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A B S T R A C T

Calcium- and Integrin-Binding protein 2 (CIB2) is a widely expressed protein with an uncertain biological role.
Two of its four EF-hand motifs bind Mg(II) and/or Ca(II), thus triggering conformational changes. Although
previous studies suggested that CIB2 preferentially binds Mg(II) over Ca(II) under physiological conditions, an
atomic level characterization of CIB2 in the presence of both cations was lacking. Based on a combination of
solution NMR, exhaustive molecular dynamics simulations and isothermal titration and differential scanning
calorimetry, we characterized the interaction of CIB2 with both Ca(II) and Mg(II) ions and elucidated the protein
regions involved in the interaction with the α7B integrin target. Analysis of experimental amide nitrogen
relaxation rates shows that the EF4 motif exhibits high mobility regardless of the specific bound metal ion and
demonstrates that the Mg(II)- and Ca(II)-bound state of CIB2 is relatively floppy, with pico-nanosecond motions
induced in a region involved in target recognition. Overall, our data indicate a preferential, thermodynamically
stable but structurally flexible state for CIB2, in which a Mg(II) ion is bound to EF3 and a Ca(II) ion to EF4. These
results unveil the role of metal binding events in CIB2 and offer new insights into the dynamic regulation of
target recognition.

1. Introduction

The Calcium and Integrin Binding (CIB) protein family consists of
four genes encoding distinct proteins in the human genome, namely
CIB1, CIB2, CIB3, and CIB4, which share structural characteristics [1–3]
and are evolutionarily related to the Neuronal Calcium Sensor (NCS)
family [4] (see Fig. 1 for a sequence alignment of the four CIBs). The
human CIB2 gene (NG_033006) encodes four different isoforms
composed of 4-6 exons [5]. The canonical sequence (Uniprot code:
O75838-1) encodes a 187-amino-acid protein (CIB2) with a molecular
weight of 21.6 kDa, containing two functional EF-hands, a helix-loop-
helix metal-binding motif that defines the largest family of calcium
binding proteins in eukaryotic cells [6]. It is well-established that the C-
terminal domain accommodates the functional EF-hands of CIB2 (EF3
and EF4), while the nonfunctional EF1 and EF2 motifs are located in the
N-terminal domain (Fig. 1). Although the three-dimensional structure of
CIB2 is currently unknown, homology models have been developed

based on the experimental structures of CIB1 [7] and CIB3 [3] and have
been used to interpret some biochemical and biophysical data.

CIB2’s broad expression across various tissues in different organisms
(see [8] for a recent review) indicates its involvement in a wide range of
biochemical processes. Initially, the biological role of CIB2 was linked to
its interaction with specific integrins involved in intracellular and
extracellular signaling pathways [9,10]. Specifically, the αIIbβ3 integrin
was found to be a shared target between CIB1 and CIB2 in platelets and
megakaryocytes, where CIB2 can compensate for the absence of CIB1
[9]. In contrast, α7Bβ1D integrin seems to be specific for CIB2 in skeletal
muscles, and both proteins were found to be downregulated in a
congenital muscular dystrophy type 1A mouse model [10]. More recent
evidence has connected CIB2 with hearing physiology and pathology
[11]. Some lines of evidence support a pivotal role for CIB2 in stereocilia
functioning and maintenance [12,13], while some other studies
conclude that CIB2 is essential for the localization and function of the
mechanotransduction channel [3], working as an intimal channel
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component by interacting with TMC1 [3] and BAIAP2L2 [14]. Cellular
localization studies identified CIB2 on the tips of mature stereocilia of
outer hair cells, inner hair cells and vestibular explants [15], indeed, so
far, up to 13 point mutations in the gene encoding for CIB2 have been
associated with sensorineural hearing loss [8]. Concurrently, biochem-
ical and biophysical studies [2,7,16] highlighted both similarities and
significant differences between CIB2 and other members of the CIB
family. These distinctions should be taken into account when exploring
CIB2’s versatile yet largely unknown functions and its involvement in
diverse processes such as autophagy [17], cancer [18], and muscular
dystrophy [10].

Since its discovery and due to its similarity with CIB1, CIB2 was
anticipated to function as a calcium sensor, capable of regulating spe-
cific molecular targets as a consequence of the conformational change
induced by the binding of Ca(II) ions, and potentially other cations.
Studies on heterologously expressed and purified human CIB2 indeed
proved that the protein undergoes a pronounced conformational change
upon Ca(II) binding, as expected by a typical EF-hand calcium sensor.
The exposure of a hydrophobic region increases the α-helix content in
CIB2’s secondary structure, as demonstrated by far-UV Circular Di-
chroism (CD) spectroscopy [2]. Notably, Nuclear Magnetic Resonance
(NMR) spectroscopy (1H-15N-HSQC NMR) revealed that in the absence
of cations (apo-state), CIB2 adopts a disordered structure, while far-UV
CD spectroscopy confirmed the presence of residual α-helix secondary
structure, consistent with a molten globule state, as highlighted as well
by near-UV CD spectroscopy [7]. Upon the addition of either Mg(II) or
Ca(II), CIB2 was shown to adopt a well-ordered tertiary structure,
although the apparent affinity for Ca(II) of CIB2 was significantly lower
compared to that of CIB1, which raises doubt on its biological function
as cytoplasmic calcium sensor [2,7]. Although informative on the
peculiar characteristics of CIB2, it should be noted that previous NMR
studies did not include specific chemical groups assignments, therefore a
detailed atomic structure of CIB2 is not available, nor is a thermody-
namic characterization of the binding process of Ca(II) and Mg(II) to the
EF-hand motifs of the protein.

In this study, we aim to fill the existing gaps in structural knowledge

regarding CIB2 and its interactions with Ca(II) and Mg(II) ions, with the
ultimate goal of defining physiologically relevant signaling states and
offering insights that clarify the protein’s unique properties in calcium
signaling and molecular target recognition.

2. Materials and methods

2.1. Protein expression and purification

The cDNA of CIB2 (Uniprot entry: O75838-1) was inserted into a
PET24a(+) plasmid, resulting in a construct encoding for a 189 residue
protein. The plasmid was used to transform E. coli BL21 (DE3) arctic
competent cells. Cell growth was performed in M9 (3.0 g/l 13C-D-glucose
and 1.2 g/l 15NH4Cl) medium added with Q solution and Mohr’s Salt at
37 ◦C. When the culture reached an OD600 of 0.4, the temperature was
lowered to 15 ◦C in an ice bath. When culture reached an OD600 of 0.6,
0.5 mM IPTG was added to induce protein overexpression, and the cells
were incubated at 15 ◦C for 20 h. Harvested cells were re-suspended in
20 mM Tris (pH 7.5), 0.5 M NaCl, 20 mM imidazole, 1 mM DTT, 2.5 mM
Mg(II), 0.1 mg/ml lysozyme, 5 U/ml DNAse and 1 X protease inhibitor
cocktail, incubated at room temperature for 20 min and mechanically
lysed via sonication on ice (15min, 2 s pulses at 3 s intervals). After lysis,
the inclusion bodies were separated by centrifugation for 30 min at 4 ◦C
18,000 × g, resuspended in 6 M guanidine-HCl and incubated overnight
at 4 ◦C. The soluble fraction was separated by centrifugation for 30 min
at 4 ◦C 18,000 × g and loaded onto a HisTrap FF crude column (GE
Healthcare) previously loaded with Ni(II). Unfolded His-CIB2 was
refolded via a descending guanidine-HCl gradient (6 M to 0 M in 100 ml
at 1 ml/min) and purified via a one-step elution with 20 mM Tris pH 7.5,
150 mM NaCl, 500 mM imidazole. His-CIB2 was subsequently dialyzed
against 20 mM Tris pH 7.5, 150 mM NaCl, 1 mM DTT to remove imid-
azole and incubated at room temperature overnight with ProTEV pro-
tease (Promega, 1 U for 200 μg protein). Finally, the sample was
reloaded onto the HisTrap FF crude column to remove the 6xHis-tag and
collect purified CIB2 from the flowthrough. Samples for ITC and DSC
measurements were exchanged against 20 mM Tris-HCl pH 7.5, 150 mM

Fig. 1. Multiple amino acid sequence alignment of CIB family members performed by T-Coffee (https://tcoffee.crg.eu/apps/tcoffee/index.html). EF-hand motifs 1 to
4 are represented with graphical elements (BioRender) and colored in orange, green, cyan and purple, respectively. Amino acids involved in Ca(II) coordination are
indicated in bold and labeled according to the canonical pentagonal bipyramidal geometry. Residues directly involved in the interaction with the α7B_M target
peptide (aa. 138-148; see Section 3.7) are framed in red.

G. Olivieri et al. International Journal of Biological Macromolecules 286 (2025) 138003 

2 

https://tcoffee.crg.eu/apps/tcoffee/index.html


KCl, 1 mM DTT, flash-frozen and stored at -80 ◦C, while those for NMR
triple resonance experiments and heteronuclear relaxation NMR ex-
periments were exchanged against 20 mM Hepes, 150 mM NaCl, 1 mM
DTT, pH 7.5.

2.2. NMR spectroscopy for backbone assignment

NMR experiments used for resonance backbone assignment of CIB2
in the presence of 4 mM Mg(II) were recorded on Bruker NMR spec-
trometers on 0.3mM 13C-15N-labeled samples. All NMR spectra were
collected at 298K, processed using Topspin 4.0.6 (Bruker) and analyzed
through CARA [19]. Protein samples were added with 10 % D2O and
MgCl2 or CaCl2 up to a protein:metal ion molar ratio of 1:20. For the
backbone resonance assignments of diamagnetic signals, we recorded 1H
detected 15N- and 13C-HSQC, HNCA, HNCO, HNCOCA, and CBCACONH.
The parameters used are reported in Supplementary Table ST1.

Proton resonances were calibrated with respect to the signal of 2,2-
dimethylsilapentane-5-sulfonic acid (DSS). Nitrogen chemical shifts
were referenced indirectly to the 1H standard using a conversion factor
derived from the ratio of NMR frequencies. Carbon resonances were
calibrated using the signal of dioxane at 69.4 ppm (298 K) as secondary
reference. The resonances assignment of MgMg-CIB2 was deposited in
BMRB (https://bmrb.io/; entry 52609). It should be noted that in our
protein construct the numbering is such that Met 1 of UNIPROT
(O75838 * CIB2_HUMAN) is Met 3 in our construct numbering.

The backbone chemical shifts of MgMg-CIB2 were used as input to
run the program Talos-N [20], which provided the prediction of the
secondary structure content.

2.3. NMR titration of CIB2 with Mg(II) and Ca(II)

We titrated the 15N labeled CaCa-CIB2 (protein concentration = 60
μM, in the presence of 1.2 mM Ca(II); pH 7.5) by adding six aliquots of a
Mg(II) solution, starting from a [Mg(II)] concentration of 15 μM to a
final concentration of 0.84 mM. For each titration point we acquired an
1H-15N-HSQC experiment at 298 K on Avance 900 Bruker spectrometer
operating at proton nominal frequency of 899.1 MHz. We repeated the
NMR titration on 15N labeled MgMg-CIB2 (protein concentration = 60
μM, in the presence of 1 mM Mg(II); pH 7.5) by adding ten aliquots of a
Ca(II) solution starting from a concentration of 15 μM to 2.4 mM, with
the same buffer condition. For both NMR titrations, the NMR spectra
were processed and integrated with Bruker Topspin 4.0.6 software
(Bruker) by applying a square cosine bell apodization on both di-
mensions, and analyzed by CARA program [19]. The combined chemical
shift variations were calculated for each assigned residue through the
following equation:

Δδcombined =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(Δδ(1H) )2 + 1
25(Δδ(15N) )2

2

√

(1)

The resonances assignment of CaCa-CIB2 was deposited in BMRB
(52608 code).

2.4. 1HN-relaxation experiments

Measurements of heteronuclear 15N longitudinal (R1) and transversal
(R2) relaxation rates and {1H}-15N NOEs on MgMg-CIB2 and MgCa-CIB2
were carried out using 11.7 T Bruker AVANCE 500 equipped with a
triple resonance, inverse detection, cryoprobe (TXI) using a sample of
240 μM and 200 μM for MgMg-CIB2 and MgCa-CIB2, respectively. The
experiments were acquired with recycle delays (d1) of 3 s for R1 and R2
and 5 s for {1H}-15N NOE. A series of twelve 15N-R1-HSQC experiments
were recorded using a period of 0.010 s, 0.04 s, 0.08 s, 0.125 s, 0.200 s,
0.370 s, 0.500 s, 0.675 s, 0.800 s, 1 s, 1.55 s and 2.5 s. For each
experiment, 16 scans were collected over 128 increments.

A series of eleven 15N-R2-HSQC experiments were recorded using

period of 8.48 ms, 16.96 ms, 33.92 ms, 50.88 ms, 67.84 ms, 101.76 ms,
135.64 ms, 152.64 ms, 186.56 ms, 203.52 ms and 220.48 ms. For each
experiment, 64 scans were collected over 128 increments.

Amide resonances were integrated using CARA [19] and the T1 (1/
R1) and T2 (1/R2) values were obtained by fitting peak intensities using
single exponential decay:

I(t) = I0exp
(

−
t

T1,2

)

(2)

where I(t) is the peak intensity, t is the time, and I0 is the intensity at
time 0 using ORIGIN software. The analysis of the uncertainties of the R1
and R2 values was carried out by comparing the peak heights on
duplicate spectra at 10 ms (shortest value of relaxation delay). The
heteronuclear steady-state {1H}-15N NOE values were obtained from the
ratios of peak intensities in the saturated spectrum to those in the un-
saturated spectrum.

The average backbone 15N R1 and R2 relaxation rates and {1H}-15N
NOEs values for MgMg-CIB2 were 1.3 ± 0.1 s-1, 19.1 ± 2.9 s-1 and 0.7 ±
0.1, respectively, while the average backbone 15N R1 and R2 relaxation
rates for MgCa-CIB2 were 1.3 ± 0.2 s-1, 17.8 ± 4.0 s-1, respectively.

For the model-free analysis we used Dynamics Center (https://www.
bruker.com/it/products-and-solutions/mr/nmr-software/dynamics-ce
nter.html), a comprehensive software solution for relaxation, diffusion,
and kinetics analyses, which uses NMR data and one or two non-
frequency dimensions to perform automated and semi-automated
analysis. In the model-free approach R1, R2 and {1H}-15N NOE are
taken together to provide a description of the dynamic properties of each
residue, considering the anisotropy and the overall correlation time (τc)
of the molecule, which are automatically calculated by the program. The
ratio of the parallel and perpendicular diffusion coefficients D∕∕/D⊥

resulted from themodel-free analysis was 1.48, therefore we assumed an
anisotropic tumbling for our analysis. Based on this key parameter
value, five parameter sets were fitted to the anisotropic diffusion model
in order to interpret the NMR relaxation data. The order parameters
characterizing the internal mobility have been determined within the
Lipari-Szapo model. The order parameter (S2) describes the magnitude
of the angular oscillation of a chemical bond vector such as the amide
bond in proteins, reflecting the flexibility of the polypeptide at those
sites with respect to the overall protein frame [21,22]. For S2 = 0, the
internal motion spans all possible orientations, whereas S2 = 1 corre-
sponds to complete rigidity [23].

The overall correlation time (τc), as estimated from the R2/R1 ratios,
was 14.4 ± 1.1 ns for MgMg-CIB2, and 14.6 ± 1.2 ns for MgCa-CIB2, in
line with the value calculated by HYDRONMR [24] on the monomeric
protein (14.1 ns).

2.5. Alphafold2

Alphafold2 is a neural network-based approach to predict protein
structures with atomic accuracy [25,26]. The AlphaFold2 network
directly predicts the 3D coordinates of all heavy atoms for a given
protein using the primary amino acid sequence and aligned sequences of
homologues as inputs. Using the Alphafold2 interface provided by
Neurosnap opensource platform, we obtained 5 models with a 0.47
Root-Mean Square Deviation (RMSD) value. The mean predicted Local
Distance Difference Test value (pLDDT), which is an accurate descriptor
of tertiary model quality, falls, for each model, in a range between 90.15
and 85.67. Lower pLDDT values were obtained for residues located at
the C-terminal region (residues 172-189). The Predicted Aligned Error
value (PAE), which indicates the reliability of the predicted relative
position and orientation of one residue with respect to the others
[26,27], was around 30 Å only for a few residues at the N- and C-termini,
while for those belonging to secondary structure elements, the average
PAE value remained below 10 Å, demonstrating good overall prediction
of the tertiary structure [26].
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2.6. CYANA

During the CYANA calculation we included the metal ions by
appending a chain of linker residues to the amino acid sequence [28,29].
At the end of the linker, two atoms with a radius mimicking the target

Mg(II) ions were added. The linker residues had pseudo-atoms with van
der Waals radii set to zero. The atoms of the ligands, predicted from [8],
can be linked to the Mg(II) ions through upper and lower distance limits.
With this approach, which has been used for MgMg-CIB2 structure
calculation, the two Mg(II) ions were located within the EF3 and EF4

Fig. 2. A) 1H15N HSQC spectrum of CIB2 in the presence of 4 mM Mg(II). Resonances for the EF4 region assigned to the MgMg-CIB2 form are colored in red and
labeled with letter "b", those assigned to the MgE-CIB2 form in blue and labeled with letter "a", where MgE indicates that EF4 does not bind any cation. A spectral
region has been amplified to facilitate the analysis. B) Secondary structure prediction from the assigned chemical shifts using TALOS-N. β-Sheet and α-helical
probability is plotted with blue and red bars, respectively. The EF domains are labeled.
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binding sites.

2.7. NMR titration with alpha 7b peptide

The peptide (α7B_M) encompassing the 1101–1116 membrane
proximal region of the cytoplasmic domain of α7B integrin (Uniprot

entry: Q13683; Ac-LLLWKMGFFKRAKHPE-NH2) was synthesized by
GenScript, with a final purity≥95 % as tested by HPLC. The peptide was
dissolved in DMSO to improve solubility, taking care of adding small
volumes to ensure a maximum amount of 2 % DMSO (v/v) in the NMR
sample solution. One hundred micromolar CIB2 was titrated with 1:0.5,
1:1, 1:2 equivalents of DMSO-dissolved peptide. In parallel, a titration

Fig. 3. NMR relaxation measurements. A) 15N R2 relaxation parameters; B) {1H}-15N NOE heteronuclear; and C) 15N R1 recorded at 500 MHz versus the residue
numbers for CIB2 in the presence of 4 mM Mg(II) in 20 mM Hepes, 150 mM NaCl, 1 mM DTT, pH 7.5 and 10 % D2O. The residues experiencing mobility on a wide
range of timescale are labeled in red. D) Rex contribution to 15N R2 values. E) Order parameters versus residue numbers. Tdomains are also labeled.
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including sole DMSO was performed to estimate the influence of the
solvent on the chemical shifts. No significant change in the backbone
amide was found with concentration of DMSO ≤2 %.

2.8. Differential scanning calorimetry

Thermal denaturation of CIB2 in the absence and presence of metal
ions was carried out using a nano-DSC (TA instrument) with a cell vol-
ume of 300 μl. The protein was dissolved in 20 mM Tris pH 7.5, 150 mM
NaCl at pH 7.5 in the presence of either: i) 1 mM EDTA; ii) 1 mM Mg(II)
or Ca(II); iii) both. Scans were performed in a 5–65 ◦C range at a scan
rate of 60 ◦C h-1 and the data were fitted according to a two-state model
using NanoAnalyze software (TA instrument).

2.9. Isothermal titration calorimetry

Isothermal Titration Calorimetry (ITC) experiments were performed
at 25 ◦C using a MicroCal PEAQ-ITC instrument (Malvern, UK). A
thorough and effective protein/buffer decalcification protocol was per-
formed as explained in refs. [30,31] to obtain apo-CIB2 (residual cal-
cium below 1 μM). Apo CIB2 was placed in the sample cell at a protein
concentration of 38 or 76 μM, while the titrant cations, Mg(II) or Ca(II),
were placed in the titration syringe at 10 mM. For competition experi-
ments, the protein in the sample cell was pre-incubated with the metal
ion at a molar ratio of 8:1 (ligand:CIB2). Titrations were performed by
an initial injection of 0.2 μl, followed by 39 injections of 1 μl. The time
interval between injections was 120 s and stirring speed was set at 500
rpm with a low feedback mode. The data were analyzed using the
MicroCal PEAQ-ITC Analysis software using “one set of sites” binding
model.

2.10. Molecular modeling of CIB2 under different ion-loading conditions

The refined structural model of MgMg-CIB2 obtained in this study
was used as template to generate three ion-loading states of CIB2: i) 2Mg
(II) ions bound to EF3 and EF4, respectively (MgMg); ii) 2 Ca(II) ions
bound to EF3 and EF4 (CaCa), and iii) a Mg(II) ion bound to EF3 and a
Ca(II) ion bound to EF4 (MgCa). The three CIB2 models were built by
replacing the ions bound to the two functional EF-hands EF3 and EF4,
then prepared using the Protein Preparation Wizard protocol provided by
Bioluminate (Schroedinger), which consisted in: i) assigning bond or-
ders based on the Chemical Components Dictionary database (www.
pdb.org, wwPDB Foundation, Piscataway, NJ, USA); ii) addition of H
atoms; iii) prediction of the protonation states of ionizable residues at
pH 7.4 using PROPKA [32]; iv) assignment and optimization of H-bonds;
v) minimization of the modelled structures using OPLS4 as force field
(Schroedinger, New York, NY, USA) and 0.3 Å as threshold for the RMSD
of heavy atoms.

2.11. Molecular dynamics simulations of CIB2

The three ion-loading states of CIB2 described in the previous section
were subjected to Molecular Dynamics simulations on GROMACS
2016.5 [33], using the all-atom forcefield CHARMM36m [34]. CIB2
structures were centered in a dodecahedral simulation box where the
edges were located 1.2 nm far from any protein atom to avoid artifacts
due to the interaction with neighboring periodic images. After filling
simulation boxes with water molecules, the systems, consisting of
approximately 54,000 atoms, were neutralized with 150 mM KCl,
minimized according to a two-step protocol based on steepest descent
and conjugate gradients [35], and equilibrated in NVT ensemble at 310
K for 2 ns with position restraints and for other 2 ns with no position
restraints, as described in [36]. Finally, the three systems were simu-
lated at constant temperature (310 K) and pressure (1 atm) for 1 μs using
the setup elucidated in [37]. The overall consistency of the trajectories
was assessed by monitoring the evolution of the Cα-RMSD over the

simulated timeframe, while the flexibility of the three CIB2 systems was
assessed by monitoring the Root-Mean Square Fluctuation (RMSF) of the
Cα atoms, representing the time-averaged RMSD with respect to their
average position. Similarly, the RMSF was also calculated on the two
ions bound to EF3 and EF4 in the three ion-loading states to evaluate
each ion’s propensity to fluctuate within the binding loop, indicative of
differences in the optimal geometry necessary for ion coordination.
RMSD, RMSF and distances were calculated using the gmx rms, gmx rmsf,
and gmx distance functions provided by GROMACS 2016.5, respectively.

The representative structure of the trajectory of the three CIB2 forms
was obtained first by clustering the conformations of each ns of the
trajectory. Then, the structure with the lowest RMSD with respect to all
other structures within the same ns was selected as representative for the
specific ns of the trajectory, yielding a representative trajectory consti-
tuted by 1000 frames. Finally, a second round of clustering of the 1000
representative conformations allowed the identification of the repre-
sentative structure of the entire trajectory.

Interhelical angles between helices α6 and α7 of the EF3 motif in the
structural models of CIB2 and Mg(II)-bound CIB1 and Ca(II)-bound CIB1
[38] were calculated using Chimera [39].

3. Results and discussion

3.1. NMR characterization of Mg(II)-CIB2 reveals high structural
flexibility in the EF4 region

The 1H-15N HSQC spectrum of CIB2 in the presence of 4 mM Mg(II)
showed overall dispersed resonances indicative of a well folded protein
(Fig. 2A). The analysis of the NMR experiments allowed us the assign-
ment of about 92 % of backbone resonances of CIB2 protein. Residues
which remained unassigned were G1-Q7, F23, Y48, E102, L149-C151,
D170. Prediction of the secondary structure content as derived from
the backbone chemical shifts (HN, Cα, Cβ, CO, N), using Talos-N pro-
gram [20] revealed that the secondary structure of CIB2 in the presence
of Mg(II) comprises nine α-helices and four short β-strands (Fig. 2B),
which is consistent with the topologies of the homologous proteins CIB1
[38] and CIB3 [3]. In particular, in calcium- and integrin-binding pro-
teins, eight of the nine helices participate in four EF-hand motifs (helix-
loop-helix motif), typical of Ca(II) and Mg(II) binding proteins [40] and
the two potential metal binding sites are located at the C-terminus and
comprise helices α6 and α7 (EF3) and helices α8 and α9 (EF4) [8].

The analysis of the heteronuclear NMR relaxation experiments ac-
quired on CIB2 in the presence of 4 mM Mg(II) shows that EF4 is
dynamically active, while EF3 does not display significant dynamic
motions (Fig. 3). Indeed, several residues of EF4 (residues V147, V148,
L160, D161, D163) and at the C-terminal end (D180, F185, H186 and
I187) experience Rex contribution to 15N R2 values, indicating the
presence of conformational exchange processes in the μs-ms timescale
(Fig. 3). Moreover, stretch 138-148, located in the loop proceeding helix
α8, shows steady state {1H}-15N NOE values lower than average, typical
of the presence of local motions in the ns-ps timescale. Accordingly, the
order parameters (S2) of these residues are lower than the average.
Overall, these data demonstrate that the EF4 region and the loop be-
tween helices α7 and α8 are more flexible than EF3 region [7], and are
affected bymobility on a wide range of timescales (Fig. 3). In agreement,
the resonances of the Cα and Cβ atoms for many residues in the EF4 are
missing in the triple resonance experiments, making the assignment very
challenging. Some of these residues have been assigned indeed through
backbone NOEs connectivity. This is also the reason why TALOS-N [20]
was able to identify only the N- and C-terminal regions of the helix 8
(Fig. 2B). Previous limited proteolysis experiments assessed the sensi-
tivity of metal cation-bound CIB2 to protease digestion [16], indirectly
suggesting that some flexibility was present also in the cation-
complexed state. The heteronuclear relaxation experiments here re-
ported provide experimental evidence of such flexibility.

The atomic level characterization allows us to provide information
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on another important region of CIB2, the E156-A169 stretch, which
comprises the potential EF4 metal binding ligands, and displays two
conformations in the 1H-15N HSQC spectrum in the presence of a large
excess of Mg(II) (4 mM). We assigned one conformation to CIB2 with
empty EF4 metal binding site and one Mg(II) atom bound to the EF3 site
(hereafter named MgE-CIB2, where E stands for Empty site), while the
second conformation was assigned to a state of CIB2, in which one Mg
(II) ion is bound to EF3 and another one to EF4, hereafter named MgMg-
CIB2. This assignment resulted from the analysis of both chemical shifts
and heteronuclear relaxation data. Indeed, in the conformation assigned
to MgE-CIB2, residues E156-A169 showed negative steady state
{1H}-15N NOE values and transversal and longitudinal relaxation values
R2 and R1 lower and higher respectively than the average (red bars in
Fig. 3), indicating that this region displays motions typical of a random-
coil conformation. The corresponding resonances of amide moieties
suffer indeed from very poor dispersion of chemical shifts, supporting
that these resonances belong to a not structured conformational state
(Fig. 2A). These results are consistent with the fact that the E156-A169
stretch is not involved in metal binding and that the binding of Mg(II) in
the EF3 site, although essential for the 3D folding of the protein [7], only
partially stabilizes the EF4 site, which folds completely only upon
binding of the metal ion. The amide resonances of E156-A169 residues
in the conformation assigned to MgMg-CIB2 showed indeed larger
chemical shift dispersion with respect to the MgE-CIB2 (Fig. 2A) and an
increase of the steady state {1H}-15N NOE values (Fig. 3). The latter
behavior shows that Mg(II) binding indeed triggers the folding of the

EF4 metal binding site from a random coil conformation, although this
region maintains high mobility even in the presence of the metal ion, as
shown by the mobility data. It is worth noting that, at a CIB2:Mg(II) ratio
of about 1:20 (4 mM Mg(II) in solution), the MgE-CIB2 state is still
observed, and the molar fraction of MgMg-CIB2 is indeed 0.47 ± 0.1.
Overall, this suggests that the EF4 binding site has a lower affinity for
Mg(II) than EF3, which is instead fully occupied under these conditions,
similarly to the behavior exhibited by CIB1, where Mg(II) can only
occupy EF3, while leaving EF4 in intermediate conformational exchange
between a Mg(II) bound and unbound state [41].

3.2. A three dimensional structural model for Mg(II)-bound CIB2

We generated five 3D structural models of CIB2 by Alphafold2 pro-
gram [26], which displayed an overall Cα-RMSD of 0.34 Å (Fig. S1) with
respect to one of the five models. The pLDDT values indicate that these
3D models have been predicted with high-confidence, except for the C-
terminal region (stretch 172-189) for which the pLDDT values were
lower than 80 [42]. In order to structurally refine the AlphaFold2model,
CYANA structure calculations were run following the protocol described
in [43] including metal ions in the two EF3 and EF4 binding sites.
Chemical shifts-derived dihedral angle restraints (φ and ψ angles) and
NOEs restraints assigned in the C-terminal region were used to locate the
two metal binding sites. The refined structural model of CIB2 (Fig. 4)
shows that helix 8 is significantly shorter than the same helix in CIB1
structure [38,44], in agreement with the lack of experimental NMR re-
straints (Fig. S2). Interestingly, this is also the region for which the
assignment of three backbone amide resonances is missing and also
experience mobility in the ns-ps timescale.

3.3. NMR characterization of Ca(II)-CIB2: structural similarity but
different occupation of the binding sites

The 1H-15N HSQC spectrum of CIB2 in the presence of 4 mM Ca(II)
showed overall dispersed resonances, as observed for CIB2 in the pres-
ence of 4 mMMg(II). The backbone assignment of the fully Ca(II)-loaded
protein (CaCa-CIB2) was performed by comparing the 1H-15N HSQC
resonances with those of MgMg-CIB2 and taking advantage of the
analysis of 3D 1H-15N HSQC NOESY spectrum acquired on CIB2 in the
presence of 4 mM Ca(II). At a CIB2:Ca(II) ratio of 1:20, the intensity of
amide resonances of residues E156-A169 (corresponding to the empty
EF4) were weaker than those observed in the presence of Mg(II)
(Fig. S3). The molar fraction of CaCa-CIB2 specie was 0.90 ± 0.02 with
respect to the CaE-CIB2, indicating that the EF4 binding site is almost
completely occupied under these conditions, at odds with the analogous
case in the sole presence of Mg(II). On the other hand, in repeated ex-
periments we observed that CaCa-CIB2 gradually lost the metal ion
bound to EF3 site, indicative of a lower affinity for Ca(II), which led to
protein instability. Unfortunately, the inherent instability of the CaCa-
CIB2 protein prevented us from conducting heteronuclear relaxation
experiments necessary for the dynamic characterization of CaCa-CIB2.

The combined chemical shift differences between CaCa-CIB2 and
MgMg-CIB2 showed that the protein regions affected by the presence of
different metal ions are localized around the two metal binding sites EF3
and EF4, indicating that the overall global 3D structure is maintained
regardless of the metals bound in the two sites (Fig. 5A). Altogether, the
1H-15N HSQC spectra showed that the overall structure of the fully
metal-bound CIB2 is similar regardless of the cation bound in EF3,
although EF4 is significantly more occupied in the presence of Ca(II).

These measurements show that the stoichiometric protein:cation
ratio required to reach saturation in the first binding site is at least 1:20,
while no complete saturation was observed for the second binding site.
This is indicative of lower Ca(II) affinity for CIB2 compared to CIB1, as
highlighted in previous studies [8], but it is not unexpected when
considering its primary structure (see Fig. 1 for a comparison of the
sequences). The structure of CIB1 [1] shows that an optimal pentagonal

Fig. 4. A) CYANA-refined CIB2 three-dimensional backbone representation.
α-helices are dyed in red and β-strands dyed in light blue. Two Mg(II) ions are
bound to EF3 and EF4 binding sites in CIB2’s C-terminal region and shown as
yellow spheres. Ligand-binding residues’ sidechains are shown. B) Overlay of
the CYANA refined CIB2 three-dimensional structural model (pink ribbon) with
the first conformer of the NMR family of the CaCa-CIB1 solution structure (PDB
ID: 2L4H [38]) (light blue). Only the C-terminal domain is highlighted for sake
of simplicity. The Ca(II) and the Mg(II) ions are shown as green and yellow
spheres, respectively.
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bipyramid geometry is formed by oxygen-coordinating Ca(II) in EF4,
which is facilitated by the presence of an Asn residue (N169) in the -X
position of the coordinating loop and a Glu residue (E172) in the -Z
position (Fig. 1). This Glu residue serves as a bidentate ligand for Ca(II),
a feature that is widely conserved among EF-hand motifs [45,46]. In

contrast, in CIB2, the -X and -Z positions are occupied by the side-chain-
lacking G165 and D168, respectively, which cannot form a bidentate
ligand due to the shorter side chain. This likely distorts the geometry of
the loop and results in a lower affinity for Ca(II). Significant differences
are also observed in EF3, which accounts for the reduced Ca(II) affinity

Fig. 5. Left: combined chemical shift differences between two different protein states recorded by 1H-15N HSQC experiments, against residue numbers. Red bars
represent residues for which the chemical shift assignment is missing in one of the two species. The red dash lines indicate the chemical shift threshold value
calculated as reported in [57]. Right: three-dimensional model representation zooming on the two metal ion binding sites. Red residues are affected by combined
chemical shift >0.1 ppm. Blue residues are not assigned. A) Differences between MgMg-CIB2 and CaCa-CIB2 species; B) MgMg-CIB2 titrated with Ca(II); C) CaCa-
CIB2 titrated with Mg(II).
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of this loop in CIB2 compared to CIB1. Moreover, in CIB1 the Y coor-
dinating position is occupied by a negatively charged residue (D118),
while in CIB2, a neutral residue (N118) is substituted, preventing
favorable coulombic interactions. Additionally, the ninth position (-X)
in the EF-hand loop is occupied by Asn (N124) in CIB1, but by the less
commonly observed Cys residue (C124) in CIB2, a substitution known to
destabilize some EF-hand structures [47]. To gain further insights into
the structural differences between CIB2 and CIB1, and relate this to the
lower affinity for Ca(II), we compared CIB2 structural models with the
solution structure of CIB1 in its Ca(II)-bound (PDB: 2L4H [38], Fig. 4B)
and Mg(II)-bound forms (PDB: 2L4I [38]). We noticed minor differences
between the overall structure between CaCa-CIB1 and MgMg-CIB2,
CaCa-CIB2, MgCa-CIB2, whose RMSD computed on Cα atoms resulted
1.28 Å, 1.35 Å and 1.20 Å respectively, while the same calculation could
not be performed with respect to MgMg-CIB1 due to the missing C-ter-
minal (residues 157-191). The main structural difference is the length of
helix α8, which is significantly shorter than the corresponding helix in
CaCa-CIB1 and MgMg-CIB1 structures. However, differences in the first
coordination sphere may contribute to the lower affinity of CIB2 for
cations and may also change interhelical angle between α6 and α7 in the
EF3 motif. Indeed, we found that, in CaCa-CIB2 structural model such
angle was 101.5◦ whereas in CaCa-CIB1 structure (PDB: 2L4H [38]) it
was 122.8◦, thereby indicating a different orientation of the two helices.
Upon replacement of Ca(II) with Mg(II) in EF3 the interhelical angle
increases up to 115.3◦. Consequently, both the sequence and the struc-
ture of CIB2 are not evolutionarily optimized for pure Ca(II) binding.

3.4. Isothermal titration calorimetry and nuclear magnetic resonance
show similar binding profiles for Ca(II) and Mg(II)

To further characterize the metal binding to CIB2, we performed
Isothermal Titration Calorimetry (ITC) measurements, with the goal of
estimating the thermodynamic parameters of the binding process,
starting from the cation-free form (apo). While we could obtain repro-
ducible exothermic thermograms upon titration of apo-CIB2 with both
Ca(II) (Fig. S4A) and Mg(II) (Fig. S4B), the biphasic curves could not be
reliably fitted to a theoretical biding model. Indeed, previous NMR data
and results from CD spectroscopy indicated that the event of metal ion
binding to CIB2 is coupled with the protein folding process [7]. There-
fore, the enthalpy changes measured by ITC under these conditions
include various energetic contributions not limited to the metal ion
binding process, but referring also to protein conformational changes
and events associated with solvent reorganization; thus, they do not
permit to estimate the equilibrium constant of individual sites for metal
ions. NMR data indicate that the EF4 binding site has a lower affinity for
Mg(II) than EF3 and demonstrate that the folding of CIB2 is driven by
ion binding to EF3, which is the first site to be occupied by either Ca(II)
or Mg(II). This should be considered together with the fact that, within
the cell, Ca(II) and Mg(II) always co-exist, and while the concentration
of Ca(II) may significantly change depending on the specific signaling
event, Mg(II) is always present at relatively high concentration. We
therefore sought to study the binding events from a structural and
thermodynamic perspective under these conditions as well.

Fig. 6. Representative calorimetric titrations of Mg(II) and Ca(II) binding to CIB2. Raw heats (top panels) and binding isotherms (bottom panels) are shown for the
titration of 38 or 76 μM CIB2 with A) 10 mM Ca(II) or B) 10 mM Mg(II) binding to the protein pre-incubated with 8-fold excess Mg(II) or Ca(II), respectively. The
thermograms were fitted using the “one set of sites” model for competitive titration.
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We used ITC to investigate the process of cation replacement in the
metal binding sites when CIB2 was previously saturated with either Mg
(II) or Ca(II) and combined them with NMR, which provides atomic-
level details. Regardless of the presence of Mg(II) or Ca(II) bound to
CIB2, the binding isotherms in the competition experiments were best fit
to a single binding site model (Fig. 6A-B), suggesting that, in both cases,
only an ion was replaced by the other one. This model was validated by
titration NMR experiments. In order to report residue-specific confor-
mational changes in response to Ca(II), we monitored the perturbations
in amide chemical shifts in the 1H-15N HSQC spectrum of MgMg-CIB2 by
adding increasing amounts of Ca(II). Only the backbone amides of the
EF4 binding site experienced meaningful chemical shift perturbations
upon addition of Ca(II) (Fig. 5B). Under these conditions, a second NMR
signal appeared in the 1H-15N HSQC spectrum in slow exchange on the
NMR time scale with the MgMg-CIB2 form. At the end of the Ca(II)
titration the same chemical shifts of the residues of the EF4 binding site
corresponding to the Ca(II)-bound specie were observed, whereas the
resonances of the EF3 site were not affected. This behavior indicates that
the Mg(II) ion bound to EF4 is substituted with Ca(II) and also demon-
strates that Mg(II) is still bound to EF3, even in the presence of 2.4 mM
Ca(II). On the contrary, the titration with Mg(II) of CIB2 in the presence
of 1.2 mMCa(II) led to the exchange of the metal only in the EF3-binding
site. Indeed, when Ca(II)-bound CIB2 was titrated with increasing
amounts of Mg(II), the resonances corresponding to the specie in which
a Mg(II) ion is bound to EF3 was observed in the 1H-15N HSQC spectrum
in slow exchange with the Ca(II)-bound specie. In particular, at 0.8 mM
Mg(II), the resonances of EF3 correspond to the Mg(II)-bound state
appear at the expenses of those corresponding to the Ca(II)-bound specie
(Fig. 5C). Both titrations resulted in the end in the same 1H-15N HSQC
spectrum, which represents the fingerprint of the MgCa-CIB2 species.

Taken together, these results definitely demonstrate that the EF3 and
EF4 metal binding sites have a different preference for Mg(II) and Ca(II)
ions and allow to attribute the dissociation equilibrium constants
determined by ITC (KD values) to specific sites, thus resulting in the
KDMgEF3 and KDCaEF4 (Table 1). Combining therefore NMR data and ITC
results, we could predict the thermodynamic parameters of the
following reactions:

CaCa-CIB2+Mg(II) ⇔ KDMgEF3MgCa-CIB2+ Ca(II) (3)

and

MgMg-CIB2+ Ca(II) ⇔ KDCaEF4 MgCa-CIB2+Mg(II) (4)

Interestingly, we found that the presence of Mg(II) still leads to a
relatively low affinity for Ca(II) binding to EF4, (KDCaEF4 = 47 μM,
Table 1); on the other hand, the presence of Ca(II) bound to CIB2 results
in a relatively high Mg(II) binding affinity in EF3 (KDMgEF3 = 81 μM,
Table 1). Thermodynamic parameters measured in either competitive
binding experiments thus support a picture where the heterogeneous
binding events of either a Ca(II) or a Mg(II) ion that lead to cation
replacement are spontaneous in each initial bound conformation,
entropy-driven (Table 1), and do not depend on the specific path, pro-
vided that CIB2 ends up in the same MgCa state. Indeed, in each
competition experiment, the enthalpic and entropic contributions were

very similar for both preincubated conditions (Table 1). The relatively
high favorable entropy change that accompanies the ion exchange event
can be ascribed to the conformational rearrangements of the protein, a
phenomenon that has been described in other calcium sensor proteins
[48–50], and to the important contribution attributed to the solvation/
desolvation of the Mg(II) ion and the consequent release of water mol-
ecules from the bulk. It should be indeed noted that the radius of a
hydrated Mg(II) ion increases significantly more than that of Ca(II)
(~400-fold larger compared to ~25-fold larger, respectively) with the
practical consequence that Mg(II) cannot be easily removed from its
hydration shell [52].

3.5. Molecular dynamics simulations of CIB2 under different ion-loading
conditions suggest inter-domain allosteric mechanisms involving Ca(II)-
loaded EF4

The effects of Ca(II) and Mg(II) binding on protein structure and
flexibility were investigated by running extensive 1 μs all-atom Molec-
ular Dynamics (MD) simulations of CaCa-CIB2, MgMg-CIB2, and MgCa-
CIB2, that is, all states that have been experimentally sampled in NMR
and ITC experiments. All three systems exhibited a similar evolution
over 1 μs of the Cα-RMSD calculated on the respective equilibrated
structure, with values stably around ~3 Å after ~500 ns (Fig. S5). This
suggests that the overall tertiary structure of CIB2 is not strictly
dependent on the specific ion bound to either functional EF-hand, but
rather on the presence of ions bound to EF3 and EF4, in line with the
chemical shift differences exhibited by CaCa-CIB2 and MgMg-CIB2 in
NMR experiments. Concerning protein flexibility, MgMg-CIB2 was
overall the least flexible of the three states, especially in the α2-α3 loop
(residues 35-55), and in the metal binding loop of EF4 (Fig. 7). On the
other hand, the flexibility of the α2-α3 loop, belonging to the N-terminal
domain of CIB2 and structurally apart from EF3 and EF4, appeared to
depend on the metal ion bound to the binding motifs. Indeed, the ex-
change of the Mg(II) ion bound to EF4 with a Ca(II) ion resulted in a ~1
Å higher average RMSF (2.78 vs 1.72 Å) along the 35-55 region, with a
peak represented by residues 46-49 displaying an RMSF >4 Å. The
further Mg(II)/Ca(II) exchange in EF3, leading to the Ca(II)-loaded form,
slightly stabilized the α2-α3 loop compared to the MgCa CIB2 form, with
an average RMSF of 2.63 Å. Of interest, 15N R1 values, sensitive to local
motions on the picosecond to nanosecond timescale, are higher than
average for stretch 49-53 in both MgMg-CIB2 (Fig. 3) and MgCa-CIB2
(Fig. S6), as is often observed in the case of disordered loop regions of
proteins. Moreover, signals linewidths of residues R49 and K50 are

Table 1
Thermodynamic binding parameters obtained in the competition experiments of
10 mMMg(II) or Ca(II) to the CIB2 preincubated with Ca(II) or Mg(II) and fit to a
one-site binding site model. Values reported are the mean ± standard deviation
of three technical replicates.

Titration N (sites) KD
(μM)

ΔH (kcal/
mol)

-TΔS (kcal/
mol)

ΔG (kcal/
mol)

Ca(II) on
MgMg-CIB2

1.23 ±

0.04
47 ±

7 -0.7 ± 0.3 -5.2 ± 0.3
-5.90 ±

0.09
Mg(II) on CaCa-

CIB2
1.13 ±

0.12
81 ±

11 -0.8 ± 0.5 -4.8 ± 0.5
-5.59 ±

0.07

Fig. 7. Cα-RMSF profiles calculated over 1 μs MD simulations of CaCa-CIB2
(red), MgMg-CIB2 (green), and MgCa-CIB2 (blue). Inset shows the position of
the 9 α-helices of CIB2, helices belonging to the same EF-hand (helix-loop-helix)
motif are displayed in the same color, the positions where Ca(II) and Mg(II) ions
are bound are represented as yellow circles.
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broad beyond detection, suggesting that the α2-α3 loop is affected both
by fast dynamic processes typical of loops, and by dynamic processes
occurring with much slower time constants, as is the case for allosteric
transitions, which usually occur on the order of 10-6-100 s-1 [53]. Indeed,
we monitored over 1 μs MD simulations the relative distances between
K50 (representative of the flexible loop, Fig. S7A) and: i) K26 (Fig. S7B);
ii) H33 (both located on the fairly rigid α2 helix, Fig. S7C); ii) and F90
(residing at the beginning of α2 helix, Fig. S7D); we observed that, in all
three states, all three distances were relatively constant only for the first
50 ns of the trajectories. This suggests that the α2-α3 loop transiently
adopts a range of low populated conformations in equilibrium charac-
terized by the high structural flexibility observed by MD simulations,
which cannot possibly be observed in the NMR exchange limit, which
refers to a substantially different time scale [54].

We also sought to determine the flexibility of the metal cations
bound to EF3 and EF4 in the different ion loading states by computing
their RMSF; this permits to investigate the propensity of the ions to
detach from the binding loop [55]. Mg(II) ions displayed on average
~1.4-fold lower RMSF compared to Ca(II) ions regardless of the ion-
loading state (Table 2), hinting at a coordination geometry generally
more favorable to Mg(II)-binding. In addition, ions bound to EF4 were
found to fluctuate more within the ion binding loop with respect to their
counterpart in EF3 (0.96 vs 1.75 Å, 0.94 vs 1.06 Å, and 1.06 vs 1.61 Å,
Table 2), consistently with the higher flexibility exhibited by the entire
EF4 ion-binding loop (Fig. 7) and substantially in line with hetero-
nuclear NMR relaxation experiments (Figs. 3 and S6). Notably, such
differences in RMSF were exacerbated when Ca(II) was bound to EF4
(1.75 Å and 1.61 Å vs 1.06 Å, Table 2). The heteronuclear NMR relax-
ation experiments conducted on MgCa-CIB2 also revealed that some

residues belonging to the EF4 binding loop experience Rex contribution
to R2 values higher than that of MgMg-CIB2 (Fig. S6) suggesting an even
more pronounced mobility in slow time scales of this loop, in line with
MD data. Taken together, results from MD simulations suggest the ex-
istence of allosteric connections between the N- and C-terminal lobes of
CIB2, which depend on the presence of Ca(II) bound to EF4 and mostly
influence the mobility of the α2-α3 loop. This could have specific
functional consequences that remain to be determined.

3.6. Differential scanning calorimetry (DSC) highlights the high stability
of the MgCa-CIB2 state

It has long been known that, in the absence of cations, CIB2 forms a
molten globule state deprived of tertiary structure, while the addition of
either Mg(II) or Ca(II) induces a well-folded structure stabilizing the
protein tertiary structure [8]. This has been directly proven by
comparing the far- and near-UV CD spectra of apo-CIB2, and corrobo-
rated by NMR spectroscopy [7]. We used Differential Scanning Calo-
rimetry (DSC) to probe whether and how the binding of cations increases
the thermal stability of CIB2. Fig. 8 shows the DSC traces of the exper-
imental data and the best-fitting results using a two-state transition
model. Thermal denaturation data showed that the apo form of CIB2 is
relatively unstable, with a melting temperature (Tm) of 29.7 ◦C
(Table 3). This value is comparable with that obtained by monitoring the
residual secondary structure of CIB2 upon thermal denaturation by CD
spectroscopy (Tm = 35.1 ◦C), and the difference is consistent with the
protein being in a molten globule state in the absence of cations [7]. A
comparable stabilizing effect was observed upon addition of Mg(II) or
Ca(II), with a shift of the thermograms towards a higher temperature
(Tm = 36.7 ◦C and 36.8 ◦C for Mg(II) and Ca(II), respectively). Inter-
estingly, we observed that in the presence of both cations the stability of
CIB2 further increased the Tm by 4 ◦C (41.1 ◦C). In addition, when
incubated with both Mg(II) and Ca(II) ions, CIB2 showed a remarkable
(~16 kcal/mol) increase of denaturation enthalpy (Table 3), suggesting
that specific and relatively strong interactions are formed when the EF3
and EF4 binding sites are occupied by Mg(II) and Ca(II), respectively.
This is fully in line with NMR results, as in the state corresponding to
MgMg-CIB2, EF4 appears not to be fully Mg(II)-bound, while CaCa-CIB2
is intrinsically unstable due to the lower affinity of Ca(II) for EF3;
overall, this suggests that MgCa-CIB2 is likely to be the most biologically
relevant state.

3.7. NMR characterization of the MgMg-CIB2 and MgCa-CIB2/α7B_M
peptide interaction

Among the many biological partners identified [8], previous studies
showed that CIB2 recognizes and binds the membrane-proximal region
of the cytosolic tail of α7B integrin (from now on referred to as α7B_M
peptide) [10]. Surface plasmon resonance suggested that CIB2 binds the
α7B_M peptide with micromolar affinity and that the formation of a
protein-peptide complex may drive the binding of a second CIB2
molecule [16]. To perform an atomic level characterization of the CIB2/
α7B_M interaction, the 15N labeled protein was titrated with increasing
amount of peptide and the titration was followed by NMR spectroscopy.
These experiments were performed both in the presence of Mg(II) alone

Table 2
RMSF of metal cations bound to EF3 and EF4 of CIB2 calculated on 1 μs MD
simulations.

Ion loading state RMSF(Å) observed in each EF-hand

EF3 EF4

CaCa 0.96 1.75
MgMg 0.94 1.06
MgCa 1.06 1.61

Fig. 8. Differential scanning calorimetry (DSC) experiments of 76 μM CIB2 in
the absence and in the presence of metal ions. DSC thermograms of apo CIB2 in
the presence of 1 mM EDTA (black dotted line), 1 mM Mg(II) (blue dotted line),
1 mM Ca(II) (red dotted line) and 1 mM Mg(II) + 1 mM Ca(II) (green dotted
line), respectively, after baseline-correction and concentration-normalization.
Superimposed colored lines represent the fitting function using a two-state
transition model.

Table 3
Thermal stability of CIB2 in the absence of ions (apo, 1 mM EDTA) and in the
presence of 1 mMMg(II), 1 mM Ca(II), and 1mMMg(II)+ 1mMCa(II), obtained
by fit of DSC curves using a two-state transition model.

Condition Tm (◦C) ΔH (kcal/mol)

Apo 29.70 ± 0.06 64.7 ± 0.9
Mg(II) 36.72 ± 0.02 64.7 ± 0.3
Ca(II) 36.81 ± 0.02 65.9 ± 0.5

Mg(II) + Ca(II) 41.14 ± 0.01 81.9 ± 0.3
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and in the presence of both Mg(II) and Ca(II) ions.
Residues within MgMg-CIB2 exhibiting a combined chemical shift

variation >0.03 ppm during titration with the α7B_M peptide are
depicted onto the MgMg-CIB2 structural model in Fig. 9. Similarly, we
observed protein-peptide interaction in the case of MgCa-CIB2. The
chemical shift differences for both MgMg-CIB2 and MgCa-CIB2 are re-
ported in Fig. S8. In both instances, the involved residues are located in
the C-terminal domain of CIB2, showing that the recognition of this
molecular target occurs with a similar interface, regardless of the cation
bound to EF4.

To assess the oligomerization state of CIB2 in the presence of the
α7B_M peptide and evaluate whether the interaction influences internal
protein mobility, we performed heteronuclear relaxation experiments
on the protein-peptide complexes. The average backbone 15N longitu-
dinal R1 for MgMg-CIB2 and MgCa-CIB2 in the presence of 2 equivalents
of α7B_M peptide were 1.5 ± 0.3 s-1 and 1.3 ± 0.3 s-1, respectively.
These values are comparable with those obtained for the isolated protein
(1.3 ± 0.1 s-1 for MgMg-CIB2 and 1.3 ± 0.2 s-1 for MgCa-CIB2, respec-
tively), indicating that the interaction with the peptide does not induce
the dimerization of CIB2, which interacts with α7B_M as a monomer.
The target-induced dimerization of CIB2 hypothesized in a previous
study and based on surface plasmon resonance [16] could thus be an
artefact due to the specific experimental on-chip conditions.

Interestingly, the stretch 138-148, located in the loop proceeding
helix α8, maintained high flexibility in the ns-ps time scale, as evident by
{1H}-15N heteronuclear NOE values lower than average 0.23 ± 0.04.
These findings suggest that binding of α7B_M peptide does not introduce
additional rigidity; on the contrary, the protein appears to be even more
flexible upon interaction. Such behavior has been previously hypothe-
sized by Near-UV CD spectroscopy measurements [7]. Considering that
the homolog protein CIB1 allows a high degree of promiscuity in target
recognition [56], the fact that CIB2 remains highly flexible upon target
binding might play a role in protein function and contribute to the
molecular recognition of a broad variety of proteins.

4. Conclusion

In this work, we presented a comprehensive analysis of the structural
properties of CIB2 in the presence of Ca(II) and Mg(II) cations, which
may represent a snapshot of the possible signaling states of the protein in
different physiological contexts. By integrating high-resolution experi-
mental data with calorimetric studies and molecular simulations, the
main conclusion of our work is that among the possible occupancy states
of its EF-hands, the one that sees EF3 occupied by an Mg(II) ion and EF4
occupied by a Ca(II) ion is the most likely. The MgCa-CIB2 state also
shows remarkable stability, and appears to be the natural endpoint in
the co-presence of the two metal cations, irrespective of the starting
state, be it Ca(II)- or Mg(II)-loaded. The achievement of such a hetero-
geneous state of occupancy is rather unusual for a calcium-sensor pro-
tein and could be a feature that distinguishes CIB2 from other members

of the CIB family. On the other hand, the protein’s characteristic
structural flexibility could be an essential element in ensuring the
remarkable functional plasticity that suggests the involvement of CIB2
in many disparate physiological processes. In conclusion, although the
apparent affinities for Ca(II) of CIB2’s binding sites are relatively low
when compared with those of other calcium sensors including CIB1 (0.5-
1.9 μM [41,44]), the peculiarity of being partially bound to Mg(II) under
physiological conditions may confer specific calcium-sensing capacities
to CIB2. In addition, it cannot be ruled out that interaction with its many
molecular targets may also significantly increase its affinity for Ca(II), as
has been amply demonstrated for the ubiquitous calcium sensor
calmodulin. It has been previously shown that target binding, i.e.
α7B_M, can indeed increase the apparent affinity of CIB2 for Ca(II) of
about 2.5-fold while at the same time decreasing that for Mg(II) [7].
Thorough biochemical and biophysical investigations of CIB2 in com-
plex with its target are needed to assess the general validity of this hy-
pothesis and clarify the mechanistic details.
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