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ABSTRACT
We study the CaM-peptide interactions for four CaM-related peptides with different calcium equiva-
lents, using the hCaM-M124C-mBBr biosensor and Molecular Dynamics (MD). Due to the high sensitiv-
ity of the biosensor, we were able to calculate five Kds based on the number of calcium equivalents
for each peptide, showing a directly proportional relationship between the degree of calcium satur-
ation and the increased affinity for the Calspermin, nNOS, and skMLSK peptides; while the CaV1.1 pep-
tide has a degree of affinity independent of the number of calcium equivalent. On the other hand,
the MD studies were designed based on the experimental results; I) visualizing the effect of the grad-
ual elimination of calcium in Holo-CaM and II) analyzing the CaM-Peptide complexes with and without
calcium. We observe that the gradual addition of calcium increases the flexibility of Holo-CaM.
Concerning CaM-Peptide complexes, it presents differences in both the DGT and the RMSD. These
results demonstrate the importance of the use of biosensors and the power of MD to make inferences
in systems such as CaM-peptide complexes.
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1. Introduction

The calcium ion (Caþ2) plays an essential role in the physiology
of higher organisms after activating multiple signaling cascades
to respond to changes in the environment and maintain cellu-
lar homeostasis; regulating processes such as exocytosis, muscle
contraction, gene transcription, energy metabolism, cell prolifer-
ation, among the most critical (Audran et al., 2013; Berridge,
1997; Brini & Carafoli, 2000). The physiological concentration of
free intracellular Caþ2 is strictly controlled. It is usually lower in
the cytosol (�0.1-20lM) than the concentration of extracellular,
being approximately three orders of magnitude greater �100-

1000mM -subcellular organelles and extracellular matrix (Vetter
& Leclerc, 2003).

Calmodulin (CaM) is a ubiquitous protein, highly conserved,
and considered the main calcium signaling protein in eukary-
otic cells. This protein controls various physiological processes
such as cell motility, cytoskeleton architecture and function, cell
proliferation, apoptosis, autophagy, ion transport, osmotic con-
trol, protein phosphorylation/dephosphorylation, reproductive
processes, muscle contraction, and gene expression (Mata et al.,
2015; O’Day, 2003). CaM is a small, acidic protein comprising of
148 amino acids (16.7 kDa) (Ishida & Vogel, 2006). Interacts and
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regulates multiple proteins across its two globular domains
called "EF-hand". Each domain has two Caþ2 binding sites; the
C-terminal lobe has a high binding affinity for Caþ2, Kd ¼
0.2lM, and the N-terminal lobe a Kd ¼ 2lM (Vetter & Leclerc,
2003). CaM can be found in three main conformations depend-
ing on ligand binding: A) Apo-CaM conformation, when CaM is
in the absence of calcium (Jurado et al., 1999), B) Holo-CaM,
after binding of Caþ2 ions the protein shows conformational
changes; their alpha-helices from EF-hand domains adopt an
almost perpendicular conformation, this conformation is also
called an open conformation (Komeiji et al., 2002), and C)
Closed conformation when CaM interacts with different ligands
such as proteins, peptides or drugs (Figure 1).

CaM modulates a wide variety of proteins; these are
involved in cell growth, phosphorylation, dephosphorylation,
replication, transcription, cellular metabolism of calcium, and
second messengers, among the most important (Mata et al.,
2015). Based on CaM-protein interactions, a wide variety of
peptides have been reported that interact and inhibit CaM.
Table 1 shows some CaM-binding peptides, representing the
region of the different proteins with which CaM interacts.
The structures of the CaM-peptide complexes show interac-
tions in the hydrophobic areas of the CaM protein in the

same way as the classic proteins and inhibitors reported
(Rhoads & Friedberg, 1997); peptides possess a positively
charged amphiphilic alpha-helical structure, regardless of
their amino acid sequences (O’Neil & DeGrado, 1990). These
peptides have affinities (Kd) in the order of 10�9–10�12 M,
being comparable to or better than the proteins that pre-
cede them and more significant than that of classic organic
CaM inhibitors (10�3 M) (Chen et al., 2016; Peersen et al.,
1997). Thus, they can potentially be considered as bioactive
molecules, as they are biological molecules with a high affin-
ity for CaM capable of exerting an inhibition on the protein
and its protein complexes (Blumenthal et al., 1988).

A direct detection tool developed by our group is the cal-
modulin biosensor (hCaM-M124C-mBBr), which we have used
to detect the binding of various ligands, This biosensor has a
high sensitivity (/¼ 0.49) compared to CaM WT (/¼ 0.025)
(Gonz�alez-Andrade et al., 2009; Gonz�alez-Andrade et al.,
2013). On the other hand, theoretical computational studies
such as Molecular Dynamics (MD) (Gonz�alez-Andrade et al.,
2016), these are simulations that allow all the atoms in a sys-
tem to vibrate and move for some time, integrating
Newton’s equations of motion, under a potential empirical field
that approximates the energies of molecular systems

Figure 1. Three-dimensional structures of the CaM. A) Apo-CaM, shown in purple cartoons, the N-Terminal domain (N-CaM), and in blue cartoons, the C-Terminal
domain, this structure was solved by NMR (ICFD.pdb) (Kuboniwa et al., 1995). B) Holo-CaM, shows the four calcium-binding sites, the site I and II correspond to the
N-CaM domain (higher affinity) and site III and IV to the C-CaM domain (lower affinity), the structure was resolved by X-Ray diffraction (1CLL.pdb) (Chattopadhyaya
et al., 1992). Ca-CaM-peptide nNOS complex, a peptide shown in red wine caricature, solved by X-Ray diffraction (2O60.pdb).

Table 1. Shows some CaM-binding peptides, representing the region of the different proteins with which CaM interacts.

Motive Name Sequence PDB Ref.

1-5-10 CaMKI ————IKKNFAKSKWKQAFNATAVVRHMRK———— 1MXE (Clapperton et al., 2002)
CaMKII ————LKKFNARRKLKGAILTTMLATRNFS———— 1CM1 (Wall et al., 1997)
skMLCK ————KRRWKKNFIAVSAANRFKKISSSGAL——— 2LV6 (Grishaev et al., 2012)

1-8-14 smMLCK ————ARRKWQKTGHAVRAIGRLSS————————— 1CDL (Meador et al., 1992)
DAPK-1 ————RRRWKLDFSIVSLCNHLTR—————————— 1ZUZ –
nNOS ————KRRAIGFKKLAEAVKFSAKLMGQ—————— 2O60 –

1-5-8-14 Calcineurin ————ARKEVIRNKIRAIGKMARVFSVLR————— 2JZI –
Calspermin ————ARRK-LKAAVKAVVASSRLGS———————— � –

1-17 Ryanodine-1 receptor ————KSKKAVWHKLLSKQRRRAVVACFRMTPLYN- 2BCX (Maximciuc et al., 2006)
1-7-10 NMDA receptor ————KKKATFRAITSTLASSFKRRRSSK————— 2HQW (Ataman et al., 2007)
1-10 Cav1.1 ———————KFYATFLIQEHFRKFMKRQEE————— 2VAY (Halling et al., 2009)

Cav1.2 GHMDEVTVGKFYATFLIQEYFRKFKKRKEQGLVGKPS 2BE6 (Van Petegem et al., 2005)
1-5-8 PMCA ————LRRGQILWFRGLNRIQTQIK————————— 1CFF (Elshorst et al., 1999)
IQ Neuromodulin ————AATKIQASFRGHITRKKLKGEKKG————— � –

Neurogranin ——NAAAAKIQASFRGHMARKKIKSGE——————— � –
Otros Citropin 1.1 ————————GLFDVIKKVASVIKKL————————— � –

Aurein 2.3 ————————GLFDIVKKVVGIAGSL————————— � –
Dahlein 5.6 ————————GLLASLGKVFGGYLAEKLKPK———— � –
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representing atoms as charged spheres and bonds as springs
with defined properties. Systems have been parameterized so
that they can predict the statistical properties of physicochemi-
cal systems while providing detailed information on the interac-
tions in the system. In other words, they provide information
on the conformation and stability of biological systems in solu-
tion; in our case, the (Caþ2)0-4-CaM-peptide interaction.

We aimed to study the implications of different calcium
equivalents on the affinity of four representatives CaM peptides
(Calspermin, CaV1.1, nNOS, and skMLCK), using hCaM-M124C-
mBBr and molecular modeling tools. The experimental results
showed a directly proportional relationship between the degree
of calcium saturation and the increased affinity of three of the
four peptides studied for CaM. On the other hand, the theoret-
ical results indicate that the saturation of calcium ions increases
the degree of conformational flexibility in the Holo-CaM (higher
Root Mean Square Deviation -RMSD-). At the same time, the
(Ca2þ)4-CaM-Peptide complexes show appreciable conform-
ational stability compared to the closed (Ca2þ)4-CaM (without
ligands). Theoretical energy parameters show a negative theor-
etical (-DGT) in all complexes, with the enthalpy component
contributing the most. The experimental and theoretical results
complement each other appropriately and they can help to
understand how CaM can modulate a great variety of proteins
in different environments with specificity depending on the cal-
cium concentration.

2. Materials and methods

2.1. Biosensor, peptides and reagents

The biosensor (hCaM M124C-mBBr) was obtained using the
methodology described above by Gonz�alez-Andrade, M., and
col. (Gonz�alez-Andrade et al., 2009). The peptides were
acquired from the chemical peptide synthesis service of
GenScript Corporation (GenScript, Piscataway, NJ, USA). All
the peptides were delivered lyophilized with a purity > 95%;
the certificate of analysis by mass spectroscopy showed the
following sequences Calspermin (ARRKLKAAVKAVVASSRLGS),
CaV1.1 (KFYATFLIQEHFRKFMKRQEE), nNOS (KRRAIGFKKLAEAV
KFSAKLMGQ), and skMLCK (KRRWKKNFIAVSAANRFKKISSSGAL).
All other reagents were of analytical reagent grade and were
purchased from Sigma (St. Louis, MO) and Santa Cruz
Biotechnology, Inc. (Dallas, Texas, USA).

2.2. Steady-state fluorescence

All measurements were conducted with an ISS–PC1 spectro-
fluorometer (ISS, Champaign, IL) with sample stirring at 37 �C.
The hCaM M124C-mBBr (5mM) was incubated in a buffer
(50mM Tris-HCl buffer, pH 7.5). Fluorescence emission spectra
were acquired with excitation and emission slit widths of 4 and
8nm, respectively. The excitation wavelength was 381nm, and
emission wavelengths of 415 to 550nm were measured. The
fractional degree of saturated hCaM M124C-mBBr with ligand
(y) was calculated by changes in fluorescence on ligand binding
according to y ¼ (F-F0)/(F1-F0), where F1 represents the fluor-
escence intensity at saturation of the ligand, y is plotted as a

function of the protein/ligand relation (L), and the apparent dis-
sociation constants (Kd) and stoichiometric (S) were obtained by
fitting to the equation:

y ¼
ð1þ Kd=Sþ L=SÞ�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þ Kd=Sþ L=SÞ2�4L=S

q

2
(1)

where y represents the fractional degree of fluorescence inten-
sity at 470nm, Kd is the apparent dissociation constant for the
ligands, L is the protein/ligand relation and S is the stoichiomet-
ric. The data were analyzed using the OriginPro version 9.1
64-bit SR2 program (OriginLab, Northampton, MA).

2.3. Preparation of initial coordinate files

The coordinates corresponding to the structure of CaM were
obtained from the Protein Data Bank (PDB, http://www.rcsb.
org). The structure used for the DM with different calcium
was Holo-CaM (1CLL.pdb) refined at 1.7 Å (Chattopadhyaya
et al., 1992) and the closed form for the (Ca2þ)4-CaM-nNOS;
2O60.pdb, refined at 1.55 Å, (Ca2þ)4-CaM-CaV1.1; 2VAY.pdb,
refined at 1.94 Å (Halling et al., 2009), and (Ca2þ)4-CaM-
skMLCK; 2BBM.pdb solution NMR (Ikura et al., 1992) com-
plexes. The MD with different calcium equivalents started
from the Holo-CaM structure and the corresponding calcium
was progressively extracted before starting the simulation.
The (Ca2þ)4-CaM-Calspermin complex was built from the
2O60.pdb structure and the Calspermin peptide, this last was
modeled using MODELLERv9.2 (Webb & Sali, 2014), taking as
a template the Calcineurin peptide extracted from the
2JZI.pdb structure. All the structures had the hydrogens
removed before the initial preparation of the MD.

2.4. Molecular dynamics simulation

All the structural complexes were verified, cleaned, and
ordered with the pdb4amber scrip before starting the prepar-
ation in order to generate suitable topologies from the LEaP
module of AMBER 19 (Case et al. 2005; Case et al. 2005; D.A.
Case 2012; D.A. Case et al., 2015). Each structure and com-
plex were subjected to the following protocol: hydrogen’s
and other missing atoms were added using the LEaP module
with the leaprc.protein.ff19SB parameter set, Kþ counterions
were added to neutralize the system, the complexes were
then solvated in an octahedral box of explicit TIP3P model
water molecules localizing the box limits at 12 Å from the
protein surface. MD simulations were performed at 1 atm
and 315 K, maintained with the Berendsen barostat and
thermostat, using periodic boundary conditions and particle
mesh Ewald sums (grid spacing of 1 Å) for treating long-
range electrostatic interactions with a 10Å cutoff for com-
puting direct interactions. The SHAKE algorithm was used to
satisfy bond constraints, allowing the employment of a two
femtoseconds time step for the integration of Newton’s
equations as recommended in the AMBER package (Walker
et al., 2008; D.A. Case 2012). AMBER leaprc.protein.ff19SB
force field (Tian et al., 2020) parameters were used for all res-
idues. All calculations were made using graphics processing
units (GPU) accelerated MD engine in AMBER (pmemd.cuda), a
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program package that runs entirely on CUDA-enabled GPUs
(Salomon-Ferrer et al., 2013b). The protocol consisted of per-
forming a minimization of the initial structure, followed by
2500 heating steps (50ps) and pressure equilibration (50ps) at
315K and 1.0 atm pressure, respectively. Finally, the system is
equilibrated with 250,000 steps (500ps) before starting the pro-
duction of MD. The production of the MD consisted of 100ns
(50,000,000 steps) for each complex. Frames were saved at ten
ps intervals for subsequent analysis.

2.5. Trajectory analysis

All analyzes were done using CPPTRAJ part of AMBER19 util-
ities and OriginPro 9.1. The calculations of RMSD and Root
Mean Square Fluctuations (RMSF) were made, taking into
account the atoms of C, CA, and N; for the distances, only
the atoms of CA were used (Roe & Cheatham, 2013). The
charts were built with OriginPro 9.1, and the trends were
adjusted with the function processing smooth (method low-
ess span). VMD and PyMOL (DeLano, 2004) were used to
visualize and create the images from the MD.

2.6. Binding free energies calculated by molecular
mechanics/poisson boltzmann surface area
(MM/PBSA)

This method involves a combination of molecular mechanic’s
energy with implicit solvation models to calculate binding
free energies. In MM/PBSA.py (Zhou & Madura, 2004), binding
free energy (DGbind) between a ligand (L) and a target (T) to
form a complex is calculated as:

DGbind ¼ DH� TDS � DEMM þ DGSol � TDS

DEMM ¼ DEInternal þ DEElectrostatic þ DEVdw
DGSol ¼ DGPB þ DGSA

where DEMM, DGSol, and �TDS are the changes of the gas
phase molecular mechanics energy, the solvation free energy,
and the conformational entropy upon binding, respectively.
DEMM comprises DEInternal (bond, angle and dihedral energies),
DEElectrostatic (electrostatic energies), and DEVdw (van der Waals
energies). DGSolv is the sum of electrostatic solvation energy
(polar contribution) -DGPB- and non-electrostatic solvation com-
ponent (non-polar contribution) -DGSA-. The polar contribution
is calculated using the Poisson-Boltzmann surface area model,
while the non-polar energy is estimated from the solvent-
accessible surface area (SASA). The conformational entropy
change (-TDS) was computed by normal mode analysis from a
set of conformational snapshots taken from the MD simulations
(Hou et al., 2011; Kollman et al., 2000).

3. Results and discussion

3.1. CaM titration with calcium

Proteins are generally surrounded by possible ligands (pro-
teins, cations, organic molecules, water, etc.) with different
properties. However, most proteins are specific for their lig-
and; but some have more than one ligand and establishing

interactions with proteins to regulate various cellular proc-
esses, such is the case of the CaM.

The formation of the (Caþ2)-CaM complex with different
calcium equivalents is a mechanism by which CaM can regu-
late a wide variety of functions, through many proteins; vari-
ous research groups have studied the kinetic behavior of
Caþ2 on CaM, determining the stoichiometry and Kds of the
calcium ion according to the sites of the union of this
(Persechini & Stemmer, 2002). The binding of calcium to CaM
has been well described as a sequential and ordered model;
therefore, it is assumed that each binding site has structural
and functional characteristics in CaM. This model describes
an asymmetry of the CaM in the Apo form, where site III has
the highest affinity and once calcium binds, conformational
changes are triggered that affect the remaining three sites;
providing them with different affinities (with the following
order of sites occupancy: site III!site IV!site I!site II)
(Dagher et al., 2011; Gilli et al., 1998; Kilhoffer et al., 1992).

Figure 2 shows the titration of CaM with Caþ2; the biosen-
sor presents an increase in fluorescence intensity with increas-
ing calcium concentration. This increase can be attributed to
the conformational change that the CaM presents from its Apo-
CaM form to Holo-CaM; since the microenvironment where the
mBBr fluorophore (Met124) is found becomes more hydropho-
bic (SASA from 127.11 to 119.14Å). The binding parameters
obtained were a Kd ¼ 0.244±0.03mM with a stoichiometry of
4.1±0.15, literature-like values (Helassa et al., 2015). With this
value, we estimate the corresponding equivalents for each cal-
cium-binding site, considering that there may be a population
average of the CaM with 1, 2, 3, and 4 calcium.

3.2. Titration of the peptides with the biosensor hCaM-
M124C-mBBr with different calcium equivalents

Titrations of the Calspermin, CaV1.1, nNOS, and skMLCK pep-
tides were performed with the biosensor hCaM-M124C-mBBr,

Figure 2. Fluorescence spectra and Caþ2 titration curve with the hCaM-M124C-
mBBr biosensor. The spectra were obtained by exciting the CaM biosensor with
kexc¼381 nm, in an emission interval kemi¼405-550 nm. Using a 1mM CaCl2
solution and a concentration of 5mM of hCaM-M124C-mBBr, in 50mM Tris-HCl
buffer, pH 7.5 at 37 �C. The inset-graph shows the change in fluorescence inten-
sity as a function of the added Caþ2/CaM molar ratio, adjusted to a second-
order equation, (see materials and methods).
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using four different calcium equivalents. One of the advan-
tages of using this biosensor is that it can monitor more
than one ligand at a time; in this case, the calcium ion and
the peptides. Figure 3 shows the fluorescence spectra and
the titration curves for the (Ca2þ)4-CaM-Peptide complexes,
the titrations with the different calcium equivalents are pre-
sented in Figure 1S-4S (supplementary material). The addition

of Calspermin, CaV1.1, and nNOS peptides to the biosensor
shows an increase in fluorescence intensity (hyperchromic
effect). However, the skMLCK peptide causes a decrease in it
(hypochromic effect). The change in fluorescence intensity of
the biosensor used is attributed to the extrinsic fluorescence
of the fluorophore monobromobimane (mBBr), which
respond to the change in the microenvironment generated

Figure 3. Fluorescence spectra and titration curves of peptides A) Calspermin, B) CaV1.1, C) nNOS, and D) skMLCK with the biosensor hCaM-M124C-mBBr. The spec-
tra were obtained by exciting the biosensor with a kexc ¼ 381 nm and an emission interval kemi ¼ 405-550 nm. Using, 5mM of the biosensor hCaM-M124C-mBBr,
in 50mM Tris-HCl buffer, pH 7.5 at 37 �C. The insets-graphics show the titration of the peptides; the solid line in red color shows the adjustment made.

Figure 4. Interaction of the (Ca2þ)4-CaM-skMLCK complex. The three-dimensional model of the interaction of the TRP residue of the skMLCK peptide (red sphere)
with the mBBr fluorophore of the CaM protein (green sphere) and sequential alignment of the four peptides, where the only TRP of the skMLCK peptide is observed
in red. Peptide alignment was performed with Constraint-based Multiple Alignment Tool (https://www.ncbi.nlm.nih.gov/tools/cobalt/re_cobalt.cgi).
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by the binding of the peptides. The structural analysis of the
interactions between (Ca2þ)-CaM and the peptides indicate
that the union of these generates a hydrophobic microenvir-
onment at position 124 of the CaM, where it is chemically
labeled with the fluorophore. In the case of the skMLCK pep-
tide, it has a tryptophan residue at position 4, which inter-
acts directly with position 124, where the mBBr is located,
producing a quenching effect (Figure 4). This effect for the
(Ca2þ)4-CaM-skMLCK complex, had previously been reported
by Hans J. Vogel et al., where they perform mutagenesis in
methionine residues that are in the C-Terminal domain of
CaM by selenomethionine or leucine and observe the
quenching of the tryptophan of the peptide (Weljie & Vogel,
2000; Yuan et al., 1998).

Table 2 shows the binding parameters obtained for each
peptide with their respective calcium equivalents. The
Calspermin, nNOS, and skMLCK peptides show a higher affin-
ity based on the number of calcium equivalents, CaV1.1
shows an affinity independent of calcium equivalents. All the
peptides studied have an affinity in the nanomolar range
and a binding stoichiometry around 1.0, which is expected
and validates the fit model used (see Material and methods).
The increase in affinity from apo-CaM to Holo-CaM is 13.4,
8.3, and 30.8 times for the Calspermin, nNOS, and skMLCK
peptides, respectively.

The Kds calculated for the Calspermin peptide are in the
range of 32 to 2nM for the (Ca2þ)0-4-CaM-Calspermin com-
plexes. Previous reports for the (Ca2þ)4-CaM-Prote�ın-Calspermin
complex reported a Kd ¼ 4.42nM using surface plasmon reson-
ance (SPR) (Murphy et al., 2008). For the CaV1.1 peptide, the
Kds obtained with the CaM biosensor are around 2nM, unrelat-
edly of the number of calcium equivalents. Cav1.1 channel are
proteins that are almost exclusively expressed in skeletal muscle
cells. A mechanical link transmits the conformational changes in
the voltage-sensing domains in Cav1.1 to the associated ryano-
dine receptors, which release Ca2þ from the sarcoplasmic
reticulum. CaM mediates Ca2þ dependent inactivation (CDI) to
binding to the C-Terminus of the CaV1.1 protein (Catterall et al.,
2005; Stockner & Koschak, 2013). Three domains have been
identified within this region: I) an EF binding motif binding
Ca2þ, II) a CaM binding site, and III) an IQ CaM binding motif
(Stroffekova, 2011; Tang et al., 2003; Tidow & Nissen, 2013). The
Ca2þ-CaM complex binds to the IQ motif, which corresponds to
the CaV1.1 peptide (Tang et al., 2003). CDI is likely responsible
for the CaV1.1 peptide showing a calcium-independent affinity
in titrations with the biosensor hCaM-M124C-mBBr. The nNOS
peptide shows a calcium-dependent affinity, the calculated Kds

range is from 84nM (CaM-nNOS) to 10nM ((Ca2þ)4-CaM-nNOS);
for the nNOS peptide, Kd ¼ 2.2nM obtained by enzymatic
inhibition assay and Kd between 0.8-3.9nM using SPR have
been reported (Zhang & Vogel, 1994). The skMLCK peptide has
the highest affinity variation (Kds) between the CaM-skMLCK
and (Ca2þ)4-CaM-skMLCK complex, around 30 times (Kds from
43.2 to 1.4nM), previous reports calculate a Kd ¼ 1.0nM at cal-
cium saturation (Lukas et al., 1986).

3.3. Molecular dynamics of CaM with different
calcium equivalent

MD of the CaM structure was carried out by varying the cal-
cium ions (0-4 calcium). Figure 5 shows the conformations it
adopts the CaM along with the DM; and the RMSD as a func-
tion of time. The RMSD is a parameter that allows us to dis-
cretely evaluate the fluctuations between each fragment of
MD, which is why it reflects the conformational stability of
the system. In the absence of calcium, the conformational
stability is maintained (RMSD �5Å); and while more calcium
sites are occupied, the RMSD increases around 13-14 Å. For
the (Ca2þ)3-CaM and (Ca2þ)4-CaM complex, a more significant
conformational fluctuation is observed. By extrapolating
these results to the functional part, CaM being a very flexible
protein, its multispecific properties may be related to the
degree of flexibility, and the ability to adopt more conforma-
tions is, in turn, modulated by the number of cations that
bind to it. In this experiment, we start from the saturated cal-
cium structure -(Ca2þ)4-CaM)-, to which we eliminated the
calcium and subjected it to MD. The absence of calcium
makes the protein maintain its overall structural stability as
there are subtle local changes. However, the same structure
(Holo-CaM) with more cations shows greater conformational
flexibility. The latter leads us to speculate that CaM is modu-
lated by calcium ions to acquire greater mobility and thus
be able to interact with higher probability with specific
ligands. Another important aspect is the intramolecular com-
munication caused by the ions in the CaM since by gradually
binding, these could interfere with the affinity of the remain-
ing calcium-binding sites.

Another parameter used to analyze MD trajectories is the
RMSF, which indicates the degree of displacement of a set of
atoms corresponding to a residue with respect to a refer-
ence. Figure 6 shows the RMSF about the number of resi-
dues, the range obtained for all the MDs of the CaM with
different calcium’s is from 2 to 13Å. Overall, it is observed
that the residues corresponding to the loops that some coin-
cide with the residues involved in the calcium-binding sites
have a higher RMSF. The lobe corresponding to the C-
Terminal (90-148), presents greater conformational flexibility,
this argument coincides with data previously explored by
other authors for this system (Smith et al., 2012).

3.4. Molecular dynamics of CaM-Peptide complexes

MD of all the CaM-peptide complexes studied in this work
was performed with and without calcium, for 100 ns since
the binding energy analyzes show that from 60 ns, the

Table 2. Determination of dissociation constants of peptides with different
equivalents of Ca2þ, using the biosensor hCaM-M124C-mBBr.

Peptide/Ca2þ 0.0 Equiv 1.0 Equiv 2.0 Equiv 3.0 Equiv 4.0 Equiv

Kd (nM)
Calspermin 32.3 ± 7.4 27.4 ± 7.6 9.9 ± 3.9 10.2 ± 4.9 2.4 ± 1.6
Cav1.1 1.5 ± 2.0 1.9 ± 2.1 1.9 ± 1.4 2.5 ± 0.9 1.9 ± 1.3
nNOS 84.7 ± 17.6 47.7 ± 10.3 34.0 ± 8.8 9.6 ± 1.7 10.2 ± 1.2
skMLCK 43.2 ± 13.8 39.7 ± 8.9 9.1 ± 6.0 3.3 ± 1.8 1.4 ± 0.7

Stoichiometry
Calspermin 0.87 ± 0.3 0.81 ± 0.3 0.81 ± 0.3 0.81 ± 0.2 0.93 ± 0.1
Cav1.1 1.06 ± 0.02 1.02 ± 0.03 1.13 ± 0.02 1.14 ± 0.01 1.0 ± 0.01
nNOS 1.5 ± 0.81 1.5 ± 0.54 1.25 ± 0.48 1.3 ± 0.52 1.7 ± 0.20
skMLCK 0.79 ± 0.21 0.68 ± 0.34 0.97 ± 0.18 1.09 ± 0.15 1.31 ± 0.22
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differences are not significant (Figure 5(A) and Table 1s).
Using this tool allows us to analyze molecular-level details of
Protein-Peptide interactions, predict theoretical binding
energy (DGT), and analyze systems as a function of time. The
simulation comprises five stages: I) Minimization, II) Heating,
III) Pressure equilibration, IV) Equilibrium, and V) Production
of the system, where it is intended to maintain

thermodynamic equilibrium conditions similar to the experi-
mental (Case et al. 2005; Gonz�alez-Andrade et al., 2016;
Salomon-Ferrer et al., 2013a). The data obtained from these
MD is used to compare and complement with the experi-
mental results. Figure 7 shows the structural models every
25 ns of MD of the four (Ca2þ)4-CaM-Peptide complexes and
the closed conformation of the (Ca2þ)4-CaM (without

Figure 5. Structures and RMSD of the MD of Holo-CaM with different calcium equivalents. The structures obtained every 25 ns are shown on the left. Calcium ions
are shown in red spheres, CaM orange cartoons, (Ca2þ)1-CaM green cartoons, (Ca2þ)2-CaM cyan cartoons, (Ca2þ)3-CaM blue cartoons, and (Ca2þ)4-CaM purple car-
toons. The structure used to perform the MD corresponds to Holo-CaM (1CLL.pdb). The analyzes and figures were made with CPPTRAJ (Roe & Cheatham, 2013),
OriginPro 9.1, and PyMOL (DeLano, 2004).

Figure 6. RMSF vs Holo-CaM residue in binding to different Ca2þ during 100 ns of MD. The structural model on the right corresponds to the (Ca2þ)4-CaM complex
at the beginning and end of the MD.
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peptide). The visual results of the four complexes show
appreciable conformational stability compared to (Ca2þ)4-
CaM in the closed state without peptide, where the latter
fluctuates and tends to open. One way to analyze conform-
ational stability was by measuring the opening of the CaM,
through the distance between the strategically chosen resi-
dues 39 and 91, located in each lobe of the protein. These
residues had previously been used by our working group to
develop fluorescent biosensors (Gonz�alez-Andrade et al.,
2011). The distances for closed (Ca2þ)4-CaM without peptide
fluctuate between 4.5 and 27.8 Å, while for (Ca2þ)4-CaM-
Calspermin (3.6-12.23 Å), (Ca2þ)4-CaM-CaV1.1 (7.2-19.2 Å),
(Ca2þ)4-CaM-nNOS (5.0-9.8 Å), and (Ca2þ)4-CaM-skMLCK (4.7-
10.1 Å) complexes. The complexes are corresponding to the
Calspermin, nNOS, and skMLCK peptides average 10.7 Å as
the maximum opening distance, and for the CaV1.1 peptide,
this shows a maximum distance of 19.2 Å. These distances
can indirectly illustrate the degree of conformational stability
exhibited by the complexes from the stage of production of
MDs. However, a qualitative way to analyze the degree of
binding of peptides to CaM is through a normal mode ana-
lysis of the interaction of CaM-Peptides complexes.

Table 3 shows the results obtained from the analysis in
normal modes of the complexes without calcium and with
the four occupied sites, broken down into theoretical DGT,
DHT, and DST. The DGT was compared with the experimental
DG (DGE), the latter obtained from Kds. The goal of perform-
ing the MDs of the complexes with and without calcium
arose from the experimental results, to see if the simulations
of MD were able to discern this condition. In all cases, the
calcium complexes showed a lower DGT, which is in harmony

with the experimental data. The difference between the
value of DGE and DGT is 30-40 kcal mol�1 in the complexes,
although this difference is significant to compare and ana-
lyze quantitatively; if we can try to extrapolate qualitative
information. For example, the most negative DGT corre-
sponds to the (Ca2þ)4-CaM-Calspermin (-58.51 kcal mol�1)
and (Ca2þ)4-CaM-skMLCK (-58.38 kcal mol�1) complex, and
these present the highest affinities in this same condition
Kd¼2.4 and Kd¼1.4 nM, respectively. Another data to high-
light is the value of the DGT obtained (between �32.26 and
�58.51 kcal mol-1) for the (Ca2þ)4-CaM-peptide complexes,
being more negative values compared to data previously
reported for (Ca2þ)4-CaM-Drugs using the same simulation
algorithm (AMBER) (Gonz�alez-Andrade et al., 2016).

We compared the RMSD of the CaM-Peptide complexes
with and without calcium, along with the closed state
(Ca2þ)4-CaM without peptide. Figure 8, shows the results
obtained, where we can visualize that there is a difference of
at least 10 Å of RMSD between the (Caþ2)4-CaM-Peptide and
(Caþ2)4-CaM (closed) complexes; this allows us to discern
that the union of the peptides structurally stabilizes the CaM.
While (Ca2þ)4-CaM in the closed state without ligand tends
to open, in the same way that the Holo-CaM tries to close,
which follows that the protein is in constant movement
between one state and another. Another interesting data is
that the RMSDs of the CaM-Pepetido complex with and with-
out calcium is slightly different, where the four calcium com-
plexes have a higher RMSD and less fluctuation between
each step of the dynamics. The fluctuation observed
between each step of the dynamics may be reflecting the
optimal energy search of the complexes. It should be noted

Figure 7. Structural models and distances between CaM lobes in (Ca2þ)4-CaM-peptides complexes from 0-100ns of MD. The structures used in the simulation cor-
respond to the closed form; 2060.pdb for (Ca2þ)4-CaM and the nNOS and Calspermin peptides; 2VAY.pdb for CaV1.1 peptide and 2BBM.pdb for skMLCK peptide.
The analyzes and figures were made with CPPTRAJ (Roe & Cheatham, 2013), OriginPro 9.1, and PyMOL (DeLano, 2004).
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that the simulation of MD in this system has around 33442
atoms (2704, 4, 8 and 30726 atoms of the complex, Ca2þ,
eight counterions, and waters, respectively) and the only dif-
ference between the CaM-Peptide and (Ca2þ)4-CaM-peptides
complexes are four calcium atoms (0.011%).

4. Conclusions

The CaM protein from the biological point of view is a versa-
tile and multifunctional system that regulates functions in
different cellular compartments where there are different
concentrations of calcium. In this work, we focus on the

study of the CaM-Peptide interaction by varying the calcium
equivalents in the complex experimentally and theoretically,
using the hCaM-M124C-mBBr biosensor and molecular mod-
eling tools. Due sensitivity of the biosensor, we were able to
establish four calcium equivalents until saturating the CaM
and with this, being able to titrate the peptides, obtaining
five Kds. Three of the four peptides studied showed a rela-
tionship directly proportional to the number of Ca2þ equiva-
lent concerning its affinity, while the affinity of the CaV1.1
peptide was independent of calcium. All the peptides have
Kd in the nM range in order of magnitude less than most of
the drugs and ligands previously reported for CaM. On the

Table 3. Results obtained from the binding of the Calspermin, CaV1.1, nNOS, and skMLCK peptides to the CaM.

Experimental Theoretical3

Complex Kd
1 (nM) DGExp

2 (kcal/mol) DGtThe (kcal/mol) DHThe (kcal/mol) TDSThe (kcal/mol)

CaM-Calspermin 32.3 ± 7.4 �10.21 �55.77 ± 4.8 �125.34 ± 3.5 �69.59 ± 6.3
(Ca2þ)4-CaM-Calspermin 2.4 ± 1.6 �11.75 �58.51 ± 5.8 �132.38 ± 4.5 �73.87 ± 4.1
CaM-Cav1.1 1.5 ± 2.0 �12.03 �32.26 ± 1.2 �92.80 ± 6.6 �60.53 ± 7.3
(Ca2þ)4-CaM-Cav1.1 1.9 ± 1.3 �11.89 �38.78 ± 8.2 �101.32 ± 9.6 �62.58 ± 7.3
CaM-nNOS 84.7 ± 17.6 �6.41 �34.80 ± 6.5 �110.4 ± 8.7 �75.69 ± 6.8
(Ca2þ)4-CaM-nNOS 10.2 ± 0.2 �10.90 �37.54 ± 7.2 �120.45 ± 9.9 �82.9 ± 7.0
CaM-skMLCK 43.2 ± 13.8 �10.04 �48.00 ± 8.9 �127.63 ± 15.0 �79.63 ± 6.5
(Ca2þ)4-CaM-skMLCK 1.4 ± 0.7 �12.07 �58.35 ± 9.6 �153.42 ± 11.4 �95.07 ± 7.2
1Experimentally determined apparent dissociation constant for the CaM-peptide and (Ca2þ)4-CaM-peptide complex.
2Gibbs energy obtained from the experimental apparent dissociation constant using the equation DG�¼ �RT ln kd, where R¼ 1.987 x 10-3 kcal/mol�K and
T¼ 298.15 K.
3Results obtained from a simulation of 100 ns of MD for the CaM-peptide and (Ca2þ)4-CaM-peptide complexes using the MM/PBSA.py normal mode ana-
lysis method.

Figure 8. RMSD as a function of time of the CaM-pepdido complexes in closed conformation with and without calcium. A) CaM-Caspermin, B) CaM-Cav1.1, C)
CaM-nNOS, and D) CaM-skMLCK. The scale corresponding to the RMSD is shown in Log2 for a better appreciation. The analyzes and figures were made with
CPPTRAJ [75] and OriginPro 9.1.
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other hand, the MD studies were designed based on the
experimental results were in the first instance we analyzed
the implications of gradually removing a calcium ion from
the Holo-CaM, where we visualize that this progressive elim-
ination reduces its conformational flexibility. Another inter-
esting data is that the CaM-Peptide complexes with and
without calcium show subtle differences in both binding
energy results (DGT) and RMSD, which are in harmony with
the experimental results (Kds and DGE). Our results demon-
strate the importance of the use of highly sensitive biosen-
sors and the power of MD to make inferences in systems
such as CaM-peptide complexes; to design new peptides or
ligands of CaM, taking into account the possible conforma-
tions based on the calcium equivalents that the protein
can bind.
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