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A B S T R A C T   

Protein dynamics due to flexible linkers connecting otherwise rigid domains may be critical for the functioning of 
a variety of biological systems, ranging from membrane transporters to calcium-signaling and the formation of 
intercellular junctions. Considering that NMR spectroscopy is extremely powerful to characterize dynamics at 
various time scales, this manuscript brings an overview of the main strategies that have been employed to 
characterize inter-domain dynamics in relevant biological systems. Emphasis was given to the calcium binding 
proteins: calmodulin, cadherin, and the Na+/Ca2+ exchanger calcium-sensor domain. The introduction of 
paramagnetic centers in diamagnetic proteins is seen as key to obtaining unambiguous information about inter- 
domain dynamics. This is because the self-alignment of one of the domains in multi-domain proteins avoids the 
problem of dealing with alignment tensor fluctuations in dynamic systems. The combination of residual dipolar 
couplings (RDCs) and pseudocontact shifts (PCSs) with computational strategies aiming to provide an ensemble 
description of protein dynamics is seen as the most powerful strategy to gain detailed atomistic information on 
inter-domain motions. It is noteworthy that the cadherin ectodomains and the Na+/Ca2+ exchanger calcium 
sensor respond in the same way upon calcium-binding: in the absence of calcium the two domains are flexibly 
linked to one another and may preferentially sample kinked inter-domain arrangements, while calcium binding 
stabilizes a rigid and extended inter-domain arrangement. It is thus remarkable that nature chose the same 
molecular mechanism to promote two very different biological functions that are triggered by calcium signaling: 
intercellular adhesion by the formation of cadherin dimers and the allosteric regulation of a membrane trans
porter in the case of the Na+/Ca2+ exchanger.   

1. Introducion 

Calcium ions are key intracellular signaling mediators. They act as 
second messengers in signal transduction pathways, trigger muscle 
contraction and induce apoptosis [1–3]. While the extracellular calcium 
concentration is typically in the mM range, the intracellular calcium 
concentration is four orders of magnitude lower [3]. The low calcium 
concentration in the cytosol is key for the signaling roles played by 
calcium. The sudden opening of calcium passive transport channels after 
a stimulus causes the intracellular calcium concentration to spike. As a 
consequence, calcium binds to regulatory proteins that activate a variety 
of functions. The signal is quenched by the action of calcium-buffering 
proteins and calcium-extrusion mechanisms, which act to restore the 
basal intracellular calcium concentration [3,4]. The cytosol contains 
different soluble proteins that are involved in signaling mediated by 
calcium, for example calmodulin and protein kinase C (PKC), which 

have been extensively studied [3,5–7]. Binding of extracellular calcium 
to adhesion proteins such as cadherins triggers inter-cellular contacts 
and is required for the formation of intercellular junctions [8,9]. Since 
the interaction between calcium ions and calcium-dependent signaling 
proteins is essential for cells functioning, understanding the structural 
basis of this interaction has always been of great interest. The first 
calcium-binding motif structurally described was the EF-hand motif 
identified in parvalbumin [10]. This motif consists of two α-helices 
separated by a loop that contains one calcium-binding site (Fig. 1). 
Another widespread calcium-binding motif is the immunoglobulin-like 
β-sandwich domain, found, for example, in the cadherin extracellular 
modules. This motif consists of a sandwich of a 4-stranded β-sheet and a 
3-stranded β-sheet, and the calcium-binding sites are located at the distal 
loops of the β-sandwich [11] (Fig. 1). The immunoglobulin-like 
β-sandwich calcium-binding domain was also called calx-β motif 
because it was identified in the Drosophila Na+/Ca2+ exchanger, CALX 
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[12,13]; it differs from the widespread C2 calcium binding domains 
because the latter consist of a β-sandwich of a pair of four-stranded 
β-sheets [14]. 

NMR spectroscopy and X-ray crystallography have given a large 
amount of information on the structural aspects of the specificity, af
finity, and cooperativity of calcium-binding to single domains [3,14]. 
However, proteins often consist of more than one domain and two or 
more calcium-binding motifs come together in a single polypeptide 
chain. It is the change in the relative dynamics or in the average 
orientation between the domains due to the binding of calcium that 
triggers the biological function as observed with other modular proteins 
[17]. Functional protein dynamics have been well characterized in the 
case of the intracellular calcium-binding protein calmodulin, or the 
extracellular cadherin ectodomain, and in the case of membrane trans
porters such as the Na+/Ca2+ exchanger. But obtaining clear and un
ambiguous evidence of the occurrence of relative domain motions in 
modular proteins is not trivial, specially when inter-domain linkers are 
short such that the overall dynamics is coupled with the inter-domain 
motions [18,19]. Here well understood examples of how NMR spec
troscopy was used to investigate relative domain motions, with 
emphasis on the examples of calmodulin, cadherin, and the Na+/Ca2+

exchanger calcium sensor domain, are reviewed. 

2. Calmodulin: a paradigm for two-domain calcium-binding 
proteins 

Calmodulin (CaM) is a small 16.7 kDa protein that is involved in 
calcium-signaling in the cytosol [6,20]. CaM responds to the sudden 
increase of the intracellular calcium concentration in excitable cells by 
binding calcium, and subsequently activating a series of intracellular 
enzymes [5,7]. CaM was extensively characterized by NMR spectros
copy and X-ray crystallography, in the calcium-free and in the 

calcium-bound states, and in the ligand-bound state [21–25]. The 
crystallographic structure of CaM in the calcium bound state shows two 
globular domains connected by a long α-helix of approximately 8 helical 
turns, also known as central helix, forming a dumbbell shape [26]. Each 
globular domain contains two EF-hand motifs, each of them consists of 
two α-helices separated by a loop that contains a calcium-binding site. 
Therefore, CaM has four calcium binding sites, two in each one of the 
two globular domains. Extensions of helix IV in the N-terminal domain 
and of helix V in the C-terminal domain form the long alpha-helical 
inter-domain linker [26] (Fig. 2A). Binding of calcium to CaM 
EF-hand motifs leads to a decrease in the inter-helical angle within each 
EF-hand, leading to the exposure of hydrophobic residues that were 
hidden in the unbound state [25,27,28]. This structural change exposes 
a hydrophobic surface, which prompts CaM to interact with its target 
sequences. In the calcium-bound state CaM recognizes sequences of 
approximately 18 amino acids with propensity to form amphipathic 
alpha-helices [29]. Binding of calcium-loaded CaM to its target peptides 
leads to the breakage of the central helix, forming two shorter helices 
separated by a flexible loop, which allows the two globular domains to 
come close together to embrace the target polypeptide sequence as a 
clamp, forming a tight complex with a hydrophobic interface [22,30] 
(Fig. 2B). It is noteworthy that complex formation with the target pep
tides requires a drastic rigid body motion of CaM two globular domains 
that assume a compact inter-domain arrangement, which is facilitated 
by the loss of the helical character in the center of the long inter-domain 
helix [31] (Fig. 2). 

Early on it was noticed that the dumbbell shape observed in the 
crystallographic structure of the calcium-bound CaM did not agree with 
the solution structure. Small angle X-ray scattering (SAXS) data showed 
evidence for a more compact averaged structure in solution [33]. 
Furthermore, the scattering data obtained for calmodulin in the absence 
of calcium showed only subtle differences with the calcium-bound state, 

Fig. 1. A) Crystallographic structure of parvalbumin 
displaying two EF-hand motifs highlighted in red and 
yellow. PDB: 5CPV [15]. The two EF-hand calcium-
binding loops interact with one another forming a short 
two-stranded β-sheet. B) Crystallographic structure of 
CBD1 (calcium-binding domain 1) from the Na+/Ca2+

exchanger, exemplifying the immunoglobulin-like 
β-sandwich motif formed by β-sheets G-A-B-E and 
A’-G’-F-D-C. PDB: 2DPK [16]. Calcium ions are shown 
as green spheres. N: N-terminal end; C: C-terminal end.   
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namely slightly shorter maximum intramolecular distance (Dmax) and 
radius of gyration (Rg) values [33]. NMR relaxation data supported the 
discrepancy between the solution and the crystallographic structures of 
calmodulin. Specifically, 15N-1H bond vector order parameters (S2) 
calculated from longitudinal and transverse 15N relaxation rates and the 
{1H}− 15N heteronuclear NOE [34], indicated that the central part of 
calmodulin inter-domain helix (residues 78 - 81) displayed high flexi
bility (S2 < 0.6) in the calcium-bound state [21]. The isotropic overall 
rotational tumbling time (τc) of calmodulin, estimated from 15N R2/R1 
ratios [35], was 7.12 and 6.30 ns for the N-terminal and the C-terminal 
domains, respectively. Furthermore, isotropic τC values for individual 
NHs were found to be nearly independent of the 15N-1H bond vector 
orientation in the molecular axis system, suggesting that the overall 
rotational diffusion tensor was nearly isotropic [21]. Altogether these 
observations indicated that, in contrast to what would be expected for a 
rigid protein, CaM two domains reorient at slightly different rates and 

faster than would be expected for a spherical molecule of similar size 
[21,35]. In addition, the nearly isotropic rotational diffusion tensor was 
not consistent with a rigid dumbbell shape. Taken together, these studies 
supported the view that calmodulin was better described by two do
mains connected by a flexible hinge, similar to two beads connected by a 
string. The data also suggested that the average inter-domain arrange
ment could be more compact as indicated by SAXS [21]. The analyses of 
calmodulin local and global dynamics were refined using 15N spin 
relaxation data collected at different static magnetic field strengths, and 
assuming an axially symmetric overall rotational diffusion tensor [23, 
24]. In this case, not only the central helix exhibited characteristics of a 
flexible linker but the calculation of S2 order parameters using the 
Lipari-Szabo model free approach required the introduction of an 
additional slower rigid body motion using an extended model free 
approach [36]. It was found that this additional dynamic contribution, 
attributed to the relative motion of the two domains, had characteristic 

Fig. 2. Inter-domain dynamics in CaM. A) Crystal structure of CaM in the calcium-bound state. PDB: 3CLN [26]. Helices IV and V form the long inter-domain helix. 
B) Crystal structure of CaM bound to a peptide analogue of the CaM binding region of the smooth muscle form of myosin light chain kinase. PDB: 1CDL [30]. Calcium 
binding sites Ca1 and Ca2 at the N-terminal lobe are indicated. The two CaM lobes undergo a large rigid body rotation around the peptide, which is facilitated by the 
breakage of the long inter-domain helix. C) Schematic representation of CaM C-terminal domain motion relative to the N-terminal domain (PDB entry 3CLN). The 
semi-cone opening angle is an interpretation of the S2 order parameter of this slow motion modeled by the extended model-free formalism [24]. D) Schematic 
distribution of RDCs measured for the C-terminal domain of a two-domain protein due to the paramagnetic self-alignment of the N-terminal domain in the magnetic 
field in the absence (top) and presence (bottom) of inter-domain motions. This panel was based on Fig. 4 from reference [32]. Calcium ions are represented by green 
spheres in A and B. 
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τc of approximately 3 ns [23,24,36] (Fig. 2C). As pointed out [24], the 
quantitative analysis of inter-domain motions using the extended-model 
free approach is, however, not rigorous because the anisotropic overall 
motion is likely to be modulated by the large scale inter-domain motion 
[24]. Nevertheless, these early experiments provided solid evidence that 
CaM was an intrinsically dynamic molecule, displaying large scale 
inter-domain motions in the calcium-free and in the calcium-bound 
states. The relative motion between the N-terminal and the C-terminal 
calmodulin domains is functionally important because the overall clos
ing of the structure around the peptide must be clearly facilitated by the 
flexibility exhibited by the inter-domain helix and the pre-existing 
inter-domain motion [31]. 

Paramagnetic effects induced by the proximity to a paramagnetic 
center have been used as a source of structural information in the 
structure calculation of proteins and complexes, and in the character
ization of protein dynamics [37–39]. Due to their dependence on the 
third power (r− 3) of the distance between the nucleus and the metal ion, 
pseudocontact shifts (PCSs) may provide long range distance and 
angular information (up to 40 - 50 Å) [37,40], which are precious 
structural data. In addition, the anisotropy of the magnetic susceptibility 
tensor of the lanthanide ion may be used to weakly align a paramagnetic 
metalloprotein in the magnetic field, and hence to measure residual 
dipolar couplings (RDCs) in the absence of an external alignment me
dium [37,41]. In the case of diamagnetic proteins, lanthanide ions and 
synthetic lanthanide tags or lanthanide binding peptides may be used to 
introduce a paramagnetic center [42]. Bertini and co-workers (2003) 
ingeniously designed a single amino acid substitution to change the 
selectivity of one of the CaM calcium-binding sites to a lanthanide ion. 
Remarkably, the N60D mutant was able to selectively bind a lanthanide 
ion at Ca2, in the second EF-hand motif of CaM N-terminal domain, 
while three calcium ions occupy the remaining calcium-binding sites 
[43] (Fig. 2A). The introduction of a single paramagnetic ion allowed 
the use of paramagnetic effects as tools to investigate CaM inter-domain 
dynamics [32]. The self-alignment of CaM N-terminal domain at high 
static magnetic fields due to the magnetic susceptibility anisotropy of 
the lanthanide ion, made it possible to measure RDCs at the C-terminal 
domain that were then used to test CaM relative inter-domain motions. 
This analysis assumed that, if the C-terminal domain experienced mo
tions with respect to the N-terminal domain, RDCs at this domain would 
be averaged out over all inter-domain orientations, leading to a decrease 
of the dipolar coupling values in comparison with a situation where the 
two domains were rigid with respect to one another (Fig. 2D). Indeed, 
the distribution of RDCs measured for the C-terminal domain of 
Ca3Ln-CaM charged with Tb3+ and Tm3+ was much narrower than that 
expected for a rigid system, indicating that CaM experienced significant 
inter-domain motions [32]. This analysis also showed that not all ste
rically allowed inter-domain orientations were equally probable [32]. 
Furthemore, since RDCs and PCSs are subjected to motional averaging 
up to the millisecond time scale, this approach is sensitive to dynamics at 
much slower time scales than 15N relaxation data. The latter reflect 
dynamics faster than the overall tumbling at the sub-nanosecond time 
scale. 

The measurement of RDCs as a result of self-alignment at high 
magnetic fields avoided the complication of dealing with the time 
modulation of the alignment tensor of a flexible system, permitting a 
direct investigation of the inter-domain dynamics [32]. However, a 
structural description of CaM inter-domain motions, i.e. the conforma
tions that are visited, their populations, and the time scales of in
terconversions, was not obtained. To address this question, the concept 
of Maximum Allowed Probability (MAP) was introduced to quantify the 
conformational space sampled by CaM C-terminal domain relative to the 
N-terminal domain [44]. MAP is equivalent to the largest fraction of 
time during which a system can visit a given conformation. This 
approach used a rigid body simulated annealing protocol to minimize a 
target function corresponding to the difference between experimental 
and calculated RDCs and PCSs obtained with three different lanthanides. 

It was found that calcium-bound CaM samples a large number of con
formations, none of them with MAP greater than 0.36 and all of them 
different from the closed conformation found in complexes with peptide 
ligands [44]. Alternatively, the concept of Maximum Occurrence (MO or 
MaxOcc) was introduced. As the MAP, the MO concept quantifies the 
maximum fraction of time a system can spend in a given conformation 
[45]. The MO idea was implemented to refine a large initial pool of CaM 
conformers, generating a minimum ensemble of conformations that best 
fit the experimental data [46], which consisted of a combination of 
paramagnetic NMR (PCSs and RDCs) and SAXS data. It was found that 
the extended and the closed CaM inter-domain arrangements may exist 
for at most 15% and 5% of the time, respectively [46]. The inclusion of 
double electron-electron resonance (DEER) data in addition to NMR and 
SAXS information had the effect of favoring a subset of conformations 
with extended inter-domain arrangements [47]. This approach was 
further refined by defining the upper and lower occurrence limits, 
MaxOR and MinOR, respectively, for a given region in the conforma
tional space, and testing this strategy on systems with different degrees 
of conformational variability [48]. Following a different approach, an 
ensemble description of inter-domain dynamics was attempted to 
investigate less flexible systems. The inter-domain dynamics of the 
complex between CaM and the IQ-recognition motif from the 
voltage-gated calcium channel Cav1.2 was characterized by RDCs and 
PCSs obtained using six different lanthanide ions [49]. An ensemble 
consisting of the crystal structure and three to four molecular dynamics 
simulation (MD) snapshots yielded the best agreement with the exper
imental data, and hence a better description of the dynamics of this 
system [49]. The dynamics of the complex between CaM and the 
recognition motif of Munc13–1 was investigated by searching for the 
minimum ensemble of conformations that best described the experi
mental data. Samples of Ca3Ln-CaM in complex with the peptide and six 
lanthanide ions allowed the measurement of 2691 PCS and RDC re
straints for the C-terminal domain, which were used to refine an initial 
ensemble of 122,700 conformers [50]. The refinement strategy used a 
genetic algorithm and a fitness function closely related to the Bayesian 
information criterion, to optimize the conformations, their populations 
and the ensemble size. This approach yielded ensembles of 7 - 11 con
formers and a detailed atomistic description of the CaM-peptide com
plex inter-domain dynamics [50]. 

3. Cadherins 

Cadherins form a large family of cell surface glycoproteins, many of 
which participate in calcium-dependent cell adhesion [51,52]. They are 
formed by an extracellular ectodomain, a transmembrane anchor, and 
an intracellular C-terminal domain (Fig. 3A). While the ectodomain is 
involved in intercellular adhesive interactions, the C-terminal domain 
often interacts with intracellular proteins called catenins [51]. The 
ectodomain consists of repeating units of approximately 110 amino 
acids called extracellular cadherins, or EC domains. The EC domains are 
greek-key motifs whose topology closely resembles that of constant 
immunoglobulin β-sandwich domains. Each EC domain is formed by 
seven β-strands arranged in a sandwich of two β-sheets, one composed 
by β-strands A, G, F and C, and the other by β-strands D, E and B (Fig. 3B 
and 3C). The N and the C-terminal ends of the EC domains are located at 
opposite sides of the β-sandwich [11,51,53], facilitating their repeat in 
tandem. The EC domains are connected to each other by 
calcium-binding linker regions of approximately 7 - 10 amino acids [51] 
(Fig. 3B). 

Intercellular cadherin adhesion activity depends on the presence of 
extracellular calcium [8]. Crystallographic structures of tandem EC 
domains showed three calcium binding sites, Ca1 - Ca3, located between 
adjacent EC modules. While Ca1 is located at the top of one domain, Ca3 
is located at the bottom of the adjacent domain, and Ca2 at the linker 
between the two EC domains (Fig. 3B). Glu-and Asp-side chain car
boxylates in each domain and at the linker make bridging contacts with 
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calcium at sites Ca1 and Ca2 or at Ca2 and Ca3, while other residues may 
coordinate a single ion with their backbone carbonyl group [51–54] 
(Fig. 3C). Notably, calcium binding was shown to be critical to rigidify 
an elongated EC inter-domain arrangement [11,54–56], stabilizing the 
ectodomain in an extended curved shape [55]. 

The E-cadherin EC12 two-domain construct was well characterized 
by NMR spectroscopy in the absence and presence of calcium [57,58]. 
The local and the overall motions of EC12 were investigated by mea
surements of heteronuclear {1H}− 15N NOEs and of 15N longitudinal and 
transverse relaxation rates. In the absence of calcium, NOE values and 
relaxation rates were consistent with a Lipari-Szabo S2 order parameter 
of 0.5 along the 7-residue inter-domain linker [34], indicating sub
stantial flexibility that could give rise to motions between the two EC 
domains at the sub-nanosecond time scale [58]. Upon the addition of 
calcium, resonances in the linker region became broad beyond detec
tion, indicating that calcium binding stabilized the linker and shifted the 
backbone motions from the nanosecond to the millisecond time scale, 
where resonances became broader due to intermediate exchange [58]. 
Analysis of the 15N longitudinal and transverse relaxation rates of EC12 
in the calcium free state yielded an isotropic τc of approximately 11 ns 
for the two EC domains, which is slower than that expected for two 
independent domains but faster than would be expected for a rigid 
two-domain molecule of the same size [58]. Upon calcium-binding, the 
overall isotropic τc of each domain increased from 11 up to 17 ns, which 
is consistent with increased restriction of EC12 inter-domain motions 

due to calcium binding (Fig. 4A). The relative orientation of the two 
domains was investigated by measurements of 1H-15N residual dipolar 
couplings (RDCs) on samples weakly aligned with Pf1 phages [59]. This 
analysis showed that the mean EC12 conformation in the absence of 
calcium was kinked. The two domains displayed similar alignment 
tensors in the presence of calcium, indicating that in the calcium-bound 
state their relative orientation is similar to that observed in the crystal 
structure in that condition [58]. Furthermore, the overall alignment of 
EC1 and EC2 was highly similar in the calcium-bound state, as indicated 
by the similarity of the principal components of their alignment tensors 
(Azz), while different Azz values were observed in the calcium-free state 
(Fig. 4B) [58]. This observation is, on its own, consistent with two do
mains that are relatively rigid with respect to one another in the pres
ence of calcium, but rather flexible in the calcium-free state. Altogether, 
the data indicated that while in the absence of calcium EC12 samples 
different inter-domain arrangements, with a preference for kinked 
conformations, calcium binding to the EC12 linker stabilizes a relatively 
rigid and elongated inter-domain arrangement [58]. 

Cadherin mediated intercellular junctions involve the formation of 
clusters of cadherin molecules at the cellular surface. These clusters are 
stabilized by interactions between neighboring cadherins at the surface 
of the same cell, called cis interactions, and by the interactions between 
cadherin molecules in apposed cells, which are called trans interactions 
[9,51,52]. Trans and cis cadherin interactions seem to act cooperatively 
to form intercellular junctions [60,61]. Calcium binding is critical to 

Fig. 3. Structure of cadherin adhesion molecules. A) Schematic view of the architecture of classical vertebrate cadherins. The ectodomain is composed of 5 
extracellular cadherin (EC) domains (EC1–5) connected to one another by calcium-binding linkers. Cadherins are anchored in the membrane by a single trans
membrane helix, and contain an intracellular C-terminal domain. B) Crystallographic structure of a two-domain fragment of the mouse cadherin 11 corresponding to 
the EC1 and the EC2 domains connected by the linker in the calcium-bound state (PDB 2A4E) [53]. This construct is also called EC12 [53]. The calcium binding sites 
Ca1–3 are indicated by green spheres. Inter-strand loops that form the calcium binding region at the EC12 interface are indicated. C) Topology of the EC12 construct. 
Residues that participate in calcium coordination at sites Ca1–3 are represented by black spheres. 
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stabilize the ectodomains in a rigid and curved shape, allowing the 
formation of cadherin trans dimers between opposed cells [52]. The 
cadherin trans interactions are mediated by the dimerization of the 
membrane distal EC1 domain [11,51,55,57,61]. A remarkable feature of 
the EC1 trans dimer is the swapping of β-strand A due to binding of Trp2 
of Type I cadherins (Trp2 and Trp4 in the case of Type II cadherins) of 
one monomer into a pocket at the surface of the other monomer [11,53, 
55] (Fig. 5). NMR spin relaxation experiments provided significant 

information about the strand-swapping mechanism. Strand-swapped 
EC1 dimers and monomers were shown to be in slow exchange equi
librium at the NMR chemical shift time scale, which allowed the char
acterization of the thermodynamics and the kinetics of the 
strand-swapping process by ZZ-exchange experiments [62,63]. Strand 
swapping of the EC1 domain from the mouse Type II cadherin 8 was 
confirmed by 15N-filtered/15N-edited NOESY experiments on mixed 14N- 
and 15N-labeled samples [62]. β-strand A was shown to be rigid in the 
sub-nanosecond time scale due to the accommodation of Trp2 and Trp4 
in intramolecular and intermolecular hydrophobic pockets in the 
monomer and in the strand-swapped dimer, respectively [62]. 

The slow micro to millisecond time scale local dynamics of EC1 and 
of EC12 constructs was also investigated by NMR. These experiments 
highlighted possible intermediates along the pathway towards the for
mation of strand-swapped dimers. Measurements of 15N CPMG relaxa
tion dispersion of the mouse Type II cadherin-8 (8EC1) showed that, in a 
small population of monomers, β-strand A samples an exposed state, 
which suggests that strand-exposed conformers could associate to form 
strand swapped dimers [62]. Extensive measurements of chemical shift 
perturbations, 15N CPMG relaxation dispersion, chemical exchange 
saturation transfer (15N CEST) and high-power 15N spin-lock experi
ments were carried out to characterize the dynamics of wild type and 
mutant EC1 domains of Type II Cadherin 11 [63]. These experiments 
revealed that the EC1 monomer undergoes a slow to intermediate time 
scale chemical exchange process between the main β-strand A-bound 
state and a sparsely populated partially β-strand A-exposed state, and an 
intermediate to fast time scale chemical exchange process between the 
main β-strand A-bound state and a sparsely populated fully β-strand 
A-exposed state on the pathway to dimerization [63]. Crystallographic 
structures of two-domain EC12 constructs containing additional 
non-native residues at the N-terminus, or containing mutations designed 
to abolish β-strand A swapping, showed that cadherins may form a 
non-swapped dimer with an elongated shape known as X-dimer. Several 
lines of evidence support the view that the X-dimers are intermediates 
along the pathway towards the strand-swapped dimer [64]. Indeed, 
relaxation dispersion experiments of 1H amide protons provided evi
dence for the existence of an X-dimer intermediate along the dimeriza
tion pathway of the E-cadherin EC12 strand-swapped dimer [65]. The 
apparent advantage of the X-dimer formation is to decrease the kinetic 
barrier associated with strand swapping [65]. 

Fig. 4. NMR investigation of inter-domain motions in the EC12 fragment in the 
absence and presence of calcium [58]. A) Analysis of 15N R1 and R2 relaxation 
rates assuming isotropic rotational diffusion yielded the approximate overall 
tumbling rate of each domain. A faster tumbling rate was observed in the free 
state in comparison with the calcium-bound state. B) Schematic representation 
of the direction and magnitude of the principal component (Azz) of the align
ment tensors of EC12 weakly aligned in the magnetic field. This analysis yielded 
different alignment tensors for EC1 and EC2, represented by the lengths and the 
directions of the Azz component, in the free state (left), while the same align
ment tensor was observed for the calcium-bound state (right) [58]. 

Fig. 5. Crystallographic structure of the strand-swapped dimer of cadherin 8 EC1 domain (PDB 1ZXK) [53]. Swapping of β-strand A is stabilized by the anchoring of 
W2 and W4 of one monomer in hydrophobic pockets at the surface of the other monomer. 
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4. The Naþ/Ca2þ exchanger calcium sensor domain 

The Na+/Ca2+ exchanger (NCX) is an antiporter that couples the 
transport of sodium downhill its electrochemical gradient to the move
ment of calcium in the opposite direction against its electrochemical 
gradient [66,67]. In this way, the NCX is an important calcium extrusion 
mechanism, especially in excitable cells such as cardiomyocytes [67,68]. 
In these cells, the NCX contributes to restoring the normal intracellular 
calcium concentration after a calcium influx caused by the transient 
opening of calcium channels [68,69]. However, the exchanger may also 
work in the reverse mode according to the membrane potential and the 
ionic gradients [67]. The involvement of the NCX in the development of 
cardiac diseases is well recognized [66,69]. However, new evidence 
pointing to the NCX involvement in a wider range of pathologies, 
particularly in neurodegenerative diseases, have been accumulating 
[66,70]. The NCX transmembrane domain is formed by ten trans
membrane α-helices, separated in two homologous and symmetric 
halves of five transmembrane helices each [71,72]. The two NCX sym
metric halves are separated by a large intracellular loop, which connects 
transmembrane helices 5 and 6. The loop contains an intracellular cal
cium sensor formed by a tandem repeat of two β-sandwich 
immunoglobulin-like domains, called calcium-binding domain 1 (CBD1) 

and calcium-binding domain 2 (CBD2) (Fig. 6A) [73,74]. 
Three-dimensional structures of the CBDs in isolation and in the 
two-domain CBD12 construct were obtained by X-ray crystallography or 
by NMR spectroscopy [16,75–81]. Similarly to the cadherin EC12 
construct (Fig. 3B), CBD12 assumes an extended inter-domain 
arrangement in the calcium-bound state (Fig. 6B). The CBD12 
inter-domain interface is formed by the packing of the interstrand 
EF-loop of the CBD1 domain, against the BC and the FG interstrand loops 
of CBD2 and the inter-domain linker [78,79] (Fig. 6B). CBD12 binds four 
calcium ions at the distal loops of the CBD1 β-sandwich and no direct 
contribution from CBD2 to calcium coordination near the inter-domain 
linker is seen (Fig. 6C) [78,79]. 

The local backbone dynamics of the CBD1, CBD2 and CBD12 con
structs were characterized by solution NMR spectroscopy [83–88]. 
Measurements of Lipari-Szabo S2 order parameters of the backbone 
1H-15N bond vectors showed that binding of calcium restricts slightly the 
dynamics of the inter-strand loops in the calcium-binding regions of 
CBD1 and CBD2 from the canine exchanger [83,84]. In the absence of 
calcium, backbone resonances for residues located in the CBD1 calcium 
binding region of the Drosophila exchanger, CALX, were missing prob
ably due to exchange broadening [87]. However, they appeared upon 
the addition of calcium, indicating that, also in the case of the Drosophila 

Fig. 6. Architecture of the Na+/Ca2+ exchanger. A) Prediction of the three-dimensional structure of the complete canine NCX using ColabFold [82]. While the 
quality of this prediction is uncertain, it shows how CBD12 could be connected to transmembrane helices 5 and 6 by a folded helical domain and disordered linkers. 
The transmembrane domain, and the disordered FG-loop from CBD2 are indicated. B) Crystallographic structure of the CBD12 construct from the canine NCX (PDB 
3US9) [78]. Calcium ions are represented by green spheres. Loops for which no electron density was observed are represented by segmented lines. The inter-strand 
loops that make part of the two-domain interface are indicated. This construct corresponds to a mutant, E454K, which explains why three instead of four calcium ions 
were observed. C) Topology of the CBD12 construct based on the crystal structure (PDB 3US9). Residues that participate in calcium coordination with the side chain 
carboxylate groups or with the backbone carbonyl group are indicated by black spheres. R532 in the CBD2 BCE-loop (colored gray) does not participate in calcium 
coordination, but it makes salt bridges with D500 and D499 in CBD1 and with D565 in CBD2 [78]. 
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exchanger, calcium binding to CBD1 leads to rigidification of the 
calcium-binding loops [87]. Furthermore, measurements of transverse 
and longitudinal 15N relaxation rates of CBD12 showed that calcium 
binding increased the isotropic τc of CBD1 and CBD2 from approxi
mately 14 ns and 17 - 19 ns in the calcium-free state up to 20 ns and 33 
ns in the calcium-bound state, for the canine and the Drosophila CBD12 
constructs, respectively [85,86]. Measurements of 1H-15N RDCs on 
weakly aligned CBD12 samples indicated that the CBDs assume an 
extended inter-domain arrangement in the presence of calcium, in good 
agreement with the CBD12 crystallographic structures [85,86]. Alto
gether, these findings are consistent with the view that calcium binding 
to CBD12 restricts the inter-domain dynamics in the sub-nanosecond 
time scale, stabilizing a rigid and extended inter-domain orientation in 
analogous manner as that observed for the EC12 construct (Fig. 4) [58]. 
RDCs and SAXS data, and long 3.4 μs MD trajectories were used to 
investigate the inter-domain dynamics of the Drosophila CBD12 
construct in the calcium-free state. The MD snapshots that best agreed 
with the experimental RDCs were kinked, suggesting that the Drosophila 
CBD12 preferentially samples kinked conformations in the calcium-free 
state [88]. As an attempt to interpret the CBD12 inter-domain dynamics 
in terms of an ensemble of conformers, a pool of CBD12 MD snapshots 
chosen according to their agreement with the RDCs, was further refined 
with SAXS data using the Ensemble Optimization Method (EOM) [89]. 
This analysis yielded a minimum ensemble of three CBD12 snapshots, 
which included kinked and extended inter-domain arrangements with a 
higher weight for the former, that explained the SAXS data obtained for 
the calcium-free state [88]. 

Electrophysiology experiments showed that the binding of calcium 
to CBD12 triggers activation of the NCX [16,68,76,90]. Curiously, cal
cium binding to CBD12 inhibits the exchanger from Drosophila, CALX 
[91,92]. The Drosophila exchanger is unusual, since it is the only 
exchanger characterized to date that is inhibited by calcium binding to 
CBD12. CBD1 is considered to be the primary calcium sensor of the NCX 
because it binds calcium with greater affinity than CBD2 [16,93]. A 
three-dimensional structure of the full length exchanger is not available, 
but a prediction using ColabFold [82] and the NMR structure of a 
fragment corresponding to the linker between the CBD1 domain and 
TM5 [94], suggest that the CBD12 calcium sensor is connected to TM5 
and to TM6 by an alpha-helical linker domain and disordered segments 
(Fig. 6A) [86,94]. A model to explain the calcium regulation of the 
exchanger was proposed, according to which calcium binding to CBD1 
stabilizes an extended inter-domain arrangement between the two 
CBDs, causing a tension on the transmembrane helices and eventually 
activating (NCX) or inhibiting (CALX) the ion transport activity [86,94]. 

5. Conclusions and outlook 

Protein dynamics due to flexible linkers connecting otherwise rigid 
domains may be critical for function of a variety of biological systems, 
ranging from membrane transporters, to calcium-signaling and the for
mation of adherent junctions [31,58,88]. Although the NCX CBD12 
calcium-sensor and the cadherin EC12 dimerization module display the 
same folding, their calcium-binding modes differ: EC12 displays three 
calcium binding sites at the inter-domain interface [53], while CBD12 
binds four calcium ions at the distal loops of the CBD1 β-sandwich and 
no direct contribution from CBD2 to calcium coordination is seen 
(Figs. 3 and 6) [78,79]. The inter-domain interfaces of CBD12 and EC12 
constructs in the calcium-bound state are also different: the EF inter
strand loop of the EC1 domain and the EC2 BC-loop pack against the 
inter-domain linker (Fig. 3) [52,53], and while these features are pre
served the CBD2 FG-loop makes important contacts with CBD1 in the 
CBD12 interface [78,79]. Despite these differences, EC12 and CBD12 
respond in the same way upon calcium-binding: in the absence of cal
cium the two domains are flexibly linked to one another and may 
preferentially sample kinked inter-domain arrangements, while calcium 
binding stabilizes a rigid and extended inter-domain arrangement. It is 

thus remarkable that nature chose the same molecular mechanism to 
promote two very different biological functions triggered by calcium 
signaling: intercellular adhesion by the formation of cadherin dimers 
and the allosteric regulation of a membrane transporter in the case of the 
Na+/Ca2+ exchanger. 

It is likely that paramagnetic NMR will play a major role in the 
characterization of intramolecular motions. The chemical shift modu
lation induced by the proximity with a paramagnetic center in flexible 
systems has been exploited in combination with R2 dispersion methods 
to characterize domain motions, yielding populations and rates of 
interconversion [39,95]. Nevertheless, a complete characterization of 
inter-domain dynamics requires description of the conformations of all 
accessible states, their populations and the rates of interconversion, in 
other words, of the conformational energy landscape of the molecule. As 
observed in this review, the combination of advanced computational 
methods to explore the conformational energy landscape and to select 
the most probable conformers based on experimental data was crucial to 
obtain one possible ensemble description of CaM dynamics [50]. This 
task is challenging, especially for systems that are highly flexible and 
that display almost a continuum of different conformations [96], but it 
should be also pursued to characterize inter-domain dynamics involving 
immunoglobulin-like β-sandwich calcium-binding modules. 
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[40] T. Müntener, D. Joss, D. Häussinger, S. Hiller, Pseudocontact Shifts in Biomolecular 
NMR Spectroscopy, Chem. Rev. 122 (2022) 9422–9467, https://doi.org/10.1021/ 
acs.chemrev.1c00796. 

[41] E. Ravera, L. Salmon, M. Fragai, G. Parigi, H. Al-Hashimi, C. Luchinat, Insights into 
domain–domain motions in proteins and RNA from solution NMR, Acc. Chem. Res. 
47 (2014) 3118–3126, https://doi.org/10.1021/ar5002318. 

[42] X.-.C. Su, G. Otting, Paramagnetic labelling of proteins and oligonucleotides for 
NMR, J. Biomol. NMR 46 (2009) 101–112, https://doi.org/10.1007/s10858-009- 
9331-1. 

[43] I. Bertini, I. Gelis, N. Katsaros, C. Luchinat, A. Provenzani, Tuning the affinity for 
lanthanides of calcium binding proteins, Biochemistry 42 (2003) 8011–8021, 
https://doi.org/10.1021/bi034494z. 

[44] I. Bertini, Y.K. Gupta, C. Luchinat, G. Parigi, M. Peana, L. Sgheri, J. Yuan, 
Paramagnetism-based NMR restraints provide maximum allowed probabilities for 
the different conformations of partially independent protein domains, J. Am. 
Chem. Soc. 129 (2007) 12786–12794, https://doi.org/10.1021/ja0726613. 

[45] D.Medeiros Selegato, C. Bracco, C. Giannelli, G. Parigi, C. Luchinat, L. Sgheri, 
E. Ravera, Comparison of different reweighting approaches for the calculation of 
conformational variability of macromolecules from molecular simulations, 
ChemPhysChem 22 (2021) 127–138, https://doi.org/10.1002/cphc.202000714. 

[46] I. Bertini, A. Giachetti, C. Luchinat, G. Parigi, M.V. Petoukhov, R. Pierattelli, 
E. Ravera, D.I. Svergun, Conformational space of flexible biological 
macromolecules from average data, J. Am. Chem. Soc. 132 (2010) 13553–13558, 
https://doi.org/10.1021/ja1063923. 
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