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Abstract 

Aim: Calmodulin interacts in many different ways with its ligands. We aim to shed 

light on its plasticity analysing the changes followed by the linker region and the 

relative position of the lobes using conventional Molecular Dynamics (cMD), 

accelerated MD (aMD) and scaled MD (sMD). Materials & Methods: Three different 

structures of calmodulin are compared, obtaining a total of 2.5 µs of molecular 

dynamics, which have been analysed using the principal component analysis and 

clustering methodologies Results: sMD simulations reach conformations that cMD 

is not able to, without compromising the stability of the protein. On the other hand, 

aMD requires optimization of the setup parameters to be useful. Conclusion: SMD 

is useful to study flexible proteins, highlighting those factors that justify its 

promiscuity. 
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 1. Introduction 

 

Calmodulin (CaM) is a small (16.7 kDa), ubiquitous acidic protein involved in 

many processes within the cell [1]. It has been described to act as a calcium sensor, 

as it can bind two calcium ions modifying its shape, hence acquiring the holo 

structure. Originally CaM was thought to need these calcium ions to regulate other 

proteins. It has been demonstrated that the apo structure (unbound to calcium ions) 

does also bind to other proteins [2]. 

CaM can bind to, at least, 30 different proteins such as nitric oxide synthase 

(NOS) [3], phosphodiesterase myosin light chain kinase (MLCK) or K-Ras4B [4,5], all 

of them known as calmodulin binding proteins (CaMBPs). Certain proteins 

pertaining to this group share domains or patterns (1-5-8-14 CaM binding motif) 

and bind to CaM through a similar mechanism; some others, however, do not [6]. 

The key to understand how a single protein can modify itself to interact with such a 

large (and heterogeneous) group of proteins lays in its own structure: two lobes 

connected by a linker region. Each lobe consists of an EF-hand motif (helix-loop-



helix). Both lobes can modify their shape mildly, exposing hydrophobic domains 

when bound to calcium ions, but what really allows CaM to acquire the needed 

conformations is its linker region; a long extended alpha helix that can bend in order 

to display the N and C lobes as necessary [7]. Thus, we will focus our study in the 

analysis of these three basic regions. 

Even though several structures of complexes of CaM with a CaMBPs are 

available since a few years ago [8], the subtleties of the interaction between CaM and 

its targets remain unclear. With computational techniques on their heydays and 

CaM still in the spotlight thanks to the diverse roles it seems to play [9], diverse 

studies have been conducted mainly focused on its interactions with other proteins 

highlighting the contribution of the N and C lobes of CaM to binding  [3,10] or in the 

effect of calcium bonding/removal [11]. Up to date it remains unknown if CaM has a 

wide pool of conformations or if its targets modify its structure in order to help the 

protein to reach certain conformations. It seems that a mixture of both mechanisms 

would fit with current available data, that is, there exists a wide pool of 

conformations of CaM initially accessible, which are lightly modified by CaMBPs 

[12,13]. 

The linker region of CaM has been studied previously with Molecular Dynamics 

(MD) [14,15], attempting to describe the relevance of the residues of the linker 

region or the behaviour of the lobes when binding calcium ions. Nevertheless, to the 

best of our knowledge, an exhaustive study of CaM flexibility has not been tackled 

yet. In the present work, we have performed accumulated 2.5 µs of simulations, 

using three diverse methodologies: conventional Molecular Dynamics (cMD), scaled 

Molecular Dynamics (sMD) [16] and accelerated Molecular Dynamics (aMD) [17]. 

Both aMD and sMD are new methodologies that enhance the sampling of cMD by 

adding an energy boost. They have already been applied successfully to describe the 

conformational behaviour of different proteins [18,19].  All these methodologies 

have been essayed on three different systems in order to determine their different 

capacity to sample the CaM conformational space determined by the behaviour of 

its linker region. The three selected initial systems correspond to calmodulin in 

diverse shapes according to the structure adopted by the linker region and with or 

without a peptide target bound. 

 



2. Methods 

 

The calculations described in the present work were carried out at molecular 

mechanics level using the Amber ff99SB [20] force field with the AMBER v14 [21] 

suite of programs. The calcium parameters were downloaded from the Bryce 

group database (http://research.bmh.manchester.ac.uk/bryce/amber). RMSD, 

clustering and dihedral angle analyses were performed using the cpptraj program 

[22]. 

 

2.1 Preparation of CaM and CaM/HIV-1 peptide complex 

 

Three systems containing calmodulin have been studied in this work. For two 

of them the three-dimensional structure was extracted from the Protein Data Bank 

(http://www.rcsb.org/pdb) with access codes 1CLL and 2MGU respectively. The 

1CLL structure is composed of only calmodulin and calcium ions and it was selected 

because it is the first X-ray crystallographic structure of calmodulin with a 

completely extended central helix structure, therefore representing an ideal starting 

point to analyse what happens when other factors, like solvation or dynamics, are 

considered. The 2MGU code corresponds to an NMR structure that includes 

calmodulin, calcium ions and a 36 amino acids long oligopeptide extracted from the 

binding domain of the HIV-1 matrix protein (from now on 2MGUpep). The third 

system was obtained by removing the above-mentioned peptide from the 2MGU 

complex (from now on 2MGU), which will permit to analyse how the free structure 

evolves from a point far from the ideal free situation. After an initial step where all 

the structures were protonated using the Protonate function of MOE [23] with a pH 

of 7, we prepared the three systems (1CLL, 2MGU and 2MGUpep) following the same 

procedure: all complexes were placed in a cubic periodic box filled with TIP3P [24] 

water molecules, imposing a minimal distance of 15 Å between the protein and the 

box walls. Water molecules closer than 2.2 Å to the protein were removed and 

neutralizing counterions were added at positions of lowest electrostatic potential 

using the LEaP module of AmberTools15 [21]. 

 

http://research.bmh.manchester.ac.uk/bryce/amber
http://www.rcsb.org/pdb


 2.2 Molecular Dynamics of CaM and CaM/HIV-1 peptide complex 

 

All the calculation were done using de GPU version of the PMEMD module of 

AMBER v14 (programme) suite [21]. First, each system was relaxed following a 

multistep procedure using the conjugate gradient (CG) algorithm to minimize the 

initial structures. In the first step only water molecules and counterions were 

allowed to move keeping fixed the rest of the system with a force constant of 10 kcal 

mol-1 Å-1. During the second step the side chains of CaM are also minimized keeping 

the backbone atoms fixed with a decreasing force constant of 10, 5, 1 and 0.5 kcal 

mol-1 Å-1 (to remove the restrain). In the last step the whole system was minimized 

without restrictions. For the two first steps 5000 iterations of CG were performed, 

while 10000 were used for the last step. 

Once the complexes were minimized the final structures were used as starting 

points for MD simulations. Trajectories were carried out in the NVT ensemble at a 

constant temperature of 300 K. The Langevin [25,26] thermal bath with a time 

coupling constant of 2 ps-1 was used to keep fixed the temperature. The SHAKE 

algorithm [27] was used to constraint all the bonds involving hydrogen atoms in 

order to (be able) to use a 2 fs time integration step in all the simulations. Long-

range electrostatic interactions were treated with the particle-mesh Ewald method 

[26] with a cut-off of 10 Å, also used for the non-bonded hydrophobic interactions. 

 

After minimization, structures were heated to 300K step wise at a rate of 30K 

every 20 ps, restraining the protein backbone atoms with a force constant of 0.5 kcal 

mol-1 Å-1. Next, a 200 ps MD simulation in the NPT ensemble was performed without 

any restraint to increase the density of each system. Then, a short MD run of 2 ns 

length within the NVT assembly was done to allow small structural readjustments. 

Finally, in order to obtain a better sampling of the conformational space, [28] three 

250 ns MDs were obtained for each system. 

 

2.3 Accelerated and Scaled Molecular Dynamics  

 

An enhanced conformational sampling of our systems was pursued through 

the use of aMD [17] and sMD [16]. The aMD simulations provide a boost energy 



ΔV(r) when the potential energy of the system V(r) is below a threshold energy 

level E, as shown in eqn (1). The boost potency depends on the parameter α. 

𝛥𝛥𝛥𝛥(𝑟𝑟) = �𝐸𝐸−𝑉𝑉(𝑟𝑟)�2

𝛼𝛼+�𝐸𝐸−𝑉𝑉(𝑟𝑟)�
              (1) 

 

For the aMD calculations we used a boost for both the total potential and the 

dihedral force field terms. The two parameters needed ( E and α ) for each boost 

were defined taking into account the number of residues in the system (Nres) and 

the number of atoms in the system (Natoms) as shown in eqns (2) to (5): 

 

𝐸𝐸𝐷𝐷𝐷𝐷ℎ𝑒𝑒𝑒𝑒 = ⟨𝑉𝑉𝐷𝐷𝐷𝐷ℎ𝑒𝑒𝑒𝑒(𝑟𝑟)⟩ + 2.5 × 𝑁𝑁𝑟𝑟𝑟𝑟𝑟𝑟   (2) 

𝛼𝛼𝐷𝐷𝐷𝐷ℎ𝑒𝑒𝑒𝑒 = 1.25 × 𝑁𝑁𝑟𝑟𝑟𝑟𝑟𝑟     (3) 

𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡 = ⟨𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡(𝑟𝑟)⟩ + 0.17 × 𝑁𝑁𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎    (4) 

𝛼𝛼𝑡𝑡𝑡𝑡𝑡𝑡 = 0.17 × 𝑁𝑁𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎     (5) 

As a starting point for this accelerated molecular dynamics run, we used the 

coordinates obtained after 5 ns of conventional molecular dynamics and the average 

value for the dihedral potential energy ⟨𝑉𝑉𝐷𝐷𝐷𝐷ℎ𝑒𝑒𝑒𝑒(𝑟𝑟)⟩ and for the total potential energy 

⟨𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡(𝑟𝑟)⟩ obtained from these 5 ns of cMD. 

The sMD approach, instead of adding a boost potential as in aMD, modifies the 

potential energy surface (PES) of the system (by) scaling V(r) by a factor λ that 

ranges from 0 to 1: V*(r)  = λV(r). 

 

 2.4 Principal component analysis 

 

In order to have the same topology in all the systems studied, we first prepared 

them to have exactly the same number of atoms (only calmodulin protein with 

calcium ions). All trajectories were then superimposed to the first NMR structure of 

2MGU (without the peptide) using as reference residues 121-125 (which belong to 

an α-helix) of CaM, which is the region with the lowest RMSF of the protein. Principal 

component spaces were constructed from all the simulations available, one 

regarding the N-ter lobe that comprises residues 4 to 64 (N-ter) and another 

studying the behaviour of the helix of the linker region including residues 65 to 92 

(Helix). The trajectories of each set of simulations were then projected onto the first 



and second principal components (PCs) of each space, together with all the NMR 

structures of 2MGU. 

 

2.5 Potential of Mean Force (PMF)   

 

A two-dimensional histogram was constructed with a bin width and height of 1 

or 2 Å, although different values were tested to assess the stability of the results. In 

the reweighting process each frame k with coordinates (PC1, PC2) is assigned to its 

corresponding bin ij = (i,j) = (PC1i, PC2j), with a weight 𝑤𝑤𝑘𝑘 = exp( 𝛽𝛽∆𝑉𝑉𝑘𝑘 ), where ∆𝑉𝑉𝑘𝑘  

is the boost potential of frame k. Thus, the reweighted histogram at bin ij was obtained as: 

𝐻𝐻𝑖𝑖𝑖𝑖 = ∑ 𝑤𝑤𝑘𝑘𝐾𝐾
𝑘𝑘=1 =  ∑ exp (𝐾𝐾

𝑘𝑘=1 𝛽𝛽∆𝑉𝑉𝑘𝑘  )               (6) 

where the sum k extends over all frames whose coordinates fall in the ij bin. Note that for 

conventional molecular dynamics 𝑤𝑤𝑘𝑘 = 1 and 𝐻𝐻𝑖𝑖𝑖𝑖 =  𝐾𝐾 = 𝑁𝑁𝑖𝑖𝑖𝑖 . That is, 𝐻𝐻𝑖𝑖𝑖𝑖 represents the 

population of bin ij. In this work the exponential was approximated by a 10 order Maclaurin 

series. Finally, the two –dimensional free energy profile is determined by 

𝑊𝑊𝑖𝑖𝑖𝑖 = −𝑘𝑘𝐵𝐵T ln�𝐻𝐻𝑖𝑖𝑖𝑖� +  𝑊𝑊𝑜𝑜                     (7) 

where 𝑊𝑊0 is chosen such that the minimum of the free energy profiles is set to zero.  

In the sMD case, we recover the canonical distribution of populations p(r) by a simple 

reweighting p(r) = p*(r) 1/λ. 

 

3. Results and discussion 

 

3.1 Comparison of the different MD methodologies essayed 

 

Before starting the analysis of CaM flexibility, a detailed study of the extent to 

which the different methodologies essayed explore the protein conformational 

space appeared to be necessary. In order to clarify this matter, we performed four 

cMD, three sMD and three aMD 250 ns runs for the 2MGU system, obtaining a total 

of 2.5 µs of molecular dynamics. Then, the coordinates of all the structures for each 

type of MD were projected onto the plane defined by the two principal components 

with highest eigenvalues (PC1 and PC2) and an approximation to the free energy 

surface (FES) was obtained. 

Fig. 1 displays the FES obtained after combining the different trajectories for each 



type of MD, focusing in the N-ter region. As it can be seen, even though all the 

simulations were able to sample similar regions, sMD and aMD have access to a 

wider region of the PC space, especially for the largest PC2 values. On the other hand, 

both cMD and sMD clearly present the most stable structures around (1:-120,0), 

where 1: stands for the label for that point, and -120,0 for its PC1, PC2 coordinates 

in the graph. This minimum is also present in the aMD profile but it is less 

pronounced. This last methodology also presents another minimum around 

(3:80,180), a region sparsely sampled by the other two methodologies. cMD and 

sMD also share a minimum around (2:-125,170) that is not present in the aMD FES. 

Another minimum at (4:200,60) is only present in the sMD FES. An analysis of the 

results for the Helix region (see Fig. 2) allows to confirm the enhanced sampling of 

the PC space by both sMD and aMD as compared to cMD. In this case, both cMD and 

sMD present two principal minima, around (1:30,-20) and around (2:40,60) for the 

first method, and one around (2:50,50), near the second cMD minimum, and another 

at (3:-100,-20), for the second method. Nevertheless, the energy profile obtained 

with aMD is very different, presenting two distinct minima that extend over a wide 

region centered at (4:-20,80) and (5:80,20), which are not found with the remaining 

methods. These results suggest that the use of a boosted method allows a deeper 

analysis of CaM plasticity, difficult to achieve with cMD. On the other hand, although 

an extensive work should be conducted to understand why (the) aMD method 

renders (so) different results with respect to the other two methods, the most likely 

explanation is that the parameters we used to modify the potential energy surface 

allow the exploration of structures with much higher energy that are not easily 

accessible with the other two approaches and which could hide the true energy 

profile. For this reason, we decided to focus only on cMD and sMD for other analyses.   

 

The performance of cMD and sMD methods to sample the conformational space 

of CaM can be analysed not only in terms of the amount of conformational space 

explored during a predefined period of time, as described previously, but also by the 

speed at which a particular conformational sampling is obtained. Thus, we 

compared the free energy profiles at two different times of both the N-ter and the 

linker regions of CaM, analysing how early the patterns appeared and focusing on 

the sampled regions and the minima of the final pattern.  



 

Fig. 3 displays the FES obtained for the 2MGU system after 150 ns of 

accumulated MD for both the N-ter and Helix regions. As it can be seen by comparing 

Figs. 1 and 3, the energy profile of the N-ter region of CaM looks very similar after 

150 or 250 ns of molecular dynamics in both the cMD and sMD cases. Even though 

the cMD profile seems to change a little bit more than the sMD one when the MD run 

length increases moving forward in time, both approaches increase the population 

of the same region of the PC space. Moreover, the most populated basin at (1:-

120,10) is always present. However, the behavior of cMD and sMD for the Helix 

region as the simulation time increases differs. Hence, four 150 ns cMD trajectories 

are still sampling the first minimum around coordinates (1:50, -40), with no 

population on the minimum at (2:40,60), while three 150 ns sMD three trajectories 

quickly explore the second minimum with coordinates (2:30,50). 

 

Results for the 2MGUpep system confirm these conclusions. Thus, Fig. 4 shows 

the energy profile of this system for the N-ter region at two simulation times. As it 

can be seen, cMD presents always a minimum around (1:-100,50) and another 

minimum at (2:200,110). At the end of the MD runs this last minimum becomes 

more populated and another less populated minimum appears around (3:200,-110). 

However, the general profile remains very similar. The FES for the sMD simulations 

remains practically identical at both times with the three minima described for the 

cMD similarly populated. In this system, the Helix region behaves similarly to the N-

ter region. As it can be seen from Fig. 5, cMD presents two minima at (1:10,0) and 

(2:-20,-60) PC coordinates that also appear in sMD at both times. Moreover, a third 

minimum around (3:-70,20), changing slightly along the time for cMD and widely 

for sMD, can be seen, although the general profile remains very similar.  

 

Finally, Fig. 6 allows to see that the 1CLL system presents the most pronounced 

differences between cMD and sMD results for both the N-ter and Helix regions. For 

the N-ter region, cMD finds one minimum around (1:-30,-170 ) which also appears 

with sMD. However, while cMD remains sampling around this minimum during the 

whole run, sMD visits two different minima at (2:210,90) and (3:20,200). The Helix 

region shows a similar behaviour, with cMD sampling only the (1:0,-60) minimum, 



while sMD also explores a second minimum at (2:-40,70). 

 

Considering all the previous results it seems clear that given the flexibility of the 

system it is difficult to obtain a realistic energy profile without a certain amount of 

calculations. However, sMD proved to be useful to reduce the time of calculation 

needed to achieve a defined degree of conformational sampling and to sample a 

larger conformational space.   

 

3.2 1CLL, 2MGU and 2MGUpep sample different regions  

 

Although long molecular dynamics starting from the 1CLL (apo structure) and 

2MGU (structure of CaM obtained by removing the peptide of the original 2MGU PDB 

code structure) structures should lead to the same stable region of the 

conformational space, their FES present significant differences that seem to be 

something less important for the sMD calculations, where the covered 

conformational space is larger (Fig. S1 and S2). For both the N-term and Helix 

regions, the sampled space is larger for 2MGU than for 1CLL, as expected due to its 

different starting points.  

 

We will start first with results from cMD simulations. Regarding the effect of 

removing the peptide from the experimental structure, it can be observed that the 

2MGU system samples N-ter positions near the minimum in 1CLL, although without 

having a clear energy minimum around this conformation (Fig. S1). Moreover, the 

2MGUpep system cannot effectively sample this minimum. Although there was a 

great resemblance in the sampling of the 2MGU and 2MGUpep systems, it could be 

noted that depleting the peptide bound of the original structure led to the loss of 

two energy minima. This suggests that two conformations are stabilized due to the 

binding of the peptide. In fact, it could also be seen that the presence of this peptide 

limited the amount of conformations the simulation could sample, as demonstrated 

by the diminished sampled area compared with the 2MGU system. 

 

The Helix linker region was also analysed and significantly different 

distributions among the three systems could be observed (Fig. S2). The main feature 



of the 1CLL structure is that it has a complete α-helix linker region, unlike 2MGU 

and 2MGUpep, which exhibit partially unstructured linker regions. Thus, 1CLL 

simulations are far more constrained than those for the other systems due to this 

feature. 2MGU was the most relaxed system, as it could sample more regions than 

the others. It is important to note that the linker helix did not get fully structured at 

any time of the full trajectory. Yet again, 2MGUpep showed different energy minima, 

which were possibly generated by the binding of the peptide, since it may have 

stabilized certain conformations. 

 

The sMD data set was studied as well, and it led to similar conclusions. As shown 

in Fig. S1, the N-ter analysis reports results similar to those from cMD simulations 

as regards the number of energy minima and their location (2MGUpep had two more 

minima again). However, there was a significant improvement in the sampling of 

1CLL and 2MGU since both systems managed to reach new conformations that were 

not explored with the cMD approach. This conclusion is even more apparent in 1CLL, 

as a whole new region was sampled in both the N-ter and the linker region energy 

profiles. As confirmed by the clusterizations (read below) this enhanced 

performance was due to the accelerated restructuration of the linker region in the 

sMD simulations, clearly seen when comparing the results of the analysis of the 

linker region behaviour between cMD and sMD.  

 

In order to assess the completeness of our sampling, we compared the obtained 

trajectories with all the structures in the PDB file of 2MGUpep. As shown in Fig. 7, 

cMD explores all the experimental conformations acquired experimentally for the 

N-ter region, albeit, 2MGUpep and 2MGU sampled more thoroughly the region 

corresponding to such structures, while the 1CLL sampling is slightly less 

exhaustive. Results for the Helix region (and) with sMD lead to the same conclusions. 

For the N-ter region, we also performed an analysis of the RMSD value along the 

trajectory by the generation of a histogram obtained by comparison of all the frames 

of the cMD trajectories to all the experimental structures. Experimental structures 

have lower values of RMSD compared to 2MGUpep than when compared with the 

other systems (Fig. S3), confirming the aforementioned statement. Furthermore, 

2MGU retained some similarity, but RMSD values for 1CLL are the largest. 



 

To further analyse the conformational space sampled by the three systems and 

to gain insight on CaM plasticity, a clusterization was made so as to obtain 

representative structures of the most important conformations both in cMD and 

sMD. Clusterizations were carried out analysing the residues of the linker region, as 

it has been described as a major component regarding the plasticity of CaM. After 

clusterization was performed we selected the clusters with at least a 10% of 

population. Afterwards RMSD values were calculated when superposing the 

representatives of cMD with the representatives of sMD. Even though some cMD 

cluster representatives are similar to their counterparts in the sMD simulations, the 

majority of them have a RMSD value above 4 Å. It is to be noted that both data sets 

(cMD and sMD) shared a similar representative from the 1CLL system that belongs 

to the structure of CaM with a full α-helix like linker region (Fig. 8a). The RMSD value 

obtained after superimposing this representative is pretty low, confirming the 

similarity of these structures (Fig. 8b). Neither 2MGU nor 2MGUpep exhibit this 

cluster, since both of them fail to achieve a reconstruction (as an α-helix shape) of 

their linker regions.  

 

In order to compare the clusters of the different systems within a set of 

simulations (either cMD or sMD) we analysed the RMSD value between their 

representatives, either for the linker region (superposing only residues 64 to 90) or 

for the whole protein and selected those couples of representatives with a RMSD 

value below 6 Å (threshold 1 Å) for the linker region and below 12 Å (threshold 2 

Å) for the α carbons of the whole protein (Table S1 and Table S2). Finally, we 

visually studied these couples.  

 

First, the classical simulations were examined. Even though the couples of 

1CLL/2MGU yield more matching structures, two couples of 2MGU/2MGUpep are 

surprisingly similar, with RMSD values for the whole protein below 7 Å (Table S1). 

Thus, 2MGU presents similar structures to both 1CLL and 2MGUpep, but the most 

resembling representatives belong to 2MGU/2MGUpep pairs. On the other hand, 

1CLL and 2MGUpep present few couples surpassing the thresholds and with high 

RMSD values. The most similar representatives of the 2MGU/2MGUpep simulations 



are shown in Fig. S4. 

 

Since sMD provides an energy boost, the simulations generated more diverse 

representatives, as the structures sampled a wider variety of conformations, which 

resulted in higher RMSD values (Table S2). In spite of the conformational diversity 

generated, almost half of the 1CLL/2MGU couples still managed to surpass the 

thresholds. Interestingly, the representatives for both 1CLL/2MGUpep and 

2MGU/2MGUpep lost most of their similarity, yielding few couples that passed the 

thresholds applied. This phenomenon is likely related to the ability of the linker 

region to explore new conformations for both 1CLL and 2MGU thanks to the energy 

boost provided by the sMD. Due to this extra push 1CLL explored regions similar to 

2MGU, but 2MGU was also driven further away from the structures of 2MGUpep. 

However, one 2MGU/2MGUpep couple still conserves similarity, thus proving that 

2MGU can act as a link between the other two systems, as it can keep its similarity 

with both. 

 

Our simulations were able to link the three systems depending on every 

situation, and also to reflect the importance of the linker region. Conventional 

molecular dynamics proved useful to relate simulations with similar starting points 

(2MGU/2MGUpep) as sMD helped with its boost to link more dissimilar systems as 

1CLL/2MGU. All in all, our data seems to indicate that there is a pool of 

conformations of CaM that link them. This fact could help this exceptionally flexible 

protein to adopt several structures which could, in turn, interact with diverse 

proteins.  

 

3.3 Central residues of liner region are important for the plasticity of CaM 

 

Since the linker region had already proven its relevance in CaM dynamism, its 

role was further studied by analysing the dihedral angles of this region. The focus 

was set on the central residues, as they are prone to bend in order to provide 

flexibility to the lobes. Residues from 70 to 91 were examined by obtaining the 

corresponding Ramachandran plots presenting the 3 systems with both essayed 

methodologies. The dihedral angles of the NMR structures of the PDB protein with 



code 2MGU were also added.  

Firstly, cMD simulations were analysed. As shown in Fig. S5, the initial and last 

residues of the helix presented no significant differences compared with the 

experimental values (residues 70-71/84-91) or between them. Thus, the sampled 

regions of the three systems are superimposed. However, the central residues 

provided very different results. As can be seen in Fig. 9, there is a great variability 

depending on the system studied. Both 1CLL and 2MGU presented similar profiles, 

even though 2MGU had more freedom to explore different conformations and, as a 

result, there were certain angles 2MGU could reach that 1CLL could not (Fig. 9). A 

clear example are the Φ/Ψ  angles of residues 73, 74, 75, 78, 79 and 83, where 2MGU 

managed to sample several angles different to those of 1CLL. The simulations of 

2MGUpep presented quite different profiles. For instance, there were some 

restrictions on certain residues when compared to 2MGU or 1CLL (residues 73, 74, 

75, 76 or 83), but other residues were able to sample angles the other systems were 

not. For example, the region explored by residues 78 to 80 in the 2MGUpep 

simulations was greatly broadened. Interestingly, this wider exploration in the cMD 

simulations resulted in the sampling of dihedral angles that are naturally present in 

CaM structure when bound to the HIV-1 matrix protein, as shown by the NMR 

structures, also depicted in the Ramachandran plots of Fig. 9. The clearest example 

is residue 78, whose dihedral angles for the NMR structures spread all over the plot 

and only the 2MGUpep simulations were able to track them down. Altogether, these 

results support the idea that the performed cMD simulations are in concordance 

with the experimental results. 

As commented previously, the energy boost in the sMD simulations leads to a 

wider sampling in all three systems. This broader exploration resulted in the 

reduction of the differences between 1CLL and 2MGU, as 1CLL sampled regions it 

was not able to reach with cMD thanks to the additional energy. The simulations of 

1CLL and 2MGU presented really similar plots for residues 73 to 81 (Fig. 10), which 

supports the idea that sMD leads to more resemblance between 1CLL and 2MGU (as 

shown previously with the clusterizations). 

Interestingly, the expansion of the dihedral angles visited was remarkably 

selective in the 2MGUpep system, since not all residues presented the same 



response to the energy boost. In the case of residues 78 to 80 it led, as expected, to 

a broadening of the dihedral angles reached. Strikingly, the additional energy had 

no effect on residues 72, 73, 74, 77, 82 and 83 of the 2MGUpep simulations, as the 

additional movement supplied by the sMD did not enlarge the sampled area, even 

though it expanded the angles sampled by 2MGU and 1CLL. This result highlights 

the fact that, even though sMD enhances the sampling, it respects the present 

restrictions of the system (in the 2MGUpep system, the presence of a restrictive 

peptide). 

All in all, the central amino acids of the linker region presented a wide variability 

in the angles in which they bended, especially 73 to 81. Similarly to what is described 

by Kukic et al. [15] our data suggest a model in which these central residues provide 

a major part of the malleability of CaM. However, we concluded that not only 

residues 76, 77, 79, 80 and 81 are highly flexible, but also 73, 74, 75 and 78. This 

might be due to the features of our simulations, which are unrestricted and can 

sample throughout more time (a total of 1 µs for cMD and 750 ns for sMD). The high 

motility of these residues may explain why the linker region provides such a huge 

pool of conformations to CaM. 

 

4. Conclusions 

 

Our data provide evidence that sMD are a reliable source to study flexible 

proteins such as calmodulin. Our results point that this methodology can obtain 

results similar to those from cMD, or even outperform them by requiring less time 

of calculation. Thus, sMD simulations have allowed to reach certain conformations 

cMD could not explore by providing a boost of energy that allowed a further 

destructuration of the linker region. Furthermore, as the dihedral angles study 

shown, sMD sticks to the intrinsic restrictions the peptide imposed on CaM. Thus, 

these simulations allowed a further sampling of conformations without 

compromising the stability of the protein or the reliability of the results obtained. 

However, aMD was not useful for the systems herein studied  with the parameters 

used. 

 

The diverse simulations performed revealed how the three systems under study 



can interconvert. 2MGU and 2MGUpep are obviously strongly related for sharing the 

original conformation, but at the same time have great differences in their energy 

profiles due to the presence of the peptide in 2MGUpep. 1CLL can also be linked to 

2MGU as, hypothetically, they will eventually reach the same point although they 

initially sample different areas. The use of sMD, as seen through the backbone 

dihedral angles study allow both systems to gain resemblance and explore similar 

conformations. The relationship between these three structures has also been 

shown through a clusterization analysis, which reflected the links between 2MGU, 

2MGUpep and 1CLL by revealing that they share certain structures with a high 

percentage of relevance throughout their trajectories. This conclusion is actually 

logical because these systems should be prone to become the same, as they are 

exactly the same protein in the cell. 

 

Our data supports the idea that CaM has a vast pool of conformations; two of 

them being the described by 2MGU and 1CLL, and certain structures can be further 

modified by the interaction with the diverse targets of CaM (Fig.11). This model 

would explain why CaM can interact with such a large group of proteins taking 

advantage of its plasticity, which seems to be obtained through residues in the linker 

region. These residues have some preferential backbone dihedral angles when not 

bound to a target (1CLL/2MGU), but they can change in order to provide a better 

interaction with other proteins, providing this way a mechanistical explanation for 

the proposed model. 

 
Future perspective 
 
Calmodulin can bind to more than 30 proteins because it can modify itself to interact 
with this large group of proteins. Thus, the possibility of generating new inhibitors 
using information extracted from the CaM/ CaMBPs complexes is a very interesting 
and novel approach. The use of potent graphic processing units together with new 
sampling methodologies such as scaled molecular dynamics will permit the 
selective design of compounds disrupting the protein-protein surface.  
 
Summary points 
 

• The conventional molecular dynamics method does not allow an adequate 
sampling of conformational space 

• Accelerated molecular dynamics method requires optimization of the setup 
parameters to be useful.  



• The scaled molecular dynamics approach is judged the best.  
• The linker region of calmodulin can adopt multiple conformations and may 

be responsible for promiscuous recognition of calmodulin binding proteins 
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Fig. 1.  FES of the N-ter region of 2MGU simulations obtained after combining the 
different trajectories for each type of MD.  a) Conventional MD ( cMD). b) 
Scaled MD (sMD). c) Accelerated MD (aMD). 

 

 

Fig. 2.  FES of the Helix region of 2MGU simulations obtained after combining the 
different trajectories for each type of MD.  a) Conventional MD ( cMD). b) 
Scaled MD (sMD). c) Accelerated MD (aMD). 



 

Fig. 3.  FES obtained for the 2MGU system after 150 ns of accumulated MD for both 
the N-ter and Helix regions. a) N-Ter region with cMD b) N-Ter region with 
sMD. c) Helix region with cMD d) Helix region with sMD. 

 

Fig. 4.  FES obtained for the 2MGUpep system for the N-ter region at two different 
times of the accumulated molecular simulations. a) 200 ns of cMD,  b) 200 ns 
of sMD c) 250ns of cMD, d) 250 ns of sMD. 



 

Fig. 5.  FES obtained for the 2MGUpep system for the Helix region at two different 
times of the accumulated molecular simulations. a) 200ns of cMD,  b) 200 ns 
of sMD c) 250 ns of cMD d) 250 ns of sMD. 

 

Fig. 6.  FES obtained for the 1CLL system after 250 ns of accumulated MD for both 
the N-ter and Helix regions. a) N-Ter region with cMD, b) N-Ter region with 
sMD, c) Helix region with cMD, d) Helix region with sMD. 



 

Fig. 7.  Projection upon the principal component space of the experimental 
structures of CaM from PDB code 2MGU and the cMD trajectories of a)  2MGU, 
b)  2MGUpep and c) 1CLL. Each colour represents one of the four cMD 
simulations, while the bold blue dots represent the experimental structures. 

 

 

 

Fig. 8.  Exclusive representative for the 1CLL simulations. a) Common representative 
between cMD and sMD of 1CLL after the clustarization. b) RMSD values when 
superimposing the extended linker region of the cluster of cMD with the 
cluster representatives of the sMD simulations. Number 4 is the cluster of 
sMD in common with cMD. 

 



 

Fig. 9. Backbone dihedral angles for the residues of the linker region using cMD. The 
horizontal axis represents the Φ angle, while the vertical axis reflects the 
Ψ angle. 2MGU simulations in green, 2MGUpep in purple, 1CLL in red and 
experimental values from RMN structures with PDB code 2MGU in bold blue. 



 

Fig. 10. Backbone dihedral angles for the residues of the linker region using sMD. 
The horizontal axis represents the Φ angle, while the vertical axis reflects the 
Ψ angle. 2MGU simulations in green, 2MGUpep in purple, 1CLL in red and 
experimental values from RMN structures with PDB code 2MGU in bold blue. 

 

 

 

 



 

 

 

 

Fig. 11. Model suggested for the pool of conformations of CaM. The structure of 
unbound CaM can vary through the movements of its linker region, and can 
be further modified by the interaction with a CaMBP. Terminal lobes 
presented as blue circles; linker region in red and a peptide in green. 

 

TOC 

 

CaM a very flexible protein has been studied taking advantage of the new available 
methodologies such as scaled and accelerated molecular dynamics. The results will 
be important to determine how this protein behaves when binding to its partners, 
as many new roles have been recently found for this protein.   
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