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Abstract

Prokaryotic and eukaryotic Na*/Ca?* exchangers (NCX) control CaZ* homeostasis. NCX
orthologs exhibit up to 104-fold differences in their turnover rates (Ac,r), whereas the ratios
between the cytosolic (cyt) and extracellular (ext) Ky, values (Kint = K YK BXY are highly
asymmetric and alike (Kjnt < 0.1) among NCXs. The structural determinants controlling a huge
divergence in A5 at comparable Kj,;: remain unclear, although 11 (out of 12) ion-coordinating
residues are highly conserved among NCXs. The crystal structure of the archaeal NCX (NCX_Mj)
was explored for testing the mutational effects of pore-allied and loop residues on Aq5 and Kipt.
Among 55 tested residues, 26 mutations affect either A.5: or Kint, where two major groups can be
distinguished. The first group of mutations (14 residues) affect A4 rather than Kj,:. The majority
of these residues (10 out of 14) are located within the extracellular vestibule near the pore center.
The second group of mutations (12 residues) affect Kin; rather than A.,:, Whereas the majority of
residues (9 out 12) are randomly dispersed within the extracellular vestibule. In conjunction with
computational modeling-simulations and hydrogen-deuterium exchange mass-spectrometry
(HDX-MS), the present mutational analysis highlights structural elements that differentially
govern the intrinsic asymmetry and transport rates. The key residues, located at specific segments,
can affect the characteristic features of local backbone dynamics and thus, the conformational
flexibility of ion-transporting helices contributing to critical conformational transitions. The
underlying mechanisms might have a physiological relevance for matching the response modes of
NCX variants to cell-specific Ca?* and Na* signaling.
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Introduction

Ca?*-transporting proteins (channels, pumps and transporters) exhibit nearly 107-fold
differences in their transport rates, which are of very complex and dynamic physiological
events (excitation-contraction coupling, action potential duration, hormone and
neurotransmitter secretion, mitochondrial bioenergetics among many others) [1-3]. Among
the Ca?*-transporting proteins, the Na*/Ca?* exchanger (NCX) system plays a key role in
controlling the Ca2* homeostasis since the NCX-mediated Ca2* extrusion rates must vary
according to cell-specific patterns of CaZ* oscillations in a given cell type [2-5]. The
isoforms/splice variants of NCX are expressed in a tissue-and organelle-specific manner
[1,4,5], where the NCX-mediated turnover rates of the ion transport cycle vary from 0.5 s1
to 2500 s~ among prokaryotic and eukaryotic NCXs [2,3,5]. Despite these differences in
the transport rates, NCXs share a common stoichiometry (3Na* :1Ca2*) of ion exchange [6-
8], where the Na* or Ca2* bound species are transported in mutually exclusive (separate)
steps along the transport cycle [3,5,9].

The NCX and other gene families (NCKX, NCLX, and CAX) belonging to the CaZ*/Cation
antiporter (Ca/CA) superfamily contain highly conserved a1 and a, repeats organized in an
inverted two-fold “symmetry” to form an ion-passage pore (Fig. 1A and B) [1,10-15].
Despite their structural similarities [11-17], the five Ca/CA families display distinct
selectivity for monovalent ion transport [3,5,10]. Prokaryotic and eukaryotic NCXs contain
10 transmembrane helices (TM1-10), with the cytosolic 5L6-loop between TM5 and TM6
forming 2 tightly packed hubs [12,17], TM2-5 and TM7-10 (colored white and blue,
respectively, in Fig. 1A and B) [12], which can be superimposed upon rotation/inversion
(Fig. 1B). The 5L6 loop (~520 residues) of eukaryotic NCXs contains two Ca2*-binding
regulatory domains (CBD1 and CBD2), which play a critical role for tissue-specific
regulation of NCXs [18-22]. Since the short 5L6-loop of NCX from Methanococcus
Jannaschii (NCX_Mj) lacks regulatory domains, its crystal structure provides an excellent
basis for studying the ion-transport mechanisms [23-27,29,31]. In NCX_M)j, 12 ion-
coordinating residues, located on TM2 (A47, T50, S51, and E54), TM3 (S77 and N81),
TM7 (A206, T209, S210, and E213) and TM8 (S236 and D240) form an ion-passage pore
with 4 binding sites, Sint, Smid» Sext: and Sca (Fig. 1C-F) [12]. The 4 sites exhibit distinct ion
selectivity: Sir and Seyt have high selectivity for Na*, Sc, can bind either Na* or Ca?*,
whereas Spig cannot bind Na* nor CaZ* in the ground state [12,29,30].

During the transport cycle, NCX binds either 3Na* ions at Sint, Sext, and Sca or 1Ca%* ion at
Sca Where the Na* and Ca2*-bound species are transported in separate steps [9,28-30].
Recent studies with hydrogen-deuterium exchange mass-spectrometry (HDX-MS) show that
NCX_Mj can adopt either the inward-facing (IF) or outward-facing (OF) conformation [31].
The recent crystallographic data obtained for the open, semi-open and occluded states of
NCX_Myj in the OF conformation [12,30] are especially interesting in conjunction with
HDX-MS and ion-flux analyses of mutants [23,26—-31] for resolving the ion binding,
occlusion and transport mechanisms. This might be of general interest since 11 (out of 12)
ion-coordinating residues are identical between NCX_Mj and eukaryotic NCX variants. The
only difference is at position 240 (Syiq), occupied by an aspartate (D) or an asparagine (N)
in NCX_Mj and eukaryotic NCXs, respectively. Interestingly, the D— >N replacement in

Cell Calcium. Author manuscript; available in PMC 2019 August 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

van Dijk et al.

Page 3

NCX_Mj increases kg5 by 5-10-fold, meaning that the D— > N replacement itself alone
cannot fully account for the 10%-fold differences in the Ay values among NCXs [27,29].

The mechanism of action of NCXs conforms to alternating access mechanism [32-34].
Under steady-state conditions NCX preferentially adopts the OF conformation [12,31] with
Kint & 0.15 [23,27], which might have a physiological relevance [25,26]. Like many other
transporters, the structure-dependent matching of turnover rates and intrinsic asymmetry of
NCX variants is physiologically relevant for attaining the relevant Ca*-extrusion rates in
distinct cell-types [23,27,33-35]. The structure-dynamics determinants of functional
asymmetry are especially interesting in the case of NCXs (and similar proteins) since the
cytosolic and extracellular vestibules, displaying the inverted two-fold symmetry, are
exposed to symmetric substrates, like ions [27,34-37]. Thus, the question is: how the
transport rates (A:q) and intrinsic asymmetry (Kjq < 0.15) are structurally controlled
(predefined) in NCXs (and other transporters) exhibiting inverted two-fold topology?

The primary goal of the present work was to identify the key residues that predominantly
determine the A5t and Kjp Values of NCX_Mij. For this purpose, we analyzed the
bidirectional transport events in 55 mutants using established ion-flux assays [23-29,31,38]
in conjunction with structure-based computational approaches [39-49]. We found that 14
pore-core residues limit the ion transport rates (kgst), whereas another set of 12 residues
(randomly distributed within the pore and a nearby loop) alter the intrinsic asymmetry (Kino)
of bidirectional Ca2* movements. These data, analyzed in conjunction with HDX-MS
analyses and computational modeling, elucidate important sites, which are located at
highlighted TM segments showing the characteristic patterns of collective dynamics in
controlling the ion exchange activities. Thus, the principle massage of the present work is
that specific structural modules are involved in differential controlling of ion-transport rates
(Keat) and intrinsic equilibrium (K, of bidirectional ion movements in NCX. The
mechanistic and physiological significance of these findings is that, structurally predefined
modules can diversify the ion transport rates, while retaining a comparable degree of
functional asymmetry among NCXs. Alike structure-functional mechanisms may also exist
in similar proteins, controlling the cell-specific Ca2* homeostasis in prokaryotic and
eukaryotic cell-types.

2. Materials and methods

2.1. DNA constructs and site-directed mutagenesis

DNA encoding the wild-type NCX_Mj was amplified by PCR from a Methanocaldococcus
Jannaschii cDNA library (DSMZ) and ligated between the Ncol and BamHI restriction sites
of a pET-28a plasmid, as described before [23,27,29]. Single-point mutations were
introduced by QuickChange mutagenesis (Stratagene) and were confirmed by sequencing, as
outlined [27,29,31].
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2.2. lIsolation of E. coli-derived membrane vesicles overexpressing NCX_Mj and mutants

thereof

Expression vectors were transformed into £. co/iBL21 (DE3) pLysS competent cells
[23,24,27]. E. colicells were grown in 2xYT media with antibiotics and expression was
induced when cell cultures reached ODggg = 0.5-0.6 at 16 °C by adding 0.4 mM IPTG.
After 12-16 h incubation, cells were harvested and resuspended in buffer containing 50 mM
Mops-Tris pH 7.4, 0.25 M sucrose, 1 mM EDTA, 1 mM DTT, 100 Units/ml DNase, and 1
mM PMSF. Before cell breakage, the suspension was supplemented with additives for cell
disruption and subsequently, the cells were disintegrated in a French press (at 20,000 psi) or
in a Microfluidizer (at 14,000 psi) to obtain right side out (RSQO) or inside out (ISO)
vesicles, respectively [23,24,27,29]. Cell lysates were centrifuged for 5 min at 6,000xg and
the supernatant was pelleted at 200,000x g for 1 h. Next, the pellet was resuspended in buffer
(50 mM Mops-Tris, pH 7.4, 1 mM EDTA, 1 mM DTT, and 0.25 M sucrose) and loaded onto
a three-step sucrose gradient (2.02, 1.4, and 0.7 M, equilibrated with the same buffer). After
centrifugation (for 15 h at 150,000xg, 4 °C), a brownish layer appearing between the 0.7 and
1.4 M sucrose layers was collected, diluted 4 times with buffer (50 mM Mops-Tris pH 7.4, 1
mM EDTA, and 1 mM DTT) and centrifuged at 200,000xg for 1 h. The pellet was
resuspended in 50 mM Mops/Tris pH 7.4, 0.25 M sucrose, homogenized by passing it
through a syringe needle, and subsequently washed by centrifugation (at 200,000xg for 1 h).
The washed vesicles were resuspended in buffer (50 mM Mops-Tris pH 7.4 and 0.25 M
sucrose), flash-frozen in liquid nitrogen, and stored at —80 °C until use. The total protein
concentration was determined using the Lowry protein assay and the expression levels of the
NCX_Mj mutants were evaluated using the GFP assay [23,24]. The orientation of NCX_Mj
in E. coli-derived cell-membrane vesicles was evaluated by using an antibody (against the
6xHis-tag) assay, as previously outlined [23,24,27,29]. According to this test, both the ISO
and RSO vesicles contained unidirectionally (90-95%) oriented NCX_M]j [23,27,29], where
the orientation of vesicles is predefined by cell-breaking procedure (French-press or Micro-
fluidizer, see above). No indication was found indicating any mutation-dependent alterations
of NCX_Mj orientation in the £. coli-derived vesicles. For evaluating the expression levels
of NCX_M,;j (either in the case of WT or mutants), the GFP assay system was used, as
previously described [23]. Limited number of mutants (exhibiting less than 20% of ion-
exchange activity) were tested for the protein expression levels by using the GFP assay. The
expression levels of tested mutants were comparable (if not identical) to WT NCX_M;j,
where the GFP-labeled expression levels account for ~ 10-12% of total membrane protein in
the preparations of E. coli-derived membrane vesicles.

2.3. lon-exchange assays using E. coli-derived membrane vesicles

Initial rates (t = 5 s) of Na*/Ca2* and Ca%*/Ca2* exchange reactions were assayed at 35 °C
by measuring the intravesicular °Ca2* content in £, coli-derived vesicles with a given
overexpressed protein (WT or its mutant), as previously described [23,24,27,29]. The
45CaZ*-uptake was initiated by a rapid dilution of Na* (160 mM) or Ca2* (0.5 mM)-loaded
vesicles into the assay medium (0.2-0.5 mL) containing 20 mM Mops/Tris, pH 6.5, 100 mM
KCI, and 5-2000 uM 4°CaCls,. The “de-calcified” buffers have been used for the 4°Ca?*-
uptake assays, where the stock solutions were passed through a Chelex column. The typical
concentrations of endogenous free Ca2* in the assay medium were in the range of 1-3 pM.
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Notably, without this treatment the endogenous free Ca2* concentrations in the assay
medium can easily reach 10-20 uM or even more. The free Ca2* concentrations were
measured according to previously established protocols by using the Arsenaso-I11 optical
probe [9,23-25,52]. The 4°Ca2*-uptake was quenched by rapid injection of cold EGTA-
buffer (5 mL) into the assay medium. The intravesicular 4°Ca2* was measured by rapid
filtration of the quenched solutions through a GF/C filter, followed by extensive washing
(5%5 mL) of the filter. Importantly, the vesicles trapped on the filters were not allowed to dry
during filtration, whereas after the filtration the filters were dried and placed in the
scintillation vials [23,24,38]. For blank assays, £. coli-derived cell-membrane vesicles,
lacking the NCX_Mj protein, were diluted, quenched, and filtrated under identical
conditions. The blanks were taken for each concentration of 4°Ca2* (used in the assay
medium) in the presence of 160 mM NacCl in the assay medium. Subsequently, nonspecific
values of 4°Ca2* bound to the membrane vesicle and to the filters were subtracted from the
samples as a background (nonspecific) signal. In the preparations of the E. coli-derived
vesicles (containing WT NCX_Mj), the signal/background ratios of measured 4°Ca2*-uptake
vary from 10 to 50 (in proportion with 4Ca2* concentrations used in the assay medium). For
decreasing the nonspecific binding of 45Ca2* to the filters, prior the filtration the GF/C
filters were presoaked with 0.3% polyethylenimine as described before [9]. GraFit 7.0
software (Erithacus Software, Ltd.) was used for fitting the experimentally obtained values
of 45Ca2*-uptake at varying ionic concentrations. The Ky, and Vax Values were derived
from titration curves, where the experimentally measured levels of the observed signals
reach at least 85% of the calculated V5% Values (this technical requirement is essential to
obtaining accurate values for both Ky, and Vay). The kinetic parameters were measured at
least in three independent experiments (data are presented as mean + SE). A4 Values were
calculated according to equation Agat = Vimax/[Elt, where Vax Was derived from the [Ca2*]
titration curves and the [E]; values were evaluated by using the GFP assay [23].

2.4. Computer-aided structural modeling of the OF and IF NCX_Mj conformers and full-
atomic simulations

A structural model for the inward-facing (IF) open conformation of NCX_Mj was generated
using the inverted symmetry property of the two helical substructures TM2-5 and TM7-10
[12,23,27,31]. MODELLER [39] was used to generate the structure of each substructure of
NCX_Mj, which were rigidly reoriented based on structural homology criteria for the
symmetric parts of NCX_Mj [12,39]. The structure of each half of the protein was generated
by homology to the opposite symmetric part and by sequence alignments of the helical
segment TM1-3 against TM6-8, and TM4-5 against TM 9-10 [12,23,27,31]. A set of 100
homology models were generated to select the NCX_Mj IF open conformer with the best
score (lowest MODELLER objective function). The OF conformer in the presence of three
Na* ions (PDB: 5HXE) [30] as well as the homology model generated for the IF NCX_Mj
were further studied by molecular dynamics (MD) simulations. The missing 5L6 loop (S147
— N158) was constructed using MODELLER. The simulation systems were prepared in
explicit membrane bilayer with 0.1 mM CaCl,, solution using CHARMM GUI [40]. We
generated two sets of 100 ns full atomic MD trajectories for each conformer, using the
simulation package NAMD [41]. For the OF and IF conformers, the root-mean-square
deviations (RMSDs) of C*-atoms from their initial positions attained plateaus at 2.3 £ 0.3
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and 4.5 + 0.3 A, respectively, after ~50ns simulations, indicating that stable conformers were
obtained.

2.5. Characterization of collective dynamics

The global dynamics of NCX_Mj was evaluated using the Gaussian network model (GNM)
[42] and the anisotropic network model (ANM) [43], in the context of membrane lipids [44],
as implemented in the DynOmicsweb server [45]. The dynamic features and predicted
effects of mutated residues were calculated by the RhapSody interface [46]. We evaluated
the following features [46-49]: (i) GNM-based root-mean-square fluctuations (RMSFs) of
residues and (ii) the propensity of residues to act as sensors or effectors of allosteric signals
based on per-turbation-response scanning (PRS) analysis.

3. Results

3.1. Mutational effects of pore-forming residues on the Vmax values of the Na*/Ca2*

exchange

The effects of single-point mutations on the initial rates of the Na*/Ca2* and Ca2*/Ca2*
exchange were measured. For this assay, the £. coli~derived cell membrane vesicles
containing the overexpressed NCX_M)j or its mutants were used [23,24,29]. In this assay
system, the ion fluxes can be reliably monitored, since the overexpressed proteins account
for 10-15% of the total membrane protein [23,24]. Moreover, independent biochemical tests
have shown that overexpressed NCX_Mj proteins are uniformly (> 90%) oriented in the
RSO (right-side out) or I1SO (inside out) orientation, so that the K, and Vax values of the
Na*/Ca2* and Ca2*/Ca2* exchange rates can be measured (see Materials and Methods) by
varying [Ca2*] or [Na] at either side of the membrane [23,24,29,38]. In the present studies,
the kinetic parameters (K, and V) Were measured in uniformly oriented vesicles
(containing the overexpressed WT or mutated NCX_Mj) by measuring the initial rates (t =5
s) of 45Ca?*-uptake (see Materials and Methods).

We tested the mutational effects of pore-forming residues located at TM2, TM3, TM7 and
TMB8 on the ion-transport activities. The Vnax Values for 42 mutants of pore-forming
residues were tested by examining the initial rates of Na*/Ca2* exchange at saturating
concentrations of [Ca2*] and [Na*] (Fig. 2A). According to observed values, the mutational
effects can be divided into three major groups. In group 1 (in red), the mutations of 15
residues (out of 42) show < 20% of WT Vax (Fig. 2A). Group 1 includes 6 ion-
coordinating (S51, E54, S77, T209, E213 and D240) and 9 non-coordinating (G49, P53,
G76, C78, C80, F202, P212, S217 and G235) residues, thereby underscoring the essential
role of non-coordinating residues in ion transport. Notably, the most prominent effect (20—
50-fold decrease in the Vax) Was observed for ion-coordinating and non-coordinating
residues participating in the signature sequences, 49-GTSLPE-54 (TM2, a1) or 208-
GTSLPE-213 (TM7, a.,) at the center of the pore (Fig. 2A-C). Strikingly enough, all 15
residues strongly affecting the Na*/Ca* exchange rates are located close to the ion-pore
center (Fig. 2C). Interestingly, the C78 A and C80 A mutations have a devastating effect on
the Na*/Ca2* exchange activity (Fig. 2A), although the sulfhydryl group of these cysteine
residues cannot be involved in ion coordination, since they cannot be reoriented to
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coordinate the ions within the pore. These are quite unexpected results since, instead of
cysteine, the NCX and NCKX orthologs contain highly conserved alanine and phenylalanine
residues at positions matching 78 and 80 [29,50,51].

Mutational effects of group 2 residues (in blue) represent a rather moderate decrease (30—
70% of WT Vnay) in the Na*/Ca2* exchange rates (Fig. 2A). This group includes two ion-
coordinating (T50 and S210) and five non-coordinating (T44, T57, T58, S89, G208 and
G235) residues (Fig. 2A). Group 3 (in green) includes 20 residues, of which 14 largely retain
ion-transport activities. The remaining 6 residues even exhibited a 2-3-fold increase in their
transport rates (Fig. 2A). Thus, these residues do not seem to be essential for ion-transport
activities. Notably, 27 residues belonging to group 2 and group 3 are randomly distributed
within the ion-pore, thereby showing no specific abundance within the pore (Fig. 2A and C).
In sharp contrast with this, the group 1 residues are predominantly located within the pore
core (Fig. 2A and C). Strikingly enough, the mutations of 3 ion-coordinating residues (as
suggested by the crystal structure), T50, N81 and S236, do not reduce the Vax Values of Na
*/Ca%* exchange (Fig. 2A).

3.2. Mutational effects of pore-forming residues on the K,*Yt (Ca2*) values of the Na*/
Ca?* exchange

Next, 32 pore-forming residue mutants were analyzed for their effects on the K,,C¥t values
of Ca2* transport by measuring the initial rates of Na*/Ca2* exchange at varying
concentrations of cytosolic (extravesicular) Ca?* (5-2000 uM) and at a fixed, saturating
concentration of extracellular (intravesicular) Na* (160 mM) (see Materials and Methods).
Notably, some mutants (P53C, G76C, P212C, and S217) were not included in this analysis,
since the signal/noise ratios were insufficient for precise measurement of the K, values at
very low values of ion-transport rates (< 10% of WT Vnax). Thus, the measurable K,,cYt
values, obtained for 28 mutants, can be divided into 2 groups. Group 1 residues (in blue)
exhibit very small (if any) effect on the K,,CYt values (50-200% of WT), whereas group 2
(in green) residues exhibit up to a 9-fold increase in the K,,©Yt values (Fig. 3A). Notably, 12
(out of 14) residues, showing the most prominent mutational effects on K,,C¥t, are located
on TM7 and TM8 (Fig. 3B and C). The selected mutants (altering the Kt value of the Na
*/Ca?+ exchange) were further examined for their effects on the KmCyt and KmExt values
of the CaZ*/Ca2* exchange (Fig. 4C). The primary goal of this approach was to identify the
mutations significantly affecting the intrinsic equilibrium (Kjy) of bidirectional Ca2*
movements (see below).

3.3. Mutational effects of pore-forming residues on the Kjn; and k¢at values of the Ca2*/
Ca?* exchange

For CaZ*/Ca2* exchange, the intrinsic equilibrium (K;n;) of bidirectional Ca2* movements
can be defined as Kin; = Ky @YK EXt, whereas the turnover rates (Az5) can be presented as
keat= Vimax/[Elt (Figure S1) [23,37]. According to this formalism the Kj is derived from the
measured values of KVt and K\ FX, whereas Ay is derived by measuring the Vpmay and
[E]; (total enzyme concentration) values. The K,,SY! values were measured at varying
[Ca?*]cyt (2-2000 pM) and saturating [Ca2*]gx; (2mM) (blue bars in Fig. 4C). In the
complementary set of experiments the KXt values were determined at varying [Ca2*]gxt
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and fixed [Caz"]cyt (red bars in Fig. 4C). Figure S2 describes the Ca%*-titration curves of
Ca?*/Ca?* exchange for three representative mutants (K156 A, D197 N and F202), showing
up-to 100-fold differences in the Kjn: and Vax Values. The present analysis has identified 10
non-coordinating residues, the mutations of which result in concomitant changes in the
KmYtand K, BXt values (Fig. 4C), thereby resulting in up to 50-70-fold changes in Kint
(Fig. 4B). These mutational effects on the Kj,; values can be divided into 2 major groups
(Fig. 4B). Group 1 mutations (in green) exhibit K, < 1, which is consistent with
stabilization of OF-state under steady-state conditions. Most interestingly, group 2 mutations
(in blue) result in the increased Kjnt values (ranging from 2 to 10) although the effects on the
ket Values are rather small if not negligible (Fig. 4B). Thus, group 2 residues consistently
affect the intrinsic equilibrium of bidirectional movements, while having rather small (if
any) effect on the ion transport rates. In light of present considerations, we posit that under
steady-state conditions, the group 2 residues are capable of governing the relative stability of
the IF and OF states, which may represent a structural basis for functional asymmetry of
NCX_M;j.

3.4. Mutational effects of the loop-residues on the Kj,; and kg values of the Ca2*/Ca2*

exchange

For elucidating the underlying structure-functional determinants of bidirectional Ca2*
movements, 13 loop-residues (located on the 1L.2, 4L5, 5L6, 6L7 and 8L9 loops) were tested
here for their effects on the Ay, and Kj,; values (Fig. 5A and C). Interestingly, nearly all
tested mutations either retain or increase the ion-transport rates (Azat), while the differential
effects on the K,,SYt and KBt (Fig. 5C) lead to characteristic shifts in Kyt (Fig. 5A). The
mutational effects of loop-residues on Kijn; can be divided into 3 groups. Group 1 residues
(in green) largely retain the WT Kjp values upon mutation, which is compatible with
insignificant contribution of these residues to relative stabilization of IF or OF species (Fig.
5A). The mutation of group 2 residues (in blue) results in 5-6-fold enhancement of Ky,
thereby suggesting that these residues may have fairly small effect on relative stabilization of
OF and IF states (Fig. 5A). Interestingly, group 2 residues are predominantly located on the
5L6 loop (Fig. 5B). Group 3 mutations (in red) result in 20-70-fold increase of the Kjnt
values, thereby revealing a preferential stabilization of the IF state under steady-state
conditions (Fig. 5A). Interestingly, the mutations of nearby residues, S196A, D197N and
K198A (located at the interface of the 6L.7 loop and TM7A) result in enhanced Kj,; values
(Fig. 5A), whereas no significant changes are observed in the Kj,; of D194K, located on the
6L7 loop (Fig. 5A,C). These findings are consistent with existence of a functionally
important module involving a hydrogen-bonding network at the 6L7/TM7A interface, which
may play a key role in stabilizing the OF state and thus, in generating the functional
asymmetry in NCX_M;j.

3.5. Mechanochemical role of selected residues revealed by computations

In order to interpret experimental results in light of the intrinsic dynamics of the exchanger,
we first examined the conformational flexibility of residues. To this aim, we computed the
RMSFs of NCX_M; residues using the GNM [45]. Fig. 8A displays the results in
comparison to those derived from experimental B-factors (PDB ID: 3v5u). A correlation
coefficient of 0.79 between theory (GNM) and experiments (X-ray) is obtained, which
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supports further analysis using the GNM. Minima in the RMSF profile can be traced back to
the hinge sites in the global modes of motions depicted in Fig. 8D. These regions indicate
key mechanical sites that potentially act as hinges or anchors for supporting the collective
dynamics of the exchanger. Strikingly, mutations of these sites (Fig. 8A) in TM2 (G42-S51),
TM3 (G76-C80), TM7 (P212-S217) and TM8 (G231-D240) exhibited significant effects on
the experimentally measured transport rates (see Fig. 2A) as well as K,CYt values (Fig. 3A).
The majority of these key sites also coordinate the binding of ions (Fig. 1), implicating a
mechanochemical role in regulating ion transport. This analysis thus suggests that mutations
at putative hinge sites impact the ion-exchange kinetics.

Notably, C78, C80 and F202 do not coordinate ion binding, yet they exhibit minimal
fluctuations typical of hinge sites in the slowest modes (Fig. 8D) and their mutations (C78A,
C80A, and F202C) exhibit large reduction in Vnax (see Fig. 2), further highlighting the
functional significance of hinge sites in the exchanger function. In contrast, residues S196-
D197-K198 located around the loop connecting TM6 and TM7 show relatively high
amplitude mobility by virtue of their exposure to the extracellular region (Fig. 8).
Perturbation-response scanning analysis shows that these residues have a high propensity for
acting as sensors, suggesting a potential role in relaying allosteric signals (Figure S3) [47].
Experiments conducted with mutations at these residues showed significant effects on Kint
and a negligible effect on x4+ values. A closer examination of collective motions (ANM
mode 2; green arrows in Fig. 8B; and Supplemental Movie) revealed the correlated motions
of TM1, TM6 and TM7 (block 1) and the strong coupling between TM2, TM3, TM4, TM5
and TM8 (block 2). These two blocks undergo anticorrelated motions with respect to each
other (Fig. 8B and C). S196-D197-K198 lie within block 1, rather than the interface between
those blocks. As such, mutations at those sites would not be expected to interfere with the
collective dynamics of TM segments, which may explain the negligible effect on Azt

4. Discussion

4.1. Mutational analysis of NCX-mediated ion fluxes

The effects of single-point mutations of a.1/a, repeat residues on Vpax and Ky, were
previously reported for mammalian NCX1 [58,61,62] and NCKX2 [51,52,65] although at
this time no structural information was available for any NCX protein. The determination of
the crystal structure of NCX_Mj [12] and CAX [13-15] proteins, belonging to the Ca?*/CA
superfamily of exchangers, provided a new opportunity for resolving the structure-functional
basis of ion-transport mechanisms [22-31]. In general, NCX_Mj is an ideal model for
studying the ion-transport mechanisms because this protein lacks any regulatory domains,
where eleven ion-coordinating residues (out of twelve) are highly conserved among
prokaryotic and eukaryotic NCX orthologs [12,22-25,30]. There is no doubt that a
comparison of mutational effects obtained for NCX1 [58,61,62] and NCKX2 [51,52,65]
with mutational effects obtained for NCX_M)j in the present study might be very compiling.
However, it is worthwhile to mention that these kinds of comparisons are not trivial in the
absence of exact structural information, since the structure-functional organization of four
binding sites may differ in distinct protein, even though the ion-coordinating residues are
highly conserved. For example, several lines of evidence suggest that NCX Mj can bind 3Na
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* ions without occupying the Sp,iq site [23,26,27], whereas in NCKX2 (exhibiting the
stoichiometry of 4Na* :1Ca%*, 1K*) Sy,iq is occupied either by Na* or K* [16,51,52,65].
More dedicated efforts are required for comparison of mutational effects observed in NCX1,
NCKX2 and NCX_Mj in conjunction with structural data and MD simulations. Obviously,
this kind of comparison is beyond the scope of the current study.

4.2. Mechanistic significance of the present analytical approaches

As a typical membrane transporter, NCX_Mj undergoes an alternative exposure of the ion-
binding pocket at opposite sides of the membrane, thereby adopting either the IF or OF
conformation during the transport cycle [12,28,30,31]. The kinetic analysis of bidirectional
ion fluxes offers a quantitative evaluation of the kinetic (kc5t) and equilibrium (Kjnt)
parameters associated with bidirectional ion movements and thereby ascribes the overall
rate-equilibrium relationships between the IF and OF states involving the apo and ion-bound
species [23,24,38]. The previous kinetic analysis has shown that under steady-state
conditions, NCX_Mj preferentially adopts the OF orientation, while showing Kj,; = 0.15 for
bidirectional Ca2* movements [23,27,38]. Consistent with this, the crystallographic data,
fluorescent labeling, and HDX-MS analyses have shown that the extracellular vestibule of
NCX_Mj is preferentially exposed to the bulk phase either in the apo or ion-bound states,
thereby revealing the conformational stability of the OF state [12,27,30,31]. Since the
structure-dynamic determinants of the OF state stability are unknown, the present work was
undertaken to resolve the partial contributions of individual residues in controlling the Kin
and Ag,t parameters. Thus, the structure-based mutational effects of the pore-forming
residues (located on TM2, TM3, TM7, and TM8) and the helix-loop residues were analyzed
here with the goal of identifying residues affecting the functional asymmetry (Kjn¢) and
transport rates (k) of bidirectional Ca2* movements.

The dynamic features of a protein have been shown to provide a metric for assessing the
effect of missense mutations on the global dynamics [46—49]. In particular residues with the
following properties were found to be highly pathogenic, if mutated [46]: high propensity to
act as effector, low propensity to act as a sensor, low conformational flexibility (probed by
RMSF), and high stiffness and mechanical bridging ability. Interestingly, NCX_M);j residues
that displayed comparatively large effects upon mutation, broadly satisfied the
aforementioned criteria. Comparison with experimental data shows that mutations at the
hinge sites affect the transport/exchange rate A4t as well as Kjyt, while mutations of
potential effectors or sensors may change the Kjy;.

4.3. Asymmetrically distributed deep-pore residues limit the ion-transport rates

Mutational analyses of pore-forming residues revealed that a limited number of ion-
coordinating (S51, E54, S77, T209, S210, E21 and D240) and non-coordinating (G49, P53,
G76, C78, C80, P212 and S217) residues limit (< 20% of WT Va) either the Na*/Ca2*
(Fig. 2A) or Ca2*/Ca2* (Fig. 3B) exchange activity. Although these residues seem to be
essential for mediating the ion-transport activities, the previous analysis has shown that the
mutations of ion-coordinating residues have very small (if any) effect on Kjn [27]. Thus, the
pore-forming residues limiting the ion-transport rates have relatively insignificant effect on
the intrinsic equilibrium of bidirectional ion movements. In contrast, our computational
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analysis shows that the pore-core residues play a key mechanical role in the collective
dynamics (soft modes of mation) of the exchanger that enables its transition between OF
and IF states (Fig. 8). Among these functionally important residues, four (G49, P212, E213
and S217) are located within the cytosolic vestibule, whereas the other key residues (S51,
P53, E54, G76, S77, C78, C80, T209, S210 and D240) are located at the extracellular
vestibule (Fig. 6A, B), and they all serve as hinges/anchors in the global motions (Fig. 8).
Despite this “asymmetric” distribution of functionally important key residues between the
extracellular and cytosolic vestibules, all these residues are located within ~ 10 A from the
pore center (Fig. 6A). Present analyses are consistent with previous findings suggesting that
the 49-GTSLPE-54 (TM2, a1) and 208-GTSLPE-213 (TM7, a.,) signature sequences (being
a part of inverted two-fold symmetry and encompassed at the center of the ion-pocket) own
to distinct conformational patterns, thereby suggesting an asymmetric preorganization of
functional important key residues [27,31]. Compiling data supports a proposal according to
which the ion binding may pull the “flexible” segments (TM7B, TM7C, TM2C and TM8A)
toward the rigid TM2B (Fig. 7), which may initiate the OF/IF swapping. According to this
proposal, a subtle conformational change involving the asymmetric compression of the pore-
core forms a hydrophobic patch between TM2C and TM7C to allow the sliding of the gating
bundle (TM1/TM6) on the protein surface [13,27,31]. This proposed model may serve as a
common basis for ioncoupled alternating access in NCX and similar proteins [12-16,25—
27,31]. A further resolution of underlying structure-dynamic details requires more dedicated
and coordinated combination of experimental and computational approaches.

4.4. Revisiting the structure-functional role of ion-coordinating residues

A large number of residues located within 10 A from the ion porecore have very little (if
any) mutational effects on the ion-transport rates (Fig. 2A and 6 A). Remarkably, the
mutations in the ion-co-ordinating residues T50, N81, or S236 have no inhibitory effect on
the Vnax Values of the Na*/Ca2* exchange (Fig. 2A). The questionable status of N81
(exclusively assigned to Spiq) has been resolved in previous study, revealing that in the
ground state the Syiq site of NCX_Mj does not bind either Na* or CaZ* [27]. In contrast
with NCX_Mj, however, the mutational studies of NCKX2 have demonstrated that the Sp,;d
site of NCKX can bind K* [50,51]. Notably, the carbonyl group of T50 and T209 coordinate
the Ca2* ion at Sc,, Whereas the side chains of T50 and S236 ligate Na™ at Sj, (Fig. 1D and
F) [12,30]. Since the side-chain mutation of T50 or S236 does not inhibit the Na*/Ca2*
exchange (Fig. 2B), it is possible that some compensatory mechanisms are involved in Na*
ligation at Sjn¢ in the T50 and S236 mutants. For example, in the T50 or S236 mutant both
oxygen atoms of the E213 carboxyl group may ligate Na* at S, in contrast with NCX_Mj-
WT, where according to the crystal structure, the Na™ ion at Sj, is ligated through a single
oxygen atom of the carboxyl group [12,30]. This kind of compensatory mechanism may not
0OCCUr at Seyy, Since mutation of E54, S77, or T209 strongly inhibits the Na*/Ca?* exchange
(Fig. 2A). Thus, the mutational disparities between the Sjyt and Seyt Sites may represent the
structure-dynamic asymmetry of matching residues (E54/E213, T50/T209, and S77/S236) at
Sint and Sgy: in the context of inverted-twofold symmetry [27]. Consistent with this proposal,
Sint of NCX_Mj has at least 10-20-fold higher affinity to Na*, compared with Sgy [30].
Another interesting observation is that the mutation of S217 strongly reduces the Na*/Ca2*
exchange rates (Fig. 2A), although S217 is not an ion-coordinating residue according to the
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OF crystal structure of NCX_Mj. Since S217 is adjacent to Sj,;, we posit that this residue
may interact with Sj,. This is especially interesting in light of the fact that S217 is highly
conserved among NCX and NCKX orthologs [16,29,50,51]. Moreover, the mutation of S552
in NCKX (the analog of S217 in NCX_Mj) dramatically increases the Kn,,EXt value for K
*[50,51].

Unfortunately, the measurement of the K,C¥! and K,,,EXt values for the S217 mutant is
unavailable in the NCX_Mj system due to very low signal/background ratio at very low
Vmax- Nonetheless, it is possible that S217 (TM7) forms hydrogen bonding with N232
(TMS8), which may contribute to cytosolic gating. Interestingly, the MD simulations have
shown that in the OF conformer, hydrogen bonding is intermittently formed between S217
and N232. But no hydrogen bond is formed between these two residues in the simulation of
IF conformers. Notably, the mutation of S58 (matching S217) has no significant effects
either on kg5t or Kint (Figs. 2A and 4 B and C), meaning that S58 does not contribute to
extracellular gating, neither controls the ion-transport rates.

4.5. Functional contributions of distinct glycine residues to the rate-equiHbrium
relationships

Previous studies have shown that mutations of P53 or P212 have devastating effects on the
ion-transport capacity [27]. These data, in conjunction with HDX-MS analyses [27,31],
strongly support the notion that conformational flexibility of the signature repeats, 49-
GTSLPE-54 and 208-GTSLPE-213 (located at the interface of TM2B/TM2C and TM7B/
TMTC, respectively), plays a critical role in ion-transport activities [27]. Extending this
analysis, we examined here the mutational effects of 10 glycine residues on the Ac; and Kint
values. Three glycine residues, G83 (TM3B), G87 (TM3B), and G208 (TM7) exhibit no
appreciable effects on A4 and Kjp: even though G208 is a part of 208-GTSLPE-213. The
mutations of G49 (TM2B) or G76 (TM3 A) dramatically reduce the Na*/Ca2* exchange
rates (Fig. 2A), thereby suggesting that these two glycine residues may control
conformational dynamics of ion-bound intermediates involved in ion-transport catalysis
and/or ion-occlusion events. Unfortunately, the K values for G49 and G76 mutations were
unavailable since the signal/background ratios were low. In any case, it is quite clear that
G49 and G208 (which are part of 49-GTSLPE-54 and 208-GTSLPE-213), exhibit very
different mutational effects (Fig. 2A). These findings are especially interesting in light of the
fact that according to HDX-MS analyses the backbone dynamics of 49-GTSLPE-54 is much
more constrained in comparison with 208-GTSLPE-213 [27,31]. Interestingly, G76 is
adjacent to S77, which ligates Na* at Sqy (Fig. 1C) and limits the ion-transport activity (Fig.
2A). Thus, the G76 controlled performance of the Sgy; Site seems to be essential for ion-
transport activity. Strikingly, the mutation of 5 glycine residues, G42 (TM2 A), G201
(TM7A), G231 (TM8 A), G235 (TM8 A), and G243 (TM8B) increase the Ky value 20-50-
fold, whereas they have rather small effects on Azt (Fig. 4B,D). Thus, the observed Kint
values for these mutations (Kjnt = 3—10) reveal the important role of the relevant glycine
residues in the preferential stabilization of the OF state (Fig. 4B). These findings are
consistent with a recent HDX-MS analysis revealing the characteristic differences in the
backbone dynamics of the TM2 A, TM7A, TM8 A, and TM8B segments (Fig. 7). Since,
TM2 A and TM2B exhibit very low flexibility and water accessibility either in the absence
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or presence of Na* orCa?* ions [31], G42, G201, G231, G235, and G243 can differentially
govern the backbone dynamics at functionally important TM segments, which may
effectively control the relative stability of the IF and OF states. Notably, G235 (inversely
matching the position of G76) is next to $236, while ligating Na* at S;, according to the
crystal structure (Fig. 1D). Strikingly enough, the S236 A mutation activates, rather than
inhibits, the Na*/Ca2* (Fig. 2A) or Ca2*/Ca2* exchange [27] activities. Notably, the $236 G
mutation does not inhibit the ion-exchange activities as well [24], thereby supporting the
notion that S236 is not an essential residue for mediating the Na* transport activities in
NCX. Collectively, the present data in conjunction with HDX-MS [27,31] and X-ray
crystallography data [30] conclude that the Sgyt and Sjy; sites exhibit very different backbone
dynamics and affinity for Na* binding/transport.

4.6. Structure-based mechanistic insights for functional asymmetry

According to the X-ray data, the high affinity binding of 2 Na* ions to Sj,; and Scj is
followed by binding of the 3™ Na* to Sey; [30]. The binding at Sy is associated with the
bending of the TM7A/TM7B segment, which subsequently results in occlusion of 3Na* ions
at the extracellular side [30]. Consistent with this, HDX-MS analysis of NCX_Mj identified
hallmark changes in the backbone dynamics at the TM7A/TM7B interface upon Na*
binding [31]. The present analysis provides additional insights into the underlying
mechanisms by identifying key functional residues. The mutations of G42, G231, and G235
(at the cytosolic vestibule) and of S70, N73, G201, F202, V205, and G243 (at the
extracellular vestibule) result in up to 200-fold changes in Kjn, where only 2 residues (G235
and F202) exhibit significantly reduced A5 values (Fig. 4B and 6 C). The mutations of 3
residues (G201, F202, and VV205), located at the interface of TM7A and TM7B, result in
increased Kjqt values (Fig. 4B). These findings are compatible with the contribution of these
residues to extracellular ion occlusion. Notably, S70, N73, and G76 (at TM3 A) and their
matching counterparts, G231, N232, and G235 (at TM8 A) alter either g4 (Fig. 2A) or K
(Fig. 4B and C). These results are interesting from a structural perspective, revealing that the
backbone carbonyls of T209 and T50 coordinate Ca2*, whereas the side chains of T209 and
T50 may form hydrogen bonding with N73 and N232, respectively [12,30].

These interactions are likely to be unstable in the apo form, since the side chains of N73 and
N232 in apo and Ca2*-bound NCX_Mij display different orientations, although the backbone
folding at these areas is indistinguishable for the apo and ion-bound forms [12,30]. As
suggested above, the interaction between N232 and S217 could be important for the
conformational shaping and functioning of a “cytosolic gate”. Notably, S70, N73, and G76
(TM3A) and their inverted counterparts G231, N232, and G235 (TM8 A) are located at
opposite sides of the ion-binding pocket, thereby suggesting that TM3 A (S70, N73, and
G76) and TM8A (G231, N232, and G235) may differentially stabilize the ion-bound forms.
Thus, according to the present findings, distinct residues located on TM2B (G49), TM3 A
(S70, N73), TM7A (G201, F202), TM7B (V205), TM8A (G231, G235), and TM8B (G243)
control the intrinsic equilibrium (Kjn) of the bidirectional ion movements. The relevant
structural arrangements may stabilize distinct ion-bound forms through specific interactions
between distinct TM segments during the transport cycle. Further elucidation of the relevant
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mechanisms requires more dedicated and well-coordinated combinations of structural,
biophysical, and computational approaches.

Loop-helix residues affecting the rate-equilibrium relationships of Ca2* movements

Our previous studies have shown that elongation of the 5L6 loop of NCX_Mj by 8-14
residues results in increased Aq5: (Up to 10-fold) and Ky (50-200-fold) values although the
underlying mechanisms remain unclear [23,31]. This phenomenon is especially interesting
in light of the fact that in contrast with NCX_Mij, the 5L6 loop of mammalian NCX
orthologs contain the regulatory CBD domains, where Ca2* binding to CBDs results in ~ 20-
fold activation of ion-exchange rates under physiologically relevant conditions [52-57].
Interestingly, in our MD simulations of the IF NCX_Mj conformer, we observe that the 5L6
loop tends to swing into the intracellular vestibule and expose four acidic residues (E149,
E151, E152, and D155), thus potentially facilitating the binding of Ca2* ions from the
cytosol (Fig. 9). Simulations suggest that this loop may play a role in distinguishing the
asymmetric CaZ* binding. Interestingly, the homologous 5L6 loop (assigned as the “acidic
helix”) resolved in the IF-oriented structure of VCX1 (Ca?*/H* exchanger, CAX family) is
also oriented toward the intracellular vestibule (Fig. 9), according to the corresponding X-
ray structure (PDB: 4K1C) [14]. In light of the present considerations, we posit that the
global rearrangement of the TM helices during the OF-IF transition is accompanied by local
rearrangements at the 5L6 loop. Interestingly, our MD simulations further showed that
several acidic residues (D121, D127, E257, D194 and D197 on the extracellular surface and
E28, E149, E151, D152, and D155 at the intracellular surface) transiently bound Ca2* ions.
Thus, in addition to the two acidic residues E54 and E213 that coordinate the binding of the
Ca%* ion in the central portion of the protein (Fig. 1F) as well as 3Na* ions (Fig. 1C-E),
several negatively charged residues on the extracellular and/or cytoplasmic loops may serve
as cation attractors.

In search of underlying structure-functional mechanisms, we examined here the effect of
single-point mutations, located at distinct loop-helix interfaces connecting TMs, on A4 and
Kint of Ca2*/Ca2* exchange (Fig. 5). The most interesting finding is that single-point
mutations of three consecutive residues, D196, S197 and K198, located at the interface of
TM7A and 6L.7 loop (connecting TM6 and TM7), exhibit 8-25-fold higher K values as
compared with WT, while having a negligible (if any) effect on A, (Fig. 5A and 6 C). The
crystal structure of NCX_M)j is compatible with possible interaction of these residues
through hydrogen bonding network. Moreover, the 196-DSK-198 sequence is located in a
close vicinity with G201, F202 and V205 (located on the TM7A and TM7B segments),
which also exhibit comparable mutational effects on the K;,: values (Fig. 4B and 6 C). Thus,
the present functional studies are consistent with results from X-ray [30] and HDX-MS
[27,31] studies, thereby underscoring the structure-functional significance of the TM7A/
TM7B segment in controlling the extracellular ion occlusion. Notably, no significant
mutational effects were observed for the cytosolic-facing residues S37 and N38 (Fig. 2A and
5 A), which represent inverted pair-residues for D196 and S197. Thus, the 196-DSK-198
module (at the TM7A/6L7 interface) stabilizes the OF state, which significantly contributes
to functional asymmetry of WT NCX_M)j. Since the 6L7 loop connects TM7A with TM6
(which forms the gating bundle in association with TM1), the 196-DSK-198 module may
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shape the dynamic features of the TM1/TM®6 cluster, which in turn may contribute to
conformational dynamics of the TM1/TM6 movements toward the ion-coupled alternating
access.

4.8. Physiological relevance of Kjnt and k¢t values

The structure-based mutational analyses of prokaryotic NCX, described here, provide an
excellent basis for interpreting mutational effects observed in mammalian NCXs and similar
proteins. The resolution of mutational effects of Kjn: and A4t is essential for elucidating the
structural determinants governing the physiologically relevant parameters of bidirectional
ion movements [23-28]. The present work demonstrates that distinct structural elements can
differentially affect the K;.: and A5t values, where the underlying structure-functional
mechanisms might be relevant not only for NCX_M);j, but also for eukaryotic NCXs and
similar proteins belonging to the Ca2*/CA superfamily [12-15,25-27,53,54]. How the
relevant mechanisms contribute to 10%-fold differences in the k., values while keeping the
Kint values comparable remains to be discovered. Nevertheless, the present findings strongly
support the notion that NCXs share a common structural basis for ion transport mechanisms,
which is secondarily modified in mammalian isoform/splice variants [3,5,59-66]. In any
case, the relevant mechanisms are essential for matching the NCX-mediated Ca2*-extrusion
rates in cardiac, neuro-glia, kidney, pancreas and many other cell types although the
different regulatory modules are involved in “secondary” modulation of tissue-specific
NCXs [3,7,59,60,66]. The fine-tuning of NCX-mediated rates of ion-exchange seem to be
especially important during the action potential, where the directionality of charge/ion fluxes
reverses and ion-exchange rates permute up to 50-fold within a few milliseconds in cardiac
[52,63,66] and neuroglia [52,59,60,64] systems. For example, in astrocytes the reversal
potential of NCX (Encx) is close to the resting membrane potential (Ey,, ~-80 mV), so even
small changes in [Ca2*];, [Na*]; and membrane potential can dynamically alternate the
directionality and rates of NCX-mediated ion-exchange from the reverse (Ca%*-entry) to the
forward (CaZ*-extrusion) mode and vice versa [59,60,64]. This in turn, may have a huge
impact on the Ca2* and Na*-dependent release/uptake of neurotransmitters among many
other fundamental events controlled by Ca2* [64].

5. Conclusions

In the present study, fifty-five mutants of NCX_M;j were analyzed with the goal of
identifying the key residues controlling the turnover rates (4z,t) and intrinsic asymmetry
(Kint) of bidirectional Ca2* movements. The mutations can be divided into two major groups
based on the observed effects on the ion-exchange fluxes. The first group of mutations affect
keqt rather than Kjyt. All the corresponding residues are located within ~ 10 A of the pore
center. The second group of mutations affects Kjq; rather than Ag;;:. The relevant residues are
dispersed either along the pore or are localized at specific sites on the extracellular and
cytosolic loops, in this case. In conjunction with the present mutational analyses and
previous HDX-MS studies [27,31], the simulations performed here reveal that distinct inter-
residue interactions control the relative stability of the IF and OF states, as well as the
opening or closure of the intracellular and extracellular vestibules. The corresponding
structural and dynamic modules may serve as a basis for the intrinsic asymmetry of
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bidirectional Ca2* movements, as documented in prokaryotic [23,27] or mammalian NCXs
[38]. Thus, the combination of experimental and computational analyses described here is
very effective for elucidating the structure-dynamics determinants at the single residue level
in NCXs and similar proteins. This may provide a good basis for more systematic and
extended computational modeling of NCX and similar proteins.
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A206 T50 \h

Fig. 1.
Structure of NCX_M,j. (A) Crystal structure of 3Na*-bound NCX_Mj (PDB 5HXE) in

cartoon representation. The symmetry-related two halves are colored in gray (TM1-5) and
blue (TM6-10), respectively. Purple and red spheres represent Na* ions and water molecule,
respectively. (B) Superposition of the symmetry-related two halves, as colored in panel A.
(C-F) The ion-binding sites of NCX_Mj. The Syiq Site is not shown, since there is no
experimental or computational evidence that this site can bind either Na* or Ca2*. lon-
coordinating residues are shown as sticks. Purple and green spheres represent Na* and Ca?*
ions, respectively.
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Fig. 2.
Mutational effects on the Vmax values of the Na*/Ca2* exchange. (A) The initial rates (t =

5s) of Na*-dependent 45Ca?*-uptake were measured by using £. coli-derived vesicles
containing the overexpressed protein of a given mutant or WT NCX_Mj (see Materials and
Methods). The Vmax Values of the Na*/Ca2* exchange reaction were measured for NCX_M)j
mutants as described in Materials and Methods. The Vnax Values of the indicated mutants
are presented in percentage values in comparison with WT V2« (100%). Data are presented
as bars (mean + SE). The data were derived from at least 3 independent experiments.
Residues are colored according to their mutational effects on Vax, as indicated. (B)
Topological positions of mutated residues are presented according to color assignments,
described in panel A. (C) Cartoon representation of NCX_Mj. Mutated residues are shown
as spheres and are displayed in color according to the mutational effect (see panel A). Note
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the specific distribution of residues belonging to group 1 (red) in the vicinity of the pore
core.
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Fig. 3.
Mutational effects on the K,,®Yt values of the Na*/Ca?* exchange. (A) The Kyt values of

the Na*/Ca?* exchange reaction were measured for the indicated mutants, as described in
Materials and Methods. The K,,CYt values of the indicated mutants are presented in
percentage values in comparison with the WT K%t values. Data were obtained from at
least 3 independent experiments and are presented as mean + SE. Residues are colored
according to their effects on Ky, as indicated. (B) Topological positions of mutated residues
are presented in color, as displayed in the panel A. (C) Cartoon presentation of NCX_Mij.
Mutated residues are shown as spheres and colored according to the mutational effects, as in
panel A.
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Mutational effects of pore-forming residues on the Kiq: and Ay values of the Ca2*/Ca2*
exchange. (A) Schematic representation of the Ca?*/Ca2* exchange reaction for measuring
the Kint and A4 values of bidirectional Ca2* movements. The dashed line represents the
partial reaction of the Ca?*/Ca2* exchange, where the intrinsic equilibrium of bidirectional
Ca%* movements (Kiyy) is defined as the ratio of apparent affinities for Ca?* at the cytosolic
KmSYYK Y. B) The initial rates (t = 5s) of
Ca?*-dependent 45Ca2*-uptake were measured for determining the K,,SYt and K,,E*t values.

(K& and extracellular (K, sides (Kint =
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The K.Yt values were determined using varying [Ca2+]cyt =2-200 uM and saturating
[Ca?*]gx: = 2 MM (blue bars), whereas the K,FXt values were measured using varying
[Ca?*]gy = 10-2000 UM and fixed [Ca2+]cyt =2mM (red bars). The A4 values were derived
from the measured Vpay Values of the Ca2*/Ca?* exchange as described in Materials and
Methods. Data are presented as mean * SE of at least 3 independent experiments. Mutations
resulting in Kint <1 or Kin: >1 are in green and blue, respectively. (C) The K,,Y! (blue bars)
and K, EXt (red bars) values of the Ca*/Ca2* exchange reaction were measured as described
in panel B. Data are presented as mean + SE obtained at least 3 independent experiments
(see Materials and Methods). Residues are colored according to their mutational effects on
Kint, @s shown in panel B. (D) Topological positions of residues are assigned according to
their mutational effects on Kjnt, as colored in panel B. (E) Cartoon presentation of NCX_Mij.
Mutated residues are shown as spheres, where they are colored according to mutational
effects, described in panel B.
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Fig. 5.

Mutational effects of loop-residues on the Ki,; and A4 values of the Ca2*/Ca2* exchange.
(A) Mutational effects on the K and .y values of the Ca2*/Ca2* exchange were analyzed
as described in Fig. 4 (see also Materials and Methods). Data were derived from at least 3
independent experiments and are presented as mean + SE. Mutations exhibiting Kj,: < < 1,
Kint ® 1 and Kjnt > > 1 are in green, blue, and red, respectively. (B) Cartoon presentation of
NCX_Mj. Mutated residues are shown as spheres, where the colored residues are assorted
according to their mutational effects, as indicated in panel A. (C) The measured values of
Km Yt (blue bars) and K,,EXt (red bars) of the Ca*/Ca?* exchange reaction were derived
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from at least 3 independent experiments. Data are presented as mean + SE. Residues are
colored according to their mutational effects on Kjp, as colored in panel A.
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Fig. 6.

Spatial distribution of residues differentially affecting the Vmax and Kijn; values. (A) For each
mutant, the Vs Value of the Ca2*/Ca2* exchange was plotted vs. its position within the
pore. The residue-positions are expressed as the distance from the pore center (the “zero”
represents the position of the pore center). The residues significantly affecting the Vax

value (< 20% of WT Vpax) are shown in blue, where less significant residues affecting the
ion-transport rates are shown as solid black circles. The solid and dashed blue circles
represent the ion-coordinating and non-coordinating residues, respectively. (B) Topological

presentation of mutated positions. The mutational effects of residues on Vp, are colored as
in panel A. (C) For each mutant, the K;,: value was plotted vsits distance from the pore
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center. The mutants exhibiting high Kj,; values are indicated in blue, whereas the solid and
dashed circles represent the pore-forming and helix-loop residues, respectively. Solid black
cycles represent mutations having an insignificant effect on K;; (D). Topological presentation
of mutated positions are colored as in panel C.
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A

Fig. 7.
Structural-dynamics and functional relationships in NCX_Mj. Schematic heat maps of the

hydrogen-deuterium exchange were overlaid on the pore-forming TMs by using the
available HDX-MS data [31] and the crystal structural of NCX_Mj [12,30]. The color ruler
represents the HDX levels (in %), thereby depicting the characteristic profiles of backbone
dynamics in apo NCX_M)j (blue signifies the most rigid and water inaccessible segments in
protein). (A) The key residues limiting the ion transport rates (shown as spheres) are located
on the TM2B, TM3 A, TM7BC, and TM8 A segments within the pore core, while showing
striking differences in the local backbone dynamics at respective locations. (B) Key residues
affecting the intrinsic equilibrium (K;n;) of bidirectional Ca2* movements (shown as spheres)
are distributed at peripheral locations on TM2 A, TM3 A, TM7AB, and TM8 AB, which is
consistent with the known mechanisms of ion occlusion and also provides new clues for the
mechanisms underlying ion-coupled alternating access.
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Fig. 8.

anformational dynamics of NCX_Mj predicted by elastic network models. (A)
Comparison of the theoretically predicted root-mean-square fluctuations (RMSFs) of
residues (green) with the B-factors profile (b/ack) observed in X-ray crystallographic
experiments (PDB: 3V5S). (B) ANM mode 2 (green arrows) in the presence of lipid bilayer
induce the closure of the extracellular vestibule, in favor of a transition from OF open state
to an OF occluded state. (C) Cross-correlation map for the coupled fluctuations of all
residues driven by the softest GNM modes 1-3. Red'regions indicate pairs of residues
undergoing correlated movements, b/ue regions indicate the pairs that undergo anticorrelated
(coupled but opposite direction) fluctuations. Note that TM1 and TM®6 are highly correlated,
and they are anticorrelated with TM2-4 and TM8-9. (D) Residues in group 1 occupy
minima in the mobility profile. The graph displays global mobilities of residues
(corresponding to the soft modes 1, 2 and 3) obtained by GNM analysis of NCX_M);j
embedded in a lipid bilayer. The blue, redand oranges curves represent the predictions from
the respective three GNM modes. Red, blue and green spheres indicate the mutated residues
belonging to those classified as Group 1 (Vmax < 20%), Group 2 (30 < Vihax < 70%), and
Group 3 (> 80%), respectively in Fig. 2. The residues that show minimal (close to zero)
mobility in at least one of the three soft modes are shown by their color-coded sphere. Those
located in other regions, are indicated on the mode 2 curve. Minima refer to structural
regions that serve as hinges or anchors in the global movements of the entire exchanger. All
calculations and visualizations were performed using the DynOmics server.
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A OF NCX_M;j (X-ray) B IF NCX_M;j (Simulations) C IF VCX1 (X-ray)

Acidic helix

Fig. 9.
Conformational dynamics of NCX_Mj captured by full-atomic computations suggests the

potential role of the 5L6 loop. (A-B) Simulations indicate that the 5L6 loop reorients
differently in the outward-facing (OF) and inward-facing (IF) conformers of NCX_Mj as
illustrated for (A) X-ray resolved NCX_Mj OF conformer (PDB: 5HWY), and (B) MD-
refined IF conformer. (C) Structure of the IF homologous superfamily member VCX1
Calcium/Proton Exchanger resolved in the IF state (PDB: 4K1C). The simulations suggest
that the 5L6 loop (orange) swings into the intracellular vestibule in the IF state. Notably, the
homologous 5L6 loop (or acidic helix) of VCX1 (H*/Ca?* exchanger) also exhibits a similar
orientation in the IF state.
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