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Abstract

pH is highly regulated in the mammalian central nervous systems. Neuronal calcium sensor-1 

(NCS-1) can interact with numerous target proteins. Compared with C. elegans, evolution has 

avoided histidine residues at positions 102 and 83 in the human and Xenopus laevis NCS-1 

protein, possibly to decrease conformational sensitivity to pH gradients in synaptic processes. We 

used all-atom molecular dynamics (MD) simulations to investigate the effects of amino acid 

substitutions between species on human NCS-1 by substituting Arg102 and Ser83 for histidine 

(R102H and S83H) at neutral and acidic pH. Our cumulative 5 μs simulations revealed that the 

R102H mutation slightly increases the structural flexibility of loop L2 and the R102Hprotonated 

mutation decrease protein stability. Community network analysis illustrates that the R102H and 

S83H mutations weaken the inter-domain and strengthen the intra-domain correlations. Secondary 

structure contents in the S83H and the S83Hprotonated mutants are similar to those in the wild type 

(WT), whereas the global structural stabilities and salt-bridge probabilities decrease. This study 

highlights conformational dynamics effects of R102H and S83H mutations respectively on 

NCS-1’s local structural flexibility and global stability, while the protonated histidine decreases 
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the stability. Thus, histidines at positions 102 and 83 may not be compatible with NCS-1’s 

function whether in neutral or protonated states.
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1. INTRODUCTION

Neuronal calcium sensor (NCS) Ca2+-binding proteins are a conserved subfamily of the 

calmodulin superfamily. NCS proteins can interact with photoreceptor cells and regulate 

signal transduction in neurons.1 The NCS family consists of 15 members1b, 2 with multiple 

non-redundant functions.1a, 3 Their physiological functions are likely to be determined by 

their hydrophobic crevice which varies shape and size.1a, 4 Despite their physiological 

differences, they have a high sequence similarity. Structural studies showed that some NCS 

proteins such as NCS-1, recoverin, and GCAP1 have similar main chain topologies, while 

the species are distinguished by their high affinity for Ca2+.3

NCS-1, the first member of the NCS family,5 has been implicated in several physiological 

functions including regulation of synapse formation, neurite outgrowth,6 synaptic plasticity,7 

regulation of neurotransmission, learning and memory,8 membrane trafficking,9 and voltage 

gated Ca2+ channels.10 These functions were recognized mainly from the observation that 

NCS-1 and orthologues can interact with a wide range of potential target proteins.1a 

Experiments by Hendricks et al5 and Strahl et al11 showed that NCS-1 was not functionally 

equivalent to naive yeast Frq1. However, Frequenin/NCS-1 protein sequences have been 

highly conserved throughout evolution. The sequences of known vertebrate and amphibian, 

vertebrate and invertebrate, human and Saccharomyces cerevisiae (S. cerevisiae) have 

sequence identify respectively around 100%, 75% and 60%.12 Arg102 and Ser83 are 

conserved in human and Xenopus NCS-1, but are histidine in C. elegans.

With these mutations, human and the other vertebrates (e.g. Rainbow trout) completely 

wiped out histidine residues in NCS-1 sequences. For C. elegans, histidine is important in 

extracellular alkalinity and pH sensing in GCY-14, while there is no evidence of NCS-1 

involvement.13 However, pH in the mammalian central nervous systems is highly regulated.
14 The pH value fluctuates across synaptic compartments and the effects of pH gradients on 

synaptic processes are well known.15 It is plausible to hypothesize that mutating out 

histidine may render the pH-independent conformational dynamics of NCS-1 in human and 

other vertebrates. Consequently, His residues at positions 102 and 83 may be not compatible 

with NCS-1’s function. Previously, it has been shown that protonation of conserved 

histidines may cause large conformation changes in the release factors.16 For the NCS-1 

protein, the sensitivity of position 102 can be seen from previous studies of the R102Q 

mutation.17 Our recent MD simulations showed that substituting Arg102 for glutamine leads 

to a more occupied hydrophobic crevice by loop L3, which disables the relocation of the C-
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terminus.18 Several experimental and computational studies investigated the impact of 

mutations on the structural properties of proteins.18–19

In this study, we investigated the effects of the R102H and the S83H mutations on the 

structure of human NCS-1 protein at atomistic level. Two independent 500 ns MD 

simulations starting from the initial WT structure with explicit solvent were carried out for 

the WT, the R102H and the R102Hprotonated mutants and the S83H and the S83Hprotonated 

mutants. We found that the R102H mutation maintains the global conformational dynamics 

while significantly increasing the flexibility of loop L2. However, R102Hprotonated 

significantly decreases the structural stability of the protein. Previous studies found that loop 

L3 played a critical role in NCS-1 conformational dynamics,20 and our results reveal that 

R102H leads loop L3 to adopt a more extended state. The salt bridges in both R102H and 

the R102Hprotonated mutants are significantly affected, not only in the intra-domain but also 

inter-domain. Community network analysis shows that R102H and R102Hprotonated weaken 

the inter-domain and strengthen the intra-domain communication. On the other hand, the 

global stability and the salt-bridge probability are decreased by the S83H and the 

S83Hprotonated mutations, and the solvent accessible surface area of the hydrophobic residue 

located within the hydrophobic crevice (HC) is increased. The mutations significantly affect 

the free energy landscape of the protein. Our study reveals that R102H and the S83H affect 

the conformational dynamics of human NCS-1 in different ways. It is especially noteworthy 

that mutations mutated to protonated histidine decrease the structural stability, indicating 

strong pH dependence. Thus, histidine may be not compatible with NCS-1’s function.

2. MATERIALS AND METHODS

Human WT NCS-1 Protein and Its Mutants.

The solution NMR structure of the unmyristoylated calcium-bound human NCS-1 (PDB id: 

2LCP) contains 20 models.20b The first minimum-energy model was utilized as the initial 

state for two independent simulations of WT NCS-1. The initial conformations of the 

R102H and the S83H mutants were modeled by taking the WT initial state as the starting 

point, substituting arginine 102 and serine 83 for neutral histidine respectively, followed by 

energy minimization. The initial conformations of the R102Hprotonated and the S83Hprotonated 

mutants were also modeled by taking the WT initial state as the starting point, substituting 

arginine 102 and serine 83 for protonated histidine respectively, followed by energy 

minimization. The N-terminus and the side chains of Lys and Arg were protonated (NH3+, 

Arg+, Lys+), and the C-terminus and the side chains of Glu and Asp were deprotonated 

(COO−, Glu−, Asp−).

Details of Molecular Dynamics Simulations.

MD simulations have been carried out using the GROMACS 4.5.3 package21 and the 

CHARMM27 force field with CMAP corrections,22 in accordance with a recent MD study 

by Bellucci et al.17a Two independent 500 ns MD simulations were performed for the WT, 

and the R102H and R102Hprotonated mutants and the S83H and S83Hprotonated mutants, using 

the first model with three calcium ions in the PDB structure as starting points.20b The 

parameters used for calcium ions were q = +2.0e, σ = 0.2436 nm, and ε = 0.5021 kJ/mol. 
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The TIP3P water model was used. Additional Na+ and Cl− were added to the systems with a 

NaCl concentration of 0.1 M. The simulation box type is rhombic dodecahedron. In 

GROMACS, the simulation box is defined by three vectors a (d, 0, 0), b (0, d, 0), and c (d/2, 

d/2, √2d/2) and written as (d, d, √2d/2, d/2, d/2), where d is the edge length of the rhombic 

dodecahedron. In our simulations, the d value was 9.30 nm. Thus, the simulation boxes were 

described as (9.30, 9.30, 6.58, 4.65, 4.65) nm. Bond lengths within protein and water 

molecules were respectively constrained by the LINCS23 and SETTLE algorithms,24 The 

particle mesh Ewald (PME) method was used to calculate the electrostatic interaction with a 

real space cutoff of 1.0 nm, and the van der Waals interactions were calculated using a cutoff 

of 1.4 nm. The simulations were performed in isothermal−isobaric (NPT) ensemble using 

the periodic boundary condition. The solute and solvent were separately coupled to external 

temperature bath using the velocity rescaling method25 and pressure bath using the 

Parrinello−Rahman method.26 The temperature and pressure were maintained at 310 K and 

1 bar using coupling constants of 0.1 and 1.0 ps, respectively.

Analysis Methods.

Analysis of the trajectories were performed using the tools implemented in the GROMACS 

4.5.3 software package.27 The backbone RMSDs were calculated following structural 

alignment of the core structure (residues E11 to K174). The DSSP program was used to 

determine the secondary structure.28 Root-mean-square fluctuation (RMSF) was calculated 

for the core structure with respect to the MD generated average structure during the time 

scale of 400–500 ns. A salt bridge between a pair of oppositely charged residues was 

considered to be formed if the centroids of the side-chain charged groups in two oppositely 

charged residues lie within 0.4 nm of each other.29 The distances between the centroids of 

the side-chain charged groups were calculated to show the change of the salt bridges. The 

visual molecular dynamics (VMD 1.9.1) package was used for graphical structure analysis.
30 Interaction networks of WT NCS-1 and of the R102H and the R102Hprotonated mutants 

were analyzed and displayed by Network View31 implemented in VMD. Principal 

component analysis (PCA) helps determine motions that contribute the most to the overall 

dynamics. A system of N atoms exists 3N-6 modes of possible internal fluctuations (the 

external rotation and translation of the system are described by six degrees of freedom). We 

focus on α-carbon atoms. The free energy landscape was constructed using the relation 

−RT*ln[H(x,y)], where H(x,y) was the histogram of two selected reaction coordinates, x and 

y (PC1 and PC2). We utilized the SWISS-MODEL32 website to select the functional 

conformations which have similar main chain topologies with human NCS-1. Because the 

conformations have different sequence lengths, we adopted the core structure of human 

NCS-1 as the longest homologous segment for the PCA analysis.

3. RESULTS AND DISCUSSION

NCS-1 is a member of the neuronal calcium sensor family and its solution structure of 

unmyristoilated calcium-bound state has been solved using NMR spectroscopy.20b Structural 

analyses have shown that its structure primarily consists of nine α-helices arranged in four 

EF-hands and three loops. Three of the four EF-hands (EF2, EF3, and EF4) can bind Ca2+ 

ions in corresponding sites. The conserved Cys/Pro substitution in the calcium binding motif 
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in EF1 is unable to bind Ca2+.1c, 33 According to Heidarsson et al.,20b there are nine helices, 

helix 1 (H1) (residues E11-R18), H2 (E24-F34), H3 (A45-Q54), H4 (T62-F72), H5 (F82-

S93), H6 (D98-Y108), H7 (R118-V132), H8 (E146-M155), and H9 (L166-K174) and the 

three loops, loop 1 (L1) (F56-P61), L2 (G133-P145), and L3 (D176-V190). The eight 

helices H2-H9 form a HC, of which helices H4, H5 and H6 form the floor of crevice, H3, 

H7 and H9 on the two sides form the long “walls”, and helices H2 and H8 close the HC at 

the opposite edges. In the absence of a binding partner, loop L3 occupies the HC as a ligand 

mimic and turns the HC into a part-occupied state. The protein consists of two domains 

which are connected by the hinge loop R94-L97: N-domain consisting of residues M1-S93 

and C-domain consisting of residues D98-V190.20b

The R102H and the R102Hprotonated Mutants Increase the Flexibility of Loop L2, while 
R102Hprotonated Significantly Decreases the Structural Stability of the WT.

Prior to probing the structural features of the R102H and the R102Hprotonated mutants of 

human NCS-1 protein, we examined the conformational dynamics of the WT NCS-1 by 

performing two independent 500 ns MD stimulations at 310 K (WT-MD1, WT-MD2).

Figure 1 presents the time evolution of the backbone RMSDs of the core structure (residue 

E11-K174) of WT NCS-1 with respect to the initial state in the two different MD 

trajectories. It can be seen from Figure 1a that the backbone RMSDs of the core structure of 

the WT increase quickly in the first 50 ns, then change gradually, and stabilize separately 

around 0.33 and 0.31 nm after t = 250 ns for WT-MD1 and WT-MD2.

We then probed the structural changes of the R102H and the R102Hprotonated mutants from 

the initial state by two MD simulations respectively. The backbone RMSDs of the core 

structure for the R102H and the R102Hprotonated mutants with respect to the initial state of 

the WT are plotted in Figure 1b. It can be seen that the core structure of R102H mutant 

stabilizes around 0.33 nm for both MD runs, which are similar to those of the WT. However, 

the R102Hprotonated mutant largely increases the backbone RMSD values during the last 200 

ns and the trajectories are stabilized around 0.45 (run2) and 0.50 nm (run1). The results 

indicate that the R102Hprotonated mutation significantly decreases the structural stability of 

the protein while it is maintained for the R102H mutation at neutral pH. The stability of WT 

and the mutants was also explored by calculating the percentage of helical structure. It can 

be seen from Figure S1 that it remains around 52% and 51% for the R102Hprotonated mutant, 

similar with those of the WT and R102H mutant during the simulations. The results reveal 

similar global conformational dynamics for the R102H and R102Hprotonated mutants and the 

WT. This is also seen from the secondary structure profiles (Figure S2) of the R102H and 

the R102Hprotonated mutants which are mostly maintained in the MD trajectories, indicating 

the larger RMSD values of the R102Hprotonated mutant might originate from conformational 

rearrangement of the tertiary structure.

Figure 2 shows the Cα-RMSF curves of the WT and R102H and R102Hprotonated mutants. 

Overall, similar fluctuations can be seen in the R102H and the R102Hprotonated mutants and 

the WT except for few regions. However, not only loop L2 in the R102H mutant possesses 

larger fluctuations than other parts of the R102H mutant; R102Hprotonated mutant loop L1 

also shows a larger RMSF value. The results indicate that the mutations increase the local 
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flexibility especially in loop L2, while the R102Hprotonated mutation plays a particular role in 

the local conformational dynamics of loop L1. Figure S2 shows that the secondary structure 

and the overall folding of the WT and the R102H and the R102Hprotonated mutants remain 

mostly unchanged. Therefore, the increased flexibilities of loop L1 and loop L2 suggest that 

the tertiary structure might undergo certain conformational rearrangements with time while 

the secondary structures are largely maintained.

The R102H Mutation Induces Loop L3 to Adopt a More Extended State.

Previous studies demonstrated that L3 plays a critical role in the structure stability of 

NCS-1.17b, 20a To examine whether the R102H or the R102Hprotonated mutation influence the 

conformational dynamics of loop L3, we calculated the Cα-Cα distance between D176 and 

V190 (the starting and ending residues of loop L3) in both WT and mutants. The probability 

distributions of the distance between D176 and V190 in the two MD trajectories respectively 

for WT and mutants are plotted in the Figure 3. It can be seen that the distance probability 

distribution peaks are located at 1.9 and 2.6 nm and 1.8 and 2.3 nm in the two WT 

trajectories, while the peaks are located at 3.2 and 3.0 nm in the two R102H mutant 

trajectories. The data show that loop L3 in the WT is mainly in a collapsed state, while it 

adopts a more extended state in the R102H mutant.

The above results are similar to our recent study18 where the NCS-1R102Q mutation may 

extend loop L3, in agreement with a hypothesis by Bellucci et al. that a mutation that 

consists of replacing Arg102 with an uncharged residue could affect the mobility of H9 and 

L3.17a It is noteworthy that this hypothesis was based on their finding that the stabilization 

of inter- versus intra-helix salt bridges involving D98 relies on the possibility of D98 

interacting with R102 or K174.17a However, it can be seen from Figure 4 that 

R102Hprotonated diminished the possibility of D98 interacting with R102 or K174. The 

change of salt bridges can provide an explanation for the phenomenon that loop L3 is mainly 

in a collapsed state in the R102Hprotonated mutant, indicating that the mobility of loop L3 is 

largely maintained.

The R102H Mutation Affects the Salt Bridge Network Significantly.

Salt bridges play an important role in stabilizing the structures of proteins,34 whether in 

buried35 or solvent-exposed36 locations. A salt bridge is considered to be formed if the 

centroids of the side-chain charged groups lie within 0.4 nm of each other.29 NCS-1 is a 

highly charged protein. To detect the effect of the R102H and the R102Hprotonated mutations 

on salt the bridges, we calculated their formation probabilities by positively and negatively 

charged residues in the WT and the mutants. The salt-bridge probability maps are given in 

Figure 4 for WT NCS-1, the R102H and the R102Hprotonated mutants. It is clear that the 

R102H mutation significantly changes the overall salt bridge network. Some salt bridges 

disappear, such as E99-R102, E74-R102, E140-R151, K7-E81 and K25-D187, while K100-

D187 and E141-K147 are newly formed. The most affected intra-domain salt bridges 

include K3-E81, K7-E81, K19-E74, K25-E26, E26-R94, K36-D37, K53-D60 in the N-

domain and D98-K174, E99-R102, K100-D187, E140-R151, E141-K147, E142-R148, 

E146-K147, R151-D176 in the C-domain. Among these, E26-R94, K63-D123, E74-R102, 
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D98-K174, E99-R102 and K100-D187 are also reported in the recent MD studies by 

Bellucci et al.17a and by us.18, 20a, 37

Both R102H and R102Hprotonated mutations remove the inter-domain salt bridges K25-D187 

and E74-R102 and reduce the probability of E74-K106. The significant change of the 

population of these inter-domain salt bridges would influence the interaction between the N-

domain and the C-domain, which may affect protein dynamics and ligand selectivity. 

However, the inter-domain weakened interactions could be partly compensated by the 

increased probability of K63-D123 and K63-D126 salt bridge to maintain a well-folded 

structure in the R102H and R102Hprotonated mutants, respectively.

A recent optical tweezer experiment38 studied the folding mechanism of human NCS-1 

protein. According to Heidarsson et al., the complete folding of the C-domain (containing 

helices H6, H7, H8, and H9) was crucial for the subsequent folding of the N-domain 

(containing helices H1, H2, H3, H4, and H5), revealing inter-domain dependence. The 

results of our simulations of mutation-affected inter-domain correlation support this 

experimental finding.38

As can be seen in Figure 4, three of most affected salt bridges in the R102H mutant (E140-

R151, E141-K147 and E142-R148) involve three loop L2 residues E140, E141 and E142. 

The R102H mutation removes the population of E140-R151 salt bridge and increases the 

populations of E141-K147 and E142-R148. As residue E140 is located closer to the middle 

of loop L2 than E141 and E142, the disruption of the E140-R151 salt bridge would release 

the motion of loop L2. The salt bridges that involve loop L2 residues are more affected in 

the R102Hprotonated mutant. The R102Hprotonated mutation removes the population of E140-

R148, E140-R151, E142-K147 and E142-R148. The above analysis of the salt bridges in all 

systems provides an explanation for the increased flexibility of loop L2 in both the R102H 

and R102Hprotonated mutants (see Figure 2).

Figure 4 also reveals another significant change in the three salt bridges that involve two 

loop L3 residues D176 (the first residue of loop L3) and D187 (the C-terminal residue of 

loop L3) in the R102H mutant. Residue pairs forming the three salt bridges are D151 in H8 

and D176 in loop L3, K100 in H6 and D187 in loop L3, and R94 in the hinge loop and D187 

in loop L3. The R102H mutation decreases the probability of the R151-D176 and increases 

the probabilities of the K100-D187 and R94-D187 salt bridges. The results show that the 

R102H mutation weakens the intersegment interaction between the N-terminal of loop L3 

and the H8 and strengthens the attraction between the C-terminal of loop L3 and the 

segments H6 and hinge-loop, which may facilitate an extended loop L3 conformation. The 

data illustrate that the mobility of loop L3 could be affected by the R102H mutation, 

providing an explanation for loop L3 adopting a more extended state.

The R102H and the R102Hprotonated Mutations Weaken the Inter-Domain and Strengthen the 
Intra-Domain communication

The dynamic effects of the R102H and the R102Hprotonated mutations on the inter-domain 

interactions of the NCS-1 were also studied using MD-based community network analysis.39 

In Figure 5 nodes center on the Cα atoms, and those pairs of residues (nodes) interacting at 
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least 75% of the time (within 4.5 Å) throughout the simulation time were defined as edges. 

The time averaged connectivity of the nodes is used to identify the disjoint subnetwork 

called community.40 Nodes connecting within the same community have stronger 

connectivity, and those connecting to nodes outside the community have weaker 

connections. The strength of the dynamic correlation between two nodes can be detected by 

the thickness of the edges.

The differences between the community networks of the WT and mutants can be seen in 

Figure 5. The Girvan-Newman algorithm splits the network respectively into 8, 9 and 8 

communities for the WT, the R102H and the R102Hprotonated mutants. The intra-community 

connections are denser in mutants than those of WT, mainly between helices H1 and H2. We 

probed the inter-domain coupling connected by helices H5 and H6. Figure 5a shows that the 

two helices belong to one community (purple) and the connections are dense in the WT, 

illustrating the strong connections between the N- and C-domain. In contrast, the community 

that consists of helices H5 and H6 is split into two communities in the R102H and the 

R102Hprotonated mutants, implying that the inter-domain cross-talk could be weakened by 

the mutations. The data show that even though the secondary structure contents of mutants 

are largely maintained (Figure S2), the mutations alter the residue-residue connections and 

the dynamic communities. The results illustrate that the mutations weaken the inter-domain 

and strengthen the intra-domain correlation, in accordance with our previous work on the Δ 

176-190 truncated NCS-1.20a

The S83H and the S83Hprotonated Mutations Also Affect the Conformational Dynamics − 
albeit differently.

The backbone RMSDs of the core structure of the S83H and the S83Hprotonated mutants were 

probed by MD. As Figure 6 shows, the backbone RMSDs of S83H mutant stabilize around 

0.44 and 0.42 nm and are significantly larger than those of the WT, indicating that the S83H 

mutation decreases the stability of the protein. However, the backbone RMSDs of the core 

structure of the S83Hprotonated mutant stabilize around 0.35 nm during the last 200 ns, which 

are between the values of the WT and the S83H mutant.

We calculated the percentage of helical structure for these three systems. As shown in Figure 

7, the S83H mutation leads to a slight decrease, indicating that S83H mutation decreases the 

structural stability. It can be seen that the average numbers of helical percentage in the WT 

are around 0.54, while those of the S83Hprotonated mutation are 0.52 and 0.54 for the two 

runs. It is possible that a short α-helix appeared in loop L3 (see Figure S2j), suggesting that 

the S83Hprotonated mutation also decreases the structural stability of NCS-1.

The Cα-RMSF curves of the WT, the S83H and the S83Hprotonated mutants were plotted in 

Figure S3. The Cα-RMSF curves of the S83H mutant overlap significantly those of the WT. 

The results indicate that the S83H mutation does not change the protein flexibility. However, 

the S83Hprotonated mutation shows a larger fluctuation than the WT at positions 130–135, 

indicating the mutation increase the flexibility of the N-terminal of loop L2.

We probed the size of the hydrophobic crevice (HC) by calculating the solvent accessible 

surface area (SASA) of the hydrophobic residue located within the HC (SASA_HC). The 
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probability distribution function (PDF) of SASA_HC was plotted in Figure 8. The 

SASA_HC PDF peaks are centered at 15.3 and 14.9 nm2 respectively for the WT-MD1 and 

WT-MD2. The peaks are centered at 16.1 and 17.9 nm2 for the S83H mutant and 16.0 and 

16.9 nm2 for the S83Hprotonated mutant. The data show that both the S83H and the 

S83Hprotonated mutations can induce the hydrophobic crevice to adopt a more expanded 

state.

We plotted the salt bridge network in Figure S4 to probe the effect of the S83H and the 

S83Hprotonated mutations on the salt bridges. It can be seen that the salt-bridge probability 

reduces in both mutants. The affected salt bridges were K7-E81 and K19-E74 in the N-

domain and E99-R102, E140-R148, E142-R151, R118-D150 and E147-K147 in the C-

domain. The E142-K147 and E142-R148 salt bridges in the C-domain were also affected by 

S83Hprotonated. The disruption of inter-domain salt bridges is also visualized in Figure S4, 

including E74-R102, K63-D123, K63-D126 and K25-D187 salt bridges. Our simulations 

demonstrate that the mutations not only affect the intra-domain salt-bridge network but also 

alter the inter-domain salt bridges. The results reveal the inter-domain correlation, 

explaining the decreased structural stability of both mutants (Figure 6).

The Mutations Alter the Dynamics Overlap with Other NCS family proteins.

We utilized the SWISS-MODEL32 website to select functional conformations. NCS-1, 

recoverin, and GCAP1 not only are both the members of the NCS family,1a but also have 

similar main chain topologies.41 We selected functional conformations that originated from 

the structures of these proteins (Table 1). We adopted the core structure of human NCS-1 as 

the longest homologous segment for the PCA analysis, and all sequences are converted to 

the human NCS-1 sequence.

The free energy landscape was projected onto two reaction coordinates: PC1 and PC2. 

Analysis shows that the top two PCs capture more than 40 % of the accumulated variance 

and the first four PCs covered more than 60 % (Figure S5). The free energy landscape is 

plotted in Figure 9. The WT landscape is compacted and there are two dominant potential 

wells at (1, −0.5) and (−1.5, 0). Structure 1 (PDB ID: 2LCP) in the MD simulations is right 

between the two, located at the center of the plot (Figure S6). For the R102H mutant, there 

are also two dominant potential wells respectively at (1, −0.5) and (−1.5, 0). However, the 

landscape is dispersed. One basin in both systems corresponds to NCS-1 (1–7) and recoverin 

(8–12), and the second to GCAP1 (13). As for the R102Hprotonated mutant, the landscape is 

becoming more dispersed. Comparing with the WT, the two basins in the R102Hprotonated 

mutant respectively moved to left and right, to a larger extent than the R102H mutant. The 

distribution of the energy surface suggests that both the R102H and the Ri02Hprotonated 

mutations alter the motions of WT NCS-1, but there also exist some similar motion modes. 

S83H and the S83Hprotonated mutations also change the free energy landscape. The two 

potential wells in the S83H mutant landscape are located at (−1, 0) and (4, 0). Contrasting 

the WT, the R102H and the R102Hprotonated mutants, the potential well near the center 

position at (1, −0.5) vanished in the S83H mutant landscape and only second at (−1.5, 0) 

captures fewer structures. With the S83Hprotonated mutation, however, the landscape is 

compacted and the basin that located at (1, −1) captures more features than the S83H 
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mutant. The difference in the energy surfaces indicates that the S83H mutation changes the 

WT motion modes more than the S83Hprotonated mutation, and diminishes similar motion 

modes in the other NCS proteins.

4. CONCLUSIONS

To probe the effects of the amino acid substitutions between species on the structural 

properties of NCS-1, we investigated the influence of the R102H and S83H mutations on the 

conformational dynamics at the atomic level by performing ten independent 500 ns MD 

simulations. The R102H mutant maintains the secondary structure content. The global 

stabilities of the WT and the R102H mutant are similar. However, the R102H mutation 

significantly increases the local flexibility of loop L2. Loop L3 prefers to adopt a collapsed 

state in WT, and a relatively extended state in the R102H mutant. Both R102H and the 

R102Hprotonated mutations alter the salt-bridge probabilities, especially at the interdomain, 

which may influence the domain-domain interaction. Analysis of the community networks 

illustrates that the R102H and R102Hprotonated mutations weaken the inter-domain and 

strengthen the intra-domain communication.

We also tested other mutants for the neutral Ser83 to protonated histidine substitution. The 

S83H and the S83Hprotonated mutations influence the structural stability, and decrease the 

salt-bridge probability. All mutations change the free energy landscape of the WT human 

NCS-1, indicating that the motion modes are affected. Similar motion modes in the other 

NCS proteins diminished. Overall, our study provides a detailed atomistic picture of amino 

acid substitutions affecting the conformational dynamics in different ways. The local 

flexibility and global stability of protein are changed by the R102H and the S83H mutations 

respectively. While histidine is not compatible with NCS-1’s functional dynamics no matter 

at neutral or protonated states, protonated histidine residues at acidic pH decrease the 

structural stability substantially. Our results indicated that human NCS-1 protein avoids 

histidine to decrease its pH sensitivity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Time evolution of the backbone RMSDs include the core structure (E11 to K174) for WT 

NCS-1 (black and gray curve), its R102H mutant NCS-1 (red and pink curve) and its 

R102Hprotonated mutant (blue and light blue curve) in two different MD trajectories (WT-

MD1, WT-MD2 for the WT NCS-1, R102H-MD1, R102H-MD2 for the R102H mutant and 

R102Hp-MD1, R102Hp-MD2 for the R102Hprotonated mutant).
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Figure 2. 
Cα-RMSF of core structure for WT NCS-1, the R102H mutant and the R102Hprotonated 

mutant in the two independent MD runs. Cα-RMSF values were calculated using the last 

100 ns data of each MD trajectory for all systems.
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Figure 3. 
Probability distributions of the Cα-Cα distance between the starting and ending residues of 

loop L3 (D176 and V190) for WT NCS-1, the R102H and the R102Hprotonated mutants in the 

two different MD runs. The D176−V190 distances are calculated for the 0–500 ns of each 

MD trajectory for all systems.
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Figure 4. 
The R102H mutation and the R102Hprotonated mutations shift the salt bridge network of WT 

NCS-1. The salt-bridge probability maps are given in (a) for the WT NCS-1, in (b) for the 

R102H mutant and in (c) for R102Hprotonated mutant.
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Figure 5. 
Community networks formed in the WT NCS-1 (a), the R102H mutant (b) and the 

R102Hprotonated mutant (c) with edge widths corresponding to their weights based on MD 

simulations. Each community has its own color, superimposed on the initial MD simulation 

structure. The corresponding cartoon representations at t = 0 ns are shown in (d), (e) and (f).
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Figure 6. 
Time evolution of the backbone RMSDs include the core structure (E11 to K174) for WT 

NCS-1 (black and gray curve), its S83H mutant NCS-1 (red and pink curve) and its 

S83Hprotonated mutant (blue and light blue curve) in two different MD trajectories (WT-

MD1, WT-MD2 for the WT NCS-1, S83H-MD1, S83H-MD2 for the S83H mutant and 

S83Hp-MD1, S83Hp-MD2 for the S83Hprotonated mutant).
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Figure 7. 
Probability distribution of percentage of helix in the MD trajectories during 200–500 ns for 

the WT NCS-1, the S83H and the S83Hprotonated mutant systems.
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Figure 8. 
Probability distribution function (PDF) of solvent accessible surface area (SASA) for the 

hydrophobic crevice (HC) formed by the hydrophobic residue located inside the HC for the 

WT NCS-1, the S83H and the S83Hprotonated mutants.
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Figure 9. 
Free energy surface (in kcal/mol) of the WT (a), the R102H mutant (b), the S83H mutant 

(c), the R102Hprotonated mutant (d), the S83Hprotonated mutant (e) as a function of PC1 and 

PC2 with PDB-obtained crystallographic structures mapped on.
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Table 1.

Selected structures have similar main chain topologies with the human NCS-1. All of structures below are 

found in homo sapiens.

Number PDB ID Protein Description Method

1 2LCP Solution structure of human NCS-1 NMR

2 1G8I Crystal structure of human NCS-1 X-RAY

3 5AFP Crystal structure of Rattus norvegicus NCS-1 X-RAY

4 5AER Crystal structure of Rattus norvegicus NCS-1 X-RAY

5 4GUK Crystal structure of human NCS-1 X-RAY

6 1FPW Solution structure of Yeast frequenin NMR

7 2JU0 Solution structure of Yeast frequenin NMR

8 2I94 Solution structure of Bos taurus recoverin NMR

9 4YI8 Crystal structure of Bos taurus recoverin X-RAY

10 1OMV Crystal structure of Bos taurus recoverin X-RAY

11 4M2O Crystal structure of Bos taurus recoverin X-RAY

12 2D8N Crystal structure of human recoverin X-RAY

13 2R2I Crystal structure of Gallus gallus GCAP1 X-RAY
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