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Abstract

Secondary active transporters harness the electrochemical gradient of one of the substrates,
typically H* or Na*, to translocate molecules or ions across the cell membrane. They use an
alternating-access mechanism to couple these downhill and uphill transport effectively.
However, despite years of investigation, some fundamental aspects of this process still need to
be elucidated. Namely, it remains to be determined the structure and energetics of relevant
intermediate protein conformations along the transport cycle and how substrate binding alters
them to ensure selective and active transport.

In this work, we resolve these questions for a prokaryotic homolog of the well-known cardiac
Na*/Ca%* exchanger, using enhanced-sampling all-atom simulations and an original method to
translate trajectory data into free-energy landscapes. We base these simulations on the available
X-ray structure of the protein, which so far could be resolved only in the outward-facing state.
After assessing the good convergence of the simulation data and their consistency with previous
crystallographic data, we corroborate the results against available solvent-accessibility and
hydrogen-deuterium exchange (HDX) measurements; the latter are examined also using a novel
methodology.

The results reveal the structural features of the inward-facing conformation of the transporter
and provide direct evidence for a new type of mechanism. During the alternating-access
transition, ions remain bound in the center of the protein. At the same time, two pseudo-
symmetric helices slide across the lipid bilayer, opening a pathway to the binding sites from one
side of the membrane while occluding access from the other. Additional simulations demonstrate
that the alternating access transition requires the binding of either three Na* or one Ca* ion, as
only in these occupancy states the occluded intermediate conformations are energetically
accessible. Overall, our results explain at the molecular level the emergence of selective and
active transport in this class of transporters, in agreement with the well-established 3Na*:1Ca*
stoichiometry.
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Significance

Membrane transporters regulate critical cellular processes, ranging from substrate recruitment
into the cell to ions homeostasis and signaling. Therefore, besides the general interest in
rationalizing the function of these proteins, understanding their molecular mechanisms in detail
is essential to identify possible inhibitors or stimulators that can be used as therapeutic agents
for pathophysiological conditions. Here we used quantitative molecular simulation methods to
elucidate the molecular steps of the transport cycle of a Na*/Ca%* exchanger (NCX). This protein
pertains to a prominent family of membrane transporters involved in cardiac diseases. The
simulation results, validated with previous biophysical and biochemical experiments, provide
new fundamental insight into the transport process of the NCX family, explaining at the molecular
level their known selectivity and exchange stoichiometry. Hence, the emergent mechanism
presented here expands our understanding of the basic principles governing the function of
secondary active transporters.

Introduction

The transport of ions and molecules across the cellular or organelle membranes is essential for
cellular functions. For example, Ca?* fluxes in and out of heart cells control cardiac contraction
and relaxation[1, 2]. These molecular movements are often mediated by membrane pumps and
transporters acting as catalysts and energy transducers, that trigger the unidirectional
translocation of ions and molecules against their electrochemical gradient[3]. In secondary active
transport, the membrane electrochemical (potential) gradient of a transported ion, Na* or H*,
provides the energy source for uphill transport. Years of investigation in this field established a
consensus model referred to as alternating access mechanism[4], wherein the protein undergoes
a structural change from an extracellular (or outward) to an intracellular (or inward) facing
conformation intermittently exposing the bound substrates to only one side of the membrane at
a time. In this manner, transport can occur under controlled conditions without futile dissipation
of the ion driving force that would happen, for example, if substrates were exposed to both sides
of the membrane simultaneously. Recent studies have highlighted that in most known secondary
transporters, at least two stable alternating access conformations are directly encoded into the
protein sequence in the form of inverted topological repeats[5-7]. X-ray or cryo-electron
microscopy[3, 8, 9] have confirmed this structural dualism, albeit intermediate conformations
between outward and inward-facing conformations (closed on both sides of the membrane) have
been occasionally captured, for example, for EmrD[10], BetP[11] and CNTnw[12].

However, other than corroborating the alternating access model, the few structural snapshots
available have yet to explain their detailed mechanism of action. It needs to be understood how
they achieve a selective and active transport solely recognizing specific substrates with defined
stoichiometries [3]. For an antiporter, for example, the alternating access transition cannot occur
in the absence of substrates bound[3, 13]. Otherwise, a leak cycle would happen, which would
dissipate the ionic gradient. The premise is that binding to the correct substrate should reduce
the energetic barrier for the translocation process, thereby catalyzing transport. Hence, the


https://doi.org/10.1101/2023.01.20.524959

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.20.524959; this version posted January 21, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC
105 and is also made available for use under a CCO license.

nature of the intermediates of this process and how substrate binding modulates their energetics
can explain this mechanism of substrate control.

Molecular dynamics (MD) simulations are one of the best suited tools to elucidate these
guestions. Nonetheless, long time scales (milliseconds to seconds) and large conformational
changes involved in these processes have posed a particular challenge to quantitative
computational studies[14]. Moreover, even for a small transporter, conventional MD detected
very few unidirectional alternating access events[15], from which it is impossible to derive kinetic
and thermodynamic information and exclude alternative intermediates and pathways. For
common-size transporters, notable attempts resorted to hybrid strategies involving
combinations of out-of-equilibrium and equilibrium simulations, in which the formers can
potentially generate unrealistic high-energy atomic configurations[16-18]. Only recently, a study
succeeded in describing the outward-to-inward transition of the apo state of a fast-
interconverting symporter (transition time of ~1us)[19] using short-scattered equilibrium MD
simulations and Markov models. Unfortunately, such an approach might be ineffective for slower
rate-limiting steps of the conformational cycle, which likely involve crossing significant energetic
barriers.

In this work, we used quantitative molecular simulations methods to resolve these basic
questions for a prokaryotic homolog (NCX_M)j) of the cardiac Na*/Ca?* exchanger; a membrane
antiporter having a crucial role in Ca?* homeostasis and signaling[20-24] and whose dysfunctions
have been associated to heart diseases[25]. These antiporters function by extruding cytosolic
Ca?* in exchange for extracellular Na*[26, 27] with a 3Na*:1Ca?* stoichiometry. Na* and Ca?*
electrochemical gradients are the sole determinants of transport directionality[26, 28-34]. The
recently resolved outward-facing X-ray structures of NCX_Mj [13, 35] are the only available high-
resolution atomic models for these types of transporters, which, based on our previous
theoretical studies[13, 36], also provide the molecular basis for extracellular ions recognition.
Instead, the only structural data of the inward-facing state are hypothetical low-resolution
models based on the two inverted topological repeats of the protein[35, 37] or the X-ray
structures of the distant Ca?*/H* exchangers homologs[38-40]. Hence, the molecular basis of
alternating access and intracellular ion recognition processes have yet to be elucidated.

To address these questions, based on the outward-facing X-ray structure of NCX_Mj, we
performed extensive enhanced sampling simulations (~50 us) in close-to-equilibrium conditions,
specifically designed to explore multiple possible routes by which the alternating access
transition can take place. Applying a recently proposed method for simulation analysis[41], we
computed a multidimensional free energy landscape, allowing us to define the outward-to-
inward pathway. The results provide direct evidence for a new alternating access mechanism that
cannot be categorized within the standard rocker-switch, rocking-bundle, and elevator types[3].
Furthermore, they also provide the structural features of the unknown inward-facing state of the
transporter, based on which we investigated the mechanism of intracellular ions recognition
through additional enhanced sampling simulations (~70 ps). We validated the simulation results
by comparison with previous measurements of hydrogen-deuterium exchange combined with
mass spectrometry (HDX-MS)[42]. For that purpose, we used a new method to select the
structural ensemble that best agrees with the experimental data. Additional validation was also
carried out based on previous accessibility experiments[37, 42].
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Overall, this work reveals the molecular details of the alternating access conformational
transition of Na*/Ca%* exchangers and how the ion occupancy state of the transporter modulates
the feasibility of this transition. These findings ultimately explain the emergence of selective and
active transport in Na*/Ca?* exchangers.

Results

The calculated free-energy landscape reveals the alternating-access mechanism of NCX_Mj

Based on the outward facing X-ray structure of NCX_M)j (Fig. 1A) [35], we sought to determine
structure and energetics of the distinct conformational states involved in the alternating access
cycle, which presumably comprise the yet uncharacterized inward facing conformation. To do so,
we used extensive (50 ps) atomistic simulations (Fig. 1B) coupled to a new methodology to obtain
qguantitative information on the conformational equilibrium, in the form of free-energy
landscapes[41].

In our previous study[13], we established that apo or partial ions occupancy of the binding site
locks the transporter into an outward open conformation, in which the binding site is partially
accessible to bulk water. Thus, we set all the simulations according to the X-ray structure resolved
at high (100-200 mM) Na* concentration[13, 35], in which the binding sites are fully occupied by
three Na*ions[13, 36, 43] (Fig. 1C) and the protein adopts the transport-ready, outward-occluded
conformation[13] (those simulations were also re-analyzed here; see Fig. 7AB). The MD
calculations that we performed rely on a set of reaction coordinates to reversibly simulate the
outward-to-inward conformational change. Here, the reaction coordinates are generally based
on the pseudo-symmetry between inverted structural repeats observed in many secondary
transporters[7], including NCX_Mj (Fig. 1A and Fig. S1). Specifically, they describe the linear
progression of different protein regions from the X-ray structure to a repeat-swap model of the
inward facing conformation(5, 8] (see methods and Fig. S1). It is worth to note that this model is
only used here to define the reactions coordinates (18 in total, Fig. S2) and therefore trigger
conformational changes, but is neither used as starting structure in these simulations nor is
required to be a high-resolution representation the inward facing state of the protein.

The relevant conformations of the protein are revealed post-hoc by the free energy landscape in
Fig. 1D, which is calculated from a novel analysis based on mean forces calculation[41]. In this
map, the free energy is reported as a function of two of the previously mentioned reaction
coordinates, which are related to opening/closing motions of protein regions facing either extra-
or intracellular sides of the membrane (see methods and Fig. S2).

This energetic analysis demonstrates the presence of two most probable structural states of the
protein corresponding to outward (OF) and inward facing (IF) conformations (Fig. 1D, Fig. 2),
interconnected through a metastable region. The free energy map in Fig. 1D also shows that
conformations that are fully open to both sides of the membrane are energetically forbidden,
thus ruling out the occurrence of ions leakage due to water pores formation. Owing to the
restraints imposed by the protein structure, conformations that are completely closed to both
sides of the membrane are also unattainable (Fig. 1D).
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The local stability and overall features of OF and IF states are confirmed by multi-microseconds
MD simulations started from either of these states and performed without any bias potential to
enhance the sampling (Fig. S3A). Namely, the average root mean square deviation (RMSD) of MD
simulations started from either OF or IF states remains around 1 A of the respective state
throughout all simulations (Fig. S3B). No transitions between those two free energy minima were
observed during these MD trajectories as well as during the enhanced sampling simulations (~6
ps) that we later performed to investigate the mechanism of intracellular ions recognition (Fig.
7), which confirms the presence of a significant free energy barrier for the OF-to-IF transition.
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Figure 1. Structures and free energy landscape of the Na*/CaZ+ exchanger from M. jannaschii. (A) Cartoon representation of the
outward-facing X-ray structure of NCX_Mj[35].The folding topology consist of two inverted-repeats displayed in orange and
marine respectively. The protein is bound to three Na* ions[13, 36] indicated by green spheres. (B) All-atom simulation system
enclosed in a rectangular prism periodic box, comprising NCX_Mj bound to three Na* ions, with D240 protonated (as shown in
panel C). The protein was embedded in a POPC lipid bilayer (208 molecules) and solvated with 14892 water molecules and Cl-
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counterions (omitted for clarity). (C) Close-up of the binding site. Protein residues and the water molecule surrounding the Na*
ions are highlighted in sticks representation. (D) Conformational free energy landscape of the alternating access transition of
NCX_Mij, calculated using bias exchange metadynamics[44] a mean-force approach[41] (see methods). The map represents the
free energy as a function of two path collective variables (¢, and &;3 in Fig. S2). Contours are shown in intervals of 1 kcal/mol.
Red circles map the X-ray structures obtained at high Na* concentration[13, 35] (pdb entries 3V5U, 5HXE). The main free energy
minima (OF and IF) and intermediate metastable regions (la and Ig) are indicated. The two-dimensional projection of the minimum
free energy path (dashed white line) connecting OF and IF states (see Fig. 6) is also shown. The error estimate of the calculated
free energy map is provided in Fig. S4A.
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The outward-facing state entails a broad set of conformations comprising the X-ray structures

Previous crystallographic data captures the exchanger in an outward facing (OF)
conformation[13, 35], which, according to the alternating-access transport model [4], ought to
represent one of the main structural arrangements of the transporter. Our results support this
notion, revealing that the outward facing (OF) state corresponds to the most probable region of
the free energy landscape (¥86% probability, Fig. 1D and table S2).

The OF state entails an ensemble of outward exposed conformations (Fig. 2A and Fig. S5),
resembling the Na* bound X-ray structures[13, 35, 36], with an average C, RMSD from the latter
of 1.76 A (excluding loop regions). This notwithstanding, the OF region features wide-ranged
opening/closing fluctuations of the extracellular protein region and to a lesser extent of the
intracellular one, that are associated to conformational motions of TMs 1,6 and 7 (Fig. S2). In
particular, TM7 can adopt either a-helical (~70% probability) or unstructured/kinked (~30%
probability) conformations. Such variability results in pairwise structural differences among OF
configurations ranging from 0.5 A to 2.5 A of RMSD (grey line in Fig. 3A). The X-ray structures of
NCX_Mj bound to three Na*ions[13, 35, 36] correspond to energetically feasible configurations
of the OF state (Fig. 1D and Fig. 2CE) that, compared to the average OF conformation, entail a
slightly wider extracellular opening in which TM7 is captured in a kinked arrangement (Fig. S5,
Fig. S8D).

In agreement with our previous work[13], extracellular exposure stems from two aqueous
channels (Na* and Ca* channels, Fig. 2A) that penetrate near the binding site region, whereas
waters are mostly excluded from the intracellular one. It is worth noting that, owing to the full
occupancy of the binding sites by 3 Na* ions, these sites remain shielded from the solvent[13]
(see also Fig. 7AB).


https://doi.org/10.1101/2023.01.20.524959

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.20.524959; this version posted January 21, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC
105 and is also made available for use under a CCO license.

A Outward Facing

B Inward Facing) , C, Freeerenyicumol

. Caz

Na* channel
“gflicd o Ca*channel pseudo-symmetry
twofold axis ‘

1Y)

Na*
=N —— -

() (V)
O i - Na*channel ~
Q il
3 4 5 6 7 8
O-N distance G201-A206 [A]

Figure 2. Structural features of the main energetic minima of the conformational free energy landscape of NCX_Mj. (A)
Representative protein conformations of OF and IF free energy minima of the free energy landscape (Fig. 1D), illustrated in
cartoon representation (the spheres denote the Na* ions). The isosurface of the density of waters that are within 12 A of the
protein binding sites is shown as grey volumes. The protein scaffold (TM2bc, TM3-5, TM7bc, TM8-10, dirtyviolet) and moving
helices (TM1, 6, TM2a, 73, slate) are shown in different colors. (B, D) Cartoon representation of an IF reference conformation
(bright orange) and the X-ray structure solved at high Na* concentration (pdb entry 3V5U[35], grey), superimposed on scaffold
regions. X and Z axes in panels B and C approximate parallel and orthogonal directions to the membrane plane, wherein X reflects
the direction of the axis connecting the centers of TMs 4 and 9, whereas Z represents the average vertical axis of these two TMs
(see methods). (C) Free energy surface of TMs 1,6 center projected along X and Z directions (see methods), using the same
representation of Fig. 1D. (E) Free energy as a function of O-N backbone distances for G201-A206 and A43-A47 pairs. The
associated O-H distances are indicated as black dotted lines in panel D. Intermediate conformations (Ia and Ig) between OF and
IF states (see Fig. 6) are indicated on the maps of panels C and E. Error estimates on the latter maps are provided in Fig. S4BC.

Energetic analysis identifies a well-defined inward facing state resembling CAX_Af structure

The notable consistency between OF conformations arising from simulation and crystallographic
data, supports the application of our computational analysis for the structural assessment of
other relevant conformations of the transporter. In this regard, the free energy landscape reveals
that the transporter can adopt a second, significantly populated structural state (~12%
probability, Fig. 1D and table S2), clearly distinct from OF conformations (clear-cut separation
between pairwise RMSD distributions of OF-to-IF and either of OF-to-OF and IF-to-IF in Fig. 3A).
Further analysis of this free energy minimum demonstrates that it corresponds to a well-defined
IF state of the transporter (Fig. 2), thus confirming the expectation that NCX mediates Na*/Ca*
exchange through an alternating-access mechanism. Importantly, structures pertaining to the IF
region of the map (Fig. 1D) resemble qualitatively the IF repeat-swap model (Fig. 3C, (RMSD)=2.6
A, repeats identity 31.4%) and the inward facing X-ray structure of the related Ca?*/H* exchanger
[40], from A. fulgidus (CAX_Af, Fig. 3D, (RMSD)=3.2 A, sequence identity 20.4%; see also table
S2).
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In contrast to the OF state, protein conformations pertaining to this energetic minimum feature
a markedly compact arrangement of the outward facing region, which largely precludes
extracellular water entrance. Conversely, the protein is structurally open and water accessible on
the cytosolic side (Fig. 2A), through two aqueous channels (Na* and Ca?* channels) which appear
somewhat symmetrical to those present in OF conformations (Fig. 2A), according to a twofold
axis parallel to the membrane plane (as per the inverted-repeats fold[5, 8]). As in the OF state,
the binding site region remains poorly solvent accessible, hence the IF free energy minimum
reflects an inward occluded state of the protein. Overall, the IF ensemble is structurally more
compact than the OF one, comprising fewer overall fluctuations (pairwise RMSD<2 A; bright
orange line in Fig. 3A), mostly related to transitions between n- and a-helical arrangements of
TM2A and compact extended conformations of the loop between TM1 and TM2. To assess more
accurately the energetics of those arrangements, we performed additional free energy
calculations, showing the that they are approximately isoenergetic (see Fig. S6 and supporting
text).
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Figure 3. Structural features, comparisons and consistency of the main energetic minima of NCX_Mj. (A) Pairwise RMSD
distributions (only Ca atoms, with loop regions excluded) of conformations pertaining to OF (orange line) and IF structural
ensembles (grey line) or between OF and IF states (blue line). The average RMSD between IF and MD (> 1.5 ps) or RS model
conformations is shown as solid and dashed purple lines respectively. (B) Analogous pairwise RMSD distributions (as in panel A)
including scaffold regions only (excluding TM1, TM2a, TM6 and TM7a). The overlay between the IF reference structure and the
NCX_M)j X-ray structure at high Na*[13] (pdb entry 5HXE), aligned on scaffold regions, are illustrated in cartoon representation.
(C) MD simulation sampling mapped on the same reaction coordinates of Fig. 1D. IF and MD conformations featuring lowest
mutual RMSD (< 1 A) and their overlay with the repeat-swap model (IF-rs) are shown. (D) Superimposition between CAX_Af X-ray
structure (pdb entry 4KPP[40]) and reference structure of the IF state using cealign [45, 46].

MD simulations based on a repeat-swap model confirm the proposed inward-facing state

Building upon the similarities between repeat-swap model and conformations pertaining to the
IF free energy minimum (Fig. 1D), we set out to devise an independent control of structure and
local stability of the latter. Specifically, we employed a conventional MD calculation initiated from
the repeat-swap model, according to a distinct simulation setup (see methods).

10
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By construction, protein arrangements closely resembling the repeat-swap model feature values
of the reaction coordinates that approach their upper boundary value, 2 (see methods), which
however lies on a metastable region of the free energy map (Fig. 1D). Consistently, after 0.5 ps,
the MD simulation drifts from the repeat-swap model (Fig. 3C and Fig. S7) and converges towards
conformations that map onto the energetically feasible region of the IF state (Fig. 1D and Fig. 3C)
and that are in remarkable agreement ((RMDS) < 1.3 A and pairwise RMSD ranging from 0.8 to
2 A) with structures therein (Fig. 3A and Fig. S7). However, while the enhanced sampling
calculations capture both m-helical and a-helical arrangements of TM2a (Fig. S6 and Fig. S8D),
only the latter is sampled in the limited time scale of the MD simulation. In summary, all our
simulation data point to the IF state derived from the free energy analysis as the consensus
computational model of the inward facing conformation of NCX_M;.

Outward-to-inward transition entails sliding of TMs 1,6 and rearrangement of TMs 2a,7a

The comparison between outward and inward facing states derived from the calculated free
energy landscape reveals a considerable structural variation in the transporter throughout the
alternating-access transition (Fig. 2BD). In particular, the conformational switch from OF-to-IF is
characterized by large-scale rearrangements of the pseudo-symmetric pairs (Fig. S1), TM1, 6 and
TM2a, 73, relative to an essentially rigid scaffold (Fig. 2BD and blue lines in Fig. 3AB). The latter
scaffold also entails the binding sites region, consistently with the observation that OF and IF
states are Na*-bound occluded conformations. The most significant change is a displacement of
TM 1 and 6, across the membrane (Fig. 2B), as detailed by an alternative free energy landscape
specifically mapping those transmembrane movements (Fig. 2C). Besides recapitulating the main
energetic minima described previously (Fig. 1D), this map underscores that during the
interconversion between OF and IF states, TM 1 and 6 undergo a diagonal sliding motion
spanning overall ~1 nm range (Fig. 2C). This translational movement of TM1, 6 has been
previously hypothesized based on the inverted pseudo-symmetry of NCX_Mj topological
repeats[7, 35, 47, 48] and from the inward facing X-ray structures of Ca?*/H* exchangers[38-40],
which pertain to the same transporter’s family[49] (CaCA superfamily). Our work provides the
first detailed atomistic description of this type of conformational mechanism, showing how it
regulates opening and closing of intracellular and extracellular Ca%* channels (Fig. 2AB and Fig.
S8ABC) and how it is coupled with TM2a and TM7a rearrangements that instead control the
water accessibility through Na* channels (Fig. 2AD and Fig. S8). The conformational changes of
TM2a and TM7a can be monitored by the disruption/formation of the pseudo symmetric (Fig. S1)
H-bonds between residues G42-A47 and G201-A206 (Fig. 2D). Specifically, the free energy surface
as a function of these H-bond distances (Fig. 2E) reveals that, during the OF-to-IF transition, TM7a
undergoes a structural change from a flexible arrangement, encompassing o-helical,
unstructured, and kinked conformations, to a well-defined, partially ®-helix conformation,
characterized by the formation of the G201- A206 H-bond (Fig. 2D and Fig. S8D). Upon these
rearrangements, TM7a loses on average 2.5 a-helical residues (out of 6.3 in the OF state) and 4.8
residues adopt a m-helix conformation (out of 0.4 in the OF state). Concurrently, a portion of
TM2a transitions from the analogous, topologically inverted, m-helix conformation to a less
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structured arrangement, comprising a- or m-helix (Fig. S6), in which the G42-A47 H-bond
becomes disengaged (Fig. 2D and Fig. S8D). The partially n-helical conformation of TM2a in the
IF state entails on average 4 residues in w-helix conformation while 3.9 residues are a-helical.
The structural changes of TM2a, 7a during the OF-to-IF transition led to the closure of the
extracellular Na* channel and opening of the intracellular one (Fig. 2 and Fig. S8AB). Overall, the
observed rearrangements of TM1, 6 and TM2a, 7a, are reversible, interconnected and altogether
mediate the alternating access transition of NCX_M,;j.

Previous accessibility and HDX-MS data supports the outward-to-inward structural change
derived from the simulations
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deuteration time. For illustration purposes, data on overlapping protein fragments has been broken down into smaller non-
overlapping regions by linear combination of the deuterium fractions. (B) Average number of waters within 4.2 A of residues G42
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and G201 for OF, IF and other regions of the free energy landscape (Fig. 1D). Error bars reflects the statistical uncertainty
estimated through block analysis. (C) Ratio between WT and 5L6-8 deuterated fractions measured at 15s (deuteration time) for
the experimentally detected protein fragments (denoted by the residue ranges). The black dots denote the experimental
data[42], whereas the red dots are the predicted ratios at an average apparent work of 2.8 kcal/mol (see supporting text). As the
starting conformational ensemble is the same for either WT or 5L6-8 target data, the initial predicted ratio is one when the
apparent work is zero (blue line). (D) Trend of OF, IF and transition regions relative populations (see Fig. 1D) as a function of the
total apparent work, upon ensemble reweighting with HDX-MS data (see supporting text). The plot reports the difference
between the populations obtained by targeting either WT or 5L6-8 HDX-MS measurements, in which the shaded area reflects the
statistical error obtained by blocks analysis.

In absence of high-resolution crystallographic or cryo-electron microscopy data on the IF state of
NCX, we set out to assess the reliability of the simulation results using existing physiological and
biophysical data. To this end, we focused on previous accessibility and HDX-MS
measurements[42], which can be directly compared with the simulation data. The experiments
that we considered are based on wild type (WT) NCX_Mj and a specific functional mutant, 5L6-8,
characterized by eight residues elongation of the short intracellular loop connecting TM5 and
TM6 (dotted loop in Fig. 1A)[47]. Measurements of apparent Ca* and Na* affinities (K,,,) to
outward and inward facing sides of the protein suggest that wild type (WT) NCX_M]j preferentially
adopts an OF conformation[43, 47] (in agreement with the crystallographic data[13, 35]),
whereas a cytosolic facing arrangement seems predominant in the 5L6-8 mutant [47]. Hence, the
latter mutant could be used for the structural characterization of the IF state of NCX_M);.

The available cysteine accessibility measurements for NCX_Mj refer to residues G42 and
G201[42] (Fig. 4A), that are located on TM2a and TM7a respectively, in pseudo-symmetric
positions of the two topological repeats (Fig. S1). Covalent labeling of cysteine mutants with a
fluorescent probe (TMRM maleimide), in detergent preparations, showed that residue G201 is
more accessible than G42 in the WT protein, while the opposite is true for the 5L6-8 mutant.
Consistently, our simulation data shows that residues 42 and 201 are alternatively water exposed
during the OF-IF interconversion (Fig. 4AB), which is in agreement with the opposite preference
of WT NCX_Mj and 5L6-8 mutant for OF and IF conformations[42]. Notably, these two residues
are approximately equally water exposed in conformations pertaining to the transition region
between OF and IF states (other regions in Fig, 4B). Hence, as predicted by our free energy
landscape, they ought to correspond to low probability conformers (1-2% probability based on
the free energy map in Fig. 1D) providing a negligible contribution to the accessibility of those
residues.

The other experimental technique that we used to validate the simulation data is HDX-MS, which
is a powerful complementary approach to characterize the conformational dynamics of
secondary transporters[50]. Recent HDX-MS measurements on WT and 5L6-8 NCX_Mj provided
substantial structural information on a-repeats regions (Fig. 4A), in the form of time course of
deuterium incorporation[42, 51]. Provided global protein unfolding can be neglected (EX2
exchange), the deuteration rates can be correlated with the local degree of solvent exposure and
structural flexibility. To limit the contributions of non-local, protein unfolding processes to the
rate of deuterium absorption (EX1 type exchange) [42, 51] (which hinder quantitative structural
analysis), here we focused on data obtained after short time exposure to D20 (15 s). For HDX-MS
measurements recorded under saturating Na* concentration[42], i.e. those that mimic more
closely the simulation conditions (binding sites fully occupied by Na*), the data underlines larger
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intracellular deuteration levels for the 5L6-8 mutant compared WT, whereas, except for the C-
terminal portion of TM8, the opposite trend is observed for extracellular regions (Fig. 4A). This
trend of WT vs 5L6-8 deuteration levels (Fig. 4A) are qualitatively in line with the notion that the
5L6-8 mutation switches the conformational probability favoring the IF state. Nonetheless, this
data alone does not clarify whether and to which degree OF and IF structural ensembles
predicted by the simulation agree with the HDX-MS data.

To this end, we applied a new variant of our recently proposed maximum-entropy approach to
combine the atomistic simulations with the HDX-MS data[52]. Specifically, the methodology is
based on a minimal adjustment of the population of each region of the free energy landscape, so
that the resulting structural ensemble conforms to the HDX-MS data up to a given level of error
(see supporting text). To do so, we relied on an established model, based on amide H-bonds and
atomic packing content[53], to predict the deuteration rate of different protein regions in each
configuration of the free energy landscape. To reliably compare predicted and experimental
measurements, we developed a new formulation that considers explicitly the presence of an
unknown percentage of deuterium loss during the experimental preparation (after quenching
the exchange reaction) [54, 55]. Such new scheme is particularly relevant for cases, such as our
target data (personal communication), where there has been no experimental determination of
the deuterium loss (data are not back-exchange corrected) and the latter can be reasonably
assumed to occur in the same proportion in WT and mutant protein[55] (see supporting text).
The results of this reweighting methodology reveal that a close agreement with the experimental
data (Fig. 4C) can be obtained by a population shift associated to the 5L6-8 mutation (requiring
apparent work to be applied as shown in Fig. S9), wherein the IF state probability increases
significantly when fitting to the 5L6-8 data relative to that of the WT, compensated by the
opposite trend in the probability of the OF state (Fig. 4D). Conversely, the probability of protein
conformations pertaining to the transition region between IF and OF states is not significantly
affected by this reweighting procedure (other regions in Fig. 4D). Hence, simulations and
experiments provide substantial evidence that the 5L6-8 mutation reshapes the free energy
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landscape favoring the IF state of the protein and that the latter state (as well as the OF state) is
well-represented by the model derived from our simulations.

Outward-to-inward transition entails alternating disruption and formation of hydrophobic,
electrostatics and protein/lipid contacts out of the binding site region
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Figure 5. Per residue analysis of the main interaction patterns that form and disrupt during the outward-to-inward conformational
transition. Reported quantities are calculated for outward- as well as inward-facing structural ensembles derived from the free
energy analysis (Fig. 1D). (A) From left to right the panel shows the number of water molecules within 4.2 A of either extra- or
intracellular facing residues (only the apolar portion of the sidechain; see caption of Fig. S10) that undergo a significant change
in water accessibility during the outward-to-inward transition (only changes by at least a factor of two are included). (B) From
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left to right the panel shows representative structures indicating either extra- or intracellular facing residues that undergo a
significant change in water accessibility (panel top: grey, green, and dark-yellow residues), lipid contacts within 5.2 A (panel top:
brown residues) and h-bond fraction (panel bottom: red and bright blue residues) during the OF to IF transition. The density
isosurfaces of water molecules within 4.2 A and lipid tails within 5.2 A of the associated residues is shown as blue mesh and
yellow mesh (panel top) or volume (panel bottom) respectively. At the panel bottom, the density volume of residues changing
water accessibility and lipid contacts upon OF-to-IF switch are shown as grey and brown volumes respectively. (C) Number of lipid
contacts and H-bond fractions (based on 3.2 A distance cut-off between heavy atoms) of the previously mentioned extra- (panel
left) and intracellular facing residues (panel right). The number of lipid contacts considers only the lipid tails within 5.2 A of either
extra- or intracellular residues featuring significant change in lipid exposure during the outward-to-inward transition (we excluded
hydrogen atoms and polar groups as detailed in the caption of Fig. S10).

The coexistence of at least two distinct conformational states in a secondary active transporter,
as established by the alternating-access mechanism[4], requires a strict balance between the
interactions that are formed and disrupted during the OF-to-IF conformational switch, such that
both states are energetically feasible. The presence of inverted topological repeats in most of the
known secondary transporters[5, 7, 8] would potentially explain this balance in terms of
topologically inverted interaction patterns in OF and IF states. Nevertheless, the low sequence
similarity between the two repeats and/or an asymmetric environment[7] may lead to complex
compensation mechanisms involving asymmetric contributions of protein/protein, water/lipid-
mediated interactions and in some case even membrane deformations[56]. Given that the
derived free energy landscape predicts the presence of two significantly populated OF and IF
states of NCX_Mj and that these conformations are in reasonable agreement with the available
crystallographic, biochemical, and biophysical data, we posit that it ought to be possible to
rationalize the structural basis for this interaction fine-tuning from post-simulation analysis.

To do so, we extracted the protein residues featuring a significant change in lipid/water
accessibility and in H-bonds formation between OF and IF states. To highlight the role of
electrostatic and hydrophobic interactions, we separated the contribution of polar and apolar
groups in amphipathic protein residues as well as in lipid molecules.

This analysis identifies a set of apolar groups, largely pertaining to hydrophobic residues, that are
alternatively water exposed during the OF-to-IF conformational switch (Fig. 5A). In the OF state,
the energetic cost arising from water exposure of extracellular apolar groups (except for V177) is
partially compensated by water exclusion from the intracellular ones (except for A31). The
opposite trend is instead observed for IF conformations, thus generating a substantial balance
between the hydrophobic interactions stabilizing these two states (Fig. 5AB and Fig. S10AB).
Additionally, we identified two set of residues, most of them pertaining to TM1/6 (extracellular
and intracellular brown surfaces/residues in Fig. 5BC), that, during the translational movement
of the latter pair of helices (Fig. 2), switch hydrophobic contacts between protein and lipids (Fig.
5BC) and in this manner lead to opening and closing of Ca* water channels at the opposite sides
of the membrane. Notably, these two sets of residues also entails pseudo symmetric pairs such
as F23 in one group and F182 in the other (Fig. 5BC, Fig. S8C and Fig. S1). Concurrently, the
movements of TM7a and TM2a (Fig. 2) induce the formation and disruption of apolar contacts in
Na* channels regions, with notable rearrangements of F202 and F39 residues that are
alternatively buried in extracellular and intracellular hydrophobic pockets respectively (Fig. 5AB
and Fig. S8C).

This analysis also reveals that OF and IF states are stabilized by alternative sets of salt bridges and
H-bonds (Fig. 5BC, Fig. SI0CDE) as well as water solvation of polar residues, none of which
involves the binding site region. Specifically, the hydroxyl group of T44 become water accessible
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during the OF to IF transition while the opposite effect is observed for the hydroxyl groups of T57
and T203. Further analysis on how the charges of these polar groups reshape the free energy
landscape shows that indeed this energetic term favors the OF state over the IF one while the
opposite trend is observed for H-bonds and salt bridges, leading overall to a compensating effect
(see Fig. S10E and supporting text). Conversely, we observed neither significant changes in H-
bond formation between protein and lipids nor drastic variations in the membrane deformation
and thickness (which remain within 2-3 A; see Fig. S11) during the alternating access transition.

It is worth to note that most protein residues that change accessibility to water or lipid and part
of those involved in alternating polar contacts are homologous across repeats (Fig. S1). The
implication is that a considerable portion of the energetic balance generating two well populated
alternating conformations arises from the presence of topologically inverted interaction groups.
Particularly notable is also the conservation across repeats of glycine residues that change water
accessibility during the OF-to-IF transition and that enable close packing of TM2-TM8 in the OF
state (G72, G76, G201) and the topologically inverted pair, TM7-TM3, in the IF one (G231, G235,
G42; Fig. S8A).

The transition between OF and IF occluded states occurs through closed intermediates and
surmountable energetic barriers

Free Energy [kcal/mol] >
- N W A OO N ®©

A
Inward Occluded
™1

Extracellular

facing ¢

Intracellular
facing

Na* cavity

t—residues changing water accessibility—|

Number of waters / residue
Nnow s o

Ca2* cavity

residues changing lipid accessibility

Lipid tail contacts / residue
O =2 N WA OO N OO

0

40 60 80
Progression along the path [%] & ¢

Figure 6. Microscopic mechanism of the alternating access transition in the Na*/Ca2+ exchanger. (A) Calculated thermodynamic
and structural properties along the most likely transition pathway between OF and IF states (see methods): from top to bottom;
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free energy, number of water molecules per residue within 4.2 A of the latter for the indicated protein cavities (see also Fig. 5)
and number of lipid tail contacts per residue (within 5.2 A, see Fig. 5 caption). The shaded areas reflect the statistical error
calculated through blocks analysis. The calculated structural properties reflect configurations close to the most likely transition
pathway according to a small distance cutoff (corresponding to three bin sides in collective variable space; see methods) and
selected based on a Monte Carlo algorithm to conform to the 8-dimensional free energy in the direction orthogonal to the path.
(B) Representative structures along the OF-to-IF transition pathway. Water molecules within 12 A of binding site residues and
Na* ions are shown as green and red spheres respectively. The two top panels outline lateral membrane views. At the panel top,
lipid molecules near F182 and F23 residues (shown as spheres with yellow carbon atoms) are depicted as sticks with grey carbon
atoms. The two bottom panels show intra- and extracellular views with F23, F39, F182 and F202 side chains shown as spheres
and those involved in H-bonds/salt-bridge formation/disruption during the transition shown in sticks representation (light blue
and red residues). The protein scaffold (dirtyviolet surface or cartoon) and moving helices (slate cartoon) are shown in different
colors. The insets highlight movements of TM1-6 in the x,z plane (as reported in Fig. 2) and structural changes of TM2a and TM7a
with G42-A47, G201-A296 backbone H-bonds indicated as dashed lines.

Further analysis of the enhanced sampling simulations permits to elucidate how the alternating
access transition occur. To do so, we considered comprehensive set of reactions coordinates
(eight in total), describing the conformational changes of TMs 1, 6, 2a, 7a and connecting loops
as well as side chain rearrangements of Na* and Ca?* channels regions (see methods). Based on
this set of variables we derived the most probable free energy pathway between outward and
inward facing states, describing in detail all the relevant intermediate steps of the alternating
access transition.

Free energy, structural patterns, and a set of representative conformations along this pathway
are shown in Fig. 6. Starting from the outward occluded state (OF state in Fig. 6), the first stage
of the transition entails partial opening of intracellular Na* and Ca?* cavities permitting water
entrance into the latter, whereas extracellular cavities are less affected by these changes. These
structural rearrangements are assisted by opening movements of TM1-TM6 and TM2a, wherein
the latter TM region, after dissociation of F39 from its hydrophobic pocket, TM2a-TM8
detachment and disruption of the H-bond between G42 and A47, can adopt a more flexible
arrangement encompassing mt-helical, a-helical, and unstructured conformations (see supporting
movies). During this first stage of the transition there is a significant free energy increase which
correlates with the hydrophobic penalty arising from solvation of apolar intracellular residues
(Fig. 6A) as well as disruption of R223-E28 and R223-D21 salt-bridges (Fig. 5D and Fig. SIOABD).
Subsequently, partial de-solvation of hydrophobic residues of extra- and intracellular cavities
allows the formation of a metastable intermediate (closed intermediate Ia in Fig. 6) which
compared to the OF state features ~8 A translation of TM1-TM6 towards the extracellular side of
the membrane (Fig. 6B). The next step entails crossing the highest free energy barrier of the
transition (~7 kcal/mol, Fig. 6A), which corresponds to the point in which a few residues in TM1/6
(brown residues in Fig. 5) switch between protein and lipids contacts (Fig. 6A), with the largest
contribution provided by the pseudo-symmetric pair F23-F182 highlighted in yellow in the upper
panel of Fig. 6B. Namely, upon ~6 A movement of TM1/6 parallel to the membrane plane, F182
gains contacts with protein hydrophobic residues and loses contacts with lipid tails, whereas the
opposite occurs to F23. Near the switching point additional water molecules enter the
intracellular Ca* cavity and interact with hydrophobic residues therein, which correlates with the
formation of a free energy peak (Fig. 6A). These structural changes lead to a second intermediate
(intermediate Ig) stabilized by dehydration of the extracellular Ca* cavity and formation of Y60-
E180 H-bond (Fig. S10C). At this point TM1/6 has nearly reached the same configuration adopted
in IF state, whereas TM7a still remains detached from TM3. Complete progression towards the
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IF state is finally achieved by structural rearrangements of TM7a from flexible to partially -
helical configurations, associated to close packing of the latter with TM3, formation of G201-
A206 H-bond and enclosure of F202 in a hydrophobic pocket. In this last step (IF state in Fig. 6),
substantial free energy gain correlates with dehydration of the Na* extracellular cavity and
formation of K198-E257, K187-D197 salt bridges (Fig. S10C).

In summary, the pathway described above outlines a non-linear transition between OF and IF
occluded states, passing through multiple energetic barriers. Starting from the OF state, the
protein first partially opens on the intracellular side, adopting intermediate conformations that
albeit occluded are not fully packed on either side of the membrane. The protein then fully closes
on the extracellular side reaching the IF state (Fig. 6). These structural changes arise from
conformational rearrangements of pseudo-symmetric pairs (based on inverted topology repeats)
of transmembrane helices; TM1-6 which undergo a large translational movement across the
membrane and TM2a-7a that switch from flexible to compact n-helical configurations. Analysis
of the contacts of hydrophobic residues with water and protein outlines that, compared to OF
and IF states, intermediate configurations are energetically penalized by larger water exposure
of the latter residues (see Fig. SI0AB and supporting text). Further energetic penalty of these
intermediates arises from rupture of salt-bridges and H-bonds that stabilize OF and IF states (Fig.
S10CD, left panel of Fig. S10E and supporting text). Remarkably, the binding site region retain the
same structure and remains largely water occluded throughout the transition; hence
electrostatic interactions therein do not change significantly or provide an energetic contribution
to the latter transition (right panel in Fig. S10E and supporting text).

Finally, despite the previously mentioned energetic penalties, the free energy barrier between
OF and IF occluded states is surmountable (~7 kcal/mol, Fig. 6; a more global analysis through an
Arrhenius plot is provided in Fig. S12, showing consistent results), hence, provided such occluded
conformations are attainable, the alternating access transition is energetically feasible.

lon occupancy determines transport specificity by reshaping the free energy landscape

Our previous study[13] revealed how binding of either three Na*ions or one Ca* ion to NCX_M]j
stabilize an outward occluded conformation of the protein, whereas incomplete occupancy or
binding to non-transported species (e.g. protonated E213 and E54) lead to protein opening on
the extracellular side. Now we have also shown that once the transporter reaches the outward
occluded conformation it can also transition to an inward occluded one through a surmountable
energetic barrier (Fig. 6A). It remains unclear however whether an analogous occlusion
mechanism occurs also for IF conformations of the proteins when ions bind from the intracellular
side of the membrane. If confirmed, this bidirectional mechanism of substrate-induced occlusion
would completely explain how ions binding control the alternating access transition in agreement
with the 3Na*:1 Ca?* stoichiometry.

To fully elucidate this question, starting from the derived IF occluded structure of NCX_Mij ( for
both a-helical m-helical arrangements of TM2a; see Fig. S6 and supporting text), we gradually
modified the binding site occupancy through alchemical transformations and MD equilibrations
(see methods), following a similar strategy of our previous work[13]. Specifically, we first
considered the 3 x Na* occupancy state used in the investigation of the OF-to-IF transition (Fig. 1
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and Fig. 7), that is three Na* ions occupy Sext, Sca and Smid site and a water molecule is confined in
the Smid site, whereas D240 is protonated (Fig. 1C and Fig. 7).

To simulate the Ca?* bound state (1 x Ca?*), we removed the Na* ions and added Ca?* at the Sc,
site and an extra water molecule at the Smiq site to fulfill the coordination geometry proposed in
our previous study[13], consisting of Ca?* coordinated with E54 and E213 in a bidentate mode,
backbone oxygens of T50 and T209, and two water molecules near the Smiq site (Fig. 7). This Ca®*
coordination geometry is here confirmed by re-refinement of the previously published
crystallographic data at high Ca?* or Sr?* and low Na* concentration[13] (see Fig. S13 and
supporting text).

To simulate the effect of partial binding site occupancy we also considered two Na* ions bound
to the protein wherein the Sin: site is empty (2 x Na*), namely, having inverted symmetry (based
on the rotational axis in Fig. 2A) with respect to the 2 x Na* occupancy state previously
investigated for the OF state[13] (Fig. 7CD), where the Sex: site was empty. Afterwards, we
removed the remaining Na* ions to simulate the case of an empty binding site (no ions in Fig.
7CD). Additionally, to probe a case with non-transported species, we also performed simulations
with two H* bound to E54 and E213 respectively (2 x H*).

Free MD simulations (in the ps time range; Fig. S14 and S15) of the previously mentioned systems
show that while 3 x Na* and 1 x Ca?* occupancy states retain an inward-occluded conformation
during all trajectories, with water molecules excluded from the binding site region, for the other
occupancy states, after a few hundred ns MD, water molecules enter the binding pocket leading
to protein opening on the intracellular side. These conformational rearrangements are assisted
by displacements of TM1 and TM2 which separate from the intracellular portion of TM7 and TM8
(Fig. 7D and Fig. S14, S15). Remarkably, the relative movements of these four transmembrane
helices have a noticeable resemblance to those of their pseudo-symmetric counterparts (based
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on inverted topology repeats) observed for the extracellular opening transition of the OF
state[13] (Fig. 7A and Fig. S16).
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peaks (red histogram in panel B) are shown in magenta (mesh) and grey (volume) respectively. Na+ and Ca2* ions are shown as
green and red spheres respectively. The two inverted-topology repeats in the transporter structure (transparent cartoons) are
colored differently (TM1-5, orange; TM6—10, marine). (B) From left to right the panel shows for each ion-occupancy configuration
of the OF state, the probability distribution as function of a descriptor of the degree on extracellular protein opening and close-
up views of the ion-binding region for those ion-occupancy states. Key residues involved in Na*/Ca2* and water coordination (W)
are highlighted (sticks, black lines). The water-density maps in B are shown as a gray mesh except for that in the semi-open
conformation of the Ca?* bound state which it is shown in magenta. For this state residues that move from their position in the
occluded state are also colored in magenta. The thin lines in the probability distributions plot reflect the statistical error calculated
through block analysis. The vertical lines below that plot are the position of the X-ray structures of the different occupancy states
considered; from left to right pdb entries 5HXH, 5SHWY, 5HXR and 5HXE[13]. (C) Same as panel B for the IF state in which the
probability distributions are reported as a function of a descriptor of intracellular opening. (D) same as panel A for the IF state.

Occluded Occluded Semi-open
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To more rigorously characterize the conformational dynamics of the ion occupancy states
described above, we performed enhanced sampling MD calculations designed to reversibly
simulate the transition between inward-occluded and inward-open conformations (see
methods). Here we report the results for simulations in which the N-terminal portion of TM2 was
set in the a-helical arrangement, which seems slightly more probable that the alternative -
helical one (see Fig. S6). For completeness, we repeated all simulations also for the latter
conformation of TM2, which show that the overall trend of the results remains the same (Fig.
S17). From these simulations, we quantified for each ion occupancy state the conformational
probability as a function of the degree of intracellular opening, measured by the number of Ca
contacts between transmembrane pairs TM1-2 and TM7-8 (Fig. 7CD). For comparison, we also
reported the same analysis performed on the previously published simulations of the OF state of
the transporter, based on the pseudo-symmetric pairs TM6-7 and TM2-3, which are used instead
to monitor extracellular opening (Fig. 7AB). The results reveal that either extra- or intracellular
ion binding drastically affects the structural dynamics of the transporter, based on a pseudo-
symmetric mechanism of ions recognition. When the transporter is bound to either three Na*
ions or one Ca?* ion, outward-occluded and inward-occluded conformations are highly probable
(Fig. 7BC). In the 3 x Na* bound state, the occluded conformation is the most probable state and
entails a maximally coordinated arrangement of the Na* ions by charged and polar residues of
the protein (Fig. 7BC), which largely precludes water entrance into the binding site region (Fig.
7). In the 1 x Ca?* bound state (Fig. 7) instead, the effect of Na* binding at Sext and Sint sites is
replaced by a network of hydrogen bonds, which through bridging water molecules located near
the Smid site connect Sext and Sint residues to the Ca?* coordination shell (Fig. 7BC). The formation
of this H-bonds network is only possible in the 1 x Ca?* bound state as, in contrast to Na*, the
former ion (as Sr?*) can achieve coordination of eight[13]. These compensating effects rationalize
how the transporter can stabilize the occluded states upon binding to either ion species with
different occupancies. Additionally, both 3 x Na* and 1 x Ca?* occupancy states feature a pseudo-
symmetric arrangement of binding site residues and coordinating ions respect to an axis parallel
to the membrane plane (same as that in Fig. 2A), thus explaining how the transporter can stabilize
in the same manner both outward- and inward-occluded states (Fig. 7BC).

Provided occluded states are significantly probable, the free energy landscape for the OF to IF
conformational switch reported previously shows that the energetic barrier between them is
surmountable (~7 kcal/mol; Fig. 6) and hence the alternating access transition is feasible.
Furthermore, the binding site region does not contribute significantly to the energetics of this
transition as throughout the latter it retains the same geometry and remains occluded from the
solvent. This implies that the energetic barrier of the transition between OF and IF occluded
states ought to be weekly affected by binding of 1 Ca?* ion rather than 3 Na* ions or more
generally by variations of binding sites occupancy state, thereby, energetic control of the
alternating access process is primarily dictated by the feasibility of the occluded states.
Crucially, our simulations show that when the binding sites are partially Na* occupied (2 x Na* in
Fig. 7) the occluded states are no longer attainable (Fig. 7BC and free energy profiles in Fig. S18),
and even more so when the binding sites are empty (no ions in Fig. 7BC) or when they bind non-
transported species such as protons (2 x H* in Fig. 7BC). This finding demonstrates that the
alternating access transition and thus ion translocation across the membrane is only triggered by
binding of either 3Na* ions or 1Ca%* ion to the protein, as only for those ion occupancy states
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occluded conformations become energetically feasible. For the other occupancy states instead,
as they entail a significant energetic cost to even reach occluded conformations (at least 4
kcal/mol for the 2Na* state and > 10 kcal/mol for the others. Fig. S18), the alternating access
process becomes unfeasible, that is the protein remains effectively locked into either extra- or
intracellular open/semi-open conformations. Such more open arrangements of the protein arise
from water penetration into the binding pocket (Fig. 7) driven by energetic gain associated to
solvation of polar/charged protein residues. When the protein instead gradually binds 3Na* ions
or 1Ca?* ion and progresses from an open to an occluded arrangement, such solvation effects
become progressively offset and eventually outmatched by the formation of ion/protein,
protein/protein (H-bonds) and water mediated interactions. Upon reaching one of the occluded
states the protein can undergo the alternating access transition and subsequently, transient
water density fluctuations and opening motions (e.g., intermediate conformations between
occluded and semi-open states), requiring moderate energetic cost (Fig. S18), can trigger ion
detachment from the binding sites followed by further protein opening to one side of the
membrane, thus leading to ions exchange. The progressive opening of the protein upon substrate
release is particularly evident when it gradually loses Na* ions following the sequence 3Na*, 2Na*
and empty binding sites (Fig. 7). Conversely, the Ca?* bound state is by itself more dynamic (Fig.
7 and Fig. S18 with free energy profiles), which being a single ion, facilitates binding/release. This
behavior is particularly noticeable in OF conformations where for the Ca?* occupancy state both
occluded and semi-open conformations are significantly probable (Fig. 7AB). Specifically, this
semi-open arrangement resembles the OF X-ray structure with Ca?* bound (Fig. S13A) and entails
an extended water channel that oftentimes reaches out from the Ca* cavity to coordinate the
Ca?* ion. The latter water coordination is consistent with the presence of extra electron density
in that position based on the crystallographic data (Fig. S13A).

In summary, taken together with previous crystallographic and computational analysis, our
results explain at the molecular level the mechanism of substrate control of the alternating
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access process by the Na*/Ca?* antiporter and rationalize its exchange function in agreement with
the 3Na*:1 Ca?* experimental stoichiometry[28, 29, 33, 34].

Simulations and accessibility data point to similar substrate control mechanism in cardiac NCX
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Figure 8. Molecular basis of experimental accessibilities of NCX1.1 based on NCX_Mj simulation models. (A) Sequence alighment
of the a-repeats regions of NCX_Mj and NCX1.1. (B) Average number of waters (top) and lipid heavy atoms (bottom) within 4.2
A of indicated residues (only sidechain) for simulations NCX_Mj in the inward facing state (same as Fig. 7BC) bound to 3Na*
(green), 2Na*(grey) and no ions (black). Error bars reflects the statistical uncertainty estimated through blocks analysis. The
selected residues of NCX_Mj are homologous to those experimentally accessible in NCX1.1 under both transport and apo
condition (drawn in blue) or only in apo condition[37] (drawn in magenta). (C) From left to right, density isosurface of waters
(within 12 A of the protein binding sites; gray mesh) and lipids (within 4.2 A of residues in panel B; bright orange mesh), and
surface of the protein intracellular side for the previously mentioned ion-occupancy states. Residues in panel B are reported as
blue and magenta spheres (left) or surfaces (right). The same density isosurfaces of waters and lipids are represented as
transparent volumes on the right.

The archaebacterial NCX that we studied in this work is considered a reasonably good model of
the well-known cardiac NCX, denoted as NCX1.1. Specifically, these two proteins have the same
3Na*:1Ca%* exchange stoichiometry[28, 29, 33, 34] and ~20% sequence identity, with the latter
rising to ~30% (over 50% similarity) and 75% (100% similarity) in the well-conserved a.-repeats
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(TMs 2,3,7,8, Fig. 8A) and binding sites regions respectively. Furthermore, recent crosslinking
experiments indicate that NCX1.1, as NCX_Mj, comprises 10 transmembrane helices[57]. Hence,
it can be expected that they share similar structural features, especially close to the a-
repeats[58].

Previous accessibility experiments provide significant information on the structural features of
the inward facing state of NCX1.1[37], which can be compared with those inferred from
simulations analysis of NCX_Mj. These experimental measurements are based on
electrophysiological analysis of cysteine mutations located within the a-repeats [37] (Fig. 8A),
wherein the protein mutants were exposed on the cytosolic side to a membrane impermeable
covalent reagent and the accessibility was assessed based on the amount of current block after
reaction with the cysteine mutated residue. In addition, while a set of experiments was carried
out in presence of extracellular Ca?* and intracellular Na*, namely, under transport condition,
another set of experiments was performed by substituting Na* with Cs* on the intracellular side,
thus representing, non-transport, apo IF condition. Note that the comparative analysis reported
here is based only on IF simulation of NCX_M)j, as in the experimental setup the chemical reagent
was added only on the cytosolic side of the membrane and OF conformations of NCX_Mj feature
negligible intracellular accessibility.

In Fig. 8B we report, for simulations of 3Na*, 2Na* and empty occupancy states, the water and
lipid exposures of residues that are equivalent to those reported as accessible in NCX1.1, under
both transport as well as apo IF condition (residues marked in blue) or only in apo IF conditions
(residues marked in magenta; Fig. 8AB). Overall, residues that are significantly water exposed on
the intracellular protein side for all ion-occupancy states, such as M46, P212 and V216 (Fig. 8BC),
correlate well with those experimentally accessible in both transport and apo IF condition and
also feature fast blocking kinetics[37], underlying easy access of the chemical reagent. Residue
T50 pertains to the binding site (Fig. 1C and Fig. 7BC) and is only partially water accessible in the
3Na* bound state. Consistently, albeit experimentally accessible, features a somewhat slower
blocking kinetics under transport conditions compared to the previously mentioned residues[37].
However, T50 becomes significantly more water exposed in 2Na* and empty occupancy states,
and accordingly blocking kinetics becomes significantly faster in apo IF conditions[37]. Residues
G208 and L211 are detected as experimentally accessible in both transport and non-transport
conditions which is not well explained by their poor water exposure from IF simulations (Fig. 8B).
This notwithstanding, our analysis shows that L211 is not enclosed in an inaccessible protein
pocket as it is lipid exposed in all simulations (Fig. 8BC). Further inspection highlights that, owing
to significant membrane deformation near the Ca?* cavity (Fig. S11A), this residue is located near
the lipid water intracellular interface, which also seems a preferred location for the
methanethiosulfonate moiety of the chemical reagent used in the accessibility experiments[59],
hence, it ought to be accessible to the latter in agreement with the experimental observation.
Residue G208 is close to L211 but feature negligible water exposure and limited lipids exposure
(Fig. 8B), and in fact is reported as having the slowest blocking kinetics under transport
condition[37]. Nonetheless, being close to the lipid-water interface, the accessibility of G208
could be affected by cysteine mutation, small structural variations between NCX_Mj and NCX1.1
as well as lipid composition, hence we do not expect strict agreement between simulation and
experimental data in this case.
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The presence of residues that are experimentally accessible only in apo IF condition, is indicative
of a significant structural variation of the protein upon Na* release, as predicted for NCX_M,;j.
Except for G231, the simulations indicate that all these residues are poorly water accessible in
the 3Na* bound state, whereas they become more water exposed in partial or empty occupancy
states, in agreement with the experimental accessibilities (Fig. 8BC). Further inspection highlights
that in the 3Na* bound state G231 resides in a small cavity (Na* cavity), which, while water
accessible, it might be inaccessible to the larger chemical reagent used in the experiments, which
might explain why the according to the latter G231 is inaccessible under transport conditions. In
addition, the size of the Na* intracellular cavity might vary between NCX_Mj and NCX1.1.
Nonetheless, the simulations suggest that such cavity becomes significantly larger and much
more water accessible upon Na* unbinding (Fig. 8C), which well correlates with the experimental
observations. Interestingly, among these residues 148 is lipids exposed in all ion occupancy states
(Fig. 8B), however, its position is not particularly close or connected with the water-lipid interface
hence it’s accessibility to the chemical reagent is expected to correlate more with water rather
than lipid exposure. Consistently with the experiments, the water accessibility of 148 become
significant only in 2Na* or empty occupancy states (Fig. 8BC).

Overall, this analysis provides significant evidence that the inward-facing states of NCX1.1 and
NCX_M)j share similar structural features and that both proteins undergo an analogous substrate-
induced conformational change from an open to an occluded conformation.

Discussion

Selective and active secondary transport requires that the alternating access mechanism of the
membrane transporter[3, 4, 8, 9] is only triggered by proper substrate occupancy states. For
Na*/Ca?* exchangers, for example, binding of either three Na* or one Ca? induces a
conformational switch between outward and inward-facing conformations that, depending on
the ion electrochemical gradients, leads to transport of those ions in the opposite direction[26,
27, 33] (Fig. 9). Furthermore, to effectively transport the substrates, and prevent dissipation of
the driving force, some of the protein conformations should not be energetically feasible.
However, it is not clear the molecular mechanism that forbid states, as for example, a continuous
open pore. Here, we elucidated the molecular basis of this functional mechanism using
qguantitative molecular simulation approaches coupled to previous HDX-MS and accessibility
measurements.

The simulations reported here capture different conformational states of a prokaryotic Na*/Ca%*
exchanger (NCX_Mj), including previously unknown inward-facing conformations and
intermediates of the alternating access transition. They also quantify the energetic stability of
each of these states (Fig. 1,2), the energetic barriers for the transitions between them (Fig. 6) and
how these are reshaped by ion-binding events (Fig. 7). Altogether, these computational data
reveal the interplay between ion binding and alternating-access conformational change in this
protein. The relevance of the structural computational models predicted here (with possible
limitations of the simulation energy function) is supported by the fact that a diverse set of
available outward-facing X-ray structures[13, 35] correspond to energetically accessible
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conformations of the calculated free energy landscapes (Fig. 1,2 and 7). This is also true for
conformations that were not specifically used in the simulations (Fig. 7)[13] since all simulations
are started from one structure (pdb entry 3V5U[35]). Additionally, we explicitly validated the
predicted inward-facing states comparing with the available accessibility data[37, 42] (Fig. 4 and
Fig. 8) and performing ensemble reweighting based on previous HDX-MS measurements [42] (Fig.
4).

The results demonstrate that, similarly to an enzyme, the transporter lowers the activation
barrier for translocation through an induced-fit mechanism triggered by the binding of
appropriate substrates. Namely, binding of either three Na* or one Ca?* to the transporter
induces the formation of intermediate occluded conformations (Fig. 7 and Fig. 9) of the protein,
that ultimately open an energetically permitted pathway to the alternating access transition (Fig.
6 and Fig. 9). As shown by our computational analysis (Fig. 6 and Fig. 7) and its comparison with
previous accessibility data[24] (Fig. 8), this occlusion mechanism provides a kinetic control of the
antiport function that explains the 3Na*:1Ca?* stoichiometry reported experimentally[28, 29, 33,
34]. Furthermore, it also explains transport selectivity; occluded states are unattainable when
the protein binds to protons. This rationalizes how Na*/Ca?* antiporters do not catalyze Ca?*/H*
exchange[35] (Fig. 7 and Fig. 9) although under low pH the binding site can be occupied by
protons. We posit that a similar mechanism applies to other divalent cations, as Cd** and Mn?*,
that bind to the transporter[35] but act as non-competitive inhibitors[35, 60, 61]. Based on the
observation that similar substrate-induced conformational changes have been also captured in
experimental structures of other secondary transporters, regardless of their particular type of
alternating access mechanism (as for example Mhp1 [62], vSGLT[63, 64], LeuT[65-68], LacY[69,
70] and Gltpn[71]), we envisage that the proposed mechanism of selective occlusion provides a
general principle for kinetic control of function in these proteins[3].

For the Na*/Ca?* exchanger studied here, the mechanism of ions-induced extracellular occlusion
has been characterized by our previous simulation (which we re-analyzed here) and
crystallographic data[13]. We showed that the occlusion arises from extracellular packing of
TM6-TM7 against TM2-TM3 (Fig. 7A). The new simulations performed here instead reveal the
molecular details of the conformational switch between outward-occluded and inward-occluded
states (in the 3 x Na* occupancy state) as well as how ions release from the latter promotes
intracellular opening. Our data show that the inward-to-outward transition occurs through a new
type of alternating access mechanism. This involves sliding of the TM1-TM6 bundle by ~1nm
across the membrane coupled to structural rearrangements of TM2a-TM7a (Fig. 2, Fig. 3AB and
Fig. 6). The ions, instead, remain bound at the center of the protein and shielded from water (Fig.
2 and Fig. 6). These movements of topologically inverted helix pairs are consonant with those
inferred from the internal pseudo-symmetry of the protein[5, 35] and are also in line with the X-
ray structures of inward-facing Ca?*/H* exchangers[38-40] (Fig. 3CD). Hence, they support a
conserved alternating access mechanism in the cation/Ca?* superfamily[72]. We have also shown
that during this transition a complementary set of hydrophobic, hydrophilic, and lipid-mediated
interactions alternatively form and disrupt at the two sides of membrane (Fig. 5 and Fig. 6).
Previous mutational analysis highlighted how some of the residues involved in those interactions
are critical for protein function (T57, F202, G76, D197) and determine the apparent intracellular
and extracellularions affinities (G42, G201, V205, G231, G235)[47, 48]. In addition, these residues
are partially conserved across inverted topological repeats (Fig. S1), which explains how the
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internal pseudo-symmetry of the protein lays the groundwork for generating two stable
alternating access conformations[3, 5, 8] (Fig. 1D). During the conformational cycle, the
interchange of the previously mentioned interactions leads to crossing metastable closed
intermediates and multiple energetic barriers (Fig. 6), but no structural changes occur within the
protein binding site, and no leaking pore states are ever formed (Fig. 1D). Despite the barriers
are surmountable (6-7 kcal/mol; Fig. 6), they likely determine the low turnover rate of NCX_M)j
(0.5 s) [47] which compared to mammalian NCX orthologs is over 1000 slower[26, 73, 74].
Previous work showed that replacement of the protein binding site of NCX_Mj to match that of
the cardiac NCX and changes in the lipid composition do not fill this gap in the turnover rates[75].
We believe that the cardiac NCX may stabilize the closed intermediates minima identified here,
through interactions not at the binding site. This type of halfway intermediates between outward
and inward facing conformations has been captured in X-ray structures of different secondary
transporters[10-12].

The last set of simulations that we performed complete the structural information on the
conformational cycle of NCX_Mj. Namely, starting from the inward-occluded state, predicted and
validated here, we showed how partial ion occupancies or different ion types leads to
intracellular opening mediated by helical movements that are pseudo-symmetrical respect to
those observed for extracellular opening (TM1-TM2 detaches from TM7-TMS8; Fig. 7CD). These
structural changes are compatible with HDX-MS experiments that report reduced deuterium
uptake levels upon Na* and Ca?* binding for a mutant (5L6-8) of NCX_M);j that favors inward facing
conformations[42]. Furthermore, they are also consistent with previous accessibility data on the
cardiac NCX[37] which outlines how this occlusion mechanism is common in prokaryotic and
mammalian NCX (Fig. 8).

In summary, taken together with previous computational and structural studies, our work
explains, at the molecular level, previous functional, biochemical, and biophysical data on
Na*/Ca%* exchangers and establishes the molecular basis for selective and active transport in
these proteins.
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Figure 9. Schematics of the proposed alternating access mechanism of the Na*/Ca?* exchanger. The carbonyl groups of A47 (on
TM2b) and A206 (on TM7b), and the side chains of E54 (on TM2c) and E213 (on TM7c) are highlighted. The blue and brown empty
cylinders denote the sliding helices TM1 and TM6. The orange and marine cylinders represent TM2 and TM7 respectively. States
and connectivity have been deduced from the calculated free-energy landscapes. Asterisks mark the states determined also by
X-ray crystallography[13, 35]; from left to right pdb entries SHXE (or 3V5U), SHWY (or 5SHWX), 5SHXH and 5HXR.

Methods

Repeat-swap model of the inward facing conformation of NCX_Mij

The reaction coordinates that were used to enhance the simulations sampling (see section below)
are based on the OF X-ray structure of NCX_M,j[35] and on an IF model that was derived using
the repeat-swapping technique[76]. Namely, the IF model was derived according to the structural
relationship between the two inverted topological repeats of NCX-Mj (Fig. S1AB). The concept is
that, despite the structural and sequence similarities, each repeat adopts a different
conformation (Fig. S1B), hence indicating that alternating access arises from a concerted
conformational switch of both repeats[5, 8]. Thus, we generated a template for modelling the IF
conformation by swapping the residue numbers of the two repeats in the X-ray structure (Fig.
S1AB), with the specific sequence alignment provided in Fig. S1C. Our previous work outlined that
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when the protein is fully bound with 3 Na* ions, the binding site adopts a symmetric coordination
with respect to an axis parallel to the membrane plane[13, 36]. Hence, it can be expected that
the binding site geometry remains mostly unaltered during the OF-IF conformational change and
was preserved by restraining the distances between Na* and coordinating oxygens as well as
oxygen-oxygen distances. Following an established protocol[76] we generated 250 IF models
using MODELLER[77] v9.15 and selected one of them for further refinement. In particular, we
repositioned the side chains of scaffold regions according to the X-ray structure (Fig. S1A) and we
corrected sidechain rotamers using SCWRL4[78]. The model was then energy minimized,
embedded in a solvated POPC bilayer using GRIFFIN[79] and equilibrated for 800 ns at constant
temperature (298 K), pressure (1 atm) and membrane surface area (~69 A2 per lipid). The MD
simulation were carried out with NAMD v 2.12[80] using the CHARMM27/CMAP force field[81,
82] and the same setup of our previous work[13]. The MD equilibration involves a set of stages
in which first position restraints and then RMSD restraints (where the protein is allowed to freely
tumble) are gradually removed on protein sidechain and backbone atoms. Thereafter we
performed additional 3 us MD simulation without any restraint (Fig. 3 and Fig. S7).

Enhanced Sampling MD simulations of the OF-to-IF transition of NCX_Mj

The MD simulations used to calculate the free energy landscapes of the alternating access
transition are based on bias exchange metadynamics calculations (BE)[44] carried out with
GROMACS 4.5.5/PLUMED[83-85] at constant temperature (298) and pressure (1 bar). All
simulations used the CHARMM 36m[86] and CHARMM36[87] force fields for protein and lipids
respectively, with a modified version of the Lennard-Jones Rmin parameter for the Na*-
carboxylate interaction[36]. Electrostatic interactions were evaluated with PME using a real-
space cutoff of 9 A; the same cutoff distance was used for Lennard-Jones interactions. The initial
atomic coordinates correspond to an equilibrated configuration of the 3 x Na* bound X-ray
structure[35, 36], obtained from previous MD calculations[13]. To limit the number of possible
protein conformation to be sampled and converged, we removed the intracellular loop between
residues A148 and N157 (dotted loop in Fig. 1A), which is not critical for the transport
function[47]. This initial configuration was equilibrated in three stages: two MD simulations with
position restraints on protein heavy atoms; the first (30 ns) at constant surface area and the
second (40 ns) at constant pressure. This was followed by 60 ns simulation without any restraints.
The BE calculations consist of a set of enhanced sampling simulations (or replicas) that exchange
coordinates (every 10-20 ps) according to a Metropolis criterion[44]. To reduce the energetic
barrier of alternating access protein conformational changes, each replica entails a
metadynamics bias potential[88, 89] applied on small subset of the reaction coordinates. For
such complex conformational changes it is difficult to derive a single optimal reaction
coordinate[17], as this would require preliminary detailed knowledge of the inward facing
conformation of the transporter as well as of the most likely intermediate conformations of the
alternating access transition. Therefore, we opted for a wide set of reaction coordinates (18 in
total), none of the which is necessarily optimal, but coupled together through the BE technique
are expected to facilitate the sampling of all the relevant outward-to-inward transition pathways.
The most probable protein conformations are then extracted post-hoc from simulation analysis
(see below).
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Based on a repeat-swap model[5, 8] of the IF state (IF-rs), we selected a set of reaction
coordinates (&;) that measure the linear progress of a given configuration from OF (equilibrated
3 x Na* bound X-ray structure[35, 36]) to IF-rs conformations, in the form of a path collective
variable[90]:
© exp{—Ad,(t)} + 2exp{—Ad,(t)}

S0 = e Ad, (O] + exp{—Ad,(0)
Where d, (t), d,(t) are the mean square displacements (MSDs) of the current configuration (at
time t) relative to either OF or IF-rs conformations, respectively. The smoothing parameter A is
proportional to the inverse of the MSD between these two reference structures (table S1).
According to the definition of &; (eq. 1), configurations that are much closer to the X-ray structure
than to the IF-rs model correspond to &;~1, conversely, £;~2 in the opposite case. All other
configurations result in intermediate values of §; comprised between one and two.
A set of 18 reaction coordinates of this type was generated by defining each path collective
variable in reference to a particular protein region, selected among protein backbone, loop/helix
fragments and residues sidechains facing intracellular and/or extracellular sides of the
membrane (Fig. S2). Each replica of the BE simulations, except for the unbiased ones, entails a
metadynamics bias potential applied on two of the previously mentioned path collective
variables, with the combinations reported in table S1. We also applied boundary potentials to
maintain the Na* and the water molecule bound to the respective sites (Fig. 1C). For Na* the
potential was applied on the following variable:

- )
£o(0) = Zkﬁ
To

where 13, is the distance between ions and coordinating oxygen atoms and 1, = 0.24 nm. For this
variable we set lower values of £, = 4.3 for Na* ions bound to Sint and Sex: sites (coordinated to
5 oxygens) and &, = 4.75 for the one bound to Sca (coordinated to 6 oxygens; Fig. 1C), using a
potential of the form k- (&.(t) — &,)*, applied when é.(t) < &, and for which k. = 1000
kJ/mol. The water molecule in the binding site (Fig. 1C) was confined with half harmonic
potential, k;(r(t) — ry)?, on the distances (r) between the water oxygen and the C, atoms of
N81 and D240 respectively. This potential was set with k; = 10000 kJ/(mol nm?) and applied
when either of the distances is larger than 1, = 0.46 nm .

For the BE calculations, we carried out an initial equilibration stage of 1 us (for each replica) using
32 replicas (31 biases replicas and one unbiased). During this stage, each replica reached uniform
sampling in the space of the biased reaction coordinates, and seven continuous trajectories
(reconstructed post-hoc from the exchanging replicas) visited independently the inward facing
state. This state was sampled by the unbiased replica after 850 ns, confirming that it lies on a low
free energy region of the landscape. After exploring the relevant protein conformations, we
aimed to converge the sampling by doubling the number of replicas to 64 (table S1) and
continuing each simulation for other 200 ns, with a total simulation time of 45 ps. The free energy
landscapes were derived using the sampling obtained with 64 replicas.

(1).

(2),

Analysis based on free energy landscapes of the alternating access transition of NCX_M)
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To calculate the free energy map of Fig. 1D, we analyzed the sampling of 12 BE replicas; two
unbiased, six with a bias applied on &, and &;3 and four biased along &, and &, (Fig. S2 and table
S1). The first two of these variables describe open and closing of either intracellular (&) or
extracellular (&;3) protein regions, whereas the last two detect the conformational
rearrangements around either Ca?* (&;4) or Na* cavities (§;,; see also Fig. 2A). We derived the
free energy across those variables by estimating the free energy derivatives (mean forces) on
each point of a four-dimensional grid (dividing the space in 60 bins along each direction), using
the force-correction analysis method (FCAM)[41]. The free energy was obtained by mean forces
integration, using a kinetic Monte Carlo approach[41]. The free energy map in Fig. 1D was
obtained by integrating the four-dimensional (4D) probability distribution (Boltzmann
distribution based on the 4D free energy landscape) on &;¢ and &, to obtain the free energy as
a function of &g and &, 5 (Fig. 1D).

Water/protein/lipid densities and other structural quantities in Fig. 2 and Fig. 5 are based on
configurations that are within 1 kcal/mol of either OF or IF free energy minima in Fig. 1D. These
configurations were re-sampled from the 12 BE simulations replicas mentioned above, according
to a Monte Carlo approach, so that their probability is proportional to the Boltzmann weight
dictated by the free energy as a function of &, &;3, &1 and &;,. Pairwise RMSD distributions in
Fig. 3 are based on the same Monte Carlo approach, with a threshold of 2 kcal/mol from either
OF or IF free energy minima.

The X direction in Fig. 2BC is defined by the axis connecting the centers of two groups of Ca
protein atoms; the first group comprises residue ranges 102-108 and 112-118 (pertaining to TM4)
whereas the second group entails residues 258-264 and 268-274 (pertaining to TM9). The Z
direction is defined similarly with the first group of Co atoms comprising residue ranges 102-108
and 268-274 (intracellular portions of TM4 and TM9) whereas the second group entails residues
112-118 and 258-264 (extracellular portions of TM4 and TM9). The position of TM1-TM6
projected along those axes (Fig. 2C and associated caption) is defined by the center of Ca atoms
of residue ranges 1-33 (TM1) and 160-192 (TM6). The free energy map of the TM1-TM6 center
projected along X and Z directions was calculated from the weighted histogram as a function of
those variables, based on the sampling of the previously mentioned 12 BE replicas. To ensure
unbiased sampling, the weight of each simulation frame, i, was set as
exp{— F(§*D)/kgT}/Nyq), where F(§¥W) is the free energy as a function of &, &3, £, and
§17, a(i) is the 4D bin assigned to frame i and N, ;) is the total number of frames in that bin[41].
The map in Fig. 2E was calculated similarly from the weighted histogram of the O-N distances
between residues G42-A47 and G201-A206.

The details of the ensemble reweighting approach to couple the free energy calculations with the
HDX-MS experiments (Fig. 4) are provided in the supporting information (see supporting text).
The minimum free energy path of Fig. 6 reflects the most likely pathway (at a low temperature
of 10K) from OF to IF conformations across a free energy landscape as a function eight reaction
coordinates: &, &7, &g, €13, €14, €15, €16, €17 (Fig. S2). This free energy landscape was obtained
calculating the mean forces on an eight-dimensional grid (dividing the space in 40 bins along each
direction), as described previously, and using the sampling of 20 BE replicas: two unbiased, and
the others biased on two among the eight reaction coordinates mentioned previously (table S1).
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Remarkably, the free energy map as a function of {; and &;; obtained from the eight-dimensional
(8D) landscape (by integration of the 8D probability density) matches within the uncertainty that
derived from the 4D landscape mentioned above (Fig. S19), underlying the accuracy and
consistency between the two high-dimensional landscapes. The most likely pathway from OF to
IF conformations across the eight-dimensional space was calculated by maximizing the pathway
probability using a simulated annealing approach as reported in a previous work[41]. To ensure
that the calculated pathway describes a continuous set of transitions, here we considered that
two neighboring bins of the 8D grid are connected only if transitions between them are observed
during continuous trajectories.

Re-refinement of Ca?*and Sr?* bound X-ray structures

For re-refinement of outward-facing X-ray structures of NCX_Mj in the Ca?* and Sr?* bound states
we used the electron densities downloaded from the protein data bank (pdb entries 5HXR and
5HXS[13]). Model building was completed with COOT[91], and structure refinement was carried
out with PHENIX[92].

Conventional molecular dynamics (MD) simulations

Conventional (i.e. not enhanced) MD simulations were carried out with GROMACS2018 and
GROMACS 4.5.5/PLUMED[83-85, 93] (the latter was used when confining potentials were
applied) using the same force field and simulation parameters of the enhanced sampling
calculations reported above. A set of MD simulations was carried out starting from OF and IF
configurations (three for each state) extracted from the enhanced sampling calculations. These
simulations were run for 12.6 pus in total (6 us and 6.6 us for OF and IF simulations respectively,
Fig. S3).

Another set of MD simulations was carried out for different ion-occupancy states of NCX_Mj in
the IF state. The initial configuration of the two-Na* state was generated from the 3Na*bound IF
conformation extracted from the enhanced sampling calculations by displacing the Na* ion at Sint.
This was done through a slow alchemical transformation that annihilates the bound ion (during
40 ns simulation). A CI" ion in the bulk solution was concurrently annihilated to maintain
neutrality. An initial configuration for the apo state (i.e., no ions in Fig. 7CD) was derived from
the equilibrated 2 x Na* state by annihilating (during 40 ns simulation) the Na*ions from the
binding sites concurrently with two ClI" ions in the bulk solution. For the two-H* state, an initial
configuration was generated from the 3Na* bound IF state by gradually annihilating (during 100
ns simulation) the Na*ions from the binding sites (plus a CI" ion in the bulk) and creating
protonated E54 and E213 side chains. The initial configuration of the Ca?* bound state was
generated from the 3x Na* bound IF state (same as above), by removing bound Na* ions and
introducing a Ca?* ion at the Sc, site. The water molecule at the Smiq site was also removed and
replaced with two water molecules coordinating the Ca?* ion to fulfill the coordination geometry
of the re-refined X-ray structure with high Ca?* and low Na* concentration (Fig. S13A). The
obtained structure was energy minimized and relaxed during 10 ns MD simulation with positions
restraints on all protein heavy atoms except binding site residues (Fig. 1C). The Ca?* ion and
coordinating water molecules were also subject to position restraints at this stage. For all ion
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occupancy states, after obtaining initial configurations we performed ~1us MD equilibration (Fig.
S14 and $15). For the 1 x Ca®* bound state we applied a boundary potential during the simulation
to maintain the Ca?* bound to the Sc, site. This potential was applied on the coordination variable
defined by eq. 2 in which 1y, is the distance between Ca?* and a coordinating oxygen atom, and
15 = 0.3 nm. For this variable we set a lower value of ¢, = 7.4 using a potential of the form
ko(é.(t) — &,)?, applied when é.(t) < &, and for which k; = 400 kJ/mol. The two water
molecules in the binding site (Fig. 7C) were also confined with a half harmonic
potential, k;(r(t) —ry)*, on the distances (r) between the C, atoms of either N81 or D240
residues with the oxygen atom of the adjacent water molecule. For this potential r, = 0.41 nm
and k; = 10000000 kJ/(mol nm?). An additional simulation of 730 ns shows that the initial Ca?*
coordination geometry (and the overall protein conformation) is retained also in absence of
confining potentials (data not shown).

The previously mentioned simulations were replicated for both IF substates of NCX_Mj (IF, and
IFx in Fig. S6 and supporting text) in which TM2a is ether in a- or m-helical conformation and the
loop between TM1 and TM2 is either extended or compact (Fig. S14 and Fig. S15). The
equilibrated structures of each ion-occupancy state were used as initial configuration for
enhanced sampling calculations (see below).

Enhanced Sampling MD simulations of ions-induced intracellular occlusion of NCX_Mj

The MD simulations of the transition between inward-open and inward-occluded states of
NCX_Mj are also based on BE calculations that use the same software and simulation
specifications of those reported above. The choice of the collective variables is based on the
analysis of the unbiased MD trajectories, following an analogous protocol of our previous
study[13]. Specifically, to enhance the reversible entrance and exit of water molecules from the
intracellular side of the membrane into either the Sint or the Sca binding sites, we used the
following collective variable:
B

e = s e B /)

where 7;(t) denotes the time-dependent distance between the oxygen atom of each water
molecule in the system, i , and the center of the binding respective site considered (&int for Sint,
&ca for Sca), and B is 10 nm. When the binding site was occupied, the ion was used to define its
center. If the site was empty, its center was defined as the center of mass of the oxygen atoms
coordinating the ion if bound. Bound water molecules at or near Smig (coordinating the Na* or
Ca?* ions) were not considered.

To control reversible intracellular opening and closing, we used two path-collective variables. The
first one, &rpq2-7, is defined according to eq. 1 and describes the movement of intracellular
portions of TM1 (residues 18-26) and TM2 (residues 45-50) relative to that of TM7 (residues 211-
217). In this case, the terms d;(t), d,(t) in eq. 1 describe the MSDs (defined with Ca. atoms of
the selected residues of TM1, TM2 and TM7) of the current configuration relative to either
intracellularly closed or open conformations, respectively. Representative closed and open
conformations were extracted from MD simulations of 1 x Ca?* and apo occupancy states,
respectively, and A = 20 nm™. The second path-collective variable describes instead relative

(3),
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opening/closing movements of intracellular portions of TM2 (residues 45-50) and TM8 (residues
232-236), and is defined with three reference states:

© exp{—Ad,;(t)} + 2exp{—Ad,(t)} + 3exp{—Ad;(t)}

Sz = A, (0] + exp{ =2 dy (D + exp—A d3 (D)

Where d,(t), d,(t) and d;(t) are the MSDs (defined with backbone atoms of the selected
residues of TM2 and TM8) of the current configuration with respect to progressively more open
reference structures. These structures were selected from MD simulations of 1 x Ca?* (d,) and 2
x Na* occupancy states (d, and d3), and A = 200 nm™. Note that in the definition of these path-
collective variables we omitted the terminal portions of the TM regions.
To maintain ions and waters bound to the respective sites we used same the boundary potentials
described above. In particular, the 2 x Na* state entails the same restraining potentials of the 3 x
Na* state for Na* ions and water molecules except for the Sint site which is empty. No boundary
potentials were applied for simulations of 2 x H* and no ions states.
The BE simulations entail 16 replicas; 15 with a well-tempered metadynamics[94] biasing
potential applied on different subsets of collective variables, as specified in table S3, and one
unbiased replica. The total simulation time is 300 ns for each replica, in which the last 100 ns
were used for analysis (i.e., after equilibration).
To assess whether the boundary potentials on the ions affect the probability of intracellular
opening of the 3 x Na* occupancy state (which has the largest number of restraints), we replicated
the BE simulations by removing residue A47 in the definition of the coordination variable (see eq.
2) used to define the boundary potential applied to the Na* ion bound at Sin: (and we set its lower
limit to 3.45; see above). This change ought to increase the probability of A47- Na* detachment,
thus facilitating intracellular opening, however, the results show that it does not alter the
probability of intracellular opening (Fig. S20).
The previously mentioned BE simulations were replicated for both IF, and IF; substates (see Fig.
S6 and supporting text). Data reported in Fig. 7CD are based on simulations of the IF, substate,
the analogous results for the IF; substate are provided in Fig. S17.

(4).

Protein conformational probabilities of the different ion occupancy states of NCX_M)

To translate the BE simulation data into free energy landscapes or conformational probabilities,
we identified two pseudo-symmetric structural descriptors that are both intuitive and well-
represent closing/opening motions of IF and OF states of NCX_M)j upon ions binding/release.
These are defined by the number of Ca contacts between transmembrane pairs: intracellular
portions of TM1-TM2/TM7-TM8 for simulations of the IF state of the protein and extracellular
portions of TM6-TM7/TM2-TM3 for the OF state. For the latter state we re-analyzed our
previously published simulations[13]. The number of Ca contacts is defined by:

_ O
SC(t):Zijl <] )

_\NT
8
1— 13 (£)
To
where 1y, = 0.7 nm and r;; denotes the Ca—Ca distance between residue i and j. For simulations
of the IF state, the indexes i and j comprise intracellular facing residues of TM1-TM2 (residue

(5),
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numbers 17, 20, 21, 24, 25, 42, 43, 46, 47, 48, 50) and TM7-TMS8 (residue numbers 211, 212, 213,
215, 216, 219, 220, 231, 232, 235, 236), respectively. For simulations of the OF state, i and j are
residue numbers corresponding to extracellular portions of TM6-TM7 (176, 179, 180, 183, 184,
201, 202, 205, 206, 207, 209) and TM2-TM3 (52, 53, 54, 56, 57, 60, 61, 72, 73, 76, 77),
respectively.

For each simulation set we derived the unbiased probability as a function of S, (Fig. 7BC) as the
weighted histogram across BE simulation configurations, in which the weight encompasses the
free energy as a function of the reaction coordinates that are biased during the simulation. The
free energy was derived from the calculation of the mean forces[41] as detailed in a previous
section (see Free energy landscapes of the alternating access transition of NCX_M,j). For Ca?*
occupancy states, histograms were corrected on account of the excess amount of charge
transferred from the ion to the protein[13] (based on which Ca?* has a reduced charge of 1.8 and
coordinating residues/molecules a proportionally increased charge). To do so, we multiplied the
weight of each configuration, i, by a reweighing factor given by:

Uf — Ui}

kaT (6),

W; = exp {—

where the term UL-C — U, is the difference between the potential-energy functions with modified
and conventional charges, respectively.
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