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ABSTRACT 
Polyhydroxybutyrate (PHB) is a polyhydroxyalkanoate (PHA), a polymer belonging to polyesters class and is composed of hydroxy fatty acids. PHB is 
produced by microorganisms apparently in response to conditions of physiological stress. PHB synthases are the key enzymes of PHB biosynthesis. The PHB 
synthases obtained from Chromobacterium violaceum, belongs to the class I PHA synthases. Due to the limited structural information of PHB synthase, its 
functional properties including catalysis are unknown. Therefore, this study seeks to investigate the structural and functional properties of PHB synthase 
(phaC) by predicting its three dimensional structure using bioinformatics methods. Present 15 ns molecular dynamics study provides an overall insight about 
some of the parameters such as energy, RMSD (Root Mean Square Deviation), SASA (Solvent Accessible Surface Area), hydrogen bonds, etc., Protein-
protein docking reveals the binding mode of the protein in the active dimer state.  
KEYWORDS: PHB synthase, molecular dynamics, protein-protein docking, dimerization. 
 
INTRODUCTION 
Polyhydroxyalkanoates (PHA) represents a complex class of 
biodegradable biopolyesters that are naturally accumulated 
by a variety of microorganisms. These PHAs are produced 
by a wide range of bacteria as energy storage compounds, 
during limited nutritional supply and in the presence of 
excess carbon source1.  These biocompatible polymers have 
potentially numerous applications in the packaging industry, 
agriculture, food industry, medicine, pharmacy, etc2,3

. 
The key enzymes for polyhydroxyalkanoate synthesis are 
PHA synthases, which catalyze the conversion of 
CoenzymeA (CoA) thioester substrates to PHAs with the 
release of CoA. The PHA synthases are classified into four 
categories based on their substrate specificity and subunit 
composition. The PHB synthase from Chromobacterium 
violaceum belongs to class I PHA synthases. Class I PHA 
synthases generally utilizes CoA thioesters of various (R)-3- 
hydroxy fatty acids with 3 to 5 carbon atoms4. 
Molecular mechanics calculation is used to calculate the 
equilibrium configuration of the protein molecule5.  
Molecular dynamics computer simulation helps to study the 
complex, dynamic processes that occur in biological 
systems like conformational changes, protein stability, etc6. 
So far, the experimental structure of PHB synthase has not 
been predicted. Hence, this work involves the study of the 
structural properties of PHB synthase from 
Chromobacterium violaceum by predicting its three 
dimensional structure using bioinformatics methods.  
MATERIALS AND METHODS 
The sequence of PHB synthase from Chromobacterium 
violaceum was retrieved from Swiss-Prot (Accession No: 
E1APK1).  
Data mining and sequence analysis 
PSI-BLAST7 was used to identify the conserved domains 
and families found in the protein. CLUSTALW8 was used to 
perform the multiple sequence alignment between the 
sequences of Chromobacterium violaceum PHB synthase 
and class I, II and III PHA synthases. 

Protein structure prediction 
To understand the function of the protein in detail, the 
availability of an accurate three dimensional model is 
essential. When an experimentally determined structure is 
unavailable, structure prediction techniques can often 
provide sufficient information for many purposes. Due to 
the lack of similarity of PHB synthase sequence with all 
solved structures in the databases, threading approach was 
used to predict the three dimensional structure of PHB 
synthase. The amino acid sequence of PHB synthase was 
submitted in the I-TASSER server9,10 for protein structure 
prediction. The best model obtained from I-TASSER was 
selected based on the confidence score and was used for 
further analysis. The loops were refined using 
Modeller9v811 

.The stereochemistry of the final predicted 
model structure was evaluated using the program 
PROCHECK12 and the residue environment was analyzed 
using the VERIFY_3D program13,14. 
Energy minimization and molecular dynamics 
Protein-salt interactions have been studied both 
experimentally and theoretically. The effects of salt on the 
stability of the protein have been known for a long time. The 
role of NaCl salt in the stability of the protein can be easily 
studied using molecular dynamics simulations. 
The molecular dynamics simulations were performed for the 
loop refined model using GROMACS-4.0.7 package15 to 
understand the structural fluctuation of PHB synthase. 
Initially the MD simulation was carried out for 5 ns without 
the addition of NaCl. The analysis of the 5 ns MD trajectory 
without NaCl did not show any significant results. So, the 
next set of MD simulation was performed for 10 ns by 
adding 0.1 mol/lit NaCl.  

A) 5 nano second molecular dynamics run without 
NaCl 

Initially 5 ns molecular dynamics simulation was carried out 
with water as solvent. The topology file and the coordinate 
file were generated in GROMACS format. The protein was 
embedded into a cubic box containing SPC 216 model 
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water. The number of water molecules added was 40113. 
Before the dynamics simulation, internal constraints were 
relaxed by energy minimization for 10 pico second. After 
the minimization, position restraint dynamics was run for 
100 pico second, holding the target molecule stable, but 
allowing the water to settle around it. A 5 ns long 
production MD run was performed after the equilibration. 
During the MD run, the LINCS algorithm16 was used to 
constrain the lengths of hydrogen containing bonds; the 
waters were restrained using the SETTLE algorithm17. The 
simulations were run under NPT conditions, using 
Berendsen’s coupling algorithm to keep the temperature and 
the pressure constant (P = 1 bar, τP = 0.5 ps; T = 300° K; τT 
= 0.1 ps).  The coordinates were saved every 0.5 ps. 

B) 10 nano second molecular dynamics run with 
0.1 mol/lit  NaCl 

Next, another set of 10 ns molecular dynamics simulation 
was carried out by adding 86 Na+ and 78 Cl- ions, 
corresponding to a salt concentration of  0.1 mol/lit, by 
replacing the water molecules at random positions. 
Molecular dynamics trajectory analysis 
The trajectories of 5 nano second MD simulation without 
NaCl and 10 nano second MD simulation with NaCl were 
analyzed using various tools available in GROMACS. 
The convergence of thermodynamic parameters, such as 
temperature, pressure, potential and kinetic energy were 
analyzed to check the quality of the MD simulation. The 
convergence was also checked in terms of the structure, 
through the root mean square deviation (RMSD) against the 
starting structure. The inter-molecular hydrogen bonds, 
intra-molecular hydrogen bonds and Solvent Accessible 
Surface Area (SASA) were also analyzed to have a clear 
idea about the structure.  The role of NaCl in the structural 
stabilization of PHB synthase was studied by analyzing the 
number of hydrogen bonds and salt bridges in the low 
energy frames of 5 ns MD trajectory without NaCl and 10 
ns MD trajectory with NaCl. 
Protein-protein docking  
The PHB synthase protein is active in the dimeric state18. 
So, protein-protein (PHB synthase-PHB synthase)  docking 
was performed for the PHB synthase protein, using 'Cluspro 
2.0' server19. The docking results were analyzed, for the 
interactions using Maestro (Schrodinger, Version 9.2)20. 
RESULTS 
Sequence analysis 
PSI-BLAST shows that the protein has two domains: the 
first one belongs to phaC_N superfamily and the second is 
esterase lipase Superfamily. 
The multiple sequence alignment of Chromobacterium 
violaceum PHB synthase with class I, II and III PHA 
synthases revealed that the conserved catalytic aspartic acid, 
histidine and cysteine are located at residues 447, 477 and 
291 respectively. So, the proposed catalytic triad residues 
are CYS 291, HIS 477 and ASP 447. The residue 
participating in PHB synthase protein-ligand (3-
hydroxybutyryl coenzyme A) linkage is predicted as CYS 
302.  
Tertiary structure prediction by threading approach and 
loop refinement 
Out of 5 models generated by I-TASSER, the model with 
best confidence score was selected for further analysis. Fig. 
1 shows the best model generated by I-TASSER. The 
analysis of stereochemistry of the predicted PHB synthase 

structure using PROCHECK AND VERIFY_3D confirms 
the quality of the three dimensional structure.  
Molecular dynamics simulation of PHB synthase 
The molecular dynamics simulation (the first 5 ns without 
adding NaCl and the second 10 ns with the addition of 0.1 
mol/lit NaCl) carried out for the PHB synthase protein, gave 
an overall idea about some of its structural and functional 
parameters. The 5 ns MD trajectory without NaCl did not 
show any significant results. So the following discussion 
focuses mainly on the different parameters of 10 ns MD 
trajectory. 

A) Convergence in terms of energy 
The total energy of PHB synthase protein is stable 
throughout the MD simulation without NaCl, with values 
between -1.46e+06 KJ mol-1 to -1.45 e+06 KJ mol-1. The 
total energy of the PHB synthase protein throughout the MD 
run with 0.1 mol/lit NaCl has lower energy  and is slightly 
fluctuating within the range -1.49e+06  KJ mol-1to -
1.51e+06 KJ mol-1 . The plots showing the total energy 
throughout the trajectory for both MD run without NaCl and 
MD run with 0.1 mol/lit NaCl are displayed in Fig. 2 and 
Fig. 3 respectively. 
The temperature and pressure is also stable throughout the 
MD simulation. The MD run with NaCl prefers slightly 
higher temperature, due to the presence of NaCl ions in the 
system.  

B) Convergence in terms of structure 
The convergence of the structure was checked in terms of 
RMSD. The time evolution of the RMSD with respect to the 
initial structure provides a measurement of convergence of 
the dynamic properties of the protein. Each frame in the 
trajectory was superimposed on the reference frame using 
least-squares fit method. The RMSD of the whole protein 
was calculated. Analysis of the 10 ns MD simulation with 
0.1 mol/lit NaCl showed that the RMSD values of the MD 
trajectory frames (whole protein) with respect to the initial 
structure lies between the range 0 - 1.3 nm. The RMSD 
from the initial starting structure is unstable. So the structure 
may still be progressing towards its equilibrium state. Fig. 4 
describes the graph showing the RMSD of the protein (all 
atoms) with respect to the initial structure. 
Analysis of the 10 ns MD simulation with 0.1 mol/lit NaCl 
also shows that the RMSD of the MD trajectory frames of 
protein backbone lies between the range 0 -1.25 nm. The 
RMSD of the backbone has a slightly lower value than the 
RMSD of the whole protein. This is the result of excluding 
the, often flexible, side chain atoms. However, with 
increasing distance, the amount of conformations available 
also increases. The graph showing the RMSD of the protein 
backbone with respect to the starting structure is displayed 
in Fig. 5.  

C) Hydrogen bonds 
Inter-molecular hydrogen bonds 
The number of inter-molecular hydrogen bonds in the MD 
trajectory with 0.1 mol/lit NaCl ranges from 1225-1700. It is 
well known from the previous findings21 that inter-
molecular hydrogen bonds play a major role in stabilization 
of the molecule. The more number of inter-molecular 
interactions in the 10 ns MD trajectory with NaCl 
corresponds to its greater stability and lower energy. The 
plot showing the number of inter-molecular hydrogen bonds 
present in the protein in each 0.5 ps of 10 ns MD run with 
0.1 mol/lit NaCl is shown in Fig. 6. 
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Intra-molecular hydrogen bonds 
The number of intra-molecular interactions in the protein 
molecule is maintained in the range 2250-2425, in the 10 ns 
simulation with 0.1 mol/lit NaCl. The plot showing the 
number of intra-molecular hydrogen bonds present in the 
protein in each 0.5 ps of 10 ns MD run with 0.1 mol/lit NaCl 
is displayed in Fig. 7. 

D) Solvent Accessible Surface Area 
The SASA graph (Fig. 8) for the MD run with NaCl shows 
the hydrophilic area, hydrophobic area, and the total area of 
the protein in each frame (each 0.5 ps). The values are 
almost stable throughout the simulation. 
Role of NaCl in structural stabilization 
The low energy frames from the molecular dynamics 
trajectory (both 5 ns MD simulation without NaCl and 10 ns 
MD simulation with 0.1 mol/lit NaCl) were selected. A 
comparative study between the low energy frames of 10 ns 
MD trajectory with NaCl and 5 ns MD trajectory without 
NaCl was performed, based on the number of hydrogen 
bonds and salt bridges, to study the role of NaCl in 
structural stabilization of PHB synthase. Table 1 shows the 
energy, number of salt bridges and number of hydrogen 
bonds in the selected frames of 5 ns MD trajectory without 
NaCl and 10 ns MD trajectory with NaCl respectively. It is 
apparent from Table 1 that the number of salt bridges and 
number of hydrogen bonds is low in the MD trajectory with 
NaCl. Addition of NaCl decreases electrostatic repulsion, 
which is the reason for the low number of hydrogen bonds 
observed in 10 ns MD trajectory with NaCl22. 
Protein-protein docking 
As the PHB synthase protein is active only in dimeric state, 
protein-protein docking was performed. Ten top scoring 
dimer models obtained from Cluspro server was intensively 
analyzed for their inter-molecular interactions.  
The interactions between the homo-dimer in the best four 
models are displayed in Table 2. Analysis of these docked 
dimer models reveals that GLN 147, GLN 163, ARG 409, 
LYS 487 and ARG 490 are highly participating in the 
protein-protein interaction. The Fig. 9 and Fig. 10 shows the 
binding mode of the PHA synthase in dimeric state in the 
two best models obtained from cluspro protein-protein 
docking server. 
DISCUSSION 
In the absence of the structural information of PHB 
synthase, protein structure prediction using bioinformatics 
methods helped us to have an overall idea about the protein 
structure. The molecular dynamics calculation reveals that 
the protein has stable energy. Inter-molecular hydrogen 
bond and intra-molecular hydrogen bond analysis clearly 
shows that the high number of hydrogen bonds in 10 ns MD 
trajectory with NaCl is responsible for its energy stability23. 
Other parameters like temperature, pressure, SASA, etc. are 
also stable throughout the simulation. RMSD analysis from 
the MD trajectory reveals the greater difference in the 
protein structure throughout the MD simulation. This clearly 
says that the structure may still be progressing towards the 
equilibrium state. Analysis of the low energy frames from 
MD trajectory with NaCl and MD trajectory without NaCl 
proves that NaCl plays an important role in modulating the 
electrostatic interactions. Previous research in PHA synthase 
from other organisms, revealed the catalytic triad residues 
and the residue participating in PHB synthase protein-ligand 
(3HB-CoA) linkage24. The sequence alignment of the 

Chromobacterium violaceum PHB synthase sequence with 
the sequences of PHA synthase from other organisms 
suggests that the catalytic triad residues in 
Chromobacterium violaceum PHB synthase are CYS 291, 
ASP 447 and HIS 477. The sequence alignment also reveals 
that the amino acid in PHB synthase which links with the 
ligand 3HB-CoA (3-hydroxybutyryl coenzyme A) is CYS 
302. The protein-protein interface prediction and protein-
protein docking results reveals the important residues 
participating in the dimerization. 
CONCLUSION 
Tertiary structure prediction of the phaC sequence gave a 
clear insight about its structural and functional properties. 
Sequence alignment of Chromobacterium violaceum PHB 
synthase with the PHA synthase sequences from other 
species suggested the catalytic triad residues in 
Chromobacterium violaceum PHB synthase and the residue 
which links PHB synthase to 3HB-CoA ligand. Molecular 
dynamics simualtions revealed that the structure is stable in 
terms of energy, but there is a greater deviation in RMSD. 
Molecular dynamics study also proves that NaCl plays an 
important role in modulating electrostatic interactions. 
Protein-protein interaction studies revealed the binding 
mode of PHB synthase during its dimerization.  
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Fig. 1- Predicted structure of phaC protein. 
 

 
 

Fig. 2- Total energy graph for MD run without NaCl 
 

 
 

Fig. 3- Total energy graph for MD run with NaCl 
 

 
 

Fig. 4- RMSD of the protein with NaCl. 
 

 
 

Fig. 5- RMSD of the backbone with NaCl 
 

 
 

Fig. 6- Number of inter-molecular hydrogen-bonds for MD trajectory 
with 0.1 mol/lit NaCl 
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Fig. 7- Number of intra-molecular hydrogen-bonds for MD trajectory 
with 0.1 mol/lit NaCl 

 

 
Fig. 8- Solvent Accessible Surface Area for MD trajectory with 0.1 

Mol/lit NaCl 
 

 
 

Fig. 9- Binding mode of PHB synthase dimer in model 1. 
 

 
 

Fig. 10- Binding mode of PHB synthase dimer in model 2. 
 
 

Table 1- Comparative study of hydrogen bonds and salt bridges in the selected frames of MD trajectory with NaCl and without NaCl 
MD Trajectory TIME STEPS (ps) ENERGY (KJ/mol) NO OF SALT 

BRIDGES NO OF HYDROGEN BONDS 

Without NaCl 2551.800049 -1459524.000000 29 85 
3061.000244 -1459534.000000 31 83 
4688.200195 -1459485.500000 29 84 
4824.200000 -1459595.500000 24 89 
4895.000000 -1459262.250000 30 88 

With 0.1 mol/lit NaCl 533.600037 -1505461.875000 10 78 
1064.600098 -1505370.625000 11 67 
2298.600098 -1505213.125000 10 76 
8140.200195 -1510120.000000 11 58 
8142.800293 -1510140.250000 11 61 

 
Low energy frames selected from MD trajectory without NaCl and MD trajectory with NaCl were analyzed for the number of salt bridges and number of 
hydrogen bonds. This study clearly shows that the electrostatic repulsion caused by the addition of Na and Cl ions is the reason for its minimum energy. 
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Table 2- Inter-molecular interactions of the dimer PHB synthase in balanced state 
NO RECEPTOR LIGAND DISTANCE NO RECEPTOR LIGAND DISTANCE 

RESIDUE ATOM RESIDUE ATOM RESIDUE ATOM RESIDUE ATOM 
1 GLN 147 NE2 TYR 391 O 2.9 2 THR 146 O TYR 492 N 2.84 

GLN 147 O TYR 391 OH 2.86 ARG 409 NH1 TYR 200 O 2.7 
LEU 181 O ILE 413 N 3.16 ARG 490 NE GLU 101 OE1 2.89 
MET 100 O PHE 361 N 3.43 TRP 493 N THR 146 O 3.11 
ASN 180 OD1 ARG 409 NH1 2.60 VAL 182 O ARG 409 NE 2.86 
GLN 410 OE1 ARG 409 NH2 2.75 THR 201 OG1 ARG 409 NH2 2.73 
LYS 179 NZ SER 363 OG 3.03 LYS 105 NZ ASP 398 OD1 2.59 
THR 405 OG1 LYS 487 NZ 2.47 3 GLN 163 OE1 ARG 490 NH2 2.68 
ASN 367 OD1 LYS 487 NZ 2.60 GLN 163 O ARG 490 NH1 2.68 
LYS 487 NZ PRO 400 O 2.66 GLU 149 OE1 TYR 412 OH 2.80 
LYS 487 NZ THR 405 OG1 2.63 GLN 147 O ARG 409 NE 2.73 
ARG 409 NE TYR 223 OH 2.74 ARG 490 NH1 LYS 164 O 2.70 
ARG 409 NH1 ASN 180 O 2.72 ARG 490 NH2 GLN 163 O 2.67 
ARG 409 NH2 ASN 180 O 2.75 ARG 409 NH1 GLU 149 OE2 2.70 
THR 360 OG1 MET 100 O 2.86 ARG 409 NH1 GLY 148 O 2.62 
TYR 391 OH GLN 147 O 2.83 ARG 409 NH2 ALA 143 O 2.71 
TYR 391 O GLN 147 NE2 2.79 4 ARG 409 NH2 ILE 144 O 2.67 

2 ARG 409 NH2 THR 201 OG1 2.69 ARG 445 NH2 GLU 336 OE1 2.74 
ARG 409 NE VAL 182 O 2.81 SER 453 OG GLU 329 OE2 2.86 
ARG 409 NH2 VAL 182 O 2.82 HIS 448 ND1 ALA 337 O 2.89 
ARG 490 NH2 ALA 126 O 2.95 GLU 329 OE2 TYR 456 OH 2.83 
ARG 490 NH2 LEU 124 O 2.84 GLU 336 OE1 ARG 445 NE 2.90 
MET 100 O ARG 490 NH2 2.79  

GLN 147, GLN 163, ARG 409, LYS 487 and ARG 490 are highly participating in the protein-protein interaction which clearly shows that these residues are 
very important in the dimerization of the protein 
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