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The voltage gated calcium channels (Cav1 and Cav2) and sodium channels are
modulated by calmodulin (CaM) via IQmotifs. But Cav3 (aka T-type) channels lack
IQmotif and therefore, they transiently interact with CaM via the gating brake (GB)
regions of T-type channels. However, the structural basis of the interactions
remains unclear. This study employs molecular dynamics (MD) simulations to
investigate the complete binding process of GB peptides (GB3.1 and GB3.2) with
CaM at an atomic level, starting from a non-interacting state to a fully formed
complex. We provide a detailed analysis of the binding trajectories, identifying
how the GB peptides dynamically explore and engage their binding interfaces on
CaM. Our results reveal that GB3.1 induces significant conformational
rearrangement in CaM, bending its central helix by ~90° and forming a
compact structure. In contrast, GB3.2 binding does not induce such changes,
and CaM remains in an extended conformation. Both peptides interact primarily
with CaM’s N-lobe. The MM-PBSA analysis yielded negative binding energies
indicating a spontaneous and favourable complex formation.
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Introduction

T-type ion channels represent a class of voltage-gated ion channels that play a crucial
role in regulating cellular excitability (Chemin et al., 2002). In contrast to high voltage
activated (HVA) calcium channels (Cav1 and Cav2), the T-type channels (Cav3) exhibit
distinctive biophysical properties marked by low activation thresholds and transient
openings (Catterall, 2011a; Senatore et al., 2014; Simms and Zamponi, 2014). Their
involvement in diverse physiological processes, such as neuronal firing (Chemin et al.,
2002; Cain and Snutch, 2010; Shao et al., 2021), pacemaker activity in the heart (Ferron
et al., 2002; Mesirca et al., 2015), hormone secretion (Barghouth et al., 2022), sensory
processing in the retina and auditory system (Hong et al., 2014; Lundt et al., 2019), muscle
contraction and pain perception (Marger et al., 2011; Hong et al., 2014; Korczeniewska et al.,
2022), gene expression and cell proliferation (Santoni et al., 2012; Antal and Martin-
Caraballo, 2019; Yabuki et al., 2021), and even learning and memory formation (Benkert
et al., 2019; Fukunaga et al., 2019; Joksimovic et al., 2023), underscores their significance in
maintaining cellular homeostasis.

Additionally, T-type channels are implicated in neuropathic pain, where heightened
activity in sensory neurons influences pain signalling and perception (Kerckhove et al.,
2014; Bourinet et al., 2016; Harding and Zamponi, 2022). In the cardiovascular system,
dysfunctions in T-type channel regulation have been implicated in cardiac arrhythmias,
disrupting the normal rhythm of the heart (Clozel et al., 1999; Shah et al., 2022).
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Furthermore, some studies suggest their diverse roles in
oncogenesis. In prostate cancer, Cav3.2, a subtype of T-type
VGCCs, is notably overexpressed at both mRNA and protein
levels, influencing cellular morphology, mitogenic factor
secretion, and neurite outgrowths (Mariot et al., 2002; Gackière
et al., 2008; Weaver et al., 2015b; 2015a; Hall et al., 2018). Breast
cancer studies reveal that inhibiting T-type Ca2+ channel function
reduces the proliferation of MCF-7 cells (Taylor et al., 2008; Lu et al.,
2020). Ovarian cancer cells also demonstrate decreased proliferation
upon T-type channel inhibition (Li et al., 2011; Dziegielewska
et al., 2016).

T-type ion channels are classified into three main types based on
their subunit composition. First, Cav3.1 (α1G) encoded by the
CACNA1G gene contributes to the generation of low-threshold
calcium (Ca2+) spikes. Second, Cav3.2 (α1H) is encoded by the
CACNA1H gene and contributes to the initiation of burst firing in
neurons. Third, Cav3.3 (α1I) subtype is encoded by the CACNA1I
gene and shares similarities with Cav3.1 and Cav3.2 in terms of its
functional properties (Cribbs et al., 1998; Lee et al., 1999; Perez-
Reyes, 2006; Szymanowicz et al., 2024). T-type ion channels consist
of pore-forming α1 subunits with multiple transmembrane domains
that span the cellular membrane. A distinctive feature is the “gating
brake (GB)” located in the I-II linker region, playing a pivotal role in
the channels’ low-voltage activation characteristics (Perez-
Reyes, 2010).

Calmodulin (CaM), a universal Ca2+ sensor found
ubiquitously in eukaryotes, plays a crucial role in mediating
various calcium-dependent signalling pathways. With the
ability to bind more than 300 targets, CaM regulates Ca2+

influx through mechanisms such as calcium-dependent
inactivation (CDI) and calcium-dependent facilitation (CDF)
of neuronal Ca2+ channels (Lee et al., 2000; Han et al., 2010).
The highly conserved IQ motif [FILV]Qxxx[RK]Gxxx[RK]xx
[FILVWY], crucial for CDI, is found in the C-lobe of HVA
Ca2+ channels. CaM interacts with these channels through
their IQ motifs and point mutations in these motifs abolish
CDI properties (Blaich et al., 2012). Further, CaM binds four
Ca2+ ions via EF-hand motifs, and a mutant with altered motifs
abolishes CDI in ion channels (Fallon et al., 2005; Gardill et al.,
2019). Thus, all HVA channels are modulated by
intracellular Ca2+ ions.

The intracellular I–II loop in HVA channels plays a major role
in channel function including interaction with auxiliary β subunit,
influencing channel trafficking, and potentially modulating Ca2+

influx (Buraei and Yang, 2010; Catterall, 2011b; Zamponi and
Currie, 2012). In T-type channels, the equivalent region hosts the
GB formed a helix-loop-helix structure. The second helix of the GB
establishes important contacts with the gating machinery, thereby
stabilizing a closed state of T-channels, and that this interaction is
disrupted by depolarization, allowing the S6 segments to spread
open and Ca2+ ions to flow into the cell (Baumgart et al., 2008;
Monteil et al., 2015). Since T-type ion channels lack IQ motifs,
rendering them unable to interact with CaM and, consequently,
having no impact on CDI or CDF (Ben-Johny et al., 2014; 2015a).
However, it was found that rise in submembrane Ca2+

concentration induces a large decrease in T-type current
amplitude (Cazade et al., 2017a). Further, T-type channels
availability is inhibited by the intracellular Ca2+ ions (Chemin

et al., 2019). However, in contrast with HVA channels, the Ca2+-
dependent modulation of Cav3 channels are independent of CaM
(Zamponi, 2016; Cazade et al., 2017b; Chemin et al., 2019).
Another study showed that T-type channels associate with CaM
at the GB’s helix two in the I-II linker despite lacking IQ motifs
(Chemin et al., 2017). Therefore, it seems that CaM regulates the
Cav3 channels in a more “tonic” manner, whereas the “dynamic”
regulation of Cav3 observed requires phosphorylation (Cazade
et al., 2017b; Chemin et al., 2019). The high-nanomolar affinity
between the GB and CaM highlights the unique regulatory
potential of T-type channels (Chemin et al., 2017). Recently,
several cryo-EM structures of T-type channels are reported, but
all of them are without CaM (Zhao et al., 2019; He et al., 2022;
Huang et al., 2024). Therefore, the intricate structure of the
complex formed by CaM and T-type ion channels remains
elusive. This study employs molecular dynamics (MD)
simulations to elucidate the dynamic interplay between CaM
and T-type ion channels, aiming to understand their association
and regulatory mechanisms comprehensively.

Material and methods

CaM-GB3.1 and CaM-GB3.2 model
generation

To decipher the molecular interactions between CaM and T-type
ion channels, we established a complex system as follows: GB peptides
fromCav3.1 andCav3.2, denoted as GB3.1 andGB3.2, respectively, were
selected and modelled. The peptide GB3.1 comprises the sequence
(433YEELLKYLVYILRKAARRLAQVSRA457), while GB3.2 comprises
the sequence (456CYEELLKYVGHIFRKVKRRSLRLYARW482)
based on earlier study (Chemin et al., 2017). These peptides
fragments are α helical in structure. CaM exists mainly in
extended form in the absence of any binding partner.
Therefore, the extended form of the CaM structure (1CLL)
was chosen to monitor the whole complex formation process
(Babu et al., 1988; Chattopadhyaya et al., 1992). In our initial
models, GB peptides (GB3.1/GB3.2) were placed randomly ~25 Å
away from CaM (Figure 1A), ensuring that CaM and GB peptides
were initially in non-interacting position. This system was
subjected to MD. simulation. The rationale behind this setup
was to allow the two components (peptide and CaM) to move
freely, encounter each other and form complex mimicking
the natural situation as in aqueous solution. The MD
simulations were subsequently conducted for CaM/GB3.1 and
CaM/GB3.2 system under similar conditions as described below.

MD simulation

The simulations were conducted using Gromacs
2020.6 employing the CHARMM36 force field (Abraham et al.,
2015). Simulation parameters were generated through the
CHARMM-GUI web interface (Jo et al., 2008; Brooks et al.,
2009; Lee et al., 2016). Protein molecules were placed in a cubic
box, maintaining a 10 Å distance from the boundaries, and solvent
water, modelled with the tip3p model, surrounded the protein

Frontiers in Biophysics frontiersin.org02

Yaduvanshi and Kumar 10.3389/frbis.2025.1569091

https://www.frontiersin.org/journals/biophysics
https://www.frontiersin.org
https://doi.org/10.3389/frbis.2025.1569091


molecules (Mark and Nilsson, 2001). Four Ca2+ ions were
consistently present in the EF hand motifs of CaM throughout
the simulations.

To maintain the ionic strength of solution, 0.15M NaCl was
added, and simulations were performed under cubic periodic
boundary conditions. Energy minimization procedures, involving
a gradual reduction of side chain and backbone restraints, were
executed over 250 picoseconds (ps). Subsequently, water
equilibration was performed under NVT conditions for 125 ps,
followed by an additional 125 ps under NPT ensembles at 303 K.
The production run was conducted at 303 K in the NPT ensemble
for 1.5 microseconds (µs) and 1.0 µs for CaM/GB3.1 and CaM/
GB3.2 complexes, respectively. The time step was two femtoseconds
(fs) and trajectories were saved every 10 ps. Temperature control
utilized velocity scaling, while bond lengths were constrained using
the LINCS algorithm. Pressure was regulated by isotropic coupling

employing the Parrinello-Rahman barostat. Van der Waals and
Particle Mesh Ewald electrostatic interactions (PME) within a
1.2 nm range were computed using a Verlet scheme, with van
der Waals interactions switched above 1.0 nm. All MD simulations
production runs were executed on the HPC facility at the Indian
Institute of Technology Delhi, India (https://supercomputing.iitd.ac.
in/).

Trajectory analysis

The analysis of MD results was performed using Gromacs
2020.6 package utilities. The MD trajectories were concatenated
using the trjcat utility, andmultiple chains of protein molecules were
clustered with the trjconv utility. This clustering option accounted
for periodic boundary conditions to maintain the structure integrity

FIGURE 1
Process of complex formation between CaM and GB3.1 peptide to GB3.2 peptide. (A) Initial position of GB3.1 (green) and GB3.2 (orange) with
respect to CaM. (B)On the onset of simulation, the GB3.1 (orange) has moved towards C-lobe from its original position (green). (C) Subsequently, GB3.1
(magenta) hasmade 180° transverse rotation and aligned parallelly to the central helix of CaM. (D) After that GB3.1 (cyan) hadmade 90° lateral rotation and
become entrapped between two lobes of CaM. The central helix of CaM has made ~90° bend to adopt compact conformation. The C-lobe in
extended conformation (grey) has been deleted for clarity purpose. (E) Final position of GB3.1 (yellow) on compact ellipsoidal CaM. (F) The interaction
between CaM and GB3.1 are shown in stick representation.
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broken by the periodic boundary. The representative final PDB
trajectory was utilized for image preparation in the manuscript. The
angle between helices were calculated using the
“anglebetweenhelices” script downloaded from the PyMOL Script
Library. The simulation trajectory is available upon genuine request.

Molecular mechanics-poisson Boltzmann
surface area (MM-PBSA)

The binding energies were computed using the MM-PBSA
method (Kollman et al., 2000). To perform these calculations, the
g_mmpbsa program within GROMACS was utilized, employing
trajectories generated from molecular dynamics simulations
(Kumari et al., 2014). The MM-PBSA method entails the
assessment of three main energy components: the potential
energy in vacuum, the polar solvation energy, and the non-

polar solvation energy (Genheden and Ryde, 2015).
Specifically, a 10 ns trajectory from the GB3.1/CaM
(1460–1470 ns) and GB3.2/CaM (900–910 ns) simulation was
selected for MM-PBSA analysis. These snapshot trajectories were
selected after the CaM and GB peptides has associated as seen in
RMSD profile (Figure 2A). Frames were extracted every 10 ps,
resulting in a total of 1000 frames. The binding energy were
computed as per the instructions of developers.

Principal component analysis (PCA)

PCA analysis was performed in Bio3D 2.2 (Grant et al., 2006;
Skjaerven et al., 2014) under R environment (https://www.r-project.
org/) using simulation trajectories. PCA is a multivariate technique
that reduces data to two or three dimensions by maximizing the
variance and analyzing inter-conformer relationships. PCA extracts

FIGURE 2
The complex formation process of between CaM and GB3.2 peptide. (A) The GB3.2 peptide from initial position (green) made 90° turn and aligned
parallel to the central helix (shown in orange). (B) The GB3.2 has further rotated anticlockwise. (C) The GB3.2 has moved down and formed contact with
CaM. The interacting residues are shown in inset. (D) The peptide has further rotated and shifted towards the N-lobe of CaM. (E) The interaction between
CM and GB3.2 are shown in stick representation.
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biologically relevant movements of protein domains from MD
simulation trajectory (Yang et al., 2009; Salsbury, 2010).

Structure predictions and comparison

The structure predictions of the CaM and GB peptide complexes
were conducted using the AlphaFold2 (Jumper et al., 2021) program
accessed via ChimeraX (Meng et al., 2023). AlphaFold2 requires
fewer computational resources, and the accuracy of its predicted
structures is nearly identical to experimentally solved structures.
With the CaM and the peptides sequences the programwas run with
default settings. Additionally, the I-TASSER online program was
also utilized for predicting the complex structures using default
parameters (Zhou et al., 2022).

The hydropathicity, optimized matching hydrophobicity, and
polarity profiles of the IQ motif peptides and GB peptides were
calculated using ProtScale (Gasteiger et al., 2005), a bioinformatics
tool available on the ExPASy Server (https://web.expasy.org/
protscale/).

Results

The interaction between CaM and T-type ion channels via GB is
transient, making experimental structure determination
challenging. We employed a novel approach to elucidate the
transient interactions between CaM and GB peptides. Our
method integrates information from structurally homologous
complexes with MD simulations to resolve the interactions
within these elusive complexes. We chose peptides from
GB3.1 and GB3.2, representing the GB regions of Cav3.1 and
Cav3.2, respectively. The extended structure of CaM is obtained
from PDB, and the GB peptide structure is predicted to be α-helical
(Figure 1A). In the initial configuration, GB3.1 and GB3.2 peptides
were positioned approximately 25 Å, 18 Å, and 20 Å away from the
central helix, N-lobe, and C-lobe, respectively. The CaM structure
was in the extended form. This arrangement ensured that initially,
CaM and the peptides did not interact (Figure 1A). Subsequently,
MD simulations were conducted for these systems, revealing that the
peptides dynamically moved towards CaM and eventually occupied
the natural binding site on CaM, as detailed below.

CaM-GB3.1 complex formation

Initially, the peptide was positioned perpendicularly to the
central helix and in the middle of the two lobes of CaM
(Figure 1A). At the onset of simulation, the peptide started
moving towards the CaM. First, the peptide transitioned towards
the C-lobe and aligned with central helix at ~45°. The C-terminal of
GB3.1 was close to the C-lobe of CaM. The Arg449 of GB3.1 formed
very first contact with EF motif residues Asp95 and Asn97 at C-lobe
of CaM (Figure 1B). However, this contact lost as the simulation
progressed. After this transient initial contact, interestingly, the
GB3.1 peptide took ~180° turn and aligned parallelly to the
central helix. Due to this rotation, the N-terminal of the peptide
was close to the C-lobe of CaM and vice versa (Figure 1C). The

interaction between residues Lys75 (CaM) and Ser455 (GB3.1)
played a crucial role in facilitating this transient positioning of
the GB3.1 peptide (Figures 1C,D). After that, the N-terminal of the
GB3.1 peptide made a 90° rotation losing its N-terminal interactions
with CaM C-lobe, while the C-terminal remain fixed (Figure 1D).
Therefore, the interaction between Lys75 (CaM) and Ser455 (GB3.1)
also remained unbroken (Figure 1D). This rotation was in the
vertical direction to the central helix (Figure 1D). This was final
position of C-terminal region of the GB3.1 on CaM as no further
movement was observed in this region (Figures 1D,E).

After the peptide has occupied its natural position on CaM, the
central helix has undergone a huge conformational change. A sharp
kink was observed between residues Asp78-Ser81 which displaced the
relative position of two lobes. To compare the bending of the central
helix, we superimposed the simulated structure onto extended CaM
structure on N-lobe. The central helix made a ~90° turn at
Thr79 converting the CaM into compact ellipsoidal conformation
(Figure 1D). The two lobes came close to each other, and peptide
was furthermoved away fromC-lobe toN-lobe. Gradually the two lobes
came further close to each other and formed contact with peptide
(Figure 1E). The peptide also slipped in further. The N-terminal of the
peptide moved towards the N-lobe of CaM, establishing robust
hydrophobic interactions. The central helix curved, and the two
lobes enveloped the GB3.1 peptide (Figure 1E). The interacting
residues are shown in Figure 1F. The C-terminal of GB3.1 peptide is
deeply buried at hydrophobic pocket and has made extensive contacts
with both N- and C-lobe of CaM (Figure 1F).

CaM-GB3.2 complex formation

CaM/GB3.2 simulation system, we systematically monitored the
trajectory of the GB3.2 peptide. The initial position of GB3.2 was
same as GB3.1 (Figure 1A). The complex between CaM and
GB3.2 peptide was formed within the 200 ns of simulation.
Further, simulation didn’t result in significant movement.
Therefore, the simulation was stopped at 1 µs (Figure 3A). First
the peptide moved towards C-lobe of CaM and made a 90° rotation
while pivoted at C-terminal. However, the peptide was still far from
CaM to establish any contact with it (Figure 2A). Then the peptide
further moved towards C-lobe and oriented perpendicular to the
central helix of CaM. The Arg477 (GB3.2) and Glu139 (CaM)
formed very first contact. These contacts were responsible for
holding the GB3.2 peptide at this orientation. The rest of peptide
was above the central helix at distance of ~22Å (Figure 2B). As the
simulation further progressed the peptide went down towards the
central helix, and it formed additional contact with it. The CaM
residues Glu82 and Glu83 formed contact with Lys470 and Arg474,
respectively (Figure 2C). After simulation further progressed, the
peptide didn’t go further down but it rotated laterally towards
N-lobe of CaM, pivoted at C-terminal in the same plan. That
was final position of GB3.2 on CaM. Thus, mirroring the
behaviour observed with GB3.1, the GB3.2 peptide engaged with
CaM at its N-terminal region. However, in contrast to CaM/
GB3.1 complex, the CaM was in extended conformation. Further,
the peptide GB3.2 made cross contact with both N-and C-terminal.
The N-terminal of peptide was close to N-lobe and C-terminal was
close to C-lobe (Figure 2D).
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The central helix residue Lys75 established contact with
Ile467 of the GB3.2 peptide, while Glu82 of CaM interacted with
Lys470 of GB3.2. Additionally, Met72 formed contacts with Val464,
and Phe68 interacted with Leu460 of GB3.2. The N-terminal of the
GB3.2 peptide exhibited strong hydrophobic interactions with the
N-lobe of CaM (Figure 2E). Specific interactions included Ser38/
Leu461, Leu39/Val464, and Met51/Phe468 (CaM/GB3.2) at the
N-lobe, while at the C-lobe, Gln143 engaged in an electrostatic
interaction with Arg474. Notably, previous studies also
demonstrated a higher affinity of the GB3.2 peptide for the
N-lobe of CaM (Chemin et al., 2017).

Root mean square deviation (RMSD) and
root mean square fluctuation (RMSF)

The complexes’ dynamic behaviour was evaluated through time-
dependent root mean square deviation (RMSD) of all protein atoms
with the original complex as a reference. RMSD values were then
plotted over time. Additionally, the dynamic behaviour at the

residue level was assessed using Root Mean Square Fluctuation
(RMSF) calculations and plotted against the residue numbers.

In CaM/GB3.1 complex, the observed RMSD fluctuated between
0.7 and 1.0 nm. Initially, the RMSDwas approximately 1.0 nm, gradually
decreasing to 0.7 nm as the simulation progressed and the complex
stabilized (Figure 3A). The slightly higher RMSDwas primarily attributed
to the movement of peptide GB3.1 (Figure 1). CaM residues (residues 1-
147) displayed RMSF within the range of 0.23–0.60 nm, while GB3.1
(residues 148-172) exhibited RMSF between 1.2 and 2.0 nm. The higher
RMSD for peptide GB3.1 can be attributed to significant conformational
changes during its complexation with CaM.

CaM/GB3.2 complex formed within very short period.
Therefore, GB3.1, GB3.2 did not undergo significant
conformational changes, leading to a consistent overall RMSD.
The RMSD of the CaM/GB3.2 complex remained approximately
0.7 nm throughout the simulations. Therefore, simulation was
concluded at 1000 ns as the RMSD has attained stable plateau.
Residue-level fluctuations for both CaM and the peptide were within
the range of 0.2–0.25 nm. Therefore, this complex was more stable
than CaM/GB3.1 (Figures 3A,B).

FIGURE 3
MD simulation of CaM/GB3.1 and CaM/GB3.2 complexes. (A) RMSD profile of CaM/GB3.1 (black) and CaM/GB3.2 (red). (B) RMSF profile of CaM/
GB3.1 (black) and CaM/GB3.2 (red). The residues from 1 to 147 are from CaM and the residues from 148 to 175 are from peptides. (C) A scree plot was
plotted showing the proportion of variance against its eigenvalue rank. The first three PC vectors are plotted tomonitor the residual displacement in CaM/
GB3.1 complex. (D) A similar analysis was carried out for CaM/GB3.2 complex. The 2D plot illustrates the ensemble distribution changes across
different conformations during the simulation. Each point on the plot corresponds to a specific conformation at a given time. The colour gradient, ranging
from blue towhite to red, highlights significant periodic transitions between conformational states throughout the simulation. Blue points signify unstable
conformations, white points represent intermediate states, and red points indicate stable conformations that persist during the trajectory.
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Principal component analysis (PCA)

To gain deeper insight into the large-scale collective motions, we
performed PCA for analysing the dominant protein conformational
patterns in a principal component (PCs). We investigated the
conformational behaviour of the Cα atoms of the proteins by
projecting them along the direction of the first three eigenvectors
(PC1, PC2, and PC3). These first three PCs were extracted from
simulation trajectories in the form of cluster groups. PCA filters
global and local motions in a simulation trajectory, systematically
reducing dimensions to highlight essential protein dynamic
motions. The analysis, based on Cα position covariance, reveals
significant spatial-scale motions in the study.

In CaM/GB3.1 complex PCA analysis, the first five principal
components (PCs) collectively explain approximately 70% of the
total variance, with subsequent individual component contributions
dropping below 5% (Figure 3C). Each dot on the plots represents a
conformation of the proteins, red indicating the stable
conformation. The first principal component corresponds to the
motion of the CaM N-lobe and linker, while the second PC
illustrates the movement of the peptide GB3.1. Additionally, the
second PC is prominently influenced by the linker
region (Figure 3C).

Similarly, for the CaM/GB3.2 complex, the initial five principal
components (PCs) collectively explain approximately 64% of the
total variance, with subsequent individual component contributions
falling below 5% (Figure 3D). The first principal component
primarily signifies the motion of the peptide in its quest to locate
the binding site on CaM, and it is also influenced by the linker of
CaM. The second principal component is predominantly influenced
by the N-lobe residues engaged in the interaction with GB3.2, as
elaborated earlier.

MM-PBSA

The GB peptides bind to apo-CaM with significantly lower
affinity. Upon binding Ca2+ ions at its EF-hand motifs, CaM
undergoes conformational changes that expose large hydrophobic
surfaces essential for interactions with target proteins. GB peptides
associate with intact Ca2+-bound CaM with high nanomolar affinity,
whereas their interactions with the isolated N- or C-lobes of CaM are
considerably weaker. Furthermore, mutations in the EF-hand motifs
that disrupt Ca2+ binding markedly reduce the affinity of CaM for
GB peptides.

MM-PBSA algorithm is widely used to compute the binding
energies of protein-ligand (Boonyasuppayakorn et al., 2020;
Sanachai et al., 2020) and protein-protein complexes (Lees et al.,
2017; Isa et al., 2019). The MM-PBSA calculations are done using
short MD simulation trajectories. The MM-PBSA analysis unveiled

negative binding energies (Table 1) for the CaM/GB3.1 and CaM/
GB3.2 complexes, indicating a spontaneous and favourable complex
formation. The binding energies were found to be higher for CaM/
GB3.2 complex compared to that of CaM/GB3.1 complex,
suggesting a stronger affinity between CaM and GB3.2 peptide.
This further supports spontaneous complex formation between
CaM and GB3.2 as discussed above. The sequence differences
between GB3.1 and 3.2 peptides contribute significantly
differences in binding affinity.

Structural comparison

We compared the CaM/GB3.1 and CaM/GB3.2 complexes by
superimposing CaM structures (Figure 4A). During the complex
formation, the N- and C-lobe’s intramolecular interactions remains
unaltered. In both complexes, N- and C-lobes are similar and
superimposable. The only notable conformation changes are seen
in the loop that connects the two EF-hand motifs in each lobe
(Figure 4A). The EF-hand motifs coordinate the Ca2+ ions on each
lobe throughout the simulations. However, the central helix has
undergone a huge conformation change. The CaM in
GB3.1 complex is in closed conformation whereas it is in open
conformation in CaM/GB3.2 complex. The central helix in
GB3.1 complex bends at Arg74 whereas no such bending was
observed in GB3.2 complex. The GB3.1 and GB3.2 occupied
similar position on CaM (Figure 4A). Both peptides formed
extensive contact with N-lobe of CaM. Therefore, interactions
with GB3.1 and GB3.2 peptides with CaM mainly affect the
linker region of CaM.

Structure prediction

We generated complex structure of CaM and GB3.1 peptide
using AlphaFold2 and I-TASSER (Yang and Zhang, 2015; Jumper
et al., 2021; Meng et al., 2023). The deep-learning Alphafold2 is a
promising tool for structure predictions close to experimental
accuracy. The predicted Local Distance Difference Test (pLDDT)
scores indicated a high degree of confidence predicted structures
(Figure 4B). However, it is important to note that pLDDT scores
utilize the information available in the training data, which may not
perfectly reflect specific biological contexts (Mariani et al., 2013). In
the predicted structures, the peptides occupy the same site and
orientation as in MD simulation (Figure 4C). Superimposition of
various CaM structures reveals that the central α-helix undergoes a
characteristic bend at residue Arg75, resulting in a compact
conformation. In all such compact structures, the segment
spanning Ala74 to Asp79 exhibits unwinding and variable
bending near Arg75, indicating a high degree of flexibility in this

TABLE 1 The binding energy between CaM and GB3.1/GB3.2 peptides were calculated using MM-PBSA method.

Complex van der waal energy
(kJ/mol)

Electrostatic energy
(kJ/mol)

Polar solvation
energy (kJ/mol)

SASA energy
(kJ/mol)

Binding energy
(kJ/mol)

CaM/GB3.1 −247.2 ± 26.3 −2990.9 ± 134.8 602.2 ± 160.1 −36.9 ± 2.6 −2672.9 ± 210.8

CaM/GB3.2 −352.1 ± 31.8 −6118.3 ± 182.7 1816.7±- 159.2 −54.7 ± 2.6 −4708.5 ± 91.6
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FIGURE 4
Structural comparison. (A) Superimposition of CaM/GB3.1 and CaM/GB3.2 on N-lobe of CaM. (B) [Left panel] Predicted local distance difference test
(LDDT) score per position for the five CaM/GB3.1 complex models generated by alphafold2. The residue position is plotted against the predicted LDDT.
The pLDDT values above 90 indicate very high accuracy equivalent to experimentally solved structures, pLDDT values range 70–90 indicate a high
accuracy, and values between 50 and 70 indicate a lower accuracy. [Right Panel] Prediction aligned error (PAE) score for models ranked 1. PAE score
displays the calculated error of the predicted distance for each pair of residues. (C) Superimposition of predicted CaM/GB3.1 structures. CaM is shown as
surface (orange) whereas GB3.1 from I-TASSER (cyan), Alphafold 2 (green), and current study (yellow) are shown as cartoon. (D) Comparison of CaM

(Continued )
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region. This conformational variability contributes to functional
adaptability of CaM in binding diverse target proteins. Due to this
intrinsic flexibility, the Arg75 region is challenging to predict
accurately using AlphaFold2, as reflected by the relatively low
pLDDT score (~50) observed in this study (Figure 4B).

Similarly, I-TASSER predicted structures were also in good
agreement with MD simulation structures (Figure 4C). Thus, the
MD simulation structure is in good agreement with the predicted
structures.

CaM conformation

CaM exists in solution either in a compact ellipsoidal or in extended
form. In all identified complexes of Ca2+-boundCaMwith voltage-gated
calcium channel (VGCC) IQ domains, CaM adopts a compact
ellipsoidal conformation. However, across these CaM structures, the
two lobes occupy distinct positions, resulting in non-superimposable
overall structures (Yaduvanshi et al., 2021; Yaduvanshi and Kumar,
2024). The central helix of CaM is seen to bend to varying extents in
reported CaM/VGCC IQ complexes, creating different relative
orientations of the lobes. In apo and extended Ca2+-CaM, the two
lobes assume trans conformations, while in compact ellipsoidal CaM
structures, they adopt cis conformations.

We conducted a comparison between CaM structures predicted
by AlphaFold2 and I-TASSER with the structure obtained fromMD
simulations. We aligned them based on the N-lobe. Up to residue
Arg75, all structures aligned closely, but the C-lobe occupied
different spatial positions, as expected (Figure 4D). In each of the
three models, the central helix exhibited different degree of bending,
positioning the two lobes in a compact ellipsoidal conformation that
wraps around the peptide (Figure 4C). Interestingly, while the
predicted models from AlphaFold2 and I-TASSER showed the
two lobes in a fully closed arrangement, the CaM in MD
simulated CaM/GB3.1 complex displayed a slightly less
pronounced bend in the central helix, allowing for a partially
open configuration (Figure 4D). A noteworthy observation in the
predicted structures was the unwinding and increased flexibility of
the K76-E83 segment in the central helix, potentially facilitating the
bending that brings the two lobes into a compact ellipsoidal form.
Conversely, in the MD simulation structure, the K76-E83 segment
retained its α-helical structure, suggesting a more stable
conformation for this region in the absence of external bending
forces (Figure 4E).

Comparison with other VGCCs

Then we compared the CaM/GB peptide simulated
complexes from this study with experimentally solved CaM/

IQ motif complexes. The following CaM/IQ motifs complexes
were chosen for comparison: Cav1.2 IQ (2BE6), Cav1.1 IQ
(2VAY), Cav2.3 IQ (3BXL), Cav2.2 IQ (3DVJ), and
Cav2.1 IQ (3DVM). In all these structures CaM is in
ellipsoidal compact conformations and IQ motifs are trapped
between two lobes (Figure 4F). The central helix bends to
varying degree as discussed in our previous study
(Yaduvanshi et al., 2021). Upon superimposition on N-lobe,
the GB3.1 peptide occupied the same site as IQ motifs from
Cav1 and Cav2 channels (Figure 4F). Thus, validating the
binding of GB3.1 and GB3.2 with CaM in present study. The
GB3.2 peptide was in the same plane as IQ motif whereas
N-terminal of GB3.1 was slightly above the plane. The
hydrophobic interactions between CaM and the C-terminal of
GB3.1, which contains more hydrophobic residues is responsible
for this orientation. Importantly, despite starting both
GB3.1 and GB3.2 peptides from identical initial positions
relative to CaM, the peptides followed distinct binding
pathways and adopted different final conformations. This
divergence in binding trajectories, despite the same starting
setup, suggests that the observed interactions are not artifacts
of the initial configuration and supports the reproducibility and
robustness of the findings. Additionally, the simulations were
performed using a 2fs time step, which is standard and
sufficiently small to ensure numerical stability and accurate
integration of atomic motions over microsecond timescales.

Discussion

In this paper, we attempted to understand the CaM-
mediated regulation of T-type ion channels using MD
simulations. MD simulation is a computer-based simulation
method for analysing the physical movements of atoms and
molecules by numerically solving Newton’s equations of motion
(Hollingsworth & Dror, 2018). MD simulation mimics what
atoms do in real life. Proteins or enzyme’s biological functions
result by transient interactions with other proteins or ligands.
Though experimental techniques like NMR, X-ray
crystallography or Cryo-EM are very powerful in elucidating
the structural details of protein-protein complexes. However,
week affinity complex or transient protein complexes are
difficult to analyse by experimental techniques because of
low affinity, experiment often end up in one partner only.
Therefore, trapping the transiently interacting protein
complexes are highly challenging for structural or functional
studies (Qin and Gronenborn, 2014; Omranian et al., 2022).
Linking the two transiently interacting proteins at gene level via
a suitable flexible linker is often used to study such complexes
(Chichili et al., 2013; 2016; Kumar et al., 2013; Reddy Chichili

FIGURE 4 (Continued)

conformation from I-TASSER (cyan), Alphafold 2 (green), and current study (yellow). (E) In predicted structures CaM central helix unwind that
facilitates the bending of the helix whereas in MD simulated structure such unwinding didn’t take place. (F) Superimposition of various ion channels IQ
motif with CaM/GB3.1. 2BE6 (green), 2VAY (cyan), 3BXL (magenta), 3DVJ (red), and 3DVM (salmon).
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et al., 2013). However, the linker may hamper the movement of
the proteins and thereby their natural interactions. The present
study relies on integration of existing structural information of
homologous proteins into molecular dynamics simulation. The
homologous structure will guide the initial orientation of
molecules followed by atomic-level MD simulations. By this
approach, we can monitor the progress of complex formation.
How the two proteins associate and dissociate reversibly during
a single trajectory. Further, mechanistic details like
intermediate and transition states along the association
pathway could be observed. Therefore, this technique allows
characterization of structure and dynamics of protein–protein
complexes. In this work, instead of docking the CaM and GB
peptide followed by simulation, we simulated the CaM and
peptide in the same system and allowed them to interact and
form stable complex.

The calcium (Cav1 and Cav2) and sodium (Nav1) ion channel
consist of IQ motif [FILV]Qxxx[RK]Gxxx[RK]xx[FILVWY]
through which they interact with CaM. We compared GB
sequence from T-type with IQ motifs from various ion channels
(Figure 5). The first amino acid of IQ motif is commonly Ile (I), but
it can Phe (F), Leu (L), Val (V) as well, however, the second amino
acid is invariably Gln (Q). In case of T-type GB peptides, first
amino acid is I in all three channels. However, the second amino
acid is L in GB3.1 and GB3.3 and F in GB3.2 (Figure 5A).
Therefore, GB peptides consist of hydrophobic amino acids in
contrast to polar glutamine in bona fide IQ motifs. However, the
overall hydrophobicity of GB peptides is quite similar to the IQ
motif peptides (Figure 5B). Further, IQ motif sequences consist of
one or more bulky strong hydrophobic amino acid which anchors
the peptide into the CaM. All 3 GB peptides consist of Tyr in this
position. Charged amino acids are present in GB and IQ motifs in

FIGURE 5
IQ motifs and GB peptide sequence analysis. (A) Sequence alignment of various IQ motifs and grating brake peptide from T-type ion channels.
Positive and negative charged residues are shown in blue and red, respectively. The bulky hydrophobic residue is shown in green. This residue anchors the
peptide into CaM. This sequence was fetched from PDB, and code is shown. (B) The hydrophobic plot of various IQ motifs and GB peptides from T-type
ion channels. This plot was generated using ProtScale from Expasy server.

Frontiers in Biophysics frontiersin.org10

Yaduvanshi and Kumar 10.3389/frbis.2025.1569091

https://www.frontiersin.org/journals/biophysics
https://www.frontiersin.org
https://doi.org/10.3389/frbis.2025.1569091


similar fashion (Figure 5). Further, our simulation suggested that
GB peptides interact with CaM in similar way as IQ motifs. Thus,
we hypothesized that the earliest Cav3 T-type channels possessed
an IQ motif like other channels, but during evolutionary
divergence, this motif transformed into a GB, giving these
channels their unique identity as T-type. However, while the IQ
motifs in Cav1 and Cav2 channels are located at the C-terminal,
the GB sequence in Cav3 channels resides at the N-terminal. This
positional divergence may have arisen through an evolutionary
event involving DNA translocation. Mutations in the GB are
associated with various disorders such as epilepsy or autism
spectrum disorder (Chen et al., 2003; Splawski et al., 2006;
Liang et al., 2007). Their interaction with CaM has been shown
earlier in vitro (Chemin et al., 2017). Another study also has shown
co-immunoprecipitation of CaM and rat Cav3.3 splice variant (Lee
et al., 2017). Therefore, it supports the universality of CaM
association with all T-type channels in the same manner as it
associates with Cav1, Cav2, and Nav1 sodium channels (Sarhan
et al., 2012; Ben-Johny et al., 2015b). However, further
experimental structural verification is required to
support this view.

The results of this study reveal the distinct interactions and
structural conformations between CaM and GB peptides from
Cav3.1 and Cav3.2. The MD simulations demonstrate the
dynamic and stepwise association of these peptides, with initial
interactions at the C-lobe progressing to a stable binding state
involving both lobes of CaM. In both type of complex formation,
the peptides first transiently associate with C-lobe of CaM (Figures
1B, 2B). The hydrophobic interactions are the driving force for the
initial interaction. Subsequently, the GB peptides orient themselves
on CaM that further improves the structural complementarity and
binding affinity to CaM. The GB3.1 makes ~180° turn whereas
GB3.2 goes down from its initial position (Figures 1C, 2C). Once the
peptide is close to the CaM, then it rotates laterally and occupies its
position on CaM. Notably, the pronounced bending of the central
helix observed in the CaM/GB3.1 complex versus the extended
configuration in the CaM/GB3.2 complex suggests differential
modes of regulation for these channels. These findings align with
prior experimental data on CaM interactions with other ion channel
motifs, underscoring the evolutionary divergence of GB from
canonical IQ motifs (Figure 4F). The spontaneous and favourable
binding energies, validated by MM-PBSA, reinforce the
physiological relevance of these interactions. While earlier studies
established that CaM interacts with the GB of T-type calcium
channels, our study provides, for the first time, a dynamic and
atomistic view of how these complex forms over time. Through
long-timescale MD simulations, we reveal distinct binding pathways
and conformational transitions of CaM during complex formation
with GB3.1 and GB3.2 peptides. Overall, this study provides
structural and mechanistic insights into the regulation of T-type
ion channels by CaM, opening avenues for targeted therapeutic
interventions in disorders such as epilepsy and cardiac arrhythmias.
Although this study was supported by various in silico methods,
further experimental validation is necessary.
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