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Lead is a highly toxic metal that severely perturbs physiological processes even at sub-micromolar levels, often
by disrupting the Ca®* signaling pathways. Recently, Pb>*-associated cardiac toxicity has emerged, with po-
tential involvement of both the ubiquitous Ca®* sensor protein calmodulin (CaM) and ryanodine receptors. In
this work, we explored the hypothesis that Pb%* contributes to the pathological phenotype of CaM variants
associated with congenital arrhythmias. We performed a thorough spectroscopic and computational character-
ization of CaM conformational switches in the co-presence of Pb?* and four missense mutations associated with
congenital arrhythmias, namely N53I, N97S, E104A and F141L, and analyzed their effects on the recognition of a
target peptide of RyR2. When bound to any of the CaM variants, Pb%* is difficult to displace even under equi-
molar Ca** concentrations, thus locking all CaM variants in a specific conformation, which exhibits character-
istics of coiled-coil assemblies. All arrhythmia-associated variants appear to be more susceptible to Pb%* than
wild type (WT) CaM, as the conformational transition towards the coiled-coil conformation occurs at lower Pb3t,
regardless of the presence of Ca®", with altered cooperativity. The presence of arrhythmia-associated mutations
specifically alters the cation coordination of CaM variants, in some cases involving allosteric communication
between the EF-hands in the two domains. Finally, while WT CaM increases the affinity for the RyR2 target in the
presence of Pb%", no specific pattern could be detected for all other variants, ruling out a synergistic effect of
Pb?* and mutations in the recognition process.

1. Introduction

Lead toxicity is a serious global health problem as lead, like other
heavy metals, slowly accumulates in the air, water, and soil [1], due to
its massive employment in agriculture and industry [2]. Upon accu-
mulating in the environment, where it can persist for centuries, lead
enters in the food chain through terrestrial and marine fauna and flora
[3], ultimately reaching humans mainly through inhalation and inges-
tion. Occupational workers, children and pregnant women are the most
susceptible categories to lead poisoning [4], together with people
affected by Ca®"-deficiency and with a low dietary Ca®*-intake, such as
refugees, elderly and children. Once introduced to the human body

through the diet, lead can be excreted, although the largest part of it
accumulates in the bones, displacing Ca?" in osteocalcin [5].

The most common cationic dissociated form of lead (Pb%") is trans-
ported in the blood stream throughout the human body, thus its con-
centration (Blood Lead Level, BLL) can be used as a prognostic index for
lead poisoning, which is defined at a BLL of 25 pg/dl and 5 pg/dl, for
adults and children, respectively (Center for Disease Control and Pre-
vention, CDCP, 2014), while the current exposure threshold recom-
mended by the CDCP is <5 pg/dl, which corresponds to 185 nM.
Relatively low amounts of Pb?* can therefore trigger severe toxic effects.

As in the case of other heavy metals, lead toxicity is normally man-
ifested through the perturbation of a variety of biochemical and
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physiological mechanisms, thus causing a multiplicity of symptoms
among which: i) neurological disorders related to the central and pe-
ripheral nervous systems [6,7]; ii) developmental defects [8,9]; iii)
anemia [10]; iv) hypertension [11]; v) nephrotoxicity [12]; vi) bone loss
[4], and vii) carcinogenicity [13]. A strict interconnection between
Ca?*-signaling and Pb?* (neuro) toxicity has been recently postulated
[14], and the most accredited hypothesis on the pathogenic mechanism
underpinning lead poisoning is ion mimicry. Pb%* and Ca?* have in fact
the same charge and similar ionic radii (0.99 A for Ca®" and 1.20 A for
Pb%"), which would allow ion binding with the same requirements in
terms of coordination number [15] and geometry [16]. Moreover, the
similarity with Ca*"-ions would permit Pb?* to enter the cells through
Ca®*-dedicated channels [1 7,18], where several lines of evidence
demonstrated that it could substitute for Ca?' in several proteins
[19-23], thus acting as a potential alternative second messenger [24].
Ca?*-binding proteins bind Pb?* with high affinity predominantly
via the canonical EF-hand Ca?"-binding motifs [25]. The prototypical
Ca?*-sensor Calmodulin (CaM), as well as troponin C, and oncomodulin
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[19] have been shown to bind Pb®>" in a preferential manner with respect
to Ca®™.

CaM is a ~17 kDa ubiquitously expressed Ca>"-sensor which, upon
binding Ca* ions in each of the four functional EF-hands, undergoes a
major structural rearrangement from a closed to an open conformation
[26-29] (see Fig. 1), which is then able to bind and regulate over 300
molecular targets [30].

The role of CaM in lead toxicity has been under investigation for over
40 years [22,31], and it likely occurs via the Pb?>"-mediated dysregu-
lation of its numerous effectors. Indeed, it has been proven that in
resting cells where Ca®*-concentration is particularly low (1077 M),
Ca?"-sensor proteins can bind other divalent cations including Pb>*,
which can bind to all four EF-hand binding sites [26], thus leading to
improperly activated CaM.

Beside Ca?*-displacement by Pb?*, opportunistic binding has been
recently proposed as an alternative pathogenic mechanism by Kirberger
et al. in their study on the structural analogies between Ca2* and Pb?*
binding sites [32], which led to the conclusion that any protein site
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Fig. 1. Schematic representation of CaM conformational plasticity and ion coordination. A) The three-dimensional structure of CaM in its apo, “closed” conformation
(PDB entry 1DMO [27]), Ca®*-bound open conformation (PDB entries 1CLL [28]), Ca®*-bound closed conformation (PDB entry 2KOE [29], 2 conformers from the
NMR ensemble), Pb%*-bound (PDB entry 2V01 [49]), and Pb%*/Ca*-bound intermediate form. In all states, CaM is represented as cartoons with EF1 motif colored in
yellow, EF2 in green, EF3 in orange and EF4 in blue. Ca%* and Pb?* ions are shown as red and grey spheres, respectively, residues mutated in arrhythmia-associated
variants are represented as cyan sticks with N atoms in blue and O atoms in red. B) CaM sequence is shown together with the organization in structural motifs, aEn
and oFn indicate the entering and exiting helix of EF-hand motif n, each EF-hand is colored according to panel A, the linker region is labelled. Residues involved in
both Ca?" and Pb?" binding are shaded in grey and labelled with the respective position according to the canonical Ca®*/Pb?" coordination. Residue D78, involved
in opportunistic Ca®* binding, is shown in bold, underlined, and colored in red. Residues involved in opportunistic Pb*>* binding are shown in bold, underlined, and
colored in blue.
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containing negatively charged residues might coordinate Pb?*-ions,
such as in the case of the DTDSEEE stretch in the linker region of CaM
(Fig. 1). These results suggest that Pb?>" can adapt to structurally het-
erogeneous binding geometries, thus implying that opportunistic bind-
ing may indeed play an active role in metal toxicity [32]. Even though
opportunistic binding of Pb?* has been demonstrated for CaM by NMR
experiments [33], ionic displacement is the most probable mechanism
explaining the toxic effects of heavy metals on other Ca>*-sensor pro-
teins, such as Neuronal Calcium Sensor 1 (NCS1) [34] and Downstream
Regulatory Element Antagonist Modulator (DREAM) [35], and on the
modulation of the interaction with their targets.

Recently, Pb?>* was also found to alter the functionality of Ryanodine
Receptors (RyR), a class of CaM-regulated intracellular Ca" channels
capable of binding Ca®*, and responsible for preserving Ca%"-homeo-
stasis [36]. RyRs can be classified in 3 subgroups with specific locali-
zation, RyR1 is mainly expressed in skeletal muscle and cerebellar
Purkinje neurons [37], RyR2 is mostly present in cardiomyocytes and in
the brain [38], while RyR3 is brain specific [39]. Pb2t was shown to
modulate the binding of ryanodine to RyR2 and RyR3, resulting in a
significant depression of Ca®*-oscillations [40] and causing an increase
of intracellular [Ca®"] in rats by inducing the overexpression of RyR2
and RyR3 [41]. Overall, these recent findings suggest that RyRs may be
the target of Pb®T-induced neurotoxicity through impaired Ca*-
signaling.

Besides the established neurotoxic effect, Pb%* is known to perturb
cardiac functionality affecting heart rate, contraction, excitability, and
rhythm, through still partially undisclosed mechanisms [42], therefore
suggesting Pb?" exposure as a relevant risk factor for cardiac diseases.
The dysregulation of RyRs-mediated Ca®*-release has been associated
over the last 10 years with potentially lethal diseases affecting both
cardiac and skeletal muscle [43]. In this regard, it is relevant that 17
missense variants of CaM have been associated with heart failure and
sudden cardiac death [44] due to long QT syndrome (LQTS) and Cate-
cholaminergic Polymorphic Ventricular Tachycardia (CPVT) [45].

The potential involvement of both CaM and RyR2 in Pb®*-associated
cardiac toxicity raised the question of whether CaM could be at least
partially responsible for the pathological phenotype, due to alterations
in its conformational switch or in the recognition of the target. In this
work, we questioned if arrhythmia-associated variants of CaM could be
differently susceptible to Pb2*, thus suggesting a further potential risk
factor for lead poisoning. To this end, we performed a thorough bio-
physical and biochemical study on the structural properties of five CaM
variants with distinct structural location and role, namely: i) (WT; ii)
N53]I, located in the entering helix of EF2 («E2, Fig. 1) and associated
with CPVT; iii) N97S, belonging to the ion-binding loop of EF3, involved
in ion coordination via the backbone carbonyl group (Fig. 1) and asso-
ciated with CPVT and LQTS [45]; iv) E104A, located in the ion-binding
loop of EF3 [46], responsible for ion coordination through the sidechain
carboxyl group and found in LQTS patients; v) F141L, also found in
LQTS patients [47], located in aF4 and responsible for the hydrophobic
packing of helices aE4 and aF4. Finally, we investigated the effects of
Pb%* on the interaction between CaM variants and RyR2, focusing on a
31-residue peptide encompassing the R3581-L3611 region of RyR2 [48]
known as CaM binding domain 2 (CaMBD2).

2. Materials and methods
2.1. Materials

Ethylenediaminetetraacetic acid (EDTA), Tris(hydroxymethyl)ami-
nomethane (TRIS), KCl, CaCl,, Pb(NOg3), and 8-Anilinonaphthalene-1-

sulfonic acid (ANS) were purchased from Merck and were of the high-
est purity grade available.
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2.2. Protein purification

CaM variants N53I, N97S, E104A, and F141L (residue numbering
refers to the mature proteins that lack the Met in position 1) were het-
erologously expressed in E. coli and purified by reverse immobilized
metal affinity chromatography as previously described [50,51]. Briefly,
the cDNA of human WT CaM (Uniprot entry: PODP23) was cloned into a
pET24a (+) vector containing a 6 x His-tag and the Tobacco Etch Virus
protease recognition site at the N-terminus. Cloning, codon optimiza-
tion, site-directed mutagenesis and sequence check were performed by
Genscript. All CaM variants were extracted by the soluble fraction using
a His-trap FF Crude column (GE) and, after His-tag removal, proteins
were flash-frozen in working buffer (20 mM TRIS pH 7.5, 150 mM KCI)
and stored at —80 °C until use.

The portion of human Ryanodine Receptor 2 (RyR2) used in the
present study, representing the CaMBD2 region, encompasses the
R3581-L3611 amino acid stretch (RSKKAVWHKLLSKQRKRAVVACFR-
MAPLYNL) and was purchased from Genscript as lyophilized powder
(purity >95 %, assessed via mass spectrometry and HPLC).

2.3. Limited proteolysis

Limited proteolysis was performed incubating 26.6 pM CaM variants
in the presence of 0.4 uM trypsin (ratio 1:66) in four different conditions:
apo (200 pM EDTA), Pb?*-bound (100 uM EDTA + 200 uM Pb?*, free
Pb%* ~100 pM), Ca®"-bound (500 pM Ca>*) and in co-presence of Ca%*
and Pb?* (500 pM Ca?" + 100 uM Pb?*). A time scan was performed first
for WT CaM], setting the temperature at 25 °C and collecting sample at
different times from 0 to 90 min, leading to the selection of 10 min as the
optimal incubation time for the resolution of the proteolytic fragments.
Limited proteolysis for each CaM variant was performed at both 25 °C
and 37 °C, reactions were blocked by adding sample buffer 4x and by
incubating the samples at 95 °C for 10 min, finally samples were loaded
on 15 % SDS-PAGE and Coomassie Blue-stained.

2.4. Circular dichroism spectroscopy

Variations in the secondary structure of CaM variants were assessed
by circular dichroism (CD) in the far-UV, as previously described
[50,51]. Spectra were collected on a Jasco J-710 provided with a Peltier-
type thermostated cell holder, after setting temperature at 37 °C,
response time at 4 s, bandwidth at 5 nm, and data pitch at 1 nm. For each
variant/ion combination, 4 accumulations of the spectra were recorded,
the spectrum of the buffer (20 mM TRIS pH 7.5, 150 mM KCl) was
considered as blank and subtracted. Protein concentration was quanti-
fied before each measurement by Bradford assay [52]. Far-UV CD
spectra (200-250 nm) were recorded using a 1-mm pathlength quartz
cuvette containing 10 pM CaM variants in decalcified buffer and in the
presence of 200 uM Ca*, 200 uM Pb?*, or 200 uM Pb?* and 200 uM
Ca2*. The effects of Ca%" on the conformational transitions affecting the
secondary structure of CaM variants upon Pb%"-titration were evaluated
by monitoring the ratio between the ellipticity at 222 and 208 nm (6225 /
0208), the typical minima exhibited by all a-helix proteins. Briefly, 10 yM
CaM variants were titrated with increasing concentration of Pb**
(0-320 pM) in the absence and in the presence of 200 pM Ca?* for a total
of three technical replicates for each variant. Each titration was fitted to

Arrxh
ECso"+xh

baseline of the titration in terms of 0255 / 099g, Ar is the variation of the
ratio at 0 and 320 pM [Pb?*], corresponding to the starting and the end
point of the titration, respectively, h is the Hill coefficient, and ECsy is
the effective Pb>"-concentration at which the conformational transition
is half-maximal. Values reported in Table 1 refer to the average +
standard deviation of the values obtained from each titration shown in
Fig. 4. The statistical significance of the differences between ECs( values
for each variant/state combination was assessed by two-tailed t-tests.

a 4-parameter Hill sigmoid (Ziﬁ =b+ ), where b is the starting
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Table 1
Results from CD spectroscopy.

Variant  State 0222/ AB205/ ECso (UM)' Hill
0208" [ coefficient
WT Apo 0.90 - 69.8 + 1.3+0.3
21.0
Ca®* 0.96 0.24 100.5 + 3.440.3
2.9
pb* 1.11 0.18 - -
Ca%t + 1.12 0.17 - -
Pb2+
N53I Apo 0.89 - 181+0.8 1.6+0.1
Ca?* 0.95 0.18 354+21 12401
Pb%+ 1.12 0.14 - -
Ca®t + 1.12 0.10 - -
Pb2<
N97S Apo 0.91 - 17.3+0.7 23+0.2
Ca®* 0.96 0.19 255+01 1.3+0.1
Pb%+ 1.15 0.12 - -
Ca%t + 1.13 0.11 - -
Pb2+
E104A  Apo 0.90 - 17.1+0.8 1.6 +0.1
Ca%* 0.94 0.11 232+0.1 11401
Pb%+ 1.13 0.06 - -
Ca®t + 1.12 0.04 - -
Pb2+
F141L  Apo 0.87 - 44.9 + 0.9+0.2
15.1
Ca?* 0.91 0.01 69.2+38 3.1+0.4
pb** 1.12 0.06 - -
Ca%t + 1.11 0.04 - -
Pb2+

2 ratio between CD signal at 222 and 208 nm.
ion

b Relative variation in ellipticity calculated as (6}55- 0333)/0383.
© Pb?" concentration at which the observed conformational transition
affecting secondary structure is half-maximal.

2.5. Molecular modeling

Molecular models for: i) Ca>*-loaded, ii) Pb**-loaded, and iii) the
intermediate Pb>*+Ca?" state (Pb%" ions bound to EF1 and EF2, Ca®*-
ions bound to EF3 and EF4, Fig. 1) of CaM WT and arrhythmia-
associated variants were generated within the BioLuminate framework
provided by Schroedinger’s Maestro chemical simulation suite.

The three-dimensional structure of Ca’-loaded WT CaM was
modeled using the experimentally solved crystallographic structure as a
template (PDB entry 1CLL, 1.7 A resolution [28]). The structure of the
Pb?*-loaded form, on the other hand, was modeled using the crystal-
lographic structure as a template (PDB entry 2V01, 2.15 A resolution
[49]) after removing all opportunistically bound ions, thus retaining
only Pb?*-ions canonically bound to the four EF-hand motifs. Finally,
the intermediate structure was built upon superimposition of the co-
ordinates of Ca atoms of Ca?"-loaded and the Pb?*-loaded forms (Root-
Mean Square Deviation, RMSD = 0.58 A) and by fusing the N-terminal
part of the Pb2*-loaded state (residues 5-80) with the C-terminal part of
the Ca®*-loaded state (residues 81-147), due to the 8-fold higher affinity
for Pb2* exhibited by the N-lobe compared to that exhibited for Ca%*
[33].

All three states were subjected to BioLuminate’s “Protein prepara-
tion” protocol as previously described [50], briefly summarized as:
assignment of bond orders (including 0-order bonds involving Ca%* and
Pb%*-ions) as provided by the Chemical Components Dictionary data-
base; addition of hydrogens; sampling of water molecules; assignment of
the protonation state at pH 7.5 using PROPKA; H-bond optimization and
heavy atom minimization (RMSD <0.3 A). Arrhythmia-causing muta-
tions N53I, N97S, E104A and F141L were generate by the “Mutate
residue” tool implemented in BioLuminate, upon selection of the
highest-scored non-clashing rotamer.
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2.6. Molecular dynamics simulations

CaM variants in their Ca>"-loaded, Pb**-loaded, and intermediate
states underwent 1 ps all-atom molecular dynamics (MD) simulations
performed with GROMACS 2020.6 [53] simulation suite and
CHARMM36m force field [54]. Proteins were then surrounded by a
dodecahedral water box with 1.2 nm distance between protein atoms
and the edges of the box, neutralized with 150 mM KCl (total system size
~55,000 atoms), subjected to a two-step energy minimization using
steepest descent and conjugate gradient algorithms, and equilibrated for
2 ns in NVT and for 2 ns in NPT ensemble, as previously detailed [55].
Finally, each system was simulated for 1 ps in NPT ensemble, where
temperature and pressure were set to 37 °C and 1 atm, respectively.

2.7. Analysis of molecular dynamics trajectories

To assess the effects of pathological mutations and different metal
cations on the flexibility of the backbone of CaM, the Root-Mean Square
Fluctuation of Ca (RMSF), representing the time-averaged deviation of
the position of each Co with respect to its average position, was calcu-
lated for each variant/state combination by the “gmx rmsf” function
provided by GROMACS.

Analogously, the time-evolution over 1 ps of the radius of gyration of
each CaM variant in the three ion-bound states was calculated by “gmx
gyrate” function provided by GROMACS. To evaluate potential confor-
mational transitions responsible for remarkable changes in the radius of
gyration, a single structure was extracted from the trajectory for each ns
of simulation time. The representative conformation for each ns of the
trajectory was identified as the centroid of the cluster, that is the
structure with the lowest Ca-RMSD with respect to all other conforma-
tions, thus yielding trajectories constituted by 1000 frames. Then, each
trajectory was clustered using the single linkage method by setting 2.5 A
as cutoff for the Ca-RMSD, and the centroid of the two most populated
clusters comprising at least 100 members (if present, see Table ST1)
were considered as the representative conformation(s) of each state. The
solvent-accessibility of Ca%* and Pb?* jons was monitored over the 1 ps
trajectory to evaluate the potential dissociation of ions from the binding
loops of the four EF-hand motifs using GROMACS function “gmx sasa”.

Data referring to the time evolution of the cations’ solvent accessi-
bility and of the protein radius of gyration were smoothed by calculating
the running average over a 5-ns time window, plotted results refer to the
average + standard deviation of the 5-ns time window.

2.8. Fluorescence spectroscopy

The apparent affinity (Kq) of CaM variants for RyR2 peptide was
measured by fluorescence spectroscopy titrations, performed using a
Jasco FP750 spectrofluorometer as described in [56], by taking advan-
tage of the presence of the sole Trp in RyR2 peptide. Briefly, 1 pM RyR2
peptide was incubated with increasing concentration of CaM (0-4 pM)
variants in the presence of 80 pM Ca2" and after the addition of 80 pM
Pb?*. Each titration was performed in triplicate, emission spectra were
collected between 300 and 400 nm following excitation at A** = 295 nm.
Data was fitted to a one-site saturation ligand binding function (fb =

ﬂ;gﬁi"), where fb is the peptide’s fraction bound to CaM, fby, is the
maximum degree of saturation (theoretically 1), Kq is CaM affinity for
the peptide, and x is the concentration of CaM, as previously described
[57]. All spectra were collected at 37 °C using a thermostat system.
8-Anilinonaphthalene-1-sulfonic acid (ANS) fluorescence was used
to probe the changes in hydrophobicity of CaM variants upon binding of
Ca?" and Pb%". Fluorescence emission spectra of 4 uM CaM were
collected between 445 and 650 nm upon excitation at 380 nm in the
presence of 30 pM ANS + 80 pM EDTA and after sequential additions of
160 pM Ca?t (~80 pM free Ca%") and 80 uM Pb%*. Spectra were
collected at 37 °C after setting excitation and emission band width at 5
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nm, fast response, and data pitch at 1 nm. Reported spectra represent the
average of three accumulations after subtraction of the spectrum of the
sole buffer (20 mM TRIS pH 7.5, 150 mM KCl), which was considered as

blank.
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Fig. 2. Limited proteolysis. A) Time scan of limited proteolysis of WT CaM performed at 25 °C by incubating 26.6 pM CaM with 0.4 pM trypsin (ratio 1:66) in four
conditions: apo (200 uM EDTA), Pb>* (100 yM EDTA + 200 uM Pb**, corresponding to free Pb*" ~100 pM), Ca>" (500 yuM), and co-presence of Pb*" and Ca*" (100
UM Pb?* + 500 uM Ca®"). B) Limited proteolysis profiles of WT CaM and mutant forms after 10 min incubation at 37 °C using the same trypsin and cations con-

centrations as in (A).
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3. Results and discussion

3.1. Effects of Ca®" and Pb?>-binding on the trypsin susceptibility of CaM
variants

The accessibility of basic residues of CaM to the proteolytic enzyme
trypsin was employed to evaluate at low resolution the conformational
changes upon Ca?t and Pb?* binding. The time-resolved proteolytic
pattern exhibited by WT CaM at 25 °C in the absence and in the presence
of ions (Fig. 2A) indicated that in all tested conditions a 10-min digestion
allows a clear identification of the bands of both the proteolytic frag-
ments and the residual undigested protein. Limited proteolysis experi-
ments suggested that the apo form (Fig. 2A, top left panel) is cleaved in
two distinct fragments with a molecular mass >10 kDa and an additional
peptide at a slightly lower molecular weight. Interestingly, Pb%*-bound
CaM was found to be less prone to tryptic digestion than its apo form
(Fig. 2A, top right panel), as shown by the persistent presence of the
band representing the undigested protein. Moreover, Pb?*-bound CaM
displayed a higher number of proteolytic fragments, most of which at a
smaller molecular weight compared to the apo form, indicative of a
different susceptibility to trypsin. Ca*"-bound CaM, on the other hand,
showed a more intense band at the theoretical molecular weight of full-
length CaM (~17 kDa) and several faint bands corresponding to the
proteolytic fragments, thus suggesting that this was the most stable
form. Finally, in the co-presence of Ca?" and Pb?*, CaM exhibited a
proteolytic pattern similar to that of the Ca®*-bound form, although the
intensity of the most abundant fragment below 10 kDa was more pro-
nounced, with a behavior resembling that of the Pb?**-bound form
(Fig. 2A). In addition, the cleavage efficiency of trypsin in the presence
of both ions was halfway between the Pb>*- and the Ca?*-bound forms,
suggesting a potential additive effect of the two ions (Fig. 2A) on the
exposure of CaM to trypsin. A proteolytic time of 10 min was found to be
optimal for proper resolution of the digested bands, therefore limited
proteolysis was performed for all CaM variants at 25 °C (Fig. S1) and
37 °C (Fig. 2B) to evaluate the temperature effect on trypsin accessibility
and to reproduce physiological conditions. The proteolytic patterns
showed by all variants at the two different temperatures were substan-
tially identical (compare Fig. 2B and Fig. S1), although a lower amount
of undigested protein was present at 37 °C, which was somehow ex-
pected, as the higher temperature increases CaM flexibility and is closer
to the optimum temperature for trypsin’s enzymatic activity.

Arrhythmia-associated CaM variants showed mutation-specific pro-
teolytic patterns. The N53I variant showed overall a WT-like proteolytic
pattern, exception made for the Pb%*-bound form, which was found to
be more stable than the WT (Fig. 2B). Moreover, the persistence of the
band corresponding to the full-length protein under all cation-loading
conditions tested suggested that the N53I variant was the least suscep-
tible to trypsin among the four arrhythmia-associated variants.

In line with the N53I variant, the N97S variant showed a fragment
distribution similar to that of the WT under all ion-loading conditions, at
odds with E104A and F141L, which showed a peculiar proteolytic
pattern in their ion-bound forms, characterized by two predominant
fragments at ~10 kDa similar to those present in their apo forms.
Nevertheless, the cleavage efficiency of E104A and F141L variants was
found to depend on the specific ion-loading state. Noteworthy, in the
presence of the E104A substitution, the band corresponding to the un-
digested protein was hardly detectable and only in the presence of Pb%",
thus implying that this variant was the least stable among all tested
variants. In summary, arrhythmia-associated mutations perturbed the
exposure to trypsin with a WT-like (N53I and N97S) or a different
(E104A, F141L) pattern. On the other hand, although Pb%* was found to
decrease trypsin accessibility of all tested variants compared to the apo
form, such behavior was strictly mutation dependent, as N53I, E104A,
and F141L were found to be less susceptible to proteolytic cleavage
compared to their Ca>"-bound forms, at odds with the WT or the N97S
variants.
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3.2. Effects of Ca®* and Pb**-binding on the secondary structure of WT
CaM

To dissect the conformational change associated with ion binding to
CaM we used CD spectroscopy, which provides information on protein
secondary structure by exploiting the optical activity of the peptide bond
in the far-UV (200-250 nm, Fig. 3).

As expected by a nearly all a-helical protein, the far-UV CD spectrum
of WT CaM (Fig. 3A) displayed the typical minima at 208 and 222 nm,
which can be conveniently employed to describe the shape of the
spectrum and monitor secondary structure rearrangements. Indeed,
Ca?"- binding to WT CaM resulted in a significant increase in ellipticity
at 222 nm (A0322/6202 = 0.24, Table 1) accompanied by an increase in
the 6222/0208 ratio (0.90 vs 0.96, Table 1), indicative of a major variation
in protein secondary structure (Fig. 3A). Pb2*-binding to WT CaM also
triggered a major conformational rearrangement, as shown by the 0522/
6208 reaching 1.11 (Table ]), and by the Aezzz/ezzz = 0.18 (Table 1).
Interestingly, in the presence of equimolar concentrations of Pb?>" and
Ca?* both spectral descriptors were found to be almost identical to those
exhibited by the Pb%*-bound form (0222/0208 = 1.12 vs 1.11 and ABy32/
0229 = 0.17 vs 0.18, Table 1) regardless of the order of ion additions.
Since 0222/0208 values exceeding 1 have been shown to be typical of
interacting o-helices [58] forming coiled-coil assemblies [59,60], our
data suggest that Pb>" can displace at least some Ca®"-ions bound to
CaM and trigger the acquisition of a coiled-coil conformation. On the
contrary, Ca®"-ions are not capable of replacing Pb>-ions bound to WT
CaM, which becomes “locked” in the coiled-coil secondary structure
conformation.

Overall, our results suggest that, when it comes to CaM secondary
structure, Ca®* and Pb?" may exert an additive rather than synergistic
effect, in line with limited proteolysis experiments, and further confirm
that Pb?>" may displace Ca%" ions (but not the other way round) from the
binding loops.

Moreover, it is worth noting that the Pb>"-bound and Ca®*-bound
forms exhibited different secondary structures, as the coiled-coil
conformation was present only in the presence of Pb?>", which may be
ascribable to a rearrangement of the central linker helix.

3.3. Ca®* modulates the Pb**-induced changes in secondary structure of
CaM in a mutation-dependent fashion

Since far-UV CD spectra excluded major differences in the secondary
structure of WT CaM upon Pb?*-binding regardless of the presence of
Ca?*, we asked whether the presence of arrhythmia-associated muta-
tions could affect the observed changes in secondary structure induced
by Pb%*. We thus monitored the spectral descriptor 6205/0203 as a
function of [Pb>"] up to 320 pM.

Interestingly, in the absence of Ca2*, the secondary structure rear-
rangement of all five variants upon Pb?-binding followed a sigmoidal
distribution (Fig. 4), with Hill coefficients ranging between 0.9 and 2.3
(Table 1), thus suggesting that the process occurred with a different
mechanism for all variants, from sequential to cooperative, with N97S
displaying the highest cooperativity. The ECsq of all CaM variants was
found to be in the micromolar range, with all arrhythmia-associated
mutants displaying significantly lower Pb?"-concentrations required
for the half-maximal transition to the coiled-coil secondary structure
(Table 1, p-value <0.03 for all variants) compared to the WT. Specif-
ically, variants affecting EF2 (N53I) and EF3 (N97S and E104A)
exhibited comparable ECsg values (18.1 + 0.8 pM, 17.3 £+ 0.7 pM, and
17.1 + 0.8 pM, respectively, Table 1) which were >3-fold lower with
respect to the WT (69.8 + 21.0 uM). On the other hand, the F141L
variant affecting EF4 showed a 1.5-fold decrease in ECsg (44.9 + 15.1
uM vs 69.8 £+ 21.0 pM) compared to the WT, thus implying a milder
molecular phenotype.

Titrations in the presence of saturating Ca?* also followed a
sigmoidal trend (Fig. 4), suggesting a cooperative structural
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Fig. 4. Conformational transition of CaM variants induced by Pb?*: far-UV CD titrations. Pb®*-titrations (0-320 pM range) of 10 pM CaM variants A) WT, B) N53I, C)
N97S, D) E104A, E) F141L in the absence (apo, black circles) and in the presence of 200 pM Ca* (red squares) performed by monitoring the ratio between the
ellipticity at 222 and 208 nm. Titrations were performed in triplicate, graphs represent the average and the standard deviation of the observable for each titration

point, together with the respective fitting to a four-parameter Hill sigmoid (apo,

black solid line; Ca®", red dashed line). F) Scatter plot of the individual ECsg values

(calculated as detailed in the results section) obtained for each titration performed on CaM WT (grey), N53I (blue), N97S (yellow), E104A (green), F141L (red), their
average and standard deviation (see Table 1). The statistical significance of the differences in ECs, values was assessed by two-tailed t-tests; p-values <0.03 in all
comparisons with the WT, p-values <0.043 in all comparisons between apo and Ca®>"-loaded forms, except for E104A variant (p-value = 0.086).

rearrangement towards a coiled-coil assembly for most tested variants.
In line with the results obtained in the absence of Ca2+, the ECso
measured for all arrhythmia-associated variants was found to be
significantly lower than the WT (p-value <0.002 for all variants). In

detail, such decrease in ECsg was found to be mutation-dependent, with
the N97S and E104A substitutions exhibiting a 4-fold decrease (25.5 +
0.1 pM and 23.2 + 0.1 pM, respectively vs 100.5 =+ 2.9 pM, Table 1), the
largest among all tested variants, and N53I showing a ~3-fold reduction
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(35.4 + 2.1 pM, Table 1). Finally, the F141L variant displayed the
smallest difference in ECso with respect to the WT (69.2 + 3.8 pM vs
100.5 £ 2.9 pM, Table 1) among all tested variants, which corresponds
to a ~1.4 fold lower Pb?*-concentration.

Noteworthy, apart from the E104A mutant, whose differences in
ECso in the presence and in the absence of Ca?* (23.2 + 0.1 pM vs 17.1
+ 0.8 pM, Table 1) just fell short of statistical significance (p-value =
0.086), all other variants exhibited significantly higher ECsq in the
presence of Ca%t (p-value <0.043 for all other variants). Overall, all
arrhythmia-associated variants were more susceptible to Pb>* than WT
CaM, as the conformational transition towards the coiled-coil confor-
mation occurred at lower Pb?", regardless of the presence of Ca>".

As to the specific conformation of each variant, the analysis of the
spectral shape indicated that N53I acquired a WT-like secondary struc-
ture (Fig. 3B), with almost identical 6295/620g values under all ion-
loading conditions (differences with the WT <0.01, Table 1), although
the increase in ellipticity upon ion binding (A8332/0225) was overall
smaller than that exhibited by the WT. The spectra of N97S variant
(Fig. 3C) displayed a WT-like behavior in terms of 8555/620g values under
all states (differences with the WT <0.01, Table 1), with the only
exception being the Pb?*-bound form, which showed a more pro-
nounced 0292/620g with respect to the WT (1.15vs 1.11, Table 1). On the
other hand, the relative increase in ellipticity upon ion binding was
overall lower than that exhibited by the WT, particularly in the presence
of Pb** (0.12 vs 0.18, Table 1), and of both Ca*" and Pb** (0.11 v5 0.17,
Table 1).

As to the E104A variant, the most relevant differences in spectral
shape (Fig. 3D) with respect to the WT were found upon binding to a
single ion species (0222/0585 = 0.94 vs 0.96 and 6222/6588 =1.13vs1.11,
Table 1), possibly indicative of a slight alteration in secondary structure
due to defective Ca®"-coordination in EF3. Strikingly, Ca®*-binding to
E104A variant resulted in a 2-fold smaller increase in ellipticity at 222
nm compared to the WT (AB202/0220 = 0.11 vs 0.24), while Pb**-
binding/Ca2+—displacement further reduced the A0555/0995 associated
with physiological ion binding to 0.06 and 0.04, respectively (Table 1).

Finally, the spectra of the F141L variant (Fig. 3E) displayed a lower
0222/0208 both in the absence (0.87 vs 0.90, Table 1) and in the presence
of Ca®* (0.91 vs 0.96, Table 1), whereas no differences were detected
when Pb%>" was present (Fig. 3E and Table 1). Similar to the E104A
substitution, F141L exhibited smaller A0532/6200 values upon ion
binding with respect to the WT, ranging from 3-fold in the presence of
Pb%* (0.06 vs 0.18, Table 1) to 24-fold in the presence of Ca* (0.01 vs
0.24, Table 1). Overall, our results point towards the role of the EF3 and
EF4 motifs (belonging to the C-terminal domain) in shaping the correct
conformational transition. These results are substantially in line with
previous observations by Martin and Bayley [61] on the C-terminal
domain of CaM, which showed a higher increase in ellipticity upon
Ca?*-binding compared to the N-terminal lobe, associated with an in-
crease in protein compactness or a-helical content.

3.4. Investigation of CaM variants hydrophobicity via ANS fluorescence

Ca?*-binding to CaM is known to induce an increased exposure of its
hydrophobic surface patches, resulting in a versatile protein capable of
interacting with a plethora of molecular targets. Thus, we assessed the
transition from apo to Ca?"- and Ca2t/Pb?"-bound states of CaM vari-
ants using the fluorescent probe ANS (Fig. S2), which binds the hydro-
phobic patches of the protein surface, by monitoring: i) the change in the
wavelength of maximal ANS fluorescence emission of the proteins under
different cation-loading conditions (A}, Table 2), and ii) the ratio be-
tween their intensities (Imax/Tang, Table 2). The apo form of all tested
CaM variants exhibited fluorescence emission profiles (Fig. S2, black
dashed lines) almost undistinguishable from those of the probe in the
absence of proteins (Fig. S2, grey solid lines), as shown by the minor
differences found in both A\ and Imax/Iﬁlﬁ ratio (Table 2), ranging from
0 to 4 nm and 1.0 to 1.2 respectively. As expected, Ca>*-binding resulted
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Table 2
Results from ﬂuorescence measurements.
Variant State A\ (nm)? Imax/TonSh Kq (nM)*
WT Apo 2 1.06 -
CaZt 29 4.12 331.0 + 8.8
Ca®" + pb*’ 33 4.80 171.7 + 19.5
N531 Apo 2 1.16 -
CaZt 28 4.34 339.0 + 47.3
Ca®" + pb?*’ 31 4.86 350.7 + 73.6
N97S Apo 0 1.11 -
Ca?* 30 5.51 333.5 +49.5
Ca®* + Pb* 34 5.67 460.1 + 354.5
E104A Apo 2 1.26 -
Ca?* 40 10.68 231.0 £ 5.5
Ca®* + Pb** 39 11.31 157.9 + 85.3
F141L Apo 4 1.06 -
CaZt 36 6.11 225.1 + 51.4
Ca®* + Pb* 36 6.35 222.7 + 28.9

# Variation of the wavelength at which the intensity of fluorescence emission
of ANS (A** = 380 nm) was maximal, calculated as Acondition - AMANS-

b Ratio between the maximal intensity of fluorescence emission of ANS (\** =
380 nm) in the presence and in the absence of CaM variants under different
cation-loading conditions.

¢ Dissociation constant of the CaM-RyR2 complex estimated by monitoring the
intrinsic fluorescence emission of RyR2 peptide upon excitation at 295 nm.

in a significant blue shift for all variants (Fig. S2, red solid lines), with A\
values spanning between 29 nm and 40 nm (Table 2), accompanied by
an increased maximal fluorescence emission (Table 2). The addition of
Pb%* on top of Ca®* (blue dashed lines) resulted in a further, less pro-
nounced blue shift (<4 nm), together with a slight increase in intensity
for all tested variants. Interestingly, such relative fluorescence increase
upon Ca®*-displacement/Pb%"-binding was more pronounced for the
WT compared to the arrhythmia-associated variants, particularly for
those located in the C-terminal domain, namely N97S, E104A, and
F141L. Notably, E104A variant exhibited the largest variations in hy-
drophobicity upon ion binding among all tested variants, suggesting
local rearrangements of hydrophobic residues surrounding the ion-
binding loop of EF3, which is not surprising considering that the
bidentate-ion coordinating residue glutamate 104 is replaced by an
hydrophobic alanine in the arrhythmia-associated variant. Overall, our
results indicate that while Ca®*-binding largely increased the hydro-
phobicity of all CaM variants, the addition of Pb>* on Ca?*-bound CaM
resulted in a minor increase of their hydrophobicity, suggesting that
replacement of Ca%* by Pb?* does not lead to dramatic conformational
changes, in line with previous findings [28,49]. Concerning the effects of
the mutations on CaM hydrophobicity, all four tested variants exhibited
a WT-like behavior in terms of increased hydrophobicity upon Ca®*-
binding followed by a further smaller increase upon Pb%* addition.
Nevertheless, CaM variants affecting the C-terminal lobe, namely N978,
E104A, and F141L were found to be more hydrophobic than N53I, the
only mutation located in the N-terminal lobe.

3.5. Cation-specific effects on the structural properties of CaM variants
monitored by molecular dynamics simulations

Extensive and exhaustive Molecular Dynamics (MD) simulations
provide atomistic insights on the molecular properties of CaM variants
upon ion binding [50,51]. Therefore, we ran 1 ps MD simulations for
each CaM variant in their Ca?"-loaded, Pb%*-loaded, and intermediate
state (Pb%*-ions bound to EF1 and EF2, Ca®*-ions bound to EF3 and EF4;
see Fig. 1). For each trajectory, we calculated the Root-Mean Square
Fluctuation (RMSF) of Ca, that is the RMSD averaged over the simulated
timeframe calculated with respect to the average structure, to investi-
gate the combined effects of ions and pathological variants on protein
flexibility (Fig. 5). The comparison of the Ca?*-loaded form of CaM
variants highlighted that the N53I, and more prominently, the E104A
variant were overall more flexible than the WT, particularly in the C-
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Fig. 5. Effects of Pb®* and Ca®' binding on the backbone flexibility of CaM
variants. Root-Mean Square Fluctuation (RMSF) calculated on Ca of A) the
Ca®*-loaded, B) Pb®*-loaded, and C) intermediate state (Pb>*-ions bound in
EF1 and EF2, Ca®*-ions bound in EF3 and EF4) of CaM variants WT (black),
N53I (blue), N97S (grey), E104A (red), and F141L (green). Inset show a sche-
matic representation of the secondary structure of the protein (colored ac-
cording to Fig. 1), the position of each EF-hand motif and the ion bound in each
condition, with Ca®! ions represented as red circles and Pb*' ions by
grey circles.

terminal domain (Fig. 5A). This was not surprising for the E104A mu-
tation, as the substitution affects the EF3 Ca2+-binding loop; however,
this is not the case for the N53I substitution, which is located in the EF2
motif, thus, our results suggest an allosteric effect of the N53I mutation
on CaM flexibility, in line with previous results from NMR relaxation
dispersion experiments [62]. In contrast, N97S and F141L substitutions,
affecting EF3 and EF4, respectively, exhibited highly similar RMSF
profiles throughout the structure, with a slightly higher flexibility in the
N-terminal domain and a higher structural rigidity in the C-terminal
domain compared to the WT.

Interestingly, the Pb*"-loaded form of CaM variants, that is with four
Pb%*-ions bound only to the canonical EF-hand motifs, displayed overall
smaller differences compared to the WT, and in general were less flex-
ible than their Ca%"-loaded counterparts (Fig. 5B). Concerning the pu-
tative intermediate state (Fig. 5C), both N53I and E104A mutations
exhibited a strikingly high structural rigidity in both domains, with an
almost complete overlap of the RMSF profiles. This is very surprising, as
the mutations are located in two different lobes, namely the N-terminal
(N53I) and the C-terminal (E104A) lobe (Fig. 1). The concomitant
binding of Pb?* to the N-terminal domain and of Ca®* to the C-terminal
lobe is evidently creating long range connections that stabilize the
structure of CaM in a mutation-dependent way. On the contrary, WT
CaM was found to be extremely flexible along the entire structure,
pointing towards an equilibrium between different conformations. A
similar conclusion could be drawn by analyzing RMSF profiles for N97S
and F141L variants, although the former displayed even higher flexi-
bility in the C-terminal domain, while the latter was slightly more rigid
than the WT.

To investigate the molecular consequences of changes in protein
flexibility due to the combined effect of amino acid replacement and
different ion-loading states, we monitored for each combination the
radius of gyration of the proteins (Fig. 6), which represents a physical
quantity proportional to protein compactness, and grouped them in
homogeneous clusters along the 1 ps MD trajectory.

As suggested by the RMSF profiles, WT' CaM exhibited mainly a
single ensemble of conformations in both the Ca**-loaded and Pb%*-
loaded states, accounting for >97.7 % of the simulation time (Table ST1)
in both cases. In line with X-ray crystallographic data [28,49], their
representative conformations were similar, with a Ca-RMSD of 3.7 A. At
odds with the ion-loaded forms, the intermediate state of WT CaM dis-
played a major decrease in the radius of gyration at ~550 ns, indicative
of a conformational switch between a dumbbell-like open structure (37
% of the trajectory, Table ST1) and a closed structure (43.4 % of the
simulation time, Table ST1). The visual inspection of the two structures
indicated that such structural transition was due to the break of linker
helix connecting the N- and C-terminal domain, which allowed the two
domains to come closer to each other (Fig. 6A, inset). The time evolution
of the radius of gyration of the N53I variant pointed towards a single
conformational ensemble for both the Pb?'-loaded and intermediate
states visited for >96.2 % of the simulation (Table ST1), compatible with
the open structure (Fig. 6B). Interestingly, while the structure of Pb3*-
loaded N53I variant was different from the WT (Ca-RMSD = 5.0 A), the
intermediate state was comparable to the open conformation of the WT
(Ca-RMSD = 1.2 10\). In the Ca®*-loaded form, though, the mutation
caused a contraction of the structure, which allowed to identify two
main conformational basins representing 72.1 % and 23.7 % of the
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Fig. 6. Time-dependence of the radius of gyration of CaM variants upon binding to Ca®>* and/or Pb". Time evolution over 1 ps of the radius of gyration of CaM
variants A) WT, B) N53I, C) N97S, D) E104A, E) F141L in their Ca’**-loaded (black), Pb%*-loaded (blue), and intermediate states (Pb**-ions bound in EF1 and EF2,
Ca®*-ions bound in EF3 and EF4; red). Each point represents the average + standard deviation of the values smoothed over a 5-ns window as described in the
methods section. Insets show the most representative conformation(s) of the respective variant/state combination identified as detailed in the methods section.

trajectory. Noteworthy, and at odds with the intermediate state of the
WT, the closed structure of Ca?*-loaded N53I did not exhibit any break
in the linker helix (Fig. 6B, inset). Nevertheless, the reorientation of the
Ca2*-binding loops of EF2 and EF3, as well as the entire EF1 and EF4
motifs, was the driving force leading to the closed structure. Similarly to
the WT, the N978S substitution did not show any major structural rear-
rangement throughout the simulation of either the Ca?*-loaded or the
Pb%*-loaded states (Fig. 6C), as the respective open conformation was
present in 99.5 % of the trajectory (Table ST1), and were relatively
similar to each other (Ca-RMSD = 3.6 10\). The intermediate state of
N978S, instead, exhibited larger fluctuations in terms of radius of gyra-
tion, allowing the identification of two predominantly visited structural
clusters, namely the open (29.2 % of the simulation) and the closed
conformation (35.7 % of the trajectory). Again, and similarly to the WT,
in the closed conformation the linker helix was broken, allowing the N-
and C-terminal domains to directly interact with each other (Fig. 6C,
inset). Finally, it is worth noting that the intermediate state of N97S
acquired a much larger number of different conformations during the
simulation, although such different conformations were significantly
less persistent, as they represented <10 % of the trajectory.

The Ca’"-loaded form of E104A variant exhibited a peculiar
behavior compared to all other variants, as its radius of gyration was
found to vary between ~16 A and ~26 A (Fig. 6D), in line with the high
flexibility shown in the RMSF profile. Indeed, the cluster analysis of the
trajectory identified the two main ensembles corresponding to the open
and closed conformation, acquired for 33 % and 29.5 % of the trajectory,
respectively. Similarly to the intermediate form of N97S variant, the
Ca?*-loaded E104A mutant transiently visited a large number of
conformational basins, indicative again of an enhanced structural plas-
ticity, and its closed conformation displayed the same break of the linker
helix (Fig. 6D, inset). As to the Pb®**-loaded and intermediate states, the
E104A variant acquired predominantly the open conformation during
both simulations, as their representative structural ensembles included

10

98.9 % and 99.3 % of the frames of the trajectory (Table ST1), although
with a different relative orientation of the N- and C-terminal EF-hand
motifs.

The last of the tested variants, namely F141L, displayed a WT-like
behavior in terms of conformational basins visited by each simulation
(Fig. 6E). Indeed, the conformations explored by both the Ca"-loaded
and the Pb?*-loaded forms of F141L could be grouped in a single cluster
corresponding to their open structure (Fig. 6E, inset), which represented
95.5 % and 99.1 % of the trajectory, respectively. On the contrary,
F141L in its intermediate state exhibited again a structural rearrange-
ment during the simulation from the open conformation, present in the
first 72.5 % of the trajectory, to the closed conformation, reached during
the last 151 ns of the simulation. Interestingly, the closed intermediate
conformation of F141L variant showed the same rupture of the linker
helix seen in N97S and WT CaM, though accompanied by a peculiar
relative orientation of the N- and C-terminal domains where the helices
constituting EF1 and EF2 had the same direction as their counterparts in
EF3 and EF4 (Fig. 6E, inset).

In summary, the results from MD simulations suggest that the equi-
librium between the open and the closed conformation of CaM variants
is dependent on: i) the specific aminoacidic substitution, ii) the ion
bound, and iii) the EF-hand motif(s) involved in the binding, either
directly or via long-range allosteric effects, in line with the solvent
exposure of basic residues observed in limited proteolysis experiments.

3.6. Effects of Pb** and arrhythmia-associated mutations on ion
coordination assessed by MD simulations

Mutations in Ca®"-sensor proteins may affect their ion-coordination
capability, regardless of the direct involvement of the aminoacid in the
ion-binding loop. We therefore monitored the solvent accessibility of the
ions bound to CaM variants during the simulations, to evaluate potential
effects of arrhythmia-associated variants on cation binding. The time-
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evolution of the solvent accessible surface of the ions bound to WT CaM
(Fig. 7 and Fig. S3) did not show any major variations over the 1 ps
trajectories in all three conditions tested, with values never exceeding
20 A?, indicating that all ions remained bound to the respective EF-hand
motif.

The same analysis performed on N53I CaM, on the other hand,
highlighted an increase in solvent accessibility for the Ca>*-ion bound to
EF2 in the Ca?"-loaded form (Fig. 7 and Fig. S4, left panel) to values
reaching ~120 A? after ~900 ns, which indicates that Ca®*-coordina-
tion was completely lost. The dissociation of the Ca?*-ion from EF2 was
somehow surprising, since the N53I substitution was not directly
involved in Ca®*-coordination, but it affected one of the residues of the
entering helix of EF2 (aE2, Fig. 1). This suggested that the alteration of
the conformation of the EF2 motif would be ultimately responsible for
the disruption of the bipyramidal pentagonal geometry necessary for
retaining the Ca®" ion in its position. No other variation in solvent
accessibility for any ion bound could be noticed during the simulated
timeframe for either the Pb%*-loaded or the intermediate state (Fig. 7
and Fig. S4).

The Ca%*-loaded N97S variant exhibited the same behavior as the
N53I variant in the same state, with the Ca%*-ion dissociating from EF2,
although the loss of coordination of the ion occurred earlier, after ~575
ns (Fig. 7 and Fig. S5, left panel). At odds with the N53I variant, though,
the disease-associated substitution affected residue N97, which directly
participates to the Ca’-coordination in EF3 through its backbone
carbonyl group, thus implying allostery as the mechanism underlying
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the detachment of the Ca?"-ion from EF2, which maps on the other
protein domain. A similar mechanism could be invoked when analyzing
the solvent accessibility of the Pb>™-loaded form of N97S, where the
dissociation of the Pb®-ion from EF1 occurred towards the end of the
simulation (~990 ns, Fig. 7, and Fig. S5, middle panel), despite the
mutation being in the C-terminal domain. Conversely, no ion dissocia-
tion from any EF-hand motifs could be detected for the intermediate
form of the N97S mutation (Fig. 7 and Fig. S5, right panel), again with a
solvent accessibility of the ions stably below ~30 A2,

The arrhythmia-associated variant exerting the most detrimental
effect on ion coordination was found to be the E104A substitution,
affecting the bidentate ion-coordinating residue of EF3. Indeed, ion
dissociation from EF3 was detected in both the Ca%t-loaded and the
Pb?*-loaded form (Fig. 7 and Fig. S6), although while the Ca*"-coor-
dination was lost after only ~345 ns (the lowest dissociation time among
all tested variants), the solvent accessibility of the Pb2*.ion reached
~120 A? after ~655 ns. This finding was not surprising, as mutations
affecting the bidentate Ca®"-coordinating residues have been shown to
be the most detrimental to Ca’'-affinity in Ca?"-sensor proteins
[63-65].

Notably, in the Pb?*-loaded form a second dissociation event
occurred towards the end of the simulation (~925 ns), this time
affecting the other EF-hand belonging to the C-terminal domain, namely
EF4 (Fig. 7 and Fig. S6). Such dissociation events were surprisingly not
detected for the intermediate state, which retained all ions bound to EF-
hands like all other tested variants. However, it must be noticed that the

Ca?* Pb2+

Ca?* + Pb%*

Fig. 7. Ion dissociation from CaM variants monitored
by molecular dynamics simulations. CaM N- and C-
lobes are represented as ellipses, EF-hand motifs are

WT

o

t=~900 ns
NS3|

t=~575ns t=~990 ns

NO7S

E104A

ve 9O

,_..
I
l
w
N

5ns t=~655 ns

F141L

colored according to Fig. 1, namely EF1 in yellow,
EF2 in green, EF3 in orange, EF4 in blue. Ca®>* and
Pb?* ions are represented as red and grey circles,
respectively. White circles represent ion dissociation
from the EF-hand motif, the simulation time at which
the ion is released from the binding loop and thus
completely solvent-exposed is reported.
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intermediate state represents a transition phase, whose kinetics of as-
sociation/dissociation events may not be properly sampled over the
simulated timeframe. These results suggest that the E104A variant may
alter the intradomain allosteric communication between EF3 and EF4,
required for the physiological dynamics of Ca?* binding [66] and
recently found to be crucial for RyR1 and RyR2 target discrimination
[51]. Finally, the F141L variant, affecting the first residue of helix oF4,
did not affect ion coordination in any EF-hand of all three simulated
conditions (Fig. 7 and Fig. S7).

Altogether, our findings indicate that the presence of arrhythmia-
associated variants may exert allosteric effects on CaM flexibility,
which reflects on the altered equilibrium between the open and the
closed conformation. Ion binding was also found to be allosterically
affected by CaM variants, although ion dissociation from the EF-hands in
CaM variants N53I, N97S and E104A did not occur concomitantly with
the conformational transitions between the open and closed conforma-
tion (Figs. 6 and 7), thus creating a conceptual distinction between ion
binding (i.e. affinity) and conformational transition. A similar phe-
nomenon was observed with recoverin, another EF-hand Ca®" sensor
[67-69].

3.7. Effects of Pb** on the affinity of CaM variants for RyR2 peptide
monitored by intrinsic fluorescence spectroscopy

CaM is known to be able to interact with a plethora of targets, thus
allowing the regulation of a variety of physiological processes [30],
thanks to its high structural plasticity [57]. RyR2, responsible for
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triggering the Ca?'-induced Ca®'-release during cardiomyocytes
contraction [36], is one of such targets, and its regulation is known to be
altered in the presence of a number of CaM missense mutations, among
which those investigated in this study, ultimately resulting in sudden
cardiac death [44-47]. In an attempt to assess potential synergistic ef-
fects, we probed whether Pb%*-binding affected the molecular recogni-
tion of the WT CaM-RyR2 complex and whether the presence of variants
N53I, N97S, E104A, and F141L exerted any synergistic effect on the
affinity for the target.

To investigate the affinity of the CaM-RyR2 complex, we took
advantage of the lack of Trp residues in CaM and of the presence of a
unique Trp residue in RyR2 CaMBD2 peptide (residues R3581-L3611,
RSKKAVWHKLLSKQRKRAVVACFRMAPLYNL) [48], and we monitored
the variation in the wavelength of the maximal intrinsic fluorescence
intensity upon titrating RyR2 peptide with CaM, in the presence of Ca%*
and upon addition of Pb?*. The analysis of the titration curves high-
lighted that WT Ca?*-loaded CaM bound RyR2 peptide with high affinity
(Kq = 331.0 + 8.8 nM, Table 2), which was not affected by the presence
of either N53I or N97S substitutions, as shown by their comparable Kyq
values (339.0 + 47.3 and 333.5 + 49.5 nM, respectively, Table 2), in
line with previous results obtained at 25 °C by fluorescence titrations
[70] and Isothermal Titration Calorimetry [71]. Interestingly, the Kq of
WT CaM for RyR2 at 37 °C was almost 3-fold higher compared to pre-
viously published values obtained by performing the same experiment at
25 °C [51], highlighting the temperature-dependence of the CaM-RyR2
interaction.

E104A and F141L mutations, on the other hand, displayed
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Fig. 8. Interaction between CaM and RyR2 assessed using fluorescence spectroscopy. A) Increasing concentrations of CaM (0-4 pM) were added in the presence of a
fixed amount of RyR2 (1 pM) in the presence of 80 pM Ca®* (A, upper panels) and after the addition of 80 pM pPb3* (A, lower panels). Each titration was performed in
triplicate at 37 °C, setting A°* = 295 nm and collecting emission spectra between 300 and 400 nm. Each spectrum represents the average of 3 accumulations, the
results are showed as the fraction of the peptide bound as a function of CaM concentration and the obtained distribution fitted using a One-site Ligand Binding
function. B) Scatter plot of the individual K4 calculated for each titration replica in the presence of sole Ca®* (left) or in the co-presence of Ca®" and Pb?* (right). The
statistical significance of the differences in K4 values was assessed by two-tailed t-tests, * p-value <0.05; ** p-value <0.01; *** p-value <0.001; **** p-value <0.0001.
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significantly higher affinity compared to the WT (Fig. 8A, upper panels
and Fig. 8B, left panel), with a Kq of 231.0 + 5.5 and 225.1 + 51.4 nM,
respectively (Table 2), suggesting that the CaM-regulated Ca®"-gating
by RyR2 may be dysregulated due to the tighter interaction of the CaM-
RyR2 complex in the presence of E104A and F141L variants. Surpris-
ingly, N97I and Q135P variants, located in the same EF-hand as E104A
(EF3) and F141L (EF4), respectively, were previously found to decrease
CaM affinity for RyR2 compared to the WT, although in experiments
performed at 25 °C [51], which on one hand suggests the altered target
recognition as a potential pathological mechanism, on the other hand
highlights that the affinity of CaM-RyR2 complex is strongly dependent
on the specific mutation. On the same line, F141L was previously found
not to significantly alter the affinity for RyR2 under Ca®*-saturating
conditions at 25 °C, pointing again towards temperature as an important
factor to modulate CaM-RyR2 affinity [71,72].

In the presence of both Ca?* and Pb?*, WT CaM was found to interact
more strongly with the RyR2 peptide (Fig. 8) with respect to the Ca®*-
loaded form, as its dissociation constant decreased to 171.7 4 19.5 nM,
the largest effect exerted by Pb%*" on GaM-RyR2 affinity among all tested
variants. Surprisingly, addition of Pb2* showed negligible effects on the
affinity of N53I CaM for RyR2 (Kgq = 350.7 + 73.6 vs 339.0 £+ 47.3 nM,
Table 2) compared to the Ca?*-loaded state, although affinity was
significantly lower compared to the WT under the same conditions (Kgq
= 350.7 + 73.6 vs 171.7 + 19.5 nM, Fig. 8B, Table 2). The N97S mu-
tation exhibited a WT-like affinity for RyR2 in the presence of only Ca*,
with no statistically significant variations upon addition of Pb?*, most
probably due to the low reproducibility of the titration curves, which
resulted in highly scattered Ky values (460.1 + 354.5, Table 2). Finally,
Pb?* did not alter the affinity of either E104A or F141L substitutions
compared to their Ca>*-loaded counterparts in a statistically significant
manner (Kg = 157.9 + 85.3 vs 231.0 + 5.5 nM and 222.7 + 28.9 vs
225.1 + 51.4, respectively, Table 2); furthermore, the affinity for RyR2
exhibited by both variants was not significantly different from that of the
WT in the same cation-loading state.

In summary, the alteration of CaM affinity for RyR2 due to
arrhythmia-associated substitutions was found to depend on the specific
variant, rather than on the structural location of the mutated residue.
Indeed, in the presence of Ca?*, although both N97S and E104A variants
affect residues belonging to EF3, the former did not exhibit appreciable
differences in affinity, whereas the latter displayed enhanced affinity for
the target, as was the case for the F141L variant, localized in the adja-
cent EF4. Moreover, increased affinity for RyR2 exhibited by Ca®'-
saturated F141L and E104A variants was comparable to that measured
for WT CaM in the presence of Pb2*. We thus speculate that lead toxicity
in otherwise healthy individuals may manifest in a perturbation of the
CaM-RyR2 recognition similar to that found in patients with arrhythmia-
associated variants, in the absence of Pb3+.

CaM-RyR2 recognition is finely regulated by intra- and inter-domain
interactions, which result in complex allosteric effects [50]. Future
dedicated work is needed to clear up the emerged scenario.

4. Conclusions

In summary, our study demonstrated that Pb?" can displace Ca*
and alter WT CaM secondary structure, which acquires a coiled-coil
super-secondary assembly. When bound to CaM, Pb®" is hard to
displace even in conditions of equimolar [Ca2+], thus locking CaM in a
specific conformation. The presence of Ca" does not alter the dynamics
of the secondary structure conformational rearrangement of CaM upon
Pb%* binding, although the secondary structure transition occurs at
higher Pb?* levels. In addition, the presence of arrhythmia-associated
mutations shifts the conformational transition towards the coiled-coil
conformation to lower Pb?*, regardless of the presence of Ca®"; MD
simulations suggest that allosteric communication between the two
domains may occur, even in the absence of a molecular target.

Finally, the significant increase in affinity of Pb>*-bound WT CaM for
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RyR2, at least for the CaMBD2 region, suggests that both neuro- and
cardio-toxic effects of Pb?* mediated by CaM could perturb the molec-
ular recognition process. However, when the analysis is extended to
arrhythmia-associated variants, results clearly show that affinity, and
thus equilibrium, is not sufficient to explain specific effects of patho-
genetic variants, for which a synergistic effect with Pb?>* binding seems
to be excluded for the interaction of this specific target.
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