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Abstract: Some of the most extensively studied marine or estuarine bacteria belong to the genus 
Vibrio, with Vibrio cholerae being the most notorious species as it is the cause of cholera in humans. 
V. cholerae is found in tropical and temperate areas, and can be classified as a mesophilic bacterium 
with growth optimum around 37 °C. One of the important factors in the activity and the stability of 
each enzyme is its physiological environment. A previous study on the secreted mesophilic enzyme 
Endonuclease I from the Vibrio cholerae genus (VcEndA), showed that its activity was strongly de-
pendent not only on temperature, but also on NaCl concentration. Here we report a structural study 
on the mesophilic enzyme (VcEndA) using molecular dynamics simulations at different salt con-
centrations (NaCl). The analysis of molecular dynamics simulations trajectories reveals that the en-
zyme is not tolerant and not sensitive to salt, since the profile of the rmsf as a function of different 
concentrations does not show a large difference in the mobility of the enzyme for high values of the 
NaCl concentration (450 and 650 mM). However, the most flexible regions of the enzyme are rec-
orded under the concentration of 175 mM, which coincides well with the previous experimental 
work. 
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1. Introduction 
The gram-negative bacterium Vibrio cholerae has always been, throughout history, 

a terrible microorganism, due to its pathogenic and contagious properties which have 
caused cholera pandemics affecting all continents in the world [1]. Vibrio cholerae is also 
a natural bacterial inhabitant of aquatic environments and is associated with copepod 
crustaceans and aquatic plants [2]. Bacteria isolated from the majority of environmental 
samples exhibit non-pathogenic properties due to the lack of the gene for cholera entero-
toxin [2]. As the bacterium Vibrio cholerae is linked to water, and pandemics with few 
exceptions have their origins in the Indian subcontinent and the Ganges delta in Bengal, 
it is suggested that water acts as a reservoir for the bacteria [1]. 

The characterization and cloning of Vibrio cholerae Endonuclease I (VcEndA) was 
first described by Focareta and others [3], but the structural determination of the nuclease 
was carried out twenty years later by Altermark and others [4]. There are two structures 
of VcEndA deposited in the Protein Data Bank, both of which are solved by X-ray crystal-
lography. The highest resolution structure (1.95 Å), with PDB entry 2g7f, is crystallized at 
neutral pH, and has an optimal catalytic activity at a concentration of NaCl equal to 175 
mM at pH 7.5–8.0, and a temperature of of 50 °C [5]. 
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Among the Orthologues of Endonuclease I of several species of bacteria which are 
described in the literature [5–9], we were interested in the study of Vibrio cholerae Endo-
nuclease I (VcEndA), because the biochemical characterization of this enzyme has already 
been reported, and compared to that of its counterpart Vibrio salmonicida Endonuclease 
I VsEndA [5]. In this article, we will present, by molecular dynamics simulation at T = 300 
K, the effect of different NaCl concentration values (Table 1) on the structural flexibility 
of the VcEndA enzyme. 

Table 1. Number of Cl− and Na+ ions for each simulation. 

 VcEndA_0mM VcEndA_50mM VcEndA_175mM VcEndA_425mM VcEndA_650mM 
Cl− 6 15 37 76 122 
Na+ 0 9 31 82 116 

2. Materials and Methods 
All molecular dynamics simulations presented in the present article were performed 

using the CHARMm27 force field [10,11] implemented in a parallel architecture in the 
program GROMACS 4.5.3 [12,13]. The initial crystal structure of the Vibrio cholera Endo-
nuclease I (VcEndA) enzyme was downloaded from the protein data bank (PDB entry 
2g7f [5]). Hydrogen atoms were added with the pdb2gmx program in the GROMACS 
code. The starting structure was immersed in a dodecahedron box of TIP3P water mole-
cules [14]. The minimal distance between the protein atoms and the box edges was set to 
1 nm. In order to creat an electric neutral system, 6 water molecules were replaced by Cl− 
ions. We added also a number of Cl− and Na+ ions to ensure the salt concentrations values 
of: 50, 175, 425 and 650 mM (Table 1). The system was first submitted to energy minimi-
zation using the steepest descent algorithm. Then, several MD simulations of 50 ps each, 
were run at the constant-volume, constant-temperature ensemble (NVT) by increasing 
temperature gradually from 0 to 300 K. The final MD runs were subjected to the constant-
pressure, constant-temperature (NPT) ensemble (P = 1 bar, T = 300 K), for 10 ns each at 
five different salt concentrations (0, 50, 175, 425 and 650 mM). Periodic boundary condi-
tions were used under isothermal, isobaric conditions using the Berendsen coupling algo-
rithm [15] with relaxation times of 0.1 and 1 ps respectively. The LINCS algorithm [16] 
was used to constrain bond lengths using a time step of 2 fs for all calculations. Electro-
static interactions were calculated using the Particle Mesh Ewald (PME) [17,18] summa-
tion scheme. Van der Waals and Coulomb interactions were truncated at 1.2 nm. The non-
bonded pair list was updated every 5 steps and conformations were stored every 2 ps. 

3. Results 
3.1. Stability of the Model 

Figure 1 shows the temporal evolution of the RMSDs of the VcEndA enzyme back-
bone, for the different simulations in which we varied the value of the NaCl concentration 
(Table 1). According to this figure, the RMSDs reflect fairly stable MD trajectories with 
RMSDs average values that do not exceed 1.6 A°. 
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Figure 1. rmsd of the VcEndA enzyme under different values of the NaCl concentrations. 

3.2. Structural Flexibility 
To evaluate the relative mobility of the protein regions during MD simulations, the 

(RMSF) root mean square fluctuation of Cα atoms in a residue, of the average structure 
obtained from the merged images of the MD trajectories, is calculated for the VcEndA 
enzyme as a function of the number of residues, at different NaCl salt concentrations, at 
300 K (Figure 2). 

 
Figure 2. rmsf of the VcEndA enzyme under different values of the NaCl concentrations. 

3.3. Radial Distribution Functions 
The radial distribution functions of Cl− ions around the backbone of the residue with 

the highest value of the rmsf profile; GLN90, as well as those of water molecules around 
the most flexible residues of the protein structure; GLY52, LYS53 and GLN90, as a function 
of different salt concentrations, are presented in Figure 3. 

  
(a) (b) 
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Figure 3. RDF of water molecules around the most flexible residues of VcEndA: (a): GLY52, (b): 
LYS53, (c): GLN90. (d): RDF of Cl− ions around GLN90. 

4. Discussion 
The rmsf profile for the mesophilic enzyme, under different salt concentrations (Fig-

ure 2), is almost the same, with the exception of two regions, where the flexibility of the 
enzyme is high at C = 175 mM compared to the other concentration values; the region 
(GLY52-LYS53) and the GLN90 residue. 

Located in the loop region, between two β-sheets (β1 and β2, Figure 4), residue 
GLY52 presents a high rmsf value of 0.1415 nm, and the residue which succeeds it in the 
primary structure of the enzyme; LYS53 has a rmsf value of 0.1385 nm, for the salt con-
centration equal to 175 mM. 

 
Figure 4. Secondary structure of VcEndA (pdb code; 2g7f [5]), using the program ESPript 3.0 [19]. 
Red stars indicate the most flexible residues. Numbers indicate cysteines involved in disulfide 
bridges. 

Glycine is sometimes grouped with hydrophobic amino acids; however it is unique 
in having no side chains. This absence of a side chain allows glycine to have bond angles 
(in the backbone bends) that are much more extreme than other amino acids. It therefore 
plays a vital role in allowing a large number of conformations in proteins without exces-
sive deformation. Also noting, that the GLY52 residue is substituted by the polar ASN52 
residue in the primary structure of the cold-adapted enzyme; VsEndA, and that the largest 
fluctuation recorded regarding the structural flexibility of this psychrophilic enzyme, was 
for this polar residue where the rmsf has reached the maximum value of 0.2133 nm, under 
the salt concentration of 425 mM [21]. Therefore, by homology to the cold-adapted en-
zyme, the mesophilic enzyme is also characterized by greater structural flexibility of the 
loop region (52–53) under the optimal salt concentration for catalytic activity; 175 mM [5]. 

The other equally important region in the VcEndA rmsf profile is residue GLN90. 
Located near the ARG99 active site, in a loop region between two α helices (α3 and α4, 
Figures 4 and 5), this polar residue presents the highest value of the rmsf profile of this 
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mesophilic enzyme for the salt concentration of 175 mM; 0.1493 nm. Our structural flexi-
bility results coincide well with a subsequent work on the Endonuclease I enzyme pair, 
where the mesophilic VcEndA enzyme from low salinity brackish water had an optimal 
salt concentration for activity lower than that of its psychrophilic homolog VsEndA [5]. 

 
Figure 5. Snapshot of MD simulation of VcEndA_175mM_300K, indicating the protein in Cartoon 
style, and the most flexible residues of the structure; GYL52, LYS53 and GLN90 in CPK style. Chlo-
ride and sodium ions are colored in cyan and blue, respectively. Water molecules are represented 
in line transparent style. This image is made with VMD 1.8.7 [20]. 

Although it is weak, we should note the interaction of Cl− ions with the backbone (bb) 
of the polar residue GLN90 at C = 175 mM (Figure 3d). we note a slight accumulation of 
water molecules at concentration value of 175 mM, compared to the other values, around 
the two residues; GLY52 and LYS53 (Figure 3a,b), however the polar residue GLN90 is 
surrounded by more water molecules at the salt concentration of 650 mM (Figure 3c). 

5. Conclusions 
It is generally believed that proteins and particularly enzymes are vulnerable struc-

tures and sensitive to environmental changes. The reason they are so sensitive to changes 
in salt and in temperature is that such a change can affect the interactions that hold the 
protein chain in place. 

In this article, we presented the results of the effect of NaCl concentration on the 
dynamics of the mesophilic enzyme Vibrio cholera (VcEndA). The analysis of the molec-
ular dynamics trajectories reveals that the enzyme is not very tolerant and sensitive to salt, 
since the profile of the root mean square fluctuations (rmsf) as a function of the different 
concentrations does not show a big difference in the mobility of the enzyme, specially for 
high values of the NaCl concentration (450 and 650 mM). However, the most flexible re-
gions of the enzyme are recorded under the salt concentration of 175 mM, which coincides 
well with the previous experimental work [5]. Just like its psychrophilic counterpart Vib-
rio Salmonicida (VsEndA) [21], the mesophilic enzyme (VcEndA) is characterized by sig-
nificant flexibility of the loop region (52–53) under the optimal concentration of 175 mM, 
which is essentially due to the GLY52 residue. However, no correlation was found be-
tween flexibility and the Cl− ions positions around this residue, since the radial distribu-
tion functions reveal rather a slight accumulation of water molecules and not ions accu-
mulation around the glycine GLY52, for the salt concentration of 175 mM. 

The same cannot be said of the polar residue GLN90, which is considered, according 
to the rmsf profile, as the most flexible residue in the structure of VcEndA. Under the salt 
concentration optimal for the activity of the mesophilic enzyme; 175 mM, the backbone of 
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the residue GLN90 is surrounded by more Cl− ions, and this gives it more flexibility under 
the considered concentration. 
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