ 140-400 nM; [Levitsky
et al., 1994]) and appear to bind Ca®* on a beat-to-beat
basis during excitation-contraction coupling in cardio-
myocytes (Ottolia et al., 2004).

NCXs are virtually ubiquitous, being found in organ-
isms ranging from C. elegans to humans. Based on the
presence of two highly conserved o repeat regions
(Nicoll et al., 1996a) that are located in the transmem-
brane domain (TM), H*/Ca?* exchangers (CAX), cation/
Ca?* exchangers (YRBG and CCX), K*-dependent Na*/
Ca®* exchangers (NCKX), and NCXs constitute the cat-
ion/Ca2* exchanger superfamily (Cai and Lytton, 2004).
The four known mammalian NCX isoforms, NCX1 (Nicoll
et al., 1990), NCX2 (Li et al., 1994), NCX3 (Nicoll et al.,
1996b), and NCX4 (Marshall et al., 2005), display ~70%
sequence identity and do not show striking functional
differences (lwamoto and Shigekawa, 1998; Linck
et al., 1998). Whereas NCX1 is virtually omnipresent,
NCX2 and NCX3 expression is limited to the brain and
skeletal muscle (Lee et al., 1994; Nicoll et al., 1996b).

In cardiac NCX1, residues C-terminal of Lys569 con-
stitute a variable, alternative splicing region (Figures
1A and 1B) that arises from different combinations of
six small exons (labeled A-F). Whereas exons A and B
are expressed in a mutually exclusive manner, cassette
exons C, D, E, and F can be combined freely. In this pool,
the AD variant, detected in brain, constitutes the short-
est splice variant and the ACDEF form, found in heart
and skeletal muscle, the longest (Kofuiji et al., 1994; Lee
et al.,, 1994; Quednau et al., 1997). Thus far, 17 tissue-
specific splice variants of NCX1, but no splice variants
for NCX2 and only very few for NCX3, have been re-
ported (Quednau et al., 1997).

In order to explore Ca?* regulation in the structurally en-
tirely uncharacterized 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 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 (Levitsky et al.,
1994), at homologous positions. Both CBD1 and CBD2
undergo conformational changes upon binding of Ca?*
and look very similar in the Ca?* bound form, whereas
in the absence of Ca?*, the domains show dramatic struc-
tural differences. Along with different Ca?* affinities, the
two distinct Ca®* sensors may enable the exchanger to
dynamically operate over a wide concentration range.
Finally, the structures of CBD1 and CBD2 permit
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Figure 1. Overall Architecture of NCX and Constructs Used in This Study

(A) Topology model of NCX. The four NCX domains are depicted in unique colors: TM, gray; CLD, blue; CBD1, red; and CBD2, green. TM helix 5
and the region subjected to alternative splicing are displayed in violet. Boundaries of the domains are indicated by residue numbers and are
based on the NCX1 AD-splice variant.

(B) Sequence alignment of CBD1 and CBD2. Double dots indicate identical residues and a single dot substitution by a similar residue. Dashes in-
dicate inserts and italicized amino acids residues not taken into account for the numbering. Residues involved in Ca®* binding are highlighted in red,
whereas residues that are in addition mutation sensitive are shown in blue. The crucial arginine residue in exon B and the cis proline in CBD1 are
highlighted in green. A pink bar above the letters indicates acidic segments. The secondary structure (yellow lines, arrows, and waves) and solvent
accessibility in blue, as determined by PROCHECK-NMR (Laskowski et al., 1996), are shown above (CBD1) and below (CBD2) the alignment.

(C) Description of the constructs used in this study. All three constructs needed a C-terminal overhang (yellow regions) of seven to nine amino acids
in order to bind Ca?*. Val371-Asp500 and His501-Tyr650 represent the Ca* binding domains CBD1 (red) and CBD2 (green), respectively. Pink re-
gions display the acidic segments in the constructs. CBD2 contains a region subjected to alternative splicing. Regions in light gray and gray reflect
exons A and D, whereas the region in dark gray symbolizes a CBD2 portion without counterpart in CBD1.

rationalization of an extensive body of biochemical and
physiological data that have accumulated on regulation
and modulation of NCX over the last two decades.

Results and Discussion
Structures of CBD1 and CBD2

We expressed three different constructs of canine NCX1
in E. coli BL-21 that encompassed residues 371-509,

501-657, and 371-657 (for construct details see
Figure 1C), representing the stable forms of CBD1,
CBD2, and CBD12, respectively. For CBD1 and CBD2,
we determined the structures by high-resolution hetero-
nuclear multidimensional NMR spectroscopy in the Ca®*
bound form. Both domains display the immunoglobulin
fold that is, amongst others, also found in cadherins
and fibronectins. The two antiparallel § sheets constitute
a B sandwich or Greek key motif with one B sheet
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Figure 2. NMR Structures of the Exchanger Ca®* Binding Domains and Redefinition of the Calx-p Motif

(A and B) Overlays of the 20 NMR-derived structures of CBD1 ([A], residues 371-509) and CBD2 ([B], residues 501-657) colored as a rainbow
ramp ranging from blue (N terminus) to red (C terminus). Ca®* ions are shown in pink. C-terminal residues 504-509 (CBD1) and 653-657
(CBD2) are disordered and removed from the figure for clarity.

(C) Ribbon diagram of the superposition of the central chains of CBD1 (red) and CBD2 (green). The orientation is ~180° rotated around the ver-
tical axis with respect to the situation in (A) and (B). Residues discussed in the text are highlighted in ball-and-stick representation.

(D) Redefinition of the Calx- motif. Sequence alignment of CBD1, CBD2, the five ECM3 Calx-f domains from sea urchin (EMBL accession code,
AF287478), the first Calx-B domain in VLGR1 (EMBL accession code, AF055084), and the single Calx-f3 domain in integrin B4 (accession code,
X51841). Conserved residues are highlighted black, whereas conservatively substituted residues are shaded gray. Conserved residues that co-
ordinate Ca2* in CBD1 and CBD2 are marked with an asterisk, whereas filled circles indicate structurally important residues. Secondary structure
elements of CBD1 and CBD2 are displayed above the sequences with the original Calx-f motif (Schwarz and Benzer, 1997) in yellow and the new
elements in red.

containing strands A, B, and E and the other containing
strands C, D, F, and G (Figures 2A and 2B). With the ex-
ception 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 and
show good structural statistics (Table 1). Superposition
of the central chains of CBD1 and CBD2 (Figure 2C) re-
sults in an average rmsd of 1.3 A (on 101 C” positions)

with the biggest differences observed for the BC, CD,
DE, and the FG loops as well as for parts of the first acidic
segment (residues 446-454 and 577-582, respectively).
Both domains contain a  bulge in strand A, but only
CBD2 displays a second B bulge in strand G. CBD1 in-
stead possesses a cis proline at a structurally similar po-
sition. Residues Phe376/505, Tyr422/Phe553, Phe431/
562, Phe456/587, and Leu460/1le591 form the core of
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Table 1. Experimental NMR Data and Structural Statistics for Ca®*

Bound CBD1 and CBD2

CBD1? CcBD2? CBD12

NOE Upper Distance Limits

Total 2313 2394 4707
Long-range, spanning 902 883 1785
five or more residues

Distance Constraint Violations

Number > 0.3 A 0 0 4

Maximum 0.15A 0.14 A 0.48 A

Rmsd 0.015 = 0.001 0.015 = 0.001

TALOS-derived angle 175 186 361
constraints

Rmsd 0.62+0.13 0.51+0.28 0.74

PROCHECK Ramachandran Plot Analysis

Residues in favored 84.8%" 86.2%° 87.7%"°
regions

Residues in additionally 14.1%" 12.4%° 10.9%"°
allowed regions

Residues in generously 0.9%° 0.9%° 0.5%°°
allowed regions

Residues in disallowed 0.2%° 0.5%° 0.9%°°
regions

Rmsd to the Averaged Coordinates

N, C* C' 0.66 A° 0.76 A°
All heavy atoms 1.00 A® 1.19 A°

2 Average over the 20 conformers with the lowest NOE energies.
® Residues 371-467 and 483-500.
°Residues 501-598 and 627-649.

the two domains and are likely to be important for
stability.

CBD1 and CBD2 Redefine the Calx-8 Motif

Sequence alignments using CBD1 residues 383-460 as
atemplate revealed, amongst others, homology with do-
mains in integrin B4 (Schwarz and Benzer, 1997), extra-
cellular matrix protein 3 (ECM3) of fibers in sea urchins
(Hodor et al.,, 2000), aggregation factor of marine
sponges (Fernandez-Busquets et al., 1996), as well as
the very large G protein-coupled receptor (VLGR1; [Mc-
Millan et al., 2002; Nikkila et al., 2000]) and defined the
Calx-p motif (Schwarz and Benzer, 1997). Reexamination
of these sequences in view of the CBD1 structure now
unequivocally establishes the domain boundaries of
this motif and extends it by strands A and G (Figure 2D).
Conservation of the structurally important residues and
residues involved in Ca2* binding (see below) in the ma-
jority of the domains not only suggest preservation of the
fold but also that these domains possess very similarion
binding sites. Integrin B4 is special in the sense that all
structurally important, but none of the Ca?* coordinating
residues, are maintained, hence, raising doubt whether
this domain binds Ca®* or any other divalent ions.

Ca?* Binding Sites in CBD1 and CBD2

In order to define the Ca?* binding sites in CBD1 and
CBD2, we recorded pseudo-contact shift data, per-
formed structure calculations in the absence of Ca®*
ions, and included available mutational data as distance
constraints (for details see the Experimental Proce-

dures). This 3-fold approach revealed two Ca?* ions
bound within each of the two domains. Unlike for the
cadherins, where three Ca?* ions are located above the
EF loop and fulfill a purely structural role in the interface
of two consecutive extracellular domains (Boggon et al.,
2002), Ca?* ions in CBD1 and CBD2 are buried within the
domains. The main contributors to the Ca?* binding sites
are the two acidic segments Asp446-Glu454 and
Asp498-Asp500 in CBD1 (Figures 1B and 3A) as well as
Asp577-Glu582 and Glu647-Glu648 in CBD2 (Figures
1B and 3B). In particular, Glu385 located in the AB
loop, Asp448 and Glu451 in the first, and Asp498 and
Asp500 in the second acidic segment form Ca2* binding
site | in CBD1. Opposite to site I, Asp447, Glu451, and
Glu454 of the first acidic segment, as well as Asp421 in
the CD loop, coordinate the Ca?* in site Il. In contrast,
CBD2 lacks residues equivalent to Asp448 and Asp500.
Instead, Asp578 takes over the role of Asp448 and, sim-
ilarly to Glu451 in CBD1, coordinates Ca®* ions in both
sites. Lys585 in CBD2 occupies a position equivalent to
Glu454 in CBD1 and forms a salt bridge with 0%' of
Asp552 that constitutes an acidic cluster together with
Asp578, Glu579, and Glu580. As a consequence of this
altered ion coordination in CBD2, its Ca%* ions are shifted
by ~2 A relative to the Ca®* binding sites in CBD1. With
the exception of NCX1 isoforms containing the mutually
exclusive exon B, residues contributing to CaZ* binding
are highly conserved within the NCX family, thus sug-
gesting similar Ca®* binding properties for all NCXs.

Ca®*-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 spec-
tra for the two domains in the presence of 10 mM EDTA.
Strikingly, the CBD1 spectrum displayed a strong de-
crease in peak dispersion with a large number of 'H res-
onances clustered in a spectral region, usually charac-
teristic for unstructured residues (Figure S1A available
in the Supplemental Data with this article online). Map-
ping shifted resonances, likely to result from structural
alterations or residues exposed to a changed chemical
environment (orange) and disappearing resonances,
probably reflecting unstructured residues (yellow) onto
the molecular structure of CBD1, reveals a loss of struc-
turalintegrity in the upper half of the molecule (Figure 3C).
In particular, residues in the second part of strand A, the
initial parts of strands 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,"®N]-HSQC spectrum of CBD2 (Figure S1B)
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®*. This dis-
tinct behavior in the ['H,'*N]-HSQC spectra of the indi-
vidual domains in the absence of Ca®* is also observed
for CBD12, the construct containing both domains.

Two Distinctly Different Ca®* Sensors

The striking differences observed for CBD1 and CBD2
thus raise the question of their cause and functional con-
sequences. Examination of the CBD1 and CBD2 Ca?*
binding sites reveals the presence of three basic resi-
dues, Arg547, Lys583, and most importantly Lys585, in
CBD2 that are well positioned to form salt bridges with
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Figure 3. Ca®* Binding in CBD1 and CBD2

(A and B) These panels display Ca%* coordinating residues in CBD1 and CBD2, respectively. Yellow colored ribbons represent residues expe-
riencing pseudo-contact shifts originating from paramagnetic Yb®* ions, whereas unaffected secondary structure elements are given in their
unique colors (as defined in Figure 1).
(C) CBD1 chemical shift changes observed between the Ca®*-free and bound forms. In red are unchanged resonances, whereas orange and yel-
low represent strongly shifted and disappearing resonances, respectively.

Glu579, Glu580, and Asp552, respectively (Figure 3B).
Upon Ca?* release, these salt bridges in Ca®* binding
site Il may partly stabilize some of the negative charges
and therefore prevent unfolding of CBD2. In sharp con-
trast, Ca?* binding sites in CBD1 do not contain any basic
residues that could reduce repulsion between the nu-
merous glutamate and aspartate residues.

To verify this hypothesis, we aimed to invert the behav-
ior of the two domains by mutating Lys585 in CBD2 to a
glutamate and the orthologuous residue in CBD1,
Glu454 to a lysine residue. Indeed, contrary to their wild-
type forms, ['H,"®N]-HSQC spectra of the Glu454Lys
(Figure S1C) and Lys585GIu (Figure S1D) mutants in the
presence of EDTA are characteristic for a fully structured
and disintegrated domain, respectively. Likewise, gel

mobility shifts on native polyacrylamide gels in the ab-
sence and presence of Ca®* (Figure 4A) are similarly in-
dicative of the dramatic conformational differences. We
therefore conclude that electrostatic repulsion is the ma-
jor 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 iso-
thermal titration calorimetry (ITC; Figure 4B). The ITC
measurements demonstrate that CBD1 binds Ca2* with
Kq4 values of 120 and 240 nM, whereas the respective
values of CBD2 are 820 nM and 8.6 uM. Strikingly, the
Lys585GIu mutant exhibits for its first Ca®* binding event
an affinity comparable to CBD1, whereas the Glu454Lys
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Figure 4. Biochemical Analyses of Ca?* Binding Sites
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(A) Native gel electrophoresis in the absence (lanes 1-4) and presence (lanes 5-8) of Ca®* for wild-type CBD1 and CBD2 as well as the Glu454Lys
and Lys585Glu mutants. Although the mobility of CBD2 is largely unchanged under both conditions, CBD1 and K585E show large shifts, indi-
cating substantial conformational changes in their three-dimensional structure. Samples with and without Ca®* contained 10 mM CaCl, and
10 mM EDTA, respectively, and were incubated for 10 min before loading. Additional minor bands are likely a result of the technical limitations
of native gel electrophoresis as only single bands were observed on denaturing gels and only one conformation is observed in the corresponding

['H,"®N]-HSQC spectra under the same conditions.

(B) Isothermal titration calorimetry of Ca®* binding sites in wild-type CBD1 and CBD2, as well as the Glu454Lys and Lys585GIu mutants. ITC

curves show heats evolved on adding aliquots of CaCl..

mutant has attained the binding affinities of CBD2. How-
ever, intriguingly, only the Glu454Lys mutant shows an
endothermic reaction typical of electrostatic interac-
tions, whereas Ca%* binding in wild-type CBD1, CBD2,
and the Lys585GIlu mutant is exothermic. Taken to-

gether, the NMR, gel mobility shift and ITC data demon-
strate that point mutations Glu454Lys and Lys585GIlu
have very similar properties to CBD2 and CBD1, respec-
tively, and in a way reverse the functionality of their wild-
type domains.
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Model of the Intact Exchanger

Akey aspect of the two Ca?* binding domains is their rel-
ative orientation to each other in the regulatory ex-
changer loop. A first indication of the arrangement be-
tween the domains originates from the turn at Asp498
inthe CBD1 structure that directs residues 501-509, con-
stituting strand A in CBD2, into an antiparallel orientation
with respect to strand G of CBD1 (Figure 3A). Compari-
son 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 are observed for residues in the Ca®* binding
regions of both domains as well as for residues 374-375,
379-382, 490-505, 529-531, 563-566, 598-603, 632-637,
and 641. Taking these shifting resonances as ambiguous
interaction restraints (in a fashion similar to the HAD-
DOCK approach [Dominguez et al., 2003]) in combina-
tion with restrictions imposed by the orientation of
Asp499-Ala502, we obtained a model for CBD12 that
was eventually refined in explicit water (Figure 5A and
Table 1). This model displays an antiparallel arrangement
ofthe Ca®* binding domains with an extensive network of
interactions in the center between residues in and
around the B 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 with a sim-
plified version displayed in Figure 5B (for details on the
intact exchanger model, see the Supplemental Data).
Based on a homology we found with a-catenin (PDB
code 1H6G; Yang et al., 2001), we propose that the re-
mainder 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 conse-
quence of sequence conservation with P type ATPases
(Nicoll et al., 1990; Ogawa and Toyoshima, 2002), we
suggest that residues Val194, Val195, Val197, and
Glu199 in NCX constitute a large part of the transport
Ca®* binding site within the TM. In this model, the Ca**
binding sites of CBD1 are ~90 A away from the transport
ca%* binding site, whereas cassette exons C-F in CBD2
are located directly opposite to the CBD1 Ca2* binding
sites. In contrast, the CBD2 Ca>* binding sites must be in
close proximity to the CLD, the region suggested to be
responsible for Na*-dependent exchanger inactivation.

Effects of Alternative Splicing and Phosphorylation

Analysis of a large number of cell types expressing
spliced isoforms reveals exon A to be exclusively ex-
pressed in excitable tissues such as heart and skeletal
muscle as well as neuronal tissues where rapid and sub-
stantial Ca®* fluxes are important in signaling pathways
(Qiu et al., 2001). In strong contrast to this, isoforms con-
taining exon B are only found in nonexcitable tissues
(Quednau et al., 1997). Furthermore, giant excised patch
clamp experiments demonstrated that exon A containing
NCX1 isoforms, in contrast to exon B containing variants,
can alleviate intracellular Na*-dependent inactivation
(Dyck et al., 1999). Interestingly, exons A and B encode
the first acidic segment of the Ca?* binding sites in
CBD2 (Figures 1B and 3B), and substitution of Asp578
by an arginine residue (as in exon B) appears to be suffi-
cient to prevent alleviation of Na*-dependent exchanger

inactivation (Dunn et al., 2002). As Asp578 coordinates
Ca?*ionsin both sites in CBD2, substitution by an arginine
residue may be especially detrimental due to the introduc-
tion of a positive charge into the highly negative environ-
ment. In exon B variants, this may result in partial destruc-
tion or rearrangement of the ion binding sites that could
alter the interaction with the CLD and therefore renders
overcoming of Na*-dependent inactivation impossible.

On the other side of CBD2, juxtaposition of cassette
exons C, D, E, and F to the CBD1 Ca** binding sites (Fig-
ures 5A and 5B) may enable splice variants to modulate
effects induced by Ca?* binding and thereby adjust
Na*/Ca%* exchange to special needs. For instance, Dro-
sophila splice variants CalX1.1 and CalX1.2, which only
differ in five amino acids, exhibit significant differences
in their Na*- and Ca2*-dependent regulatory properties
(Omelchenko et al., 1998). The corresponding residues
in canine NCX1, Ser600-Gly604, display chemical shift
changes in the ['H,'®>N]-HSQC spectrum of CBD12 com-
pared to the individual CBD2 spectrum, indicating an in-
teraction between these residues and the CBD1 Ca**
binding sites. Another example for Na*/Ca®* exchange
modulation originates from frog heart, where an addi-
tional 9-amino acid exon after exon E (Figure 1B) is pre-
dicted to generate an ATP/GTP binding motif that ren-
ders the molecule regulatable by cAMP (Shuba et al.,
1998). Intriguingly, in the CBD2 structure, residues 604-
623 are disordered as also confirmed by '°N dynamics
measurements that yielded {**N-"H}-NOE values < 0.7.
However, this region may rigidify in other splice variants
or upon binding of the nucleotide in the frog exchanger.
Alternatively, the exposed position of the cassette exons
may also permit an indirect modulation through an inter-
action with other proteins.

Finally, in the center of the first acidic segment, Phe450
and its counterpart Tyr581 in CBD2 seem to occupy an
unusual, solvent-exposed position (Figure 2C). Although
the presence of Phe450 at this position is unclear, Tyr581
is a potential substrate for protein tyrosine kinases
(Quednau et al., 1997). Phosphorylation of Tyr581 would
bring additional negative charges into the proximity of at
least one Ca2* binding site and would likely have a pro-
found effect on ion binding.

Function of the Disordered CBD1 FG Loop

in the Intact Enzyme

The Drosophila exchanger CalX1.1 is unique among
characterized members of the exchanger family in that
uM levels of Ca?* rather inhibit than activate ion-
exchange across the plasma membrane (Hryshko et al.,
1996). Interestingly, a CalX1.1 chimera with Lys404-
Tyr580 replaced by the corresponding residues Leu336-
Thr528 of cardiac NCX1 restored the positive regulatory
response to Ca2* (Dyck et al., 1998). The only obvious dif-
ference between the sequences in the chimeric region is
the absence of NCX1 residues 469-485 in CalX1.1 that
correspond to large parts of the FG loop in CBD1, there-
fore suggesting involvement of the FG loop in Ca®*-
dependent exchanger activation. Additional support for
the relevance of the FG loop arises from calpain cleav-
ages in the same region of CBD1 for NCX1 and NCX3
that inactivate these exchanger isoforms and eventually
result in cell death as a consequence of Ca* overload
(Bano et al., 2005). Although spectra of the CBD1
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Figure 5. Model of the Intact Exchanger

(A) Blow-up view of the interface between CBD1 and CBD2. Residues that display chemical shift changes in the ['H,"*N]-HSQC spectrum of
CBD12 are colored yellow.

(B) Hypothetical model of the intact exchanger that is composed of CBD1 (red), CBD2 (green), CLD (blue), and the TM (gray). Exons A and D are
colored in light and dark gray, respectively.

(C) Schematic outline of exchanger operation. NCX is initially activated by the large conformational change resulting from binding of Ca?* ions to
CBD1 (red) and may undergo faster turnovers at high intracellular Ca* concentrations when the CBD2 Ca?* binding sites (green; exon A con-
taining variants) become occupied. Variants containing exon A are able to alleviate Na*-dependent exchanger inactivation and become inacti-
vated by Ca?* release from the CBD1 binding sites. Exon B containing variants can be inactivated through binding of Na* ions even Ca?* ions are
bound to the CBD1 binding sites.
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construct suggest the FG loop to be unstructured in
the individual domain, in our model for the complete in-
tracellular exchanger loop, hydrophobic patches on the
CLD, located opposite to Val480, Ala482, Leu483,
Ala484, and Leu485, could stabilize the FG loop in the
intact NCX.

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 an-
tiparallel fashion and are connected via a third domain
that we designated as CLD (Figure 5B and Figure S2) to
the membrane part of the exchanger. Mutually exclusive
exons A or B as well as cassette exons C-F in CBD2 are
ideally positioned to modulate Na*/Ca?* exchange in or-
der to satisfy needs at different places in the cell or cells
in different tissues.

During the course of a typical Ca?* transient in the cell,
NCX in concert with the plasma membrane/sarcoplas-
mic Ca?* ATPases and the mitochondrial uniporter re-
move Ca?* from the cytoplasm and maintain the resting
level of Ca®>* at ~100 nM (Carafoli, 2002; Berridge
et al., 2003). In this process, CBD1 as the primary Ca®*
sensor in NCX (Figure 5C) detects the slightest increase
in cytosolic Ca%* and the associated, large structural
changes activate the exchanger. In contrast, CBD2 un-
dergoes 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.

Experimental Procedures

Sample Preparation

Nucleotide sequences encoding residues 371-509, 501-657, and
371-657 of canine NCX1 (accession code P23685; AD-splice variant)
were cloned into a pET23b vector and expressed in E. coli
BL21(DE3) at 37°C for ~5 hr by using 1 mM IPTG for induction. Pu-
rification was facilitated by N-terminal His tags and anion-exchange
chromatography (MonoQ, Amersham-Pharmacia). Purity of all sam-
ples was >95% as judged by SDS-PAGE and ['H,"®N]-HSQC spec-
tra. Ca%* bound NMR samples used for structure determination con-
tained uniformly "°N or '®N/'3C labeled protein (0.5-1.0 mM) in 20
mM HEPES (pH 7.0), 20 mM B-mercaptoethanol, and 10 mM CaCl,
buffer and were prepared in H,O/D,0 (95%/5%) with 0.02% (w/v)
NaNj; as a preservative.

NMR Spectroscopy

NMR spectra of CBD1 and CBD2 were acquired at 33°C on Varian In-
ova 600 and 800 MHz spectrometers. Backbone and side chain as-
signments were obtained employing triple-resonance experiments
using standard protocols (Kanelis et al., 2001) and are 94% complete
for both domains. The ['H,'®N]-HSQC spectrum of CBD12 was re-
corded from an ~0.3 mM uniformly '°N labeled sample in H,0/D,0
(95%/5% [v/v]). Distance restraints for structure calculations were
obtained from 3D-'3C-NOESY-HSQC and 3D-'°N-NOESY-HSQC
spectra. All NOESY spectra were measured with an 80 ms NOE-mix-
ing time. Stereospecific assignments of valine and leucine methyl
groups were obtained by analysis of ['H,'C] CT-HSQC spectra re-
corded from 10% '3C labeled samples (Neri et al., 1989). All data
were processed with the NMRPipe program suite (Delaglio et al.,
1995) and analyzed with the programs XEASY (Bartels et al., 1995)
and SPARKY (Goddard and Kneller, University of California, San
Francisco).

Structure Calculations

The program TALOS (Cornilescu et al., 1999) was used to generate
175 and 186 ¢, angle constraints from chemical shifts of CBD1
and CBD2, respectively. For structure determination of CBD1,
NOESY cross peaks were manually picked and integrated in the
aforementioned NOESY spectra and assigned by using the auto-
mated NOESY cross peak assignment method CANDID (Herrmann
et al., 2002a) in the program CYANA 2.0 (Guntert et al., 1997). For
CBD2, we initially used the program RADAR (Herrmann et al.,
2002b). CBD1 and CBD2 NOE peak lists were then manually ex-
tended. Finally, a set of the best 100 CYANA conformers was refined
in explicit solvent (Spronk et al., 2002) by using the program Xplor-
NIH (Schwieters et al., 2003), and the 20 conformers with the lowest
NOE energies were selected. The input data and final structures were
validated with the programs WHAT_CHECK (Hooft et al., 1996) and
PROCHECK-NMR (Laskowski et al., 1996). Figures were generated
with MOLSCRIPT (Kraulis, 1991) and PYMOL (DeLano, 2002, http://
www.pymol.org).

Elucidation of the Ca?* Binding Sites

In order to define the Ca?* binding sites in CBD1 and CBD2, we fol-
lowed a 3-fold approach. First, we recorded ['H,'®N]-HSQC spectra
in the presence of Yb%* and compared them with the same spectra
recorded in the presence of Ca2*. Disappearing or strongly shifted
resonances experienced pseudo-contact shifts as a consequence
of the paramagnetic properties of Yb®* and involve residues within
~10 A of the lanthanide. Second, we examined the ensemble of
structures that were exclusively derived from NOE and angle con-
straints in the absence of Ca®* ions. These structures displayed
close proximity of acidic residues that would experience strong re-
pulsion in the absence of Ca?*, thus identifying them as potential
Ca?* coordinating residues. Third, we used the knowledge obtained
from mutational studies, which showed that point mutations for
Asp447, Asp448, Asp498, and Asp500 almost entirely abolish Ca?*
binding (Levitsky et al., 1994). Using a stepwise approach, we suc-
cessively included for each residue distance constraints to the
Ca?* ions (lower bound 1.7 Aand upper bound 2.8 A, respectively).

ITC

Prior to concentration, all protein samples were dialyzed against
10 mM EDTA and thereafter thoroughly washed with 20 mM HEPES
(Sigma, Ultrapure; pH 7.0), 20 mM B-mercaptoethanol, and 0.2%
NaNj; containing buffer in order to remove any contaminating divalent
ions. Protein concentrations were determined by UV spectroscopy.
Metal salts were prepared in the same buffer at the desired concen-
trations. ITC experiments were carried out by using a VP-ITC (Micro-
cal LLC) device with typically 5-35 uM buffered protein solution and
were repeated at least twice. After thermal equilibration at 25°C and
an initial 2 min delay, 26 serial injections of 10 pul at 300 rpm stirring
speed were performed every 5 min. In order to correct the experi-
mental binding isotherm for background heat effects, we also titrated
CaCl, containing buffer into buffer. In line with our experimental
structures and the fact that CBD1 and the Glu454Lys mutant titra-
tions cannot be fit with the “one set of sites” model, all corrected
curves were fit by using the “two sets of sites” model in the Origin
5.0 software (Microcal LLC). A representative measurement for
each titration is shown in Figure 4B.

Supplemental Data

Supplemental Data include Supplemental Experimental Procedures,
Supplemental References, and two figures and can be found with
this article online at http://www.molecule.org/cgi/content/full/22/1/
15/DC1/.
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