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A B S T R A C T                          

Introduction  

Hydrogen is a chemical element bearing 
symbol H, atomic number 01 and the 
average atomic weight 1.008 amu, making it 
the lightest element. Its monoatomic form 
(H1) is the most copious chemical substance, 
aggregating about 3 quarters of the 
Universe s baryonic mass. Hydrogen gas 
(dihydrogen or molecular hydrogen) is 
highly flammable and will burn in air at a  
broad range of concentrations between 4% 
and 75% by volume. The combustion 
enthalpy for hydrogen is 286 kJ/mol (Cohen 
et al., 2005; Sen et al., 2008).          

Biological Hydrogen Production  

H2 is a product of some types of anaerobic 
metabolism and is produced by several 
micro organisms, usually via reactions 
catalyzed by iron or nickel containing 
enzymes called  hydrogenase. These 
enzymes catalyze the reversible redox 
reaction between H2 and its component two 
electrons and two protons (Kim and Kim, 
2011). Creation of hydrogen gas occurs in 
the transfer of reducing equivalents 
produced during pyruvate fermentation to 
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Hydrogenase is an enzyme that catalyzes the reversible oxidation of molecular 
hydrogen (H2). Here, the hydrogenase enzyme structures of Chlamydomonas 
reinhardtii, Clostridium  pasteurianum and Desulfovibrio vulgaris were taken as 
reference to develop homology model structures of the hydrogenases taken from 
Clostridium acetobutylicum, Chlorella variabilis and Scenedesmus obliquus. 
BLAST search was performed and the templates with a minimum of 35% sequence 
similarity were considered for homology modelling. Structure analysis was 
performed after subsequent energy minimization. Clostridium pasteurianum (CpI) 
was the reference structure for analyzing the gas diffusion path and hydrogen 
bonds. It has been seen that the path is formed around the H-cluster which is where 
the hydrogen molecule is produced. It is blocked by the oxygen molecule, in its 
path reducing the efficiency of the enzyme. The experiments prove the algae 
Chlorella variabilis and Chlamydomonas reinhardtii as the next model organisms 
for our further research.
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water. In all photosynthetic organisms water 
is decomposed into its molecular 
components H+ ions, electrons, and oxygen, 
in the presence of light. Such organisms, 
including the alga Chlamydomonas 
reinhardtii and cyanobacteria García et al 
(2012), Patel et al (2012) have evolved an 
alternative second step, in which electrons 
and H+ ions are reduced to form hydrogen 
gas (H2) by specialized enzymes called 
hydrogenases in the chloroplast during the 
dark reactions (Hemschemeier et al., 2009; 
Levin et al., 2004).  

Oxygen Sensitivity  

Hydrogen production in Clostridium 
pasteurianum (CpI) happens at the H 
cluster, a metallic cluster embedded inside 
its protein matrix (Adams, 1990), and is 
achieved by the reduction of H+ ions from 
the external solution through the use of 
electrons acquired from a reduced carrier 
such as ferredoxin (Peters, 1999) . It is 
assumed that the H+ ions probably reach the 
H cluster, but this proton path contained in 
the protein is yet to be verified (Peters et al., 
1998). The electrons are transferred to the 
bounded H cluster through a series of 
accessory Fe-S clusters aligned in a chain 
between the H cluster and one end of the 
hydrogenase enzyme of Cpl.  

CpI should allow the product to leave the 
protein, but it also lets the small gas 
molecules such as O2 and CO to escape 
through the enzyme and bind the H cluster, 
inactivating the hydrogen production at the 
cluster. While the O2-mediated deactivation 
of hydrogenase is in some cases 
advantageous for the host organism, it 
severely affects the efficiency of using 
hydrogenase to produce H2 as a carrier of 
consumable energy (Seibert et al., 2002). 
Genetic modifications of cyanobacterial 
hydrogenases have been and are being tried 
to efficiently synthesize hydrogen gas with 

simultaneous release of oxygen molecule 
(Srirangan et al., 2011).  

The present paper provides first-hand 
information on the gas diffusion paths as 
well as structural analysis of hydrogenase 
enzyme comparing algae and bacteria, 
showing microalgae as a better system in 
whole for commercial production of 
biohydrogen.  

Materials and Methods  

Sequence Collection and Alignment  

The FASTA sequences of CpI (Clostridium 
pasteurianum) (3C8Y), Chlamydomonas 
reinhardtii (3LX4) and Desulfovibrio 
vulgaris (1HFE) were obtained through the 
PDB. These FASTA sequences were used to 
run BLAST and three sequences which 
mutually had atleast 35% similarity in their 
protein sequence were selected (Altschul et 
al.,1997; Alejandro et al., 2001). They 
belonged to Chlorella variabilis, 
Clostridium acetobutylicum and 
Scenedesmus  obliquus and the FASTA 
sequences for the above were obtained.  
A CLUSTAL Omega program was run on 
each target to all the three templates and the 
sequence alignment was obtained and the 
conserved domains were obtained.  

Structure and Path Analysis  

Based on the literature review, BLAST 
search and alignments homology models of 
each of the targets were developed based on 
the three templates. They were re-aligned in 
the Swiss PDB Viewer, maintaining the 
conserved domains undisturbed and 
removing the non-aligned, non-conserved 
amino acid sequences. The gas diffusion 
paths were predicted for the modelled nine 
structures, C. reinhardtii and D. vulgaris 
based on the experiments performed by 
Cohen and his co-author in 2005 on CpI. 
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The backbone structure comparison was 
done on the structures with each other using 
PyMol and a matrix of RMSD values was 
tabulated. Analysis was done based on the 
matrix and the best suitable homology 
model was achieved.  

Result and Discussion  

Sequence collection  

FASTA sequences of Chlamydomonas 
reinhardtii, Clostridium pasteurianum and 
D esulfovibrio vulgaris were taken. The 
BLAST run aligned the B-chain of C. 
reinhardtii and M chain of D. vulgaris with 
the single A-chain of C. pasteurianum. The 
BLAST results gave the following 
organisms with at least 35% similarity in the 
amino acid sequence. We found highest 
similarity was between Clostridium 
acetobutylicum and C. pasteurianum as they 
both were bacteria of same species (71%). 
There was a decent amount of similarity of 
the algae Chlamydomonas reinhardtii with 
all the three species Clostridium 
acetobutylicum, Chlorella variabilis and 
Scenedesmus obliquus (39%, 48% and 62% 
respectively). It s also known to produce 
high quantities of hydrogen gas when grown 
in Sulphur deprived conditions.  

Evolutionary Tree  

A cladogram was (Figure 2) constructed 
using CLUSTAL Omega (1.2.1) program in 
the EMBL-European Bioinformatics 
Institute web server. Chlorella variabilis 
(G3ESX5_CHLVAA) and Scenedesmus 
obliquus (Q9AR66_SCEOB) are both 
microalgae placed along with 
Chlamydomonas reinhardtii (3LX4_B) and 
Clostridium acetobutylicum (Q59262_ 
CLOAT) is a bacterium placed along with 
Clostridium pasteurianum (3C8Y_A) and 
Desulfovibrio vulgaris  (1HFE_M).  

Multiple Sequence Alignment  

The Figure 3 and Figure 4 show the 
CLUSTAL Omega multiple sequence 
alignment  along with similarity index. With 
the alignment results, conserved domains 
were marked, and the non-aligned, non-
conserved amino acids were removed before 
structure modelling to increase the 
efficiency and minimize the energies of the 
3D structures generated. Later, their 
energies were minimized and structure 
analysis was performed. CLUSTAL Omega 
1.2.1 is the most efficient program for 
sequence alignment. Here (Figure 3 and 
Figure 4) we found that 3LX4-B and 1HFE-
M start their sequence late. It was also 
observed that a large gap occur in other 
sequences which do not match to 3LX4-B. 
There were around 5 to 6 core domains 
where we found continuous * (100% 
identity in all the six sequences) and : 
(similar amino acids in all the sequences but 
not identical) and . (Similar amino acids in 
at least three of the six sequences) denoting 
conserved domains in the sequencing and 
play important role the protein function and 
folding.  

Modelling  

Homology Modelling  

Based on the alignment generated by the 
CLUSTAL Omega program, modelling was 
made on the following structures using 
SWISS server and analyzed using SWISS 
PDB Viewer. Energy of each structure was 
minimized to the range 1 of -20000 KJ/mol 
to -30000 KJ/mol and then rendered in solid 
3D of the ribbon format. After modelling the 
structure, the Q-Mean value was obtained 
from SWISS Model structure assessment 
tool. Energy minimization increased the Q-
mean Z-score value of every modelled 
structure by at least 1 unit (Arnold et al., 
2006; Benkert et al., 2009). 
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Fig.1 Structure of CpI Hydrogenase showing the enzyme with its embedded H cluster and 
iron sulphur clusters. Also shown are the residues lining the two principal gas Paths 
connecting the external solution to the buried H cluster. (Source: Cohen et al. 2005)    

  

Fig.2 The image illustrates the phylogeny of the organisms   
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Fig.3 Part 1 of the screen shot of the CLUSTAL Omega program run for multiple sequence  
alignment of the target sequences of CV, SO and CA against the template sequences of 
3C8Y-A, 3LX4-B and 1HFE-M.   



Int.J.Curr.Microbiol.App.Sci (2014) 3(7) 481-494   

486

   

Fig.4 Part 2 of the screen shot of the CLUSTAL Omega program run for multiple sequence  
alignment of the target sequences of CV, SO and CA against the template sequences of 
3C8Y-A, 3LX4-B and 1HFE-M.   
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Fig.5 Homology modelled structure of all the three species based on the three  
available PDB structures  

  

Fig.6 Molecular diffusion Path model of CpI. 
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Fig.7 Molecular structure of paths of the three best models and of 3LX4 and 1HFE     

Table.1 The BLAST results of target sequences of Chlorella variabilis (CV), Scenedesmus 
obliquus (SO) and Clostridium acetobutylicum (CA) against selected templates. (Zdobnov et 
al., 2001); (Arnold et al., 2006); (Schaffer et al., 2001); (Altschul et al., 1997).   

  

Table.2 The table describes the Q Mean values and Z score Q Mean values of the energy 
minimized modeled  structures. (Zhou, et al., 2002)  
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Table.3 The table describes the distribution of amino acids in all the structures template and 
target, representing the cavity, where H-cluster is present and the first place where hydrogen 
is produced. Here CA, CV, SO  represent modelled structures based on each template.                  

Table.4 The table describes the amino acids in all the structures template and target, 
representing the Path A. The Path is made of same amino acids in the respective target 
structures except CV-1HFE. (The 1HFE-M modelled CV has 564-V (based on the 340-V) 
and not 553-L as a part of the Path.) 
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Table.5 This table describes the amino acids in all the structures template and target, 
representing the Path B. The Path is made-up of same amino acid in the respective target 
structures. Here CA, CV, SO represent  modelled structures based on only 3C8Y and 3LX4 
as templates. Path B does not exist in 1HFE.  

  

Table.6 The table shows the number of hydrogen bonds formed by the amino acids 
comprising the cluster and  Paths along with their target sequences (3C8Y&3LX4/1HFE).  
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Table.7 This table describes the RMSD value matrix of all the modelled structures and the  

template structures aligned against each other.  

   

The Table 1 describes the BLAST result to 
template organism tabulated only with 
minimum sequence similarity of 35% 
(30% being cutoff) (Seibert et al., 2002; 
Zdobnov and Apweiler, 2000). If the 
sequence similarity falls below 30% then 
the organisms are assumed to be totally 
unrelated and ambiguous identity (Rost, 
1999). The Q Mean is the global score of 
the whole model reflecting the predicted 
model reliability ranging from 0 to 1 
(Zhou and Zhou, 2002). The QMEAN Z-
score provides an estimate of the absolute 
quality of a model by relating it to 
reference structures solved by X-ray 
crystallography. The QMEAN Z-score is 
an estimate of the "degree of nativeness" 
of the structural features observed in a 
model by describing the likelihood that a 
model is of comparable quality to high-
resolution experimental structures. In the 
current study, 3 models were selected 
based on the Q Mean values and Z score Q 
Mean values of the energy minimized 
modelled structures on CA, CV and SO as 
described in Table 2. Figure 5 shows the 
ribbon models of the enzyme modelled 
from different species give us physical 

evidences of different possible structures. 
For example SO-3C8Y here has an -helix 
and a -sheet at the top left corner which 
are not observed in other structures based 
on 3C8Y. Similarly, we found a small  -
helix in CV-1HFE which is not observed 
in others. The major difference we 
observed was the different shapes of the 
same enzyme of the organism modelled 
under different PDB structures.  

Gas Diffusion Path Analysis  

The current study presented the modelled 
structures showing only the predicted gas 
diffusion paths of the above structures. 
Figure 6 shows the defined diffusion paths 
of CpI, this is the molecular analogue of 
Figure 1. There are two paths of diffusion 
for O2 and H2 transport with center as H-
cluster in the CpI. Cavity is defined by CpI 
amino acid residues 272, 275, 276, 279, 
297, 299, 324, 417, and 423 ; the central 
cavity extends into, Path A and Path B. 
Path A is made of same amino acids in the 
respective target structures except CV-
1HFE. It is defined by amino acid residues 
274, 280, 283, 284, 287, 293, 295, 424, 
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427, 428, 431, 459, 461, 466, 467, 468, 
492, and 493 (Table 4). The Path B, 
defined by amino acid residues 275, 278, 
279, 321, 327, 35 330, 331, 334, 551, 552, 
555, 556, 563, 564, 567, 568 (Table 5). 
The table describes the amino acids only 
in the 3C8Y and 3LX4 as the structure 
templates. In 1HFE there is absence of 
Path B.  

This study has the same opinion with the 
analysis made by Cohen and his co-author 
in 2005. Figure 7 shows the path models 
predicted based on CpI (Figure 6). 1HFE-
M (D. vulgaris) is the shortest and when 
its path was being predicted, only one of 
the two paths were identified i.e. Path A. 
Also the paths of structures developed 
based 1 on 1HFE-M were also predicted 
similarly (not shown).  

Distribution of amino acids  

The amino acids present in all the 
structures template and target thus 
representing the cavity, where H-cluster is 
present, which is the first place where 
hydrogen is produced. This has been well 
illustrated in Table 3. The cavity is made-
up of same amino acids in each of the nine 
target structures. Here CA, CV, SO 
represent modelled structures based on 
each template. The present study well 
relates to the findings done by Cohen et al 
(2005).  

Table 4 and Table 5 show all the amino 
acids that contribute to the gas diffusion 
paths, i.e. path A and path B respectively 
based on CpI (Cohen et al., 2005). As 
mentioned earlier, these are only 
predictions of the mechanism or the route 
which the gas follows to escape from 
within the enzyme. Molecular interactions 
among these amino acids have allowed 
them to form a system which lets the gases 
out. 

Hydrogen Bonds  

Hydrogen bonds which play the most 
significant role in the interactions in these 
kinds of mechanisms have been studied 
and described in Table 6. The number of 
hydrogen bonds in the modelled structures 
are only a little less than the X-ray 
crystallographic structures which suggest 
that the modelling done by the server was 
not accurate but efficient enough to guide 
us. Few of the amino acids form multiple 
hydrogen bonds either with same or 
different amino acids, which makes them 
significant in the path. Also the amino 
acids which form hydrogen bonds across 
the radius of the path can be studied 
further as they can be important for 
eliminating the oxygen sensitivity and for 
efficient production of hydrogen. 
Chlorella variabilis forms the highest 
number of hydrogen bonds (Table 6).  

Structure Analysis  

Each of the nine structures are aligned to 
remaining and a matrix of RMSD values is 
generated (Table 7). All the values are 
below 3.00 units signifying an efficient 
modelling mechanism. Some of the values 
were not obtained; this may be due to the 
vast size difference and backbone 
mismatch. The previous works done by 
Benkert et al (2009) on PyMol prove that 
the values lesser than 3.00 units depict 
good results and all the structures 
modelled are competent and also, lesser 
the value more efficient the model. In the 
table, values which have been made bold 
signify values 0.11 which are more 
consistent and the next nearest value to 
0.11 is 0.67 (homology models) which is 
relatively higher. Most of the models 
which fall under this category belong to 
Clostridium acetobutylicum modelled 
based on all the three structures (0.11, 
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0.07, 0.07, 0.1, 0.09, 0.08, 0.09, 0.07 and 
0.08) averaging 0.084. Those are 9 values 
of 18 boldly marked values. The 
Scenedesmus obliquus has only 8 values 
under this category. However, Chlorella 
variabilis also gathered 9 values, but more 
importantly all of them are  0.09 only and 
(0.08, 0.07, 0.07, 0.08, 0.09, 0.05, 0.09, 
0.07 and 0.06) averaging only 0.073 units. 
It can be said that Chlorella 1 variabilis, 
which maintains an efficient RMSD value 
and consistent homology with all the three 
structures with an optimum value of 
around 40% (BLAST result), is a potential 
model organism next to CpI. Apart from 
this, an analysis has been made on the -
helix and -sheet positions for a deeper 
view of the conserved domains and their 
formation. The amino acids which form 
the H cluster and paths are integral parts of 
6 different -helices and 3 different -
sheets, however, Path A and the H-cluster 
are formed by only 4 -helices and 3 -
sheets.  

Having found the positions of each amino 
acid with respect to the helices and sheets, 
the next step would be to find the radius of 
the Paths and where exactly hydrogen 
molecules are obstructed by the oxygen 
molecules. Further, the tertiary structure 
analysis and hydrophobic interactions will 
be studied. With these results we will be 
going for the structural analysis of the 
protein under the influence of various 
ligands of each modelled structure and 
obtain a reliable solution which can be 
implemented practically. The results 
obtained from this work open a lot of 
opportunities in exploring more organisms 
which can be potential sources for 
hydrogen production and make a 
revolution in fuel resources. The oxygen 
sensitivity as proposed by many researches 
is the only posing problem for the efficient 
hydrogen production. Hydrogen gas 

storage and hydrogen run motors must be 
the target of every researcher in this field. 
The government and the scientific 
community must encourage environmental 
friendly and energy efficient projects.  
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