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Na*/Ca®* exchangers (NCXs) are ubiquitous membrane transport-
ers with a key role in Ca?* homeostasis and signaling. NCXs me-
diate the bidirectional translocation of either Na* or Ca’*, and
thus can catalyze uphill Ca%* transport driven by a Na* gradient,
or vice versa. In a major breakthrough, a prokaryotic NCX homolog
(NCX_Mj) was recently isolated and its crystal structure deter-
mined at atomic resolution. The structure revealed an intriguing
architecture consisting of two inverted-topology repeats, each
comprising five transmembrane helices. These repeats adopt
asymmetric conformations, yielding an outward-facing occluded
state. The crystal structure also revealed four putative ion-binding
sites, but the occupancy and specificity thereof could not be con-
clusively established. Here, we use molecular-dynamics simula-
tions and free-energy calculations to identify the ion configuration
that best corresponds to the crystallographic data and that is also
thermodynamically optimal. In this most probable configuration,
three Na* ions occupy the so-called Sy, Sca and Si,: sites, whereas
the S,.iq site is occupied by one water molecule and one H*, which
protonates an adjacent aspartate side chain (D240). Experimental
measurements of Na*/Ca®* and Ca>*/Ca’* exchange by wild-type
and mutagenized NCX_Mj confirm that transport of both Na* and
Ca®* requires protonation of D240, and that this side chain does not
coordinate either ion at S,,j4. These results imply that the ion ex-
change stoichiometry of NCX_Mj is 3:1 and that translocation of Na*
across the membrane is electrogenic, whereas transport of Ca* is
not. Altogether, these findings provide the basis for further exper-
imental and computational studies of the conformational mecha-
nism of this exchanger.
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Ca2+ signals control a variety of cellular processes essential for
the basic function of multiple organs. In cardiac cells, for
example, Ca”" release from the sarcoplasmic reticulum is a nec-
essary step for heart contraction, whereas Ca®" extrusion from
the cell is required for cardiac relaxation. These fluctuations in
the cytosolic Ca®* concentration underlie the initiation of the
heartbeat (1, 2). Na*/Ca®* exchangers (NCXGs) play a central role
in the homeostasis of cellular Ca** (3-5). These integral mem-
brane proteins are ubiquitous in many types of tissues including
the heart, brain, and kidney (4), and consequently their dys-
function is associated with numerous human pathologies such as
cardiac arrhythmia, hypertension, skeletal muscle dystrophy, and
postischemic brain damage (5). NCXs facilitate the translocation
of either Ca** or Na* across the membrane; thus, they can harness
a transmembrane sodium motive force to energize Ca** transport
against a concentration gradient. For example, the cardiac ex-
changer NCX1 mediates the extrusion of intracellular Ca®* driven
by a Na* transmembrane gradient maintained by the Na*/K*
ATPase (3, 6).

Numerous electrophysiological studies over the past three
decades have analyzed the functional and regulatory properties
of these important exchangers. It is well established that NCXs
are reversible and electrogenic, but it has been debated whether
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the Na*/Ca®* exchange stoichiometry is 3:1 or 4:1 (3, 5, 7-12). In
any case, NCXs can also facilitate Na*/Na* and Ca®*/Ca®" ex-
change, implying that the translocation of Na* and Ca*" are two
distinct reactions (3, 5, 6, 13). NCXs are regulated by several
factors, such as cytosolic Na* and Ca* concentrations, pH, ATP,
and PIP, (5, 6). Ca®* regulation in particular involves accessory
cytoplasmic domains not directly implicated in the ion-exchange
function of the transmembrane domain (5, 14, 15). It is in highly
conserved regions within the latter domain, known as a1l and a2 (in
transmembrane helices TM2/TM3 and TM7/TMS, respectively),
where specific polar and carboxylic amino acids have been identi-
fied to be crucial for ion binding and transport (6, 16-18). Similar
sequence motifs are found in related antiporters that exchange Na*
for K* and Ca** (NCKX), and Ca** for H* (CAX) (19-21).

In a recent breakthrough, the NCX exchanger from the
archaeobacterium Methanocaldococcus jannaschii was isolated
and functionally reconstituted, and its crystal structure determined
at 1.9-A resolution (22). The structure of NCX_Mj revealed an
intriguing architecture consisting of two inverted topological
repeats of five transmembrane helices each (Fig. 14), which adopt
similar but not identical conformations (Fig. S1). This structural
asymmetry is likely to underlie the ability of the exchanger to
adopt outward- and inward-open conformations alternately, as is
mandatory in secondary-transport processes (23, 24). Importantly,
the electron density map for NCX_Mj also revealed clear peaks
for four putative ion-binding sites in the «l and o2 regions,
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Fig. 1. Structure of the Na*/Ca®* exchanger from M. jannaschii in an outward-facing conformation. (A) The architecture of NCX_M;j (PDB entry 3V5U) consists
of two repeats of five transmembrane helices each (orange, marine cartoons), which adopt opposite orientations in the membrane (the cytoplasmic side is
below). Four putative ion-binding sites (indicated by gray spheres) are found halfway across the transmembrane region, flanked by helices TM2-TM3 and
TM7-TMB8. The structures of the five-helix repeats are highly similar but not identical (Fig. S1). The major differences are the orientation of TM1/TM6 relative
to the rest of the repeat, and a bend in the periplasmic half of TM7, not observed in the equivalent region of TM2. These structural asymmetries likely
underlie the ability of the exchanger to alternatively adopt outward- and inward-facing conformations (24). (B) Close-up of the four putative ion-binding
sites. The side-chain and backbone groups lining these sites are highlighted; the hypothetical ion coordination contacts are indicated in each case. (C) All-
atom simulation model of NCX_Mj embedded in a phospholipid membrane. The membrane consists of 208 POPC molecules, and protein and membrane are
hydrated by ~14,900 water molecules. Chloride ions (omitted for clarity) were also included to counter the net charge of the ion—protein complex. The overall
system size is ~77,300 atoms. (D) lon configuration that is most likely to correspond to the crystal structure of NCX_Mj, according to the structural and
thermodynamic analyses described in Figs. 2 and 3. A water molecule (W) occupies the Syiq site, while Na* ions occupy Sext, Sca, and Sin. Note that D240 is
protonated, and that the side-chain carboxamide group of N81 is inverted relative to the original assignment. The figure shows the conformation that is most

frequently observed in a 200-ns MD simulation, according to an RMSD-based clustering analysis comprising the residues highlighted in B.

involving several of the residues previously identified as es-
sential (Fig. 1B). One of these sites, referred to as Sc,, also
produced an anomalous scattering signal, somewhat weak but
indicative of the presence of a bound Ca**. The sites referred
to as S.y and S;,; appeared to be Na™ sites, based on chemical
and geometric considerations. The fourth site, S,,;4, Was ten-
tatively interpreted also as a Na™ site, although in this case the
ion-coordination number and coordination geometry would be
atypical (22).

If one assumes that the exchange of Na* and Ca** mediated by
NCX_Mj proceeds according to a “ping-pong” mechanism, in
analogy with other NCXs (13), binding of Na*™ and Ca** ought to
be mutually exclusive (22), even if the exchange stoichiometry is
3:1 rather than 4:1. Thus, the detection of concurrent electron
density signals for three Na* and one Ca®" must reflect the co-
existence of protein molecules with either of these two ion con-
figurations in the crystal lattice. On the other hand, configurations
in which Na* and Ca®* are simultaneously bound cannot be en-
tirely ruled out; indeed, a minor transport mode has been re-
portedly observed for cardiac NCX1 whereby one Na* and one
Ca** are cotranslocated (9). Either way, it is puzzling that the local
structure of the binding sites revealed by the electron density is
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uniquely defined, as it seems unlikely that this structure is identical
irrespective of which ion type is bound. This lack of disorder could
be explained if only one of the ion configurations that hypothet-
ically coexist in the protein crystal was significantly populated, but
it is not immediately apparent which of these configurations
is represented by the data. Thus, notwithstanding the ground-
breaking insights provided by the NCX_Mj structure, the in-
terpretation of the electron density in regard to the ion
configuration is, in our view, not straightforward: could the
proposed Na* occupancy of the suboptimal S;,;4 site result from
the concurrent binding of Ca®*, explaining the minor transport
mode observed for NCX1? If so, would S,;q remain occupied by
Na* in the absence of Ca®*? Or is the Sc, site alternatively oc-
cupied by Na* and Ca®*? If so, does the electron density signal
detected in Spq reflect a fourth Na*t ion? Or could it be a water
molecule, or another cation, such as K*? It is worth noting that
the amino acid composition of the binding sites in NCX_Mj is
more akin to that of NCKX exchangers, which cotransport K*
along with Ca®*, than to NCX homologs (Fig. S2), including
those of Escherichia coli and Methanosarcina acetivorans (25). The
functional reconstitution of NCX_Mj showed that Na*/Ca’*
exchange in NCX_Mj is not influenced by a K* gradient (22), but
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it is conceivable that K* is constitutively bound throughout the
transport cycle.

Here, we use all-atom molecular-dynamics (MD) simulations
and free-energy calculations of NCX_Mj to systematically assess
a series of possible ion configurations, both in terms of their con-
sistency with the protein conformation observed in the experi-
mental crystal structure, and from a thermodynamic standpoint.
This computational analysis yields a clear-cut testable hypothesis,
which we examine experimentally via Na*/Ca®* and Ca®*/Ca*"
exchange assays for wild-type and mutagenized NCX_M,;.

Results and Discussion

Valence Screening Indicates Either Na* or Ca?* Bind to Sc,, but Not
to Spmig- As previously mentioned, the NCX_MJ X-ray structure
[Protein Data Bank (PDB) entry 3V5U] shows clear spherical
densities at four putative ion-binding sites referred to as Sey,
Smid> Sint, and Sc,, all located near the center of the membrane
(Fig. 1B). If ions were indeed bound to these sites, they would be
coordinated by a series of polar side chains and backbone car-
bonyl groups (Fig. 1B), as well as three acidic residues, namely
E54, E213, and D240. Even at high resolution, however, a clear
interpretation of crystallographic data for ion-binding sites is
often not straightforward. The electron density may reflect par-
tial occupancies, and different chemical species may yield compa-
rable signals. In such cases, analysis of the coordination geometry
of a putative binding site in reference to an empirical model, as in
the valence screening method, is sometimes helpful (26). The
outcome of such an analysis for the four putative sites in NCX_Mj
is summarized in Table 1. The results indicate that S and S
reflect prototypical Na* sites, as was deduced initially, rather than
sites for, e.g., K™ or Li* or Ca**. However, Sc, seems to be simi-
larly compatible with Na* or Ca*. In contrast, the Syq site secems
to be inadequate not only for Na*, but also for Li*, Ca**, or Cd**.

In the reported X-ray structure (22), four side chains define
the Spiq site, namely D240, E54, N81, and S210, and each con-
tributing an oxygen atom to the coordination sphere (Fig. 1B).
This coordination number would be suboptimal for Na*, as
would the hypothetical ion-oxygen distances, which would range
from 2.6 to 2.9 A. By contrast, Sey and S;,, each feature a co-
ordination number of 5, with distances of 2.3-2.5 A (Fig. 1B).
Thus, it seems possible that the species bound to S.,;q is not an
ion, but a water molecule (which has the same number of elec-
trons as Na*), and that, accordingly, D240 is not ionized, but
protonated. Interestingly, although E54, S210, and N81 are con-
served in the NCX family, the conserved residue at position 240
is an asparagine (Fig. S2). However, an aspartate at this position
is typical of K*-dependent Na*/Ca®" exchangers (NCKX), which

Table 1. Valences of different ionic species for each of the
putative ion-binding sites in the crystal structure of the NCX_M;j
Na*/Ca?* exchanger (22)

Site Na* Ca’* K* Li* Cd**
Sext 0.96 1.48 3.19 0.54 1.28
Sint 0.95 1.48 3.17 0.54 1.27
Smid 0.55* 0.68* 0.76* 0.33* 0.40*
Sca 1.15 1.81 4.07 0.64 1.60

The valence is defined as follows: v = >"; (R; /Ro)™, where Ry and N are

empirical ion-dependent parameters, i denotes each of the coordinating
oxygen atoms within 4 A of a hypothetical ion, and R; are the distances
between the ion and those atoms. The values used for Ry and N were as
follows: Na*t, 1.622 A and 4.29; Ca?*, 1.909 A and 5.4; K*, 2.276 A and 9.1; Li™,
1.378 A and 4.065; Cd**, 1.99 A and 7.4 (26).
*If the coordinates of the N and O atoms in the side-chain carboxamide
group of N81 are exchanged (these are not distinguishable at 1.9-A resolu-
tion), the Sniq valences become v(Na™) = 0.50, 1(Ca%*) = 0.61, u(K*) = 0.67,
v(Li*) = 0.29, and «(Cd**) = 0.36.
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exchange four Na* for one K* and one Ca** (Fig. S2). Thus, it is
also conceivable that D240 in NCX_M,j is ionized, and that the
species bound to the Syiq site is K*. The valence analysis shows
Smia is suboptimal for K*, but less so than for the other ions
(Table 1). Either way, this empirical model indicates that nei-
ther Na™ nor Ca®* is likely to bind stably to Spy;q.

It should be noted, however, that the valence screening method
is necessarily imprecise, as it neglects the natural flexibility of
protein structures and their ability to adapt to different ion oc-
cupancy states; the underlying empirical model may also not be
representative of situations where multiple ions bind in close
proximity and interact with one another. Therefore, we set out to
further inspect a range of possible ion configurations, including
those suggested by the valence screening, using fully atomistic
MD simulations of NCX_Mj in a lipid membrane (Fig. 1C).

Simulations Identify Three lon Configurations Similarly Consistent
with the X-Ray Structure. Although conventional MD simu-
lations are at the present time unable to probe the timescales
spanned by the conformational cycles of membrane transporters,
there is ample evidence that this approach may be used to char-
acterize the structural dynamics and energetics involved in the
recognition of the transported substrates, for well-defined protein
conformations (27, 28). We therefore reasoned that sufficiently
long simulations ought to reveal which of several possible ion
configurations is most likely to be reflected in the experimental
electron density map for NCX_Mj, if these alternative config-
urations are ranked in terms of the perturbation they induce on
the geometry of the binding sites. To quantify this geometric
perturbation for each of the configurations considered, we moni-
tored the arrangement of the side chains and backbone groups
that line the four putative binding sites, using a set of 92 in-
teratomic distances (Fig. 1B). We then computed the percentage
of these distances that are inconsistent with the X-ray structure,
which we refer to as violations. Specifically, a distance violation
occurs when the averaged value of this distance over the length of
the MD simulation differs from that in the X-ray structure by more
than two times the SD of the simulation average. According to this
metric, the ion configurations most likely to be represented by the
experimental structure must have a small percentage of violations.

The specific ion configurations considered are shown sche-
matically in Fig. 24. This set includes the configurations tenta-
tively proposed originally, as well as those suggested by the valence
screening analysis. We postulate that D240 is ionized in config-
urations in which an ion is bound to S,,;q, whereas D240 is con-
sidered to be protonated when S,iq is empty, or occupied by
a water molecule. E213 and E54 are, however, always ionized,
because in all considered cases they coordinate a cation directly.
In addition, we explore the configurations that might be expected
for a K*-dependent exchanger, whether or not K* is transported,
as well as mixed Na*/Ca** configurations that might correspond to
atypical stoichiometries, as noted for cardiac NCX1 (9).

The results of this systematic analysis are summarized in Fig.
2B. A first conclusion from these data is that the conformation of
the binding sites observed in the X-ray structure of NCX_Mj is
not consistent either with a configuration in which three Na* oc-
cupy the Sext, Smig, and Sy sites, with Sc, unoccugied (and D240
ionized) (#3), or with a configuration in which Ca** occupies Sca,
while Sext, Smig, and Sj are vacant (and D240 is protonated)
(#11). Thus, the true Na* and Ca* states of NCX_M,j must adopt
a different ion occupancy configuration, or a different conforma-
tion of several of the side chains that define the binding sites. The
experimental structure is also inconsistent with all of the config-
urations with Ca** bound to S, concurrently with one, two, or
three Na™ or water molecules in Sy, Smig, and Siy (and D240
protonated or not accordingly) (#4, #5, #8, #9, and #10), ruling
out that these mixed states are significantly populated in the
protein crystal. A configuration with K* at S,;¢ and Ca®" in Sc,
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Fig. 2. Comparative analysis of alternative ion occupancy configurations of the binding sites in NCX_Mj, based on the consistency between simulation and
crystallographic data. (A) Specific ion configurations considered in this study. Note that when an ion occupies Sp,iq, D240 is ionized; if Siq is empty or occupied
by water, D240 is protonated. (B) Geometric perturbation of the experimental structure induced by each of the ion configurations simulated. For each
simulation, we analyzed a set of 92 interatomic distances between side-chain and backbone atoms lining the binding sites (Fig. 1B), and identified those that
are inconsistent with the X-ray structure, which we refer to as violations. A distance violation occurs when the time-averaged value of this distance over the
length of the simulation differs from that in the X-ray structure by more than two times the SD of the simulation average. A lower percentage of violations
therefore implies better agreement with the experimental structure. The values plotted were obtained with simulations using the standard CHARMMZ27 force
field. The three configurations with a percentage of distance violations smaller than 10 were also simulated with an optimized version of the force field

(S/ Methods and Figs. S3 and S4). The resulting distance violations were 1.1%, 2.2%, and 4.4%.

(#6), which as mentioned might be expected for an NCKX-like
exchanger, also induces a significant perturbation of the experi-
mental structure. However, a configuration with four Na* bound
(#2) preserves the structure relatively well (using a 10% violation
cutoff), and so does a configuration with K* at S;4 and three Na*
at Sext, Sca, and S;,e (#1). Thus, this analysis alone does not
conclusively rule out a NCKX-like transport cycle in which one
Ca** and one K* are exchanged for four Na™, or a variant thereof
in which a K* ion is constitutively bound; either way, however, the
hypothetical state with Ca** and K* bound (#6) would feature
a conformation of the binding sites that differs from that observed
in the NCX_Mj structure.

These results notwithstanding, the ion configuration that is
most consistent with the experimental crystal structure, with only
~1% of violations, is that with three Na* ions bound to Sey, Sca,
and S;,,;, while one water molecule is bound to S.,;q and D240 is
protonated (#7, Fig. 1D). That is, this systematic analysis indi-
cates that the specific arrangement of the ion-binding sites in the
available outward-facing structure of NCX_Mj (22) most likely
represents the Na*-bound form of the exchanger. The S,;q site
is, however, not one of the three primary Na™ sites. Instead, the
simulation results indicate that the electron density detected at
Smia is most probably a water molecule, coordinated by D240 in
the neutral form, or alternatively, with less likelihood, a K* or an
additional Na™, coordinated by D240 in the ionized form.

Admittedly, this analysis does not provide a conclusive ex-
planation for the detection of an anomalous scattering signal
attributable to Ca®" at the Sc, site (22). As mentioned, all of the
ion configurations considered here that include Ca®* at this site
appear to be inconsistent with the crystal structure, because the
arrangement of the side chains lining Sy, Smig, and Siy; sites
changes significantly in the course of the simulations. We con-
clude, therefore, that if one of these configurations were indeed
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present in the protein crystal, alongside the three-Na* state de-
scribed above, it would be minimally populated and thus would
not be reflected in the electron density detected for the protein
(although it may be sufficiently populated to yield a weak anom-
alous scattering signal). However, it is also possible that Ca**
binds in a configuration not considered here, for example, in-
volving multiple water molecules mediating ion—protein contacts,
as observed in a recent X-ray structure of a Ca**/H" exchanger in
the inward-facing conformation (29). The experimental electron
density for NCX_Mj, however, reveals no indication of such a
water network, so this configuration too would be marginally
populated in the crystal. Either way, it is worth noting that, al-
though Ca®* was available during the purification of NCX_Mj in
large amounts (10 mM), no Ca®" was present in the crystallization
buffer, which contained instead 100-200 mM Na™* (22). It is
therefore plausible that Na™ replaces Ca** in most, although
apparently not all, of the protein molecules in the crystal.

Free-Energy Calculations Reveal the Most Likely lon Configuration in
NCX_M;j. To attest to the plausibility of a hypothetical ion con-
figuration, consistency with the experimental protein geometry is
a necessary, but not sufficient, condition; it is also necessary to
assess its thermodynamic stability relative to other geometrically
similar alternatives. Thus, to identify the most probable ion
configuration reflected in the crystal structure of NCX_ Mj, we
carried out an additional series of simulations designed to eval-
uate the relative free energy of the three configurations for which
the distance violations relative to the experimental geometry is
10% or less. As mentioned, these are the following: (a) three
Na™ bound t0 Sey, Sca, and Sy, a water bound to Sp,iq and D240
protonated (Fig. 24, #7); (b) three Na* bound to Sy, Sca, and
Sint, @ K" bound to Sy,;4, and D240 deprotonated (Fig. 24, #1);
and (c) four Na* bound, with D240 deprotonated (Fig. 24, #2).
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The free-energy differences between these configurations can
be deduced from the thermodynamic cycles depicted in Fig. 34.
In principle, these relative free energies could be obtained by
comparing the calculated binding affinities (AG},) for the species
that are distinct in each of the configurations. However, it is more
computationally convenient, and formally equivalent, to calculate
the free energy associated with the “alchemical” transformation of
one configuration into another (AGy,), provided this free energy
is adjusted by the value obtained for the opposite transformation
in bulk water, as well as by the assumed bulk concentration of all
species involved, and the solution pK, of the aspartate side chain.
Note that this approach permits us to evaluate the energetics of
protonation of D240 under a classical-mechanics framework.

This thermodynamic analysis demonstrates that configuration
a, which is the most consistent with the experimental X-ray
structure from a geometric standpoint, is also the most energet-
ically favored, by a large margin (Fig. 3B). Specifically, configu-
ration a is over 20 kcal/mol more favorable than, for example,
configuration c. Configuration b is also energetically favored over
configuration c, but only by ~2 kcal/mol. Note that comparable
results are obtained with the standard CHARMM?27 force field
and with a modified version in which the parameters describing
the van der Waals interactions between Na™/K* and aspartate/
glutamate are optimized to reproduce osmotic pressure mea-
surements for concentrated solutions of Na*/K*—acetate/pro-
pionate, as well as experimental dissociation constants for these
ion pairs (SI Methods and Figs. S3 and S4). Therefore, from both
geometric and thermodynamic standpoints, we conclude that the
recently determined outward-facing structure of NCX_Mj (22)
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reflects a state in which three Na* ions are bound to the protein,
occupying the Scx, Sca, and Sy, sites, while a water molecule
occupies Sy,q; D240, which flanks this site, is protonated (Fig. 1D).
Taken together with the geometric analysis reported above, these
free-energy calculations also indicate that neither the Na™ nor the
Ca®* half-cycles in NCX_M; are coupled to K* translocation.

Experimental Measurements Validate Computational Interpretation.
To test experimentally our computational interpretation of the
NCX_M;j structure, the exchanger was heterologously overex-
pressed in E. coli cells, and its functionality was compared with
that of three mutants in which the aspartate at position 240 was
substituted by either asparagine, alanine, or glutamine. Because
the asparagine side chain mimics the protonated form of D240,
the transport activity of NCX_M;j should not be inhibited in
D240N, if the ion configuration identified computationally as the
most probable is indeed physiologically relevant. However, the
alanine and glutamine substitutions ought to have a more pro-
nounced structural effect, and thus lead to changes in activity.
More specifically, a protocol was developed to produce mem-
brane vesicles in which NCX_M,j is expressed at high levels (10—
12% of total membrane protein content) and predominantly
(95%) in the right-side-out orientation, i.e., with the periplasmic
side exposed to the extravesicular space (30). The transport ac-
tivity of the exchanger was then analyzed by measuring the ki-
netics of **Ca”" uptake into the vesicles in conditions conducive
to either Ca**/Ca”" or Na*/Ca®" exchange (30-32). We reasoned
that, if the mutations have a deleterious effect on binding and/or
transport of Na™, this will be reflected on the rate of “*Ca** uptake
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Fig. 3. Thermodynamic analysis of the three ion occupancy configurations with best structural consistency with the NCX_Mj crystal structure. (A) Thermodynamic
cycles used to deduce the alchemical transformations (AGs;,,,) that are required to evaluate the relative free energies of the three ion configurations considered.
(B) Calculated free-energy differences between configurations a and ¢, and between configurations ¢ and b. The sum of these is the free-energy difference
between a and b. It was assumed that pH = 7, [Na*] = [K*] = 100 mM, [W] = 55 M, and pK,® = 3.86. The last two terms in the expression of the free-energy
difference between a and c are thus -4.28 and 3.73 kcal/mol, respectively; and the last term in the expression of the free-energy difference between cand b is
zero. Note that the volumes occupied by Na*, K*, or water at the S,;4 site are approximately equivalent, and thus the related entropic contributions are
omitted. Free-energy values are reported for the standard CHARMM27 force field, as well as for a modified version in which the Lennard-Jones R, pa-
rameter for the Na*—carboxylate and K*-carboxylate interactions are optimized so as to reproduce osmotic pressure and binding affinity measurements (S/
Methods and Figs. S3 and S4). The values shown are means of two independent free-energy calculations carried out in opposite directions, e.g., a to cand c to
a. The differences between the calculated values in each direction are shown as error bars.

E5358 | www.pnas.org/cgi/doi/10.1073/pnas.1415751111

Marinelli et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1415751111/-/DCSupplemental/pnas.201415751SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1415751111/-/DCSupplemental/pnas.201415751SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1415751111/-/DCSupplemental/pnas.201415751SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1415751111/-/DCSupplemental/pnas.201415751SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1415751111/-/DCSupplemental/pnas.201415751SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1415751111/-/DCSupplemental/pnas.201415751SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1415751111/-/DCSupplemental/pnas.201415751SI.pdf?targetid=nameddest=SF4
www.pnas.org/cgi/doi/10.1073/pnas.1415751111

L T

/

1\

=y

in conditions of Na*/Ca®* exchange, whereas the influence of the
mutations on Ca>* binding and/or transport will be revealed in
conditions of Ca®*/Ca®* exchange.

Fig. 44 shows the measured V. values for *Ca®* uptake by
wild-type and mutant NCX_Mj in these two experiments. The
similarity between wild-type and D240N in conditions of Na*/Ca**
exchange is consistent with the notion that D240 is protonated
in the Na™-translocation step of the transport cycle. Indeed, the
#Ca”* uptake rate in D240N is slightly higher than in the wild-
type exchanger, suggesting that deprotonation of D240 is inhi-
bitory. This effect is more apparent in the Ca®*/Ca®" exchange
experiment, in which “*Ca* uptake is significantly enhanced by
the D240N mutation. It is clear, then, that D240 is protonated
both in the Ca?" and Na*-translocations steps, and therefore,
that neither Ca®* nor Na* occupies the S;q site in the functional
transporter. The three transported Na™ ions must therefore oc-
cupy the Sex, Sca, and Siy sites, as suggested by the computa-
tional analysis.

In contrast to D240N, the D240A and D240Q mutations have
a marked deleterious effect on the “*Ca®* uptake rates, in both
the Na®/Ca®* and the Ca®*/Ca?" experiments. Nevertheless, the
measured K, values (Fig. 4B) indicate that this effect is not due
to a reduction in the apparent binding affinity for Ca** (which is
comparable to wild type, and to D240N), consistent with the
notion that Ca®" does not occupy the Syq site during trans-
location. Instead, these mutations appear to somehow impair one
or more of the subsequent states in the transition between out-
ward- and inward-facing conformations of the exchanger.
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Fig. 4. Experimental transport kinetics for wild-type NCX_Mj and D240

mutants. To characterize the exchange of Na*/Ca®* and Ca®*/Ca?* mediated
by NCX_M,;j, E. coli-derived vesicles in which the protein had been overex-
pressed were loaded with either Na* (160 mM) or Ca%* (250 pM), and diluted
in an assay medium containing 20-2,000 pM “*CaCl,. Initial **Ca**-uptake
rates (t = 5 s) were measured as described in Methods. (A) Vinax and (B) K,
values for Na*/Ca®* and Ca®*/Ca®" exchange were obtained by fitting the
experimental data to the Michaelis equation. The bars represent mean + SE
values obtained from three independent experiments.
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Fig. 5 shows measurements of the initial **Ca®* uptake rates in
Na*/Ca** and Ca®*/Ca** exchange conditions, as a function of
pH. These data underscore the conclusions drawn above in regard
to D240 and provide additional mechanistic insights. Both wild-
type and D240N NCX_Mj are inactive at pH 4 or lower, are
maximally active between pH 5.5 and 8, and become slightly less
active, reaching a plateau, at higher pH values. We envisage that
the lack of activity at low pH values is caused by the protonation of
E54 and E213 (in addition to D240), which would preclude
binding of both Na* and Ca**. The steep rise in activity as the pH
is raised would thus reflect the increasing probability of ionization
of these side chains, and thus the increased likelihood of Na*t or
Ca®* binding. Interestingly, however, in this optimal pH range the
D240N mutant is significantly more active than the wild-type
protein, particularly in conditions of Ca**/Ca®* exchange. As
mentioned, this result confirms that a proton must be bound to
D240 for transport to proceed, but also indicates that this proton
is not completely localized on D240 early on in the ion recognition
process. This might be due to the existence of transient and/or
partial ion-bound configurations not conducive to transport, me-
diated by the deprotonated form of D240. Indeed, a crystal
structure of NCX_Mj bound to Cd** (22), which inhibits the ex-
changer, shows the ion occupying the S4 site, directly co-
ordinated by D240, which is therefore deprotonated. These
experimental results indicate that such “inhibitory” configurations,
which may be thought as kinetic traps, might also occur under
normal transport conditions, particularly for Ca®*. In the D240N
mutant, however, the formation of transport-ready ion-bound
configurations would be faster because the proton is effectively
locked in the correct place throughout the cycle, and this kinetic
advantage would be manifested in the overall transport rate.

Last, it is worth clarifying that the slight decline in the trans-
port activity at high pH values is not associated with the depro-
tonation of D240, as it is also observed for D240N (Fig. 5). We
speculate that this decline might be caused by the disruption of
yet-unidentified interactions (elsewhere within the protein, or
between the protein and the lipid membrane) required for the
stabilization of the inward- and/or outward-facing conformations
of the transporter.

Conclusions

The recent determination of the structure of a prokaryotic Na*/Ca®*
exchanger (NCX_Mj) at atomic resolution is a milestone in our
understanding of this important family of membrane transporters,
and will no doubt foster novel discoveries in this field. This not-
withstanding, the crystallographic data are not by themselves
conclusive with respect to the occupancy of putative binding sites
for Na* and/or Ca®* within the transporter, the determination of
which is key to establishing its exchange stoichiometry, its elec-
trogenic properties, and the potential involvement of other ionic
species in the transport mechanism. Such insights would be very
important not only to facilitate a clear molecular interpretation of
existing and future functional measurements for this particular
exchanger, but also to permit its comparison with the eukaryotic
NCXs characterized over the past decades.

Here, we have reported a systematic computer simulation
study specifically designed to reveal the ion configuration that is
most consistent with the crystallographic structure, and also the
most probable from a thermodynamic standpoint. The compu-
tational results are conclusive in showing that this periplasmic-
facing, occluded structure of NCX_Mj is loaded with three Na*
ions, a proton, and a water molecule. The three Na™ ions occupy
the sites referred to as Scx, Sca, and S;,, while the water mol-
ecule resides in S,;q. Interestingly, the proton binds to the side
chain of D240, which is adjacent to S,ig, implying that transport
of Na™ is the electrogenic step (with net charge +1) in the Na*/Ca**
exchange cycle.

PNAS | Published online December 2, 2014 | E5359

wv
=2
=
a
%)
<
=
[

BIOPHYSICS AND
COMPUTATIONAL BIOLOGY




L T

/

1\

=y

B0 ® WT Na*/Ca
i AA @ WT Ca?*/Ca?*
700 - A
AA A A D240N Nat/Ca?*
° — B B A D240N Ca?*/Ca?*
g\'d_n 600~ O D240A Na*/Ca2*
> -
e O D240A Ca?*/Ca?+
U .S 500} A
5e
c 2 i APRE A
© 2 400} A
= X Lo 00 A
So ot o A
2 i ° ®
5 x 30 8... Iy 80
o g i = ® QB [ ]
& £ 200 N
- °
10 A 000090 00 000 o655
- Ag 000 0°0 000 000 00
0Nn—1 1 | 1 | 1 |
3 4 5 6 7 8 9 10

pH

Fig. 5. pH dependence of the ion exchange rates for wild-type NCX_Mj and
D240 mutants. The initial rates of Na*/Ca®>* and Ca®*/Ca®* exchange were
measured as in the experiments shown in Fig. 4, in an assay medium with
500 uM “*CaCl, (for additional details, see Methods). The pH of the assay
medium was controlled with a 20 mM MES/MOPS/Tris buffer.

Experimental assays of Na*/Ca®* and Ca**/Ca®* exchange
mediated by either wild-type NCX_Mj or D240 mutants confirm
the notion that protonation of D240 is required for translocation
of both Na* and Ca*, and hence, that D240 is not directly in
contact with Na™ or Ca”* at the Sy,4 site during transport. The
experiments do not rule out that D240 can be transiently de-
protonated, or that S,,;q can be transiently occupied by an ion, but
the resulting effect is an inhibition of the ion exchange cycle. Thus,
these computational and experimental results support the notion
that ion exchange stoichiometry in NCX_M; is 3Na*:1Ca®*, and
not 4:1 as proposed elsewhere.

That protonation of D240 is required for ion exchange in
NCX_M;j also provides a simple explanation for the perplexing
observation that the conserved residue at position 240 in known
prokaryotic and eukaryotic Na*/Ca** exchangers is an aspara-
gine, and not an aspartate. Indeed, the possibility of transient
deprotonation of D240 in NCX_Mj may account, at least in part,
for the much slower turnover rates of its ion exchange cycle (30),
compared with other NCX orthologs. The substitution of aspar-
tate for asparagine would thus provide a kinetic advantage, which
may be physiologically beneficial for the rapid extrusion of cyto-
solic Ca®* in excitable tissues (5, 31, 33).

Finally, it is pertinent to underscore that the conclusions of
these study are not at odds with the initial finding that Ca®*
occupies the Sc, site, although we would posit that Ca** binding
to this site requires the displacement of Na*, and vice versa. The
detection of anomalous scattering at this site is, after all, a clear
indication of the presence of Ca?". It should be noted that this
observation implies that the protein crystal contains at least two
populations of NCX_Mj molecules, one bound to Na* and an-
other to Ca®*. That is, it appears as if Ca®*, present during the
protein purification, was not fully displaced from Sc, upon
exposure to the sodium-enriched crystallization buffer. Our
simulations do indicate, however, that the configuration of the
ion-binding region in the Ca®*-bound state is not accurately
represented in the existing X-ray structure of NCX_Mj, and thus
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remains to be determined conclusively. This finding would not be
inconsistent with the crystallographic data if the population of
Ca?*-bound molecules in the NCX_Mj is minor, as the some-
what weak intensity of the anomalous scattering signal suggests.
Further computational and experimental work is underway to
determine the mode of Ca®* binding and to rationalize how it
differs from that of Cd** inhibition. Altogether, the computa-
tional and experimental insights presented here contribute to
establishing the structural mechanism of ion recognition in
NCX_Mj, and provide the basis for further mechanistic and
functional studies.

Methods

MD Simulations of NCX_Mj. MD simulations were carried out with NAMD,
versions 2.7-2.9 (34), using the CHARMMZ27/CMAP force field for protein and
lipids (35, 36) at constant temperature (298 K), pressure (1 atm), and mem-
brane surface area (~69 AZ per lipid). Periodic boundary conditions were
used in all directions. Electrostatic interactions were calculated using Particle
Mesh Ewald with a real-space cutoff of 12 A; the same cutoff distance was
used for van der Waals interactions. The X-ray structure of the Na*/Ca**
exchanger from Methanocaldococcus jannaschii [PDB entry 3V5U (22)] was
initially processed using CHARMM (37), for an ion configuration chosen ar-
bitrarily. DOWSER (38) was used to place water molecules in suitable binding
sites inside the protein, and these were added to the water molecules
revealed in the crystal structure. The protein—-ion complex was then em-
bedded in a hydrated palmitoyl-oleoyl-phosphatidyl-choline (POPC) mem-
brane, which includes 208 POPC molecules and ~14,790 water molecules,
using GRIFFIN (39). To counterbalance the net charge of the protein-ion
complex, which depends on the ion occupancy state considered, Cl~ ions
were added as needed. The simulation system thus amounts to a total of
~77,300 atoms (Fig. 1C). The protein-membrane and protein-solvent inter-
faces were further optimized in two stages: first, a 25-ns MD simulation was
carried out in which the motions of all nonhydrogen protein atoms (and
ions) were individually restrained, while membrane and solvent molecules
moved freely; this was followed by a 15-ns MD simulation in which the
protein—-ion complex could tumble freely within the membrane, but as
a rigid body, owing to a strong RMSD-based restraint (including all non-
hydrogen atoms) that preserves the conformation observed in the X-ray
structure. After these preparatory simulations, each of the alternative ion
occupancy states considered (Fig. 2A) were introduced and simulated in-
dependently. For each of the 11 ion configurations, the structure of the ion-
protein complex was equilibrated in two additional stages: first, a 25-ns MD
simulation was carried out with a conformational RMSD restraint relative to
the X-ray structure that includes all Ca atoms in the protein and all non-
hydrogen atoms in the residues flanking the putative ion-binding sites (Fig.
2B); this was followed by a 15-ns simulations in which only the RMSD of the
Ca trace was restrained. After equilibration, MD trajectories of 100 ns were
calculated for each the ion configurations without any restraints. These
simulations were the basis for the distance violation analysis (see below)
shown in Fig. 2B. For the three configurations that resulted in less than 10%
violations, the simulations were extended to 200 ns and the violations
recomputed. For these three systems, 200-ns MD simulations were also carried
out using improved Lennard—-Jones parameters for the cation—carboxylate
interactions (S/ Methods and Figs. S3 and S4).

Distance Violation Analysis. For each of the ion occupancy states considered
(Fig. 2A), the structure of the four putative ion-binding sites was charac-
terized by monitoring 92 protein-protein distances during each of the MD
simulations. The protein atoms that define this set of distances are all of the
oxygen atoms within 3 A of the putative ion-binding sites, except those in
N81, D240, E213, and E54, for which the Cy and C8 atoms were included
instead. Time averages and SDs were computed for all distances at the end
of each simulation. It was considered that a distance violation occurs when
the simulation average differs from the value in the X-ray structure by more
than twice the calculated SD.

Free-Energy Calculations. Free-Energy Perturbation (FEP) calculations were
performed to assess the relative thermodynamic stability of selected ion
configurations (Fig. 3A4). These calculations were based on MD simulations
analogous to those used in the distance violation analysis. The input coor-
dinates of the ion-protein complex for each of the configurations considered
were therefore extracted from the unrestrained simulations previously car-
ried out, specifically through a clustering analysis based on the conformation
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of the ion-binding region (selecting the center of the most populated cluster
in each case). The first set of free-energy calculations, in which configuration
a is alchemically transformed into configuration ¢, and vice versa, comprised
50 intermediate simulations of ~2 ns each, of which the first 500 ps were
considered as equilibration and discarded. A soft-core van der Waals potential
with a radius-shifting coefficient of 3 A2 was used in this case to facilitate
endpoint convergence. The starting points for each calculation, i.e., config-
uration a in the forward transformation and configuration c in the backward
transformation, were obtained from the MD simulations carried out for the
distance violation analysis, and are therefore uncorrelated. The second set of
free-energy calculations, between configurations b and ¢, was carried out anal-
ogously, but used 25 intermediate simulations of ~2 ns each and a soft-core
van der Waals potential with a radius-shifting coefficient of 1 A% As noted
in the thermodynamic cycles shown in Fig. 34, these free-energy calculations
involve transformations between protonated and deprotonated forms of as-
partate, and between Na™ and water or K*, both in the context of the protein
and in bulk solution. To avoid artifacts, these transformations were carried out
in the same simulation box. The species transformed in solution (i.e., Na*, K,
and Ace-Asp-Nme) were kept at >16 A away from each other and at >37 A from
the center of the membrane, to minimize artificial (i.e., not bulk-like) inter-
actions among themselves and with the protein/lipid. To assess the force field
dependence of the results, the calculated free-energy differences obtained with
standard CHARMM27 were compared with values obtained with improved
Lennard-Jones parameters for the cation—carboxylate interactions (S/ Methods
and Figs. S3 and S4). To do so, we calculated the free energy associated with the
change in the relevant parameters for each ion configuration separately. The
resulting values were then added/subtracted to the values computed with
CHARMMZ27 as appropriate. These FEP transformations comprised 5-10 in-
termediate simulations of 1 ns each, of which the first 200 ps were considered as
equilibration, and were also carried out in forward and backward directions. No
soft-core van der Waals potential was necessary in this case.

Experimental Construct Preparation. 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 elsewhere (22, 30). A C-terminal EGFP-fused NCX_Mj was made
by ligating a Sall/Xhol-digested PCR-amplified EGFP-encoding fragment into
the Xhol site of the pET28-NCX_M]j construct. Mutations were introduced by
QuikChange mutagenesis (Stratagene) and confirmed by sequencing.

Preparation of E. coli-Derived Vesicles Containing Overexpressed NCX_Mj. Ex-
pression vectors were transformed into E. coli BL21 (DE3) pLysS competent
cells. The cells were grown, harvested, homogenized, and lysed as previously
outlined (30). Cell lysates were loaded onto a three-step sucrose gradient
(2.02, 1.4, and 0.7 M) for 15 h at 150,000 x g, 4 °C, following the protocol
described elsewhere (30). Finally, the pelleted membrane vesicles were dis-
solved to homogeneity in 50 mM MOPS-Tris, pH 7.4, 250 mM sucrose, flash-
frozen in liquid nitrogen, and stored in —80 °C until use. The total protein
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concentration in the vesicle preparations was determined using the Lowry
protein assay. The expression levels of NCX_Mj were measured using a GFP-
based assay (see below). To evaluate the orientation of NCX_Mj in the E. coli-
derived cell membrane vesicles, digestion of a TEV-sensitive site attached to
the C-terminal 6xHis-tag was evaluated using an antibody against the 6xHis-
tag, as described previously (30). According to this test, ~95% of NCX_Mj in
the membrane vesicles (obtained by French-press disruption of the E. coli
cells) adopts the right-side-out orientation, i.e., the periplasmic side of the
protein faces the extravesicular space.

GFP-Based Assay for Evaluating the Expression Levels of NCX_Mj. To determine
the expression levels of NCX_M)j in the E. coli-derived membrane vesicles,
relative to the total amount of protein, the concentration of GFP was esti-
mated by its absorbance at 488 nm (e.c. = 56,000), and divided by the value
evaluated by Lowry. The GFP absorbance signal at 488 nm was isolated from
vesicle noise using a correction factor determined by measuring the non-
expressing vesicles. The correction factor was applied using a double mea-
surement both at the GFP absorbance peak and outside of its spectrum (488
and 570 nm, respectively) using the following equation: A(488,GFP only) =
A(488) — [A(570)/0.657]. According to this assay, the expression levels of
NCX_Mj in the vesicular preparations of E. coli-derived cell membranes were
in the range of 10-12% of the total membrane proteins (30).

45Ca2*-Uptake Assay in E. coli-Derived Vesicles. Initial rates of Na*/Ca®* and
Ca®*/Ca®* exchange were assayed by measuring *°Ca®* uptake (t = 5 s) into
the E. coli-derived vesicles containing overexpressed NCX_Mij, either in the
wild type or mutagenized, as previously described (30). In standard assay
conditions, vesicles loaded with either Na* (160 mM) or Ca** (250 uM) were
diluted 25- to 50-fold at 35 °C in an assay medium containing 20 mM MOPS/
Tris, pH 6.5, 100 mM KCl, and 10-2,000 uM “*CaCl,. The #*Ca®* uptake was
quenched by cold EGTA buffer, and the quenched solutions were immedi-
ately filtrated on GF/C filters (Tamar Ltd.) as outlined before (30-32). E. coli-
derived vesicles lacking NCX_Mj were used for blank assays, and the resulting
nonspecific (background) signals were subtracted from the signals obtained
with the vesicles containing wild-type or mutagenized NCX_M;j. GraFit 7.0
(Erithacus Software Ltd.) was used for data fitting at varying ionic concen-
trations. The kinetic parameters (K., and V. were evaluated under con-
ditions in which the concentration-dependent rates reach more than 85%
saturation. K, and V.« values were measured in three or more independent
experiments; the data reported are mean + SE values.
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