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  Abstract: 

In the present study, we investigated the differences in the amino 

acid composition, codon usage bias and, nucleotide and amino acid 

substitutions if any between thermophilic and psychrophilic bacteria to 

understand the habitat dependent molecular evolution. We selected 55 

thermophiles and 12 psychrophiles to carry out the study, whose genomes 

were sequenced and the data is publically available. Total 119 proteins are 

found to be conserved and are commonly present in all 55 thermophilic 

and 12 psychrophilic bacteria. To identify the nature of molecular changes 

(at DNA and protein level) between thermophilic and psychrophilic 

bacteria, these 119 proteins and their corresponding open reading frames 

were used, because they are commonly present (conserved orthologs) in 

all the selected bacterial species. Amino acid composition of conserved 

orthologs between thermophiles and psychrophiles showed that the 

charged amino acids (aspartic acid (Asp), glutamic acid (Glu), lysine 

(Lys), arginine (Arg)) and aromatic amino acids (phenylalanine (Phe), 

tyrosine (Tyr)) were relatively more in thermophiles. While polar 

uncharged amino acids (serine (Ser), threonine (Thr), glutamine (Gln), 

asparagine (Asn), cysteine (Cys), methionine (Met)) were more in 

psychrophiles. We have not observed any significant difference in the 

frequency of occurrence of aliphatic amino acids between thermophilic 

and psychrophilic conserved proteins, except, glycine which was seen 
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relatively more in psychrophiles. As an example, two conserved proteins, 

GroES and GroEL (here after GroESL) orthologs of thermophiles and 

psychrophiles were compared to identify the amino acid substitutions 

which are conserved only in one extremophilic group, but not in the other. 

Phylogenetic analysis of all conserved proteins in selected thermophilic 

and psychrophilic bacteria, showed two different clusters, one 

corresponding to psychrophiles and the second corresponding to 

thermophiles. Thermophilic cluster and psychrophilic cluster were formed 

probably due to the conservation of certain amino acids within each group 

of extremophiles. Amino acids and/or motifs necessary for refolding 

activity of GroESLs were conserved in all orthologs, irrespective of 

whether they belong to thermophiles or psychrophiles. Apart from these 

conserved amino acids, specific differences between the two clusters of 

GroESL protein sequences were noticed. These specific differences 

between thermophilic and psychrophilic GroESLs are conserved within 

each cluster, supporting the argument that during the course of adaptation 

to extreme conditions, selective changes in genetic material led to changes 

in amino acids for optimized protein function. Such specific differences in 

amino acids might have arisen during bacterial adaptation to extreme 

temperatures. The specific amino acid differences, nature of amino acids 

and their interactions are critical for GroESL temperature optima as 

evidenced from the comparative analysis performed in this study. We 
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generated a consensus psychro-GroESL and thermo-GroESL representing 

psychrophilic and thermophilic bacteria, based on frequency of occurrence 

of amino acids at each position in a multiple sequence alignment of 

GroESL orthologs of psychrophiles and thermophiles. These consensus 

GroESL proteins were reverse translated using the E. coli genetic code and 

the synthetic psychro-groESL and thermo-groESL were generated. These 

synthetic genes were cloned in pET28a(+) expression vector, expressed 

and purified for thermal denaturation studies. The thermal denaturation 

studies indicated that the thermo-GroEL is more stable than psychro-

GroEL.  Thermal denaturation studies showed that up to nearly 55 °C the 

thermo synthetic GroEL protein retains 10 % of its secondary structure 

where as the psychro synthetic GroEL protein loses approximately one 

third of its structure at the same temperature. It is well known that 

genomes of thermophilic bacteria have relatively high GC content when 

compared to psychrophilic genomes. Thermophiles maintain high GC 

content in their genomes to stabilize DNA and to prevent the thermal 

denaturation of DNA at high temperatures. The average GC content of 

thermophilic and psychrophilic genomes are 53.36 % and 41.83 % 

respectively. We hypothesized that thermophiles might have evolved with 

high GC content in their genomes, probably by biased usage of codons. 

Codon usage analysis of conserved proteins showed that the codons 

ending with A/T were preferred mostly by psychrophiles, where as codons 
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ending with G/C were preferred by thermophiles. We investigated the 

nature of nucleotide substitutions, which might have occurred and 

accepted during the course of adaptation to either temperature extremes. 

Substitution rate analysis showed dSYN (number of SYNonymous 

substitutions over synonymous sites) were relatively high in psychrophiles 

(0.650 ± 0.158), while dNCNS (number of Non-Conserved Non-

Synonymous substitutions over sites) more in thermophiles (0.294 ± 

0.034). High temperature adaptation favors relatively high rate of non-

synonymous substitutions, suggests that bacteria evolved as thermophiles 

under positive selection pressure. Thermophiles experience more 

constraints on the genome than psychrophiles. As a result they might have 

undergone the non-conserved substitutions, which are not naturally 

acceptable and might have carried forward for adaptation to high 

temperature. As dCNS (number of Conserved Non-Synonymous sites over 

conserved non-synonymous sites) was equally distributed between 

extremophiles, during course of evolution, conservative substitutions have 

a greater chance of being acceptable. We have observed that the 

mechanism of groESL gene regulation is different between thermophiles 

and psychrophiles. In most of the thermophiles, majority of heat shock 

genes and operons are found to be regulated by CIRCE / HrcA system.  

However, in the genome of psychrophiles, CIRCE element and hrcA gene 

were not found. Instead, RpoH binding site was found in the upstreams of 
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groE and dnaK operons in psychrophiles. Absence of CIRCE element and 

hrcA gene in psychrophiles infers that negative regulation of heat shock 

genes might not be necessary as they are rarely exposed to heat. They 

probably need an immediate activation of hsp gene expression upon heat 

shock. However, thermophiles experience high temperatures at all the 

time, therefore, they might have evolved with negative regulatory 

mechanism to maintain the mRNA and protein levels of heat shock 

proteins in the cell. Overall, the data generated, explains the thermal 

adaptation strategies used by either extremophiles and provides insight 

into molecular evolution of thermophiles and psychrophiles to either 

extreme temperatures. 
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 Chapter 1 

 I. Introduction 

 1.1 Extremophiles: Life in extreme conditions: 

An extremophile is a living organism that can survive in extreme 

environmental conditions. Extreme conditions includes hot niches, ice, salt 

solutions, acid and alkaline conditions, toxic waste, organic solvents, 

heavy metals, or several other habitats that were considered inhospitable 

for life (Rampelotto 2013). Extremophiles are found in all the three 

domains eucarya, bacteria and archaea, while most of extremophiles are 

predominant in archaea. Extremophiles are divided into two categories: 

extremophilic organisms that grow in extreme conditions and extremotolerant 

organisms that tolerate extreme condition and also grow optimally at normal 

conditions (Rampelotto 2013). 

Microorganisms are classified into three groups, psychrophiles, 

mesophiles and thermophiles based on their growth temperature. 

Psychrophiles grows in cold temperatures, between -20 °C to +10 °C; 

mesophiles grows best at moderate temperature ranging from 20 °C to 45 

°C and thermophiles grow at very high temperature ranging between 45 

°C and 122 °C (Willey et al. 2008; Madigan and Martino 2006; Takai et 

al. 2008) (Fig 1). Bacteria that are adapted to survive under extremely high 

and low temperatures are called thermophiles and psychrophiles 

respectively.  
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Fig 1: Relation between temperature and growth rate for a typical 

psychrophilic, mesophilic, thermophilic and hyperthermophilic 

microorganism. The respective optimal growth temperatures Topt are 

indicated on the graph (Taken from Madigan et al. 1997). 

 

Bacteria are also found in extremely acidic and alkaline pH 

environmental conditions and are called as acidophiles (≥ pH 2.0) and 

alkaliphiles (pH 8.5 - 11) repectively. Some bacterial species existing in 

high salt conditions are referred as halophiles (2M - 5M NaCl) while those 

existing in high pressure conditions are refered as barophiles (>1000 atm). 

Most of the acidophiles fall under archaea domain, which includes P. 

torridus and P. oshimae, metabolize optimally at pH 0.7 and grows up to 

65 °C, while Sulfolobus and Acidanus spp. grow up to 96 °C at pH 1–5 

(Baker-Austin and Dopson 2007). Other acidophilic archaea includes 
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Thermoplasma and Ferroplasma which metabolize at pH 1-5 (Baker-

Austin and Dopson 2007). Bacteria are less tolerant to extreme acidity, but 

T. aotearoensis tolerates pH as low as 3.8, grows up to 60 °C (Hogan 

2012). Different kinds of alkaliphiles, including bacteria belonging to the 

genera Bacillus, Micrococcus, Pseudomonas and Streptomyces and 

eukaryotes such as yeasts and filamentous fungi, have been isolated from a 

variety of environments (Duckworth et al. 1996; Groth et al. 1997; 

Horikoshi 1991). Halophiles mostly distributed in archaea domain survive 

in hyper-saline conditions such as salt lakes, rock salt etc. Strains of H. 

subglaciescola, showed salt tolerance from 0.5 to 20 % and were able to 

grow at temperatures below 0 °C (Kunte et al. 2002). Apart from this, 

mixed extremophiles are also reported which survive in two or more 

extreme conditions like, C. paradoxum, a novel alkali-thermophile, which 

survives in pH range between 7.6 to 9.8 (Cook et al. 1996). T. alcaliphilus 

sp. hyperthermophilic archaeon grows at temperature between 56 to 90 °C 

and pH between 6.5 - 10.5 (Tanabe et al. 1988).   

Almost all extremophiles were isolated and studied extensively 

over the last two decades, but most of the research was done on 

thermophiles as they form the source of many novel enzymes that are 

extensively used in almost all fields of biotechnology (Niehaus et al. 

1999). As enzymes from extremophilic organisms are relatively stable and 

active at extreme conditions, they are preferred over normal enzymes in 
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many enzyme based industries (Niehaus et al. 1999).  Therefore, studies to 

understand the mechanisms of adaptation to extreme conditions by 

extremophilic organisms and characterization of extremophilic enzymes 

gained significant attention by the researchers. Moreover, it is important to 

identify the molecular changes, in comparison with normal enzymes, that 

might have led an extremozyme to be able to optimally perform at extreme 

conditions.   

 1.1.1 Psychrophiles: life at low temperature: 

Psychrophiles are the microorganisms that live in cold 

environments, such as polar regions, the deep sea and cold currents in the 

ocean. Word “psychro” means cold and “philos” means loving i.e., cold 

loving. Psychrophiles are also called as “Cryophiles” and “Rhigophiles”. 

Seventy one percent of the earth surface is covered by oceans with an 

average yearly temperature of 5 °C (Rodrigues and Tiedje 2008). The 

extreme cold environments like oceans which have an average yearly 

temperature of 5 °C, and the ocean depths which have a constant 

temperature between 1 to 4 °C throughout the year, are the favorable 

conditions for the psychrophiles to grow (Feller 2013). Permafrost is 

defined as soils or sediments continuously exposed to a temperature of 0 

ºC or below for at least 2 years (Mueller 1973). Permafrost temperatures 

range from -10 ºC to -20 ºC in the arctic to -10 ºC to -65 ºC in the 

antarctic, with low water activity and 0.85 – 1 % of carbon.  A variety of 
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psychrophilic microorganisms isolated from the kolyma permafrost of 

northeast Siberia, includes Arthrobacter, Exiguobacterium, 

Flavobacterium, Sphingomonas and Psychrobacter (Vishnivetskaya et al. 

2006). Microorganisms were also found in frozen ice with a very small 

film of water surrounding the cell that serves as a reserve of substrates 

(Rohde and Price 2007). In comparison to the frozen ice, permafrost is a 

more favorable environment as it provides heterogeneous soil particles 

and larger reservoirs of nutrients. Psychrophiles are also found in brine 

veins between polar sea ice crystals at -20 
o
C, in super-cooled cloud 

droplets and porous rocks in Antarctic dry valleys at -60 
o
C (Deming 

2002; Bakermans and Skidmore 2011; Sattler et al. 2001; Vaïtilingom et 

al. 2010; Friedmann 1982; Cary et al. 2010). Hence understanding 

bacterial adaptation to cold environment is necessary to identify the 

mechanisms evolved to maintain active cellular processes. 

Psychrophiles are abundantly distributed in all three domains 

bacteria, archaea and eukarya. Polar fish survive beneath the icepack was 

the biggest psychrophiles and the glacier ice worms which complete their 

life cycle in the glacier ice (Eastman 1993; Giordano et al. 2012; Roman 

Dial et al. 2012). Low temperature adapted microbes include mainly 

bacteria, fungi (in particular yeasts) and microalgae. Among the bacteria 

commonly reported Gram-negative microorganism which include α-, β- 

and γ-proteobacteria (Pseudomonas spp. and Vibrio spp.) and the 
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Cytophaga–Flavobacterium–Bacteriodes phylum adapt to low 

temperature. Coryneforms, Arthrobacter sp. and Micrococcus sp. are the 

most frequently found Gram-positive bacteria that grow at low 

temperature conditions (D’Amico et al. 2006). Among cyanobacteria, 

Oscillatoria, Phormidium and Nostoc commune are dominant in most of 

the antarctic habitats (Pandey et al. 2004). Psychrophilic yeasts, 

particularly Cryptococcus spp., are dominant in most of the antarctic 

desert soils (Vishniac and Klinger 1986).   

 1.1.2 Low temperature challenges: 

A psychrophilic bacterium, M. profunda shows maximum growth 

rate at 2 
o
C and a maximum growth temperature of 12 

o
C (Xu et al. 2003). 

This suggests that even at low temperature, the psychrophilic enzymes are 

functional and do not undergo any temperature damage. Low temperature 

challenges include cytoplasmic membrane permeability, increased water 

viscosity, decreased diffusion rate, rigidity of the enzymes, protein cold 

denaturation, improper protein folding, formation of secondary structure 

of DNA and RNA molecules, low cellular activities such as transcription, 

translation etc., (D'Amico et al. 2006). How the psychrophiles are coping 

with low temperature effects, is always a topic of research interest? Low 

temperature adapted bacteria synthesize unsaturated, polyunsaturated, 

methyl-branched fatty acids and anteiso-branched fatty acids for 

maintaining the membrane fluidity (Chintalapati et al. 2004; Russell 
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1997). Anti freeze proteins and cryo-protectants such as trehalose, exo-

polysaccharides play important roles in adaptation to low temperature. 

Anti freeze protein binds to the ice crystals and lowers the temperature so 

that organism can grow optimally and cryo-protectant like trehalose 

prevents protein from denaturation and aggregation (Jia and Davies 2002; 

Phadtare 2004). Apart from this, cold shock proteins, which are expressed 

at high levels, are involved in protein folding, maintenance of nucleic acid 

structure, transcription, translation, and membrane fluidity (Phadtare 

2004). 

Enzymes from a cold adapted organism have increased structure 

flexibility even though they share high similarity with the mesophilic and 

thermophilic homologous proteins. Enzymes from the cold adapted 

organisms show increased catalytical efficiency and decreased 

temperature stability when compared to mesophilic and thermophilic 

enzymes (Collins et al. 2003; D'Amico et al. 2003). Structural and 

thermodynamic basis of cold adaptive enzymes are difficult to obtain as 

the 3D crystallographic structure of cold adaptive enzymes in their native 

conformation are difficult to isolate (Feller 2013). Increased catalytical 

efficiency of a psychrophilic enzyme may be due to their less affinity for 

the substrate molecule. So that more number of substrate molecules are 

converted into product resulting in lowering the free energy of activation 

(Low et al. 1973). The reduced stability in psychrophilic enzymes was due 
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to the more flexible structure resulting in conformational changes of 

protein molecule. Stability of a psychrophilic  protein is  also maintained 

by various factors which includes the reduction of the number of ion pairs; 

hydrogen bonds and hydrophobic interactions; increased inter-subunit 

interactions; increased interaction with the solvent; a reduced apolar 

fraction in the core; higher accessibility to the active site; increased 

exposure of apolar residues to the solvent; decreased cofactor binding; 

cluster of glycine residues and a lower proline and arginine content 

(Violot et al. 2005). 

 1.1.3 Thermophiles: life at high temperature: 

Thermophiles are those organisms that thrive at high temperatures 

between 45 to 80 
o
C. Microorganisms surviving above 80

o
C are called 

extreme thermophiles or hyper-thermophiles, which optimally grow close 

to the boiling point of water (Stetter 1986). Most of the thermophiles and 

hyper-thermophiles are isolated from continental mud-pools (S. 

solfataricus), hot springs and geysers (T. aggregans), deep sea sediments 

or vents (M. kandleri), heated industrial environments, like the outflows of 

geothermal power plants (P. islandicum) and sewage sludge systems 

(Vieille and Zeikus 2001). Thermophiles are also being isolated from the 

ordinary surroundings like thermophilic bacilli and clostridia from 

compost piles or Thermus species from hot water boilers (Sterner and 

Liebl 2001). Most of hyper-thermophiles belong to the archaeal domain 
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and only few species belong to bacterial domain. About 70 species of 

hyper-thermophiles belong to archaea and only few species such as T. 

maritima and A. pyrophilus which have T
opt 

in the range of 90 to 95 °C are 

bacterial hyper-thermophiles (Huber et al. 2000). Some archeal members 

of the genera Pyrobaculum, Pyrodictium, Pyrococcus and Methanopyrus 

show the growth temperature 103 - 110 °C (Stetter 1996). Another archeal 

member P. fumarii show the growth temperature range of 90 to 113 
o
C 

(Vieille and Zeikus 2001). The Crenarchaeon hyper-thermophile “Strain 

121”, which is closely related to P. occultum and P. aerophilum, has been 

isolated, grows at 121
o
C with doubling time of 24 h (Kashefi et al. 2003). 

Vegetative culture of Pyrolobus and Pyrodictium are able to survive even 

after autoclaving at 121
o
 C for 1 h (Blöchl et al. 1997).  

It is an interesting area of research to study on how these exciting 

microbes synthesize and maintain enzymes at high temperatures and how 

they have optimized the protein function during the course of their thermal 

adaptation to enable designing of efficient thermo-stable enzymes that can 

work at high temperature conditions (Kumar and Nussinov 2001). 

 1.1.4 High temperature challenges:  

Temperature is one of the most important environmental factors 

influencing bacterial growth and activity. High temperature affects the 

structure and stability of DNA, protein and other biomolecules (Berg et al. 

2002). DNA is susceptible to depurination and cytosine deamination at 
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high temperature thereby inducing DNA damage and subsequent 

denaturation (Forterre in press). As the temperature rises, rates of chemical 

and enzymatic reactions in the cell also increase. However, this works 

only up to certain temperatures above which proteins, nucleic acids and 

other cellular compounds become irreversibly damaged. High temperature 

affects the protein structure and function by breaking covalent bonds, 

ionic and electrostatic interactions in the proteins.  Breaking of the non-

covalent interactions of protein molecules results in structural deformation 

or conformational disorders. Hyper-thermophilic enzymes are more rigid 

than their mesophilic homologues as rigidity is a prerequisite for high 

thermostability of protein (Vieille and Zeikus 2001). How the 

thermophilic proteins avoid denaturation at high temperature and why 

mesophilic and psychrophilic proteins are susceptible to denaturation with 

an increase in temperature? 

Protein stability refers to the preservation of the chemical and three 

dimensional structure of the polypeptide chain and is maintained by 

interactions among amino acids distributed throughout the protein 

(Jaenicke 1991). Major research was done to understand the protein 

stability of thermophiles considering protein sequences that determine the 

functional properties of protein. Sequential stability factors include 

presence of certain amino acid like Ala, Arg and Tyr in in higher content 

in thermophiles compared to mesophilic homologs (Kumar et al. 2000; 
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Vieille and Zeikus et al. 2001). Residues Asn, Gln, Met and Cys occur less 

frequently in thermophiles, because of their sensitivity to chemical 

deamination or oxidation at high temperatures (Jaenicke 2000; Kumar et 

al. 2000). An increased occurrence of hydrophobic residues with branched 

side chains, increased proportion of charged residues, decreased 

occurrence of thermoliable residues and increased occurrence of proline 

residues in the loop contribute to a higher thermostability of proteins 

(Kumar and Nussinov 2001). Structural stability factors include surface 

loop deletion, increased helical content, increased polar surface area and 

better hydrogen bonding (Querol et al. 1996; Vogt et al. 1996; Kumar et 

al. 2000). Other stabilizing features include an increased number of ion-

pair networks, aromatic-aromatic interactions and salt bridges in 

thermostable proteins, compared to their mesophilic counterparts (Aguilar 

et al. 1997; Lebbink 1999; Yip et al. 1998). Thermodynamic properties, 

like enthalpy, entropy and heat capacity are also essential protein structure 

stabilizing factors (Kumar and Nussinov 2001). It is observed that the 

adaptation to high temperature includes proteins with more number of 

subtle interactions that minimize the surface energy and the hydration of 

apolar surface groups, with buried hydrophobic residues to maximize 

packing of the core residues. All these features are maintained by the 

interactions that results in energetically most favorable stable protein. One 

of the factors that maintain the stability of the DNA is hydrogen bonding 
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between the nitrogenous bases. Thermophiles and hyper-thermophiles 

have higher GC content, as energy required to break the bonds between 

GC is more than required to break the bonds between AT. Messenger 

RNA of thermophiles contains high GC content and more purine 

nucleotides, thus help to prevent aggregation of mRNA molecule (Lao and 

Forsdyke 2000). RNA of hyper-thermophiles contains high GC content 

and modified bases, which stabilize the secondary and tertiary structures 

(Forterre, in press). GC content in the first, second and third position of 

the triplet codon, play an important role in adaptation to extreme 

temperature conditions. Basak et al. (2004), observed codons with 

relatively higher GC content in third position of codon (GC3) in 

thermophilic bacterium A. aeolicus than meosphilic bacterium B. subtilus 

(Basak et al. 2004). Methylation of the nucleotides provides thermo 

protection to DNA molecule in thermophiles, because they contain 

different methylation patterns when compared to the mesophiles (Gorgan 

1998). Other factors like histone and non-histone proteins, post 

transcriptional modifications either alone or in combination help in nucleic 

acid stability in thermophiles when compared with mesophiles (Trivedi et 

al. 2005). Microorganisms employ different strategies during adaptation to 

extreme conditions.  

 1.1.5 Applications of thermophilic and psychrophilic enzymes: 
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Many genes from the extremophiles were successfully cloned into 

mesophiles which are used now in food, pharmaceutical and chemical 

industries (Niehaus et al. 1999). In many industries, enzyme processing is 

done at elevated temperatures, as high temperature results in an increased 

bioavailability and solubility of organic compounds and also reduced risk 

of contamination. Thus obtained enzymes are found to have high purity 

than enzyme purified by other methods. Some of the extremophilic 

enzymes that are purified and used extensively in biotechnology industries 

includes extracellular polymer degrading enzymes such as amylase, 

pullullanases, cyclodextrin glycosyl transferase, cellulases, xylanases, 

chitinases, proteinases and other enzymes such as esterases, glucose 

isomerases, alcohol dehydrogenases, DNA modifying enzymes etc., 

(Niehaus et al. 1999).  

For example, thermostable α–amylases, which were characterized 

from P. woesei, P. furiosus and T. profundus have an optimum enzyme 

activity at temperatures 100 °C, 100 °C and 80 °C respectively (Koch et 

al. 1991; Chung et al. 1995; Kwak et al. 1998; Lee et al. 1996). A variety 

of heat-stable proteases have been identified in hyper-thermophilic 

archaea belonging to the genera Desulfurococcus, Sulfolobus, 

Staphylothermus, Thermococcus, Pyrobaculum and Pyrococcus. Serine 

protease of P. furiosus, called pyrolysin, was found to be highly stable 

with a half-life of 20 min at 105 °C (Eggen et al. 1990). Serine protease 
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from another thermophilic bacterium F. pennavorans which hydrolyze 

feather keratin, is optimally active at 80 °C and pH 10.0 (Friedrich and 

Antranikian 1996). DNA polymerase (Taq polymerase) from T. aquaticus, 

which catalyses template-directed synthesis of DNA from nucleotide 

triphosphates, has maximal catalytic activity at 75 to 80 
o
C.  Taq 

polymerase has captured immense importance in molecular biology 

research due to its thermo-stable nature (Niehaus et al. 1999). It has 

replaced DNA polymerase of E. coli, which is unstable at high 

temperatures in comparision to Taq which resulted in high yield of 

amplified product, high specificity and automation of PCR reaction. Taq 

has a half life at 96 
o
C for 1.6 h. Other most commonly used DNA 

polymerases are Pfu polymerase from P. furiosus and Vent from T. 

litoralis also known as Tli polymerase. Taq polymerase shows significant 

similarity (38% identity) with the DNA polymerase of E. coli (Lawyer et 

al. 1989). Comparative analysis of protein sequences of DNA polymerase 

from E. coli and T. aquaticus might provide the reasons why DNA 

polymerase from T. aquaticus is stable at high temperature and why not 

from E. coli.   

Recent researches on the psychrophiles and their enzymes have 

attracted the attention due to their peculiar relationship between the 

activity, stability and flexibility. Psychrophiles can be source of valuable 

enzymes with novel substrate specificity, affinity and high activity even at 
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mild temperature and fast heat inactivation rate (Feller 2013). 

Biotechnology application of psychrophilic enzymes include high enzyme 

activity at low concentration thereby reducing the cost of enzyme 

preparation and as the enzymes are heat liable they can be selectively 

inactivated after the reaction by moderate increase in temperature (Feller 

2013). Enzymes from thermophiles are active at very high temperatures 

and show novel properties with high specific activity for countless 

applications in food processing, medicne and other industries. Advantages 

of thermozymes includes reduced risk of microbial contamination, 

increased mass transfer, resistance to chemical detergent, improved 

susceptibility to proteins, highly stable and active at elevated temperature. 

For example, esterase gene from P. furiosus was cloned into E. coli, this 

esterase protein was found to be more thermostable with half life of 50 

min at 126 
o
C and thermo active (optimum temperature of 100 

o
C) esterase 

known till date (Ikeda and Clark 1998). Because of wide applications in 

biotechnology many number of genes from psychrophiles and 

thermophiles were cloned and expressed in mesophiles (Ciaramella et al. 

1995). 

 1.2 Importance of Comparative genomics of extremophiles: 

Genome sequence information which is available for a large 

number of prokaryotic and eukaryotic organisms, provides huge amount of 

valuable datasets for understanding similarities and differences between 
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genomes of different organisms. Characterization of whole genome is 

important to understand the relationship between the structural and 

functional aspects of a living organism (Miller et al. 2004). It has become 

a challenge for the researchers to annotate huge biological data. 

Comparative genome analysis of multiple organisms provides answers to 

several questions related to evolution, adaptation to environmental niche, 

disease cause, special traits etc. Comparative analysis employing 

mathematical and statistical algoritms, computational tools were designed 

to understand the different types of biological data like genomics, 

transcriptomics, proteomics, protein or metabolite interactions, structural 

characterization of proteins etc., to understand molecular level differences 

between the organisms. Genomes of many organisms were sequenced due 

to the availability of many tools and methodologies. The University of 

California Santa Cruz (UCSC) genomic bioinformatics has developed 

many tools for browsing genome data and aligned annotation tracts in a 

single window (http://genome.ucsc.edu). Comparative genomics mainly 

aid in the identification of the orthologs genes and conserved regions that 

help in measuring the evolutionary distances among the multiple 

organisms. With the advances in the technology and availability of the 

computational tools it is possible to understand the molecular mechanisms 

of microbial adaptation to their respective habitant. Comparison of related 

genomes could reveal phenotypic differences and recent evolutionary 
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events between the genomes. Genomes evolve through various 

mechanisms including long- and short-range, intra-genomic 

rearrangements like displacements and inversions, insertion of laterally 

acquired DNA, gene loss and single-nucleotide polymorphisms (Abbott et 

al. 2007). Thus obtained genomic alignment was able to provide insight 

into the conservation of orthologous genes, evolution of organisms and 

identification of unique genes that might be responsible for the adaptation 

to different habitant (Scanlan et al. 2009). Many organisms don’t survive 

the extreme conditions while the extremophiles survive optimally to these 

adverse conditions. Microorganisms belonging to the same or closely 

related family but adapting to different environmental conditions could be 

due to rearrangements, insertions or deletions, transversions or 

translocations that take place in the genomes during the course of 

evolution (Hao and Golding 2006). For example, Kube et al. (2010), 

noticed the absence of virulence factors of plant-pathogenic Erwinia 

strains in non-pathogenic Erwinia, by comparative genomic approach 

(Kube et al. 2010).  

Organisms surviving in the different environmental conditions 

synthesize certain proteins, modulate proteins and secrete certain 

compounds which are essential for survival to that particular habitat 

(D’Amico et al. 2006). For example, anti freeze proteins, cryo-protectant, 

cold shock proteins in psychrophiles (D’Amico et al. 2006), heat shock 
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proteins in thermophiles, osmolytes in halophiles, acidic proteins in 

alkailophiles etc.,. Acidophilic organisms have an efficient mechanism to 

pump protons out of the intracellular space in order to keep the cytoplasm 

at or near neutral pH. Comparative analysis of proteins adapted to neutral 

and low pH could provide insight into molecular level differences by 

which proteins can achieve acid stability.  

Origin and evolution of extremophiles is important to understand 

phylogeny of extremophiles. Most of the thermophiles and hyper-

thermophiles represent the most ancient forms of life now present on earth 

(Madigan et al., 1997). Thus it becomes necessary and important to 

understand the adaptation of extremophiles to extreme conditions by 

comparative sequence analysis. Genomes of extremophilic organisms 

surviving in different habitats contain some unique genes in addition to the 

core genes. Unique genes are retained by natural selection process or 

evolutionary mechanism which might be necessary for their adaptation or 

to maintain their population (Scanlan et al. 2009). Identifying genes that 

are unique to an organism compared to another, could explain its 

adaptation to a respective habitat. Comparative genomics leads us to 

analyze that during evolution, gene duplication events, gene 

rearrangements, gene deletions and insertions, gene loss and gene gain 

which might help in explaining the evolutionary dynamics. Large number 

of insertions and deletions can be observed in many bacterial species and 
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can be compared among the species (Mirkin et al. 2003; Hao and Golding 

2004; Garcia-Vallvé et al. 2000).  

Comparative genome analysis between thermophiles and 

psychrophiles might reveal reasons for their extreme temperature 

adaptation. 

 1.3 Molecular chaperons: 

Stress conditions or unfavorable environments like high 

temperature (heat shock), salt, free radicals, heavy metals, ethanol and 

amino acid analogues disturb the tertiary structure of proteins and cause 

adverse effects on cellular metabolism (De Maio 1999). Heat shock 

proteins are essential molecules of the cell that protects the bacteria from 

adverse effects. The principal heat-shock proteins that have chaperone 

activity are classified based on their molecular weight includes, Hsp33, 

Hsp60, Hsp70, Hsp90, Hsp100 and the small heat-shock proteins (sHSPs) 

(Li and Srivastava 2004). Heat shock proteins are involved in interaction 

with non-native protein subunits, stabilization of protein-folding 

intermediates and prevent protein aggregation (Li and Srivastava 2004). 

Heat shock proteins are most characterized and well studied in E. coli 

(Baldini  et al. 1998). In E. coli the heat shock genes are positively 

regulated by the alternative sigma factors σ
32

 encoded by rpoH gene and 

negatively regulated by the products of heat shock genes, dnaK, dnaJ and 

grpE (Bukau 1993; Yura et al. 1993).  
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Molecular chaperones are proteins, which assist the folding of 

substrate protein to the native state preventing from misfolding and 

aggregation. Chaperonins are the essential genes required for survival of 

bacterial cell and deletion of these genes is lethal to the cell. E. coli 

chaperonin is a well-studied system comprises two proteins belonging to 

one gene family groE; GroEL (“large", Hsp60 or Cnp 60) and GroES 

(“small", co-chaperonin, Hsp10 or Cnp 10).  In C. crescentus, groES and 

groEL exists as single operon under the control of either of the two 

promoters, heat shock promoter (IR element) and σ
32

-RNA polymerase or 

constitutive promoter (Baldini  et al. 1998). GroE heat shock proteins are 

expressed in high levels in a cell in response to different environmental 

stress conditions (Ellis 1996; Parsell et al. 1993). GroEL (Hsp60) mediates 

proper protein folding, assembly, transport and degradation of proteins 

within the cell and also prevents the protein aggregation (Craig et al. 1993; 

Hendrick and Hartl 1993). These genes are present in all eubacteria and 

eukaryotic cell organelles such as mitochondria and chloroplasts 

(Goloubinoff et al. 1989). In archaebacteria and eukaryotic cell cytosol, 

there are no close homologues of Hsp10 or Hsp60 have been identified. 

Instead, they contain the Tcp-1 (t-complex polypeptide 1) family of 

proteins (distant homologues of Hsp60) (Valpuesta et al. 2002). 

 1.3.1 Structural features of GroESL chaperone: 
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GroEL is an oligomeric protein, namely tetradecamer. Its 14 

subunits are organized in two seven-membered rings, stacked to each 

other. GroEL exists as two heptameric rings stacked back to back, each 

containing seven identical 57 kDa subunits, with a central cavity ~45 A
o

 

wide that provides an environment for the efficient folding of proteins 

(Braig et al. 1994, 1995). E. coli GroEL subunit has three domains: an 

equatorial domain containing an ATP/ADP binding site (residues 6-133 

and 409-523), an apical domain (residues 191-376) with the binding site 

for both nonnative proteins and GroES, and an intermediate domain 

(residues 134-190 and 377-408) that has a hinge region connecting the 

equatorial and the apical domains (Braig et al. 1994). GroES has a dome-

shaped structure containing seven identical 10 kDa subunits assembled as 

one heptameric ring that binds to one of the GroEL rings (Hunt et al. 

1996). Activity of GroEL/ES depends on the structure of the monomer. 

 1.3.2 Functional features of GroESL chaperon: 

Protein folding is essential to cell or else proteins will get 

accumulated in a conformation, which are energetically stable, but not a 

native one. Molecular chaperones play an essential role in the cell by 

binding to non-native proteins and prevents from protein aggregation. 

Many unfolded proteins are folded to its active conformation by binding to 

the GroESL chaperone. Many factors affecting the protein folding include 

non-covalent interactions and secondary structural elements of protein. 
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For example, if the hydrophobic residues are exposed outside the unfolded 

protein, it results in a strong tendency to aggregate. Secondary structure 

elements and their interactions are essential to form an active protein 

globule, where hydrophobic patches are buried inside, thus stabilizing the 

tertiary structure and enabling inter-domain interactions (Manakova 2001). 

On the other hand, the concentration of the unfolded protein is also 

important for proper folding; the concentration of proteins in cytosol was 

estimated to be around 300-400 mg/ml (Zimmerman et al. 1991). Any 

mis-folded species are immediately transferred to proteases of the protein 

degradation system (Goldberg 2003). Many small proteins are denatured 

and refolded into the native state without the use of GroESL, but larger 

proteins require GroESL complex. 

All known substrates of GroEL fall in two groups. Proteins from 

the first group require the complete chaperonin system for refolding. They 

are called the stringent substrates (Goloubinoff et al. 1989; Rye et al. 

1997). In the second group there are proteins, which could reach a native 

state after only one round of binding to GroEL. They do not need ATP 

hydrolysis (Hansen and Gafni 1993; Hayer-Hartl et al. 1996). ATP in this 

case can be replaced by a non-hydrolysable ATP analogue and ADP. The 

proteins of the second group usually refold themselves spontaneously in 

the solution with high efficiency. GroEL in the absence of its cofactors 

forms a tight complex with these substrate proteins. Addition of a 
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nucleotide results in the release of the substrate by lowering the affinity of 

GroEL to the unfolded protein. GroEL usually increases the yield of 

refolding remarkably, especially in the presence of cofactors (GroES and 

ATP).   

 1.3.3 Conformational switch of GroESL protein: 

GroE system is complex machinery, self-regulated by the interplay 

of several components. GroEL/ES mediated protein folding involves 

multiple rounds of binding, encapsulation, and release of substrate protein 

until the native conformation is reached. Unfolded substrate proteins bind 

to a hydrophobic region on the interior rim of the open cavity of GroEL, 

and further binding of ATP molecule to one of the seven subunit rings (the 

cis ring), induces a conformational change, includes the upward 

movement of the intermediate and apical domain, that allows stable 

association of the separate lid structure, GroES (Xu et al. 1997; Bukau and 

Horwich 1998; Hartl and Hayer-Hartl 2002; Sigler et al. 1998; Thirumalai 

and Lorimer 2001). Binding of GroES, induces multiple rounds of folding, 

returning each time to its original unfolded state, until the native 

conformation or an intermediate structure committed to reaching the 

native state is achieved. ATP hydrolysis in the cis ring triggers the release 

of GroES, ADP and the substrate protein from the GroEL, with the 

subsequent binging of ATP to the trans ring (Rye et al. 1997, 1999). 

Adenine nucleotides are main allosteric regulators of the chaperone 
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activity of GroEL. The binding of ATP by GroEL ring is a highly co-

operative process. Binding of ATP or ADP changes the affinity of GroEL 

with respect to the substrate protein and GroES (Inobe et al. 2008; 

Gorovits et al. 1997). GroEL is switched from one mode or state to 

another, each state having completely different affinities to both its 

substrates (polypeptide to be folded and ATP, as a substrate for ATPase) 

after binding of ATP. The cooperative binding of the substrate and ATP 

molecule to the GroEL have been clearly explained by two approaches: 

the classical approach of Monod-Wyman-Changeuax and the Koshland-

Nemethy-Filmer model for sequential transitions. In the first model GroEL 

subunits in one of the seven-membered ring undergo two transition states. 

In the first state the unliganded GroEL has low affinity to ATP and high 

affinity to unfolded protein substrate and the second state is the ATP 

bound state of GroEL with the opposite features. The second theory 

describes the negative co-operatively between two rings of GroEL, each 

ring comprising a unit of the concerted hydrolysis where all seven 

subunits act simultaneously. Binding of ATP to one ring allows binding of 

ATP to another ring only at higher concentration of ATP. Wide range of 

non specific unfolded proteins binds to GroEL through hydrophobic 

contacts, mainly to the apical domain ofGroEL (Fenton et al. 1994; Houry 

et al. 1999; Sakikawa et al. 1999; Viitanen et al. 1992). Apart from GroEL 

and substrate interactions, GroES interacts with cis ring of the GroEL and 
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also with the substrate protein (Mayhew et al. 1996; Weissman et al. 

1995). These non covalent interactions (hydrophobic, ion-pair, hydrogen-

bonding, vanderwaals interactions) within each protein molecule, strength 

the effectiveness and molecular compactness, there by increasing the 

stabilization energy of the protein molecules with respect tof temperature 

change.  

 1.4 Significance of study: 

Researchers have focused on the molecular characterization of the 

extremophilic enzymes, as these are relatively stable and active at extreme 

conditions. Many genes from the extremophiles were successfully cloned 

into mesophiles, which are used in food, pharmaceutical and chemical 

industries. For example, Cellulase from a thermophilic bacterium T. 

maritima MSB8 and a psychrophilic bacterium A. alcalophilum showed a 

maximal activity at 95 °C and 40 °C  respectively (Bronnenmeier et al. 

1995; Hayashi et al. 1996). The difference in temperature optimum of 

cellulase between psychrophilic (Acremonium) and thermophilic 

(Thermotoga) bacteria might suggest that functions of most proteins are 

optimized to a range of temperature in which the microorganism has been 

adapted to survive. In another example, optimum temperature required for 

refolding activity of GroESL of Oleispira, a psychrophilic bacterium is 

between 4-12 
o
C (Ferrer et al. 2003). While ATPase activity of 

recombinant C. thermocellum, a thermophilic bacterium Cpn60 showed 
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maximum activity between 60 and 80 °C (Cross et al. 1996). It is most 

likely that the differences in amino acids at various positions of a 

functionally similar protein from either extremophiles could be 

responsible for their differential temperature optima. Thus, differences in 

temperature optima might be due to the differences in the composition of 

amino acids between the two groups. Therefore, it is necessary to analyze 

variation in the amino acid composition between the extremophiles that 

contribute to the stability at high or low temperature. We hypothesize that 

an enzyme performing similar function in a thermophilic and 

psychrophilic bacterium may exhibit variation in its amino acid 

composition. The key aspect of adaptation to any extreme condition is the 

optimization of the protein function which is necessary for the cellular 

metabolism. Adaptive strategies developed by microbes to cope with 

extreme temperatures are genetically encoded and need to be analyzed to 

understand the mechanisms involved. Comparative genomics helps in 

surfacing these mechanisms as the favorable subtle changes in most of the 

bio-molecules were conserved through time, which might be responsible 

for the evolutionary success of the organism.  

Amino acid composition analysis was performed between 

psychrophilic and mesophilic proteins to understand the contribution of 

amino acids in relation to adaptation to low temperature (Metpally and 

Reddy 2009). Thus it becomes necessary and important to understand the 
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adaptation of bacteria to extreme conditions by comparative sequence 

analysis. Comparative analysis of conserved orthologous proteins and 

gene sequences between thermophilic and psychrophilic bacteria is 

necessary as it may reveal differences at the molecular level which might 

be because of their course of adaptation to extreme conditions. No reports 

are available till today and it is important to understand the molecular 

adaptation of these two extremophilic groups.  

The main objective of this study is to better understand the thermal 

adaptation strategies used by either extremophiles and to gain insights into 

the molecular evolution of thermophiles and psychrophiles to either 

extreme temperatures. 

 1.5 Objectives: 

I. Comparative analysis of proteins between thermophiles and 

psychrophiles  

1. To identify the proteins those are common (conserved orthologs) 

in all thermophilic and psychrophilic bacterial genomes.  

2. To identify the differences in the amino acid composition 

between thermophilic and psychrophilic conserved orthologs that might 

have contributed to the stability of proteins at high or low temperature. 

3. To analyze the differences in amino acids at various positions of 

GroESL from either extremophiles to identify the amino acids that are 

responsible for their differential temperature optima. 
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4. Design and synthesis of consensus psychro-groESL and thermo-

groESL genes, expression and purification of corresponding psychro-

GroESL and thermo-GroESLs for thermal denaturation studies. 

II. Codon usage differences and rate of synonymous and non-

synonymous substitution between thermophilic and psychrophilic 

conserved orthologs 

1. To analyze the codon usage between thermophilic and 

psychrophilic conserved proteins to understand the evolution of 

thermophiles with high GC content genomes. 

2. To analyze the rate of synonymous and non-synonymous 

substitutions between thermophilic and psychrophilic conserved orthologs 

to understand the molecular evolution of either extremophiles.  

III. Comparison of transcriptional regulation of groESL between 

thermophiles and psychrophiles.  

1. To identify the Cis acting elements and to compare the 

corresponding transcriptional regulators of groESL operon between 

thermophiles and psychrophiles to see any differences in the regulatory 

mechanism to sustain either extremes temperature.  
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 2. Methodology 

 2.1 Insilico analysis: 

2.1.1 Sequence and annotation files retrieval - working data set: 

We considered 55 thermophiles and 12 psychrophiles in our 

analysis for which the genome sequence information is available. We 

developed a program in Perl Script to extract nucleotide, protein 

sequences and corresponding annotation files (*.faa, *.ptt, *.fna, *.gbk 

files) for 55 thermophiles and 12 psychrophiles from the NCBI (National 

Center For Biotechnology Information) 

(ftp://ftp.ncbi.nlm.nih.gov/genomes/Bacteria).  

The genomes that are included in our analysis are listed in the 

Table 1. The few organisms with different strain names are not included in 

our analysis due to the complexity of the genomic data, to reduce the 

redundancy and noise in the data. List of the thermophilic and 

psychrophilic bacteria with the genome size, number of genes and proteins 

are given in Table 1. We created a separate local protein, nucleotide and 

intergenic sequence databases for each selected extremophilic species 

using the Perl Script. 
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Table 1: List of bacterial species considered to compare the nature of 

molecular changes between thermophiles and psychrophiles. 

 

 

Extremophiles 

Genome 

Size 

(Mb) 

No of 

genes 

No of 

proteins 

Gram 

staining 

Growth 

temperature 

(
o
C) 

Psychrophiles      

Flavobacterium 

psychrophilum 

JIP02/86 

2.88 2556 2446 Negative 3-15 

Polaribacter 

MED152 

2.96 2676 2635 Negative 16 

Colwellia 

psychrerythraea 34H 

5.37 5054 4910 Negative 8 

Photobacterium 

profundum SS9 

6.4 5702 5489 Negative 15 

Psychrobacter 

arcticus/ arcticum 

2.65 2211 2120 Negative –10 ~22 

Psychrobacter 

cryohalolentis K5 

3.1 2581 2511 Negative –10 

Pseudoalteromonas 

haloplanktis TAC125 

3.85 3620 3485 Negative 4~15 

Psychromonas 

ingrahamii 

4.56 3863 3545 Negative –12 ~10 

Desulfotalea 

psychrophila 

3.66 3322 3234 Negative 7 

Shewanella 

halifaxensis HAW-

EB4. 

5.23 4464 4278 Negative 10 

Shewanella sediminis 

HAW-EB3 

5.52 4666 4497 Negative 10 

Aliivibrio salmonicida 

LFI1238 

4.66 4421 3911 Negative 12 

Synechococcus sp. 

JA-3-3Ab 

2.93 2897 2760 Negative 50-60 

Thermobifida fusca 

YX 

3.64 3161 3087 Positive 55 

Thermosynechococcu

s elongates BP-1 

2.59 2525 2476 - 55 

Geobacillus 

kaustophilus HTA426 

3.59 3653 3539 Positive 65 

Symbiobacterium 

thermophilum IAM 

14863 

3.57 3454 3337 Positive 60 

Aquifex aeolicus VF5 1.59 1611 1560 Negative 96 

Hydrogenobaculum 1.56 1694 1629 Negative 58 
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sp. YO4AAS1 

Sulfurihydrogenibium 

sp. YO3AOP1 

1.84 1829 1721 Negative 68 

Thermus thermophiles 

HB27 

2.13 2263 2210 Negative 68 

Fervidobacterium 

nodosum Rt17-B1 

1.95 1846 1750 Negative 80 

Thermodesulfovibrio 

yellowstonii DSM 

11347 

2 2089 2033 Negative 65 

Thermosipho 

africanus TCF52B 

2.02 2041 1954 Negative 75 

Thermotoga maritima 

MSB8 

1.87 1946 1891 Negative 80 

Nitratiruptor sp. 

SB155-2 

1.88 1910 1843 Negative 55 

Synechococcus sp. 

JA-2-3B'a(2-13) 

3.05 2942 2862 Negative 50-55 

Anoxybacillus 

flavithermus WK1 

2.85 2954 2831 Positive 60 

Caldicellulosiruptor 

saccharolyticus DSM 

8903 

2.97 2844 2682 Positive 70 

Carboxydothermus 

hydrogenoformans Z-

2901 

2.4 2707 2620 Positive 78 

Clostridium 

thermocellum ATCC 

27405 

3.84 3363 3173 Positive 60 

Coprothermobacter 

proteolyticus DSM 

5265 

1.42 1541 1482 Negative 63 

Heliobacterium 

modesticaldum Ice1 

3.08 3137 2999 Negative 50-52 

Thermoanaerobacter 

tengcongensis MB4 

2.69 2721 2588 Negative 75 

Chloroflexus 

aggregans DSM 9485 

4.68 3904 3731 Negative 55 

Chloroflexus 

aurantiacus J-10-fl 

5.26 3990 3853 Negative 60 

Roseiflexus 

castenholzii DSM 

13941 

5.27 4509 4330 Negative 50 

Moorella 

thermoacetica ATCC 

39073 

2.63 2613 2463 Positive 55 

Thermoanaerobacter 

pseudethanolicus 

ATCC 33223 

2.38 2358 2239 Positive 65 

Dictyoglomus 

thermophilum H-6-12 

1.96 1973 1912 Negative 78 
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Dictyoglomus 

turgidum DSM 6724 

1.86 1867 1744 Positive 70-80 

Thermomonospora 

curvata DSM 43183 

5.64 5061 4890 Positive 50 

Ammonifex degensii 

KC4 

2.16 2239 2080 Negative 70 

Caldicellulosiruptor 

bescii DSM 6725 

2.93 2836 2666 Positive 75 

Caldisericum exile 

AZM16c01 

1.56 1633 1581 - 68 

Chlorobium tepidum 

TLS 

2.15 2337 2245 Negative 48 

Geobacillus WCH70  3.15 3590 3168 Positive 65 

Streptococcus 

thermophilus 

CNRZ1066 

1.8 2000 1915 Positive 45 

Sulfurihydrogenibium 

azorense Az Fu1 

1.64 1768 1723 Negative 68 

Thermanaerovibrio 

acidaminovorans 

DSM 6589 

1.85 1828 1738 Negative 55 

Deinococcus 

geothermalis DSM 

11300 

3.25 3142 3054 Positive 47 

Petrotoga mobilis 

SJ95 

2.17 2015 1898 Negative 60 

Natranaerobius 

thermophilus JW/NM-

WN-LF 

3.19 3024 2906 Positive 53 

Acidimicrobium 

ferrooxidans DSM 

10331 

2.16 2089 1964 Positive 48 

Acidothermus 

cellulolyticus 11B 

2.44 2217 2157 Positive 58 

Methylacidiphilum 

infernorum V4 

2.29 2524 2472 - 60 

Thermomicrobium 

roseum DSM 5159 

2.95 2904 2854 Negative 70 

Geobacillus 

thermodenitrificans 

NG80-2 

3.61 3590 3445 Positive 65 

Halothermothrix 

orenii H 168 

2.58 2436 2342 Negative 60 

Thermosipho 

melanesiensis BI429 

1.92 1992 1879 Negative 70 

Thermotoga lettingae 

TMO 

2.14 2110 2040 Negative 65 

Thermotoga 

petrophila RKU-1 

1.82 1864 1785 Negative 80 

Thermotoga 

naphthophila RKU-10 

1.81 1867 1768 Negative 80 
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Rhodothermus 

marinus DSM 4252 

3.39 2965 2863 Negative 65 

Saccharomonospora 

viridis DSM 43017 

4.31 3964 3828 Positive 55 

Deferribacter 

desulfuricans SSM1 

2.54 2442 2374 Negative 60-65 

Thermacetogenium 

phaeum DSM 12270 

2.94 2897 2824 Positive 58 

 

Table 1: List of bacterial species considered to compare the nature of 

molecular changes between thermophiles and psychrophiles. Bacterial 

species along with their optimal growth temperature, total number of 

genes, proteins and the gram stain are presented 

(http://www.ncbi.nlm.nih.gov/genome/). 

 

2.1.2 Identification of orthologs between the selected thermophiles and 

psychrophiles: 

The BLAST program is used to identify sequence similar 

homologs from nucleotide or protein databases (Altschul et al. 1990). The 

program takes a query sequence and searches it against the database 

selected by the user. It aligns the query sequence against every subject 

sequence in the database and the results are reported in the form of a 

ranked list followed by a series of individual sequence alignments, plus 

various statistics and score parameters. We have performed bi-directional 

best hit method (BDBH) by offline BlastP program to identify the 

orthologs for all proteins of 55 thermophiles and 12 psychrophiles. Bi-

directional best hit method (BDBH) is widely used method for 

identification of orthologs in reference organisms, for proteins of a target 
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organism. Bi-directional best-hit method includes identification of gene 

pairs in two different genomes that are more similar to each other than 

either is to any other gene (Overbeek et al. 1999). Orthologs for each 

protein of 55 thermophiles and 12 psychrophiles that are common in all 67 

extremophiles were identified. Each protein (query) of one extremophile 

(an extremophile as query organism) was searched (forward blast) against 

proteins of rest 66 extremophiles (target organisms) and all best hits of 

each target organism were reverse blasted (reverse blast) against proteins 

of query organism. If the top and high scoring hit of reverse blast is the 

query protein, then the best hits of 66 selected extremophiles of query 

protein are true orthologs. A blast.pl program was written to automate the 

bidirectional best hit method, which take each extremophile as query 

organism one by one and search for the orthologs in rest of the selected 

extremophiles. Parsing of the blast output files was done by ortho.pl 

program to check for the presence of true orthologs between the 

organisms. The program will checks the top and best hits in the forward 

and reverse blast and if the same homologous proteins are present then 

they are considered as orthologs. If the homologous proteins are different 

between the organisms then they are not considered as orthologs. Each 

protein of an organism with its orthologs in 66 genomes was written into 

an output file. This output file was again parsed by another 

thermopsychro.pl program to identify the protein orthologs that are 
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common in all selected thermophiles and psychrophiles. The protein with 

no orthologs in either of single thermophile or psychrophile was excluded 

from analysis. Orthologs that are present in all 55 thermophiles and 12 

psychrophiles are designated as “conserved proteins”. And output file is 

saved as .txt file. With this method we found 119 proteins are common to 

all selected thermo and psychrophilic organisms. 

 2.1.3 Phylogenetic analysis of GroESL proteins: 

The phylogenetic tree was constructed using the maximum 

likelihood method in MEGA 5.0 (Smith et al. 2009). Here, GroES and 

GroEL protein orthologs in 55 thermophiles and psychrophiles were 

considered for phylogenetic analysis. The tree was constructed using 

Jones-Taylor-Thornton (JTT) substitution model. Statistical significance at 

each node in the trees was evaluated using 1000 bootstrap resamplings.  

 

 2.1.4 Amino acid composition analysis: 

Amino acid composition analysis was done for 119 conserved 

proteins identified by bidirectional best hit method. 

 Generation of input file: 

All 119 proteins are concatenated into single protein sequence file 

using concat.pl program. This single protein sequence file was generated 

for each 55 thermophiles and 12 psychrophiles which were considered for 

amino acid composition analysis.  
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 Amino acid composition calculation: 

Amino acid composition analysis were done using a Perl Script 

program (aacal.pl) which take each concatenated protein sequence file of 

an organism and calculates the frequency of occurrence of each residue. 

Frequency was calculated by counting number of times a particular 

residue is present divided by the length of the protein sequence and the 

formula is.  

Frequency =     count of individual amino acid * 100

total No of amino acid in the protein

 

Program is automated which takes concatenated protein files of 

each organism one by one and writes into an output excel file. Amino acid 

frequency values of all thermophiles and psychrophiles are clustered into 

separate files and the mean frequency is calculated. Mean frequency 

values of thermophiles and psychrophiles were plotted in the graph. To 

find whether the observed differences in mean frequency values are 

significant or not between the extremophiles t-test was performed. 

Unpaired Student t-test with Welch’s correction was performed in off line 

GraphPad Prism 5 software. Significance of the test was done by 

calculating the p value. Similarly amino acid composition analysis and 

student t-test was performed for the GroESL protein orthologs in 

thermophiles and psychrophiles. 
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2.1.5 Calculation of amino acid(s) conserved at a given position of 

GroESL proteins between thermophiles and psychrophiles: 

Multiple sequence alignment of GroES and GroEL protein 

orthologs in 55 thermophiles and 12 psychrophiles was done by Clustal W 

(www.ebi.ac.uk/Tools/clustalw/) (Thompson et al. 1994). BLOSUM62 

matrix, an open gap penalty of 10 and an extension penalty of 0.05 were 

the parameters used in multiple sequence alignment. Multiple alignment 

file was considered for the calculation of amino acid(s) conserved at each 

position in the alignment between extremophiles. Perl Script program was 

written for which takes *.aln file as input. The main criteria for this 

analysis includes grouping of amino acids based on their side chain 

polarity, side chain charge and hydropathy index. Amino acids were 

grouped as positively charged (Asp (D), Glu (E)), negatively charged (Lys 

(K), Arg (R)) and neutral hydrophilic (Asn (N), Gln(Q), Gly (G), Pro (P), 

Ser (S), Thr (T), Trp (W), Tyr (Y)) and neutral hydrophobic (Ala (A), Cys 

(C), His (H), Ile(I), Leu (L), Met (M), Phe (F), Val (V)). Aligned protein 

sequence of GroES and GroEL (*.aln file) of thermophiles and 

psychrophiles was considered as input file. Perl Script reads each position 

in the aligned file and calculates the frequency of occurrence of conserved 

amino acid at each position between extremophiles according to the 

formula.  
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Frequency of occurrence of AA =  count of individual A.A in the column* 100

(in the column)                                         total No of Proteins

 

The amino acids at each position were considered only when there 

was at least 50 % of occurrence at respective position. 

 2.1.6 Codon usage bias between the selected extremophiles: 

Codon usage bias was done for the open reading frames of 119 

proteins with orthologs in all 55 thermophiles and 12 psychrophiles.  

 Generation of input file: 

Codons of each amino acid is grouped based on the third base of 

triplet codon, if A or T is present then they are grouped as A/T ending 

codons. Similarly, if G or C is there then they are grouped as G/C ending 

codons. In this grouping method, methionine and tryptophan were not 

considered as they have single codon. The count of A/T and G/C ending 

codons were considered to calculate the frequency of occurrence of A/T or 

G/C ending codons of particular amino acid. Psychro and thermo 

orthologs protein files of 119 proteins were considered and Perl Script 

program was written to retrieve gene sequences from NCBI 

(ftp://ftp.ncbi.nlm.nih.gov/genomes/Bacteria). For particular organism all 

119 gene sequences are concatenated into single gene sequence file using 

another Perl Script. This single gene sequence file was generated for each 

of the 55 thermophiles and 12 psychrophiles which were considered for 

codon usage bias.  
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 Codon usage calculation: 

Codon usage analysis was done by using codoncal.pl program. 

Concatenated open reading frames of 119 conserved proteins were used as 

input file. Frequency of occurrence of A/T or G/C ending codons of a 

particular amino acid is count of A/T or G/C ending codons of particular 

amino acid divided by the total occurrence of that amino acid. Mean 

frequency of A/T and G/C ending codons of particular amino acid was 

calculated by taking the average occurrence of it for a particular selected 

extremophile. The obtained mean frequency values of thermophiles and 

psychrophiles were plotted and were used for calculating student t-test to 

check for the significance of the differences in the mean value between the 

two groups.  

 2.1.7 Nucleotide substitution rate analysis: 

Synonymous and non-synonymous substitutions were calculated to 

understand the variation in the nucleotide sequences between the two 

extremophiles. Synonymous and non-synonymous substitution 

calculations were done by submitting the aligned nucleotide sequences of 

119 conserved proteins of thermophiles and psychrophiles to SNAP 

(synonymous and non synonymous analysis program). SNAP 

(http://www.hiv.lanl.gov/content/sequence/SNAP/SNAP.html) calculates 

pairwise synonymous and non-synonymous distances according to the Nei 

and Gojobori method for an alignment and incorporates statistic 
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calculation developed in Ota and Nei 1994 (Korber 2000; Nei and 

Gojobori 1986; Ota and Nei 1994). It generates a synonymous and a non-

synonymous distance matrix, an exhaustive pairwise codon-by-codon 

comparison (Fig 2).  

Fig 2: Codon by codon aligned file of a sequence pair generated by the 

SNAP software. 

 

 

Fig 2: Codon by codon aligned file of a sequence pair generated by the 

SNAP software. Codon by codon aligned file between two sequences (1 

and 2 here). It provides the information about the synonymous and non-

synonymous change (in the second column) for the aligned codons (in 

third and fourth column). If the aligned codons has a gap or same codon is 

present then it represent as indels or identity respectively. The amino acids 

that are encoded by the aligned codons are given in the fifth and sixth 

column. 
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 Generation of input file: 

Psychro and thermo orthologs of 119 proteins were considered and 

Perl Script program was written to retrieve gene sequences from NCBI 

(ftp://ftp.ncbi.nlm.nih.gov/genomes/Bacteria). Gene sequences of 119 

protein orthologs were aligned using T-coffee software 

(http://tcoffee.crg.cat/) with BLOSUM62 matrix, an open gap penalty of 

10 and an extension penalty of 0.05 were considered. Each gene sequence 

with its orthologs in 55 thermophiles and 12 psychrophiles were aligned 

separately and the obtained aligned file was submitted to SNAP which 

performs pair wise comparison of all sequences. For each pair wise 

sequence comparison, it generates codon by codon aligned file which 

gives information about the number of synonymous and non-synonymous 

substitution (Fig 2). The output codon-codon aligned file was considered 

as input file for calculation of synonymous (SYN), non-conserved (NCS) 

(if it results in non-conserved substitution) and conserved non-

synonymous (NCNS) (if it results in a conserved substitution) substitution. 

 Synonymous and non-synonymous substitution calculation: 

Perl Script program was written to calculate the nucleotide 

substitution rate between thermophiles and psychrophiles. It includes three 

steps (1) calculation of number of synonymous and non-synonymous sites, 

(2) calculation of number of synonymous and non-synonymous 

substitution and (3) calculation of substitution rate. 
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(1) Calculation of number of synonymous and non-synonymous sites: 

Nusub.pl program was written to read the codon-codon aligned file 

between two gene sequences generated by the SNAP. The program reads 

the codon-codons aligned and assign certain values to each position of the 

triplet codons. In the codon, first and second position is non-synonymous 

site and third position is mostly synonymous site. Each position in the 

triplet codon was considered for analysis. If a change in the base in the 

first, second or third position of a codon with any other base results in 

change in the amino acid then that site is non-synonymous site and if there 

is no change in amino acid then that site is synonymous site. Suppose for 

example, ACG is aligned with TCG, the program check first position in 

ACG, i.e., A is replaced by any other three bases will result change in 

amino acid, therefore, it is a non-synonymous site (Table 2). ACG codes 

for threonine and TCG codes for serine. Threonine and serine are amino 

acids with similar properties. Therefore, in this example, A to T 

substitution leads to a conservative amino acid substitution. So the 

calculation at the first position will be one out of three bases substitution 

will result in conserved amino acid, then, the program will assign 0.33 

(1/3=0.33) and two out of three substitution will result in non conserved 

amino acid then the program will assign 0.67 (2/3=0.67) (Table 2). 
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Table 2: Synonymous and non-synonymous sites and the scores 

assigned to a hypothetical pair wise sequence alignment. 

 

 

 

 

Table 2: Synonymous and non-synonymous sites and the scores assigned 

to a hypothetical pair wise sequence alignment. Each site of the aligned 

codons is analyzed and values are assigned by the program based on 

synonymous and non-synonymous site. In case of non-synonymous site, 

scores are assigned based on conserved and non-conserved site.  Total 

numbers of synonymous, non-conserved and conserved non-synonymous 

sites between pair of sequences are tabulated. NCNS, non-conserved non-

synonymous; CNS, conserved non-synonymous; SYN, synonymous. 

 

The list of conserved amino acids from the Dayhoff’s substitutions was 

considered for analysis (Dayhoff et al. 1978). Next the program will check 

second position in ACG and TCG alignment, As substitution of C at this 

position with any other base results in change of amino acid i.e., non-

synonymous site.  Then the program will assign value 1 (Table 2). In the 

third position of codon ACG, substitution of G with any other base will 

result in no change in amino acid i.e., it is synonymous site, then, the 
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program will assign a value 1 (Table 2). The assigned values for all 

aligned codons are summed up to get the total number of synonymous 

sites (SSYN), non-conserved non-synonymous (NNCNS) and conserved non-

synonymous site (NCNS) for the particular pair of sequences. All possible 

pairs of sequences of multiple aligned sequences were analyzed and values 

are assigned (Table 2). 

 (2) Calculation of number of synonymous and non-synonymous 

substitution: 

In the second step, for the aligned codons, it will check for which 

amino acid it codes and assign a value 1, if it is synonymous or conserved 

or non conserved non-synonymous substitution and it assign value 0, if 

there is same codon and same amino acid (identity) (Table 3). All aligned 

codons were checked and values assigned based on the type of 

substitution. The assigned values for all aligned codons were summed up 

to get the total number of synonymous substitution (SdSYN), non-

conserved non-synonymous (NdNCNS) and conserved non-synonymous 

substitution (NdCNS) for the particular pair of sequences. All possible pairs 

of sequences of multiple aligned sequences are analyzed and values were 

assigned (Table 3). 
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Table 3: Synonymous and non-synonymous substitution and the 

scores assigned to a hypothetical pair wise sequence alignment. 

 

 

 

 

Table 3: Synonymous and non-synonymous substitution and the scores 

assigned to a hypothetical pair wise sequence alignment. Amino acids of 

aligned codons are compared and scores are assigned based on type of 

substitutions i.e. synonymous and non-synonymous substitution. In case of 

non-synonymous substitution, scores are assigned based on conserved and 

non-conserved substitution. Total number of synonymous and non-

conserved and conserved  non-synonymous substitutions between the pair 

of sequences are tabulated. NCNS, non-conserved non-synonymous; CNS, 

conserved non-synonymous; SYN, synonymous. 

 

 (3) Calculation of substitution rate: 

Fraction of Synonymous (SYN), non-conserved non-synonymous 

(NCNS) and conserved non-synonymous (CNS) that differ was calculated 

by  

dSYN =    No. of synonymous substitutions (SdSYN)

No. of synonymous sites (SSYN)
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dNCNS =    No. of NCNS substitutions (NdNCNS)

No. of NCNS sites(NNCNS)
 

dCNS =    No. of CNS substitutions (NdCNS)

No. of CNS sites (NCNS)
 

 Substitution rate was calculated by  

Substitution rate  =   dNCNS

dSYN

 

Submission of out put alignment file obtained by SNAP into an 

automated perl script it generates fraction of synonymous, non-conserved 

nonsynonymous and conserved non-synonymous sites and substitutions. 

Average was calculated for the dSYN, dNCNS and dCNS for that gene 

sequence. Similarly, all 119 gene sequences with its orthologs were 

analyzed and the obtained average values of dSYN, dNCNS and dCNS were 

plotted.  

For the GroESL protein, gene sequences of GroES and GroEL 

were aligned separately with its orthologs and dSYN, dNCNS and dCNS for 

each pair sequences were calculated. The obtained values of dSYN, dNCNS 

and dCNS were plotted and compared between extremophiles. 

 2.1.8 Retrieval of non-coding upstream sequences of groES: 

We retrieved a maximum of 500 bp upstream of groES or the 

actual intergenic DNA regions, if the distance between the two 

transcriptional units is less than 500 bases. Intergenic DNA sequences 
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were retrieved from NCBI using a Perl Script. The out put file was saved 

into another .txt file for the identification of conserved inverted repeats, 

direct repeats and small oligonucleotide motifs. 

  2.1.9 Identification of cis-regulatory elements: 

The upstream DNA sequence of groES was taken as input to Motif 

extraction by multiple expectation maximization (MEME ver. 4.3.0) 

which is an EM based algorithm (Bailey and Elkan 1994). Intergenic 

sequences of orthologs were given as input to MEME to detect cis 

regulatory elements. In case of intergenic region of less than 30 bp were 

not considered for analysis. The default parameters used for the 

identification of the motif by MEME include a repeat of minimum length 

of 6 bp and maximum of 30 bp nucleotide and loop region of less than 10 

nucleotide length. 

 2.1.10 Construction of consensus sequence of GroESL:  

Consensus sequences of GroES and GroEL for a group of 12 

psychrophiles and 55 thermophiles were constructed by aligning protein 

sequences and by calculating the frequency of occurrence of a residue at 

each position. The amino acid residue at each position in a consensus 

sequence was considered only when there was at least 50% of occurrence 

at respective position. 
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 2.2 In vitro analysis 

 2.2.1 Synthetic-groESL gene synthesis: 

These consensus GroESL proteins were reverse translated 

using the E. coli genetic code and the synthetic psychro-groESL and 

thermo-groESL were generated. Consensus sequences of thermo and 

psychro GroES and GroEL were given to GenScript USA Inc. 

(Piscataway, New Jersey, USA) for synthesis (Fig 3).  

 

Fig 3: Schematic representation of the synthetic genes construct of 

thermo and psychro GroES and GroEL cloned into pUC57. 

NcoI
NcoI

HindIII HindIII

GroES-Tm GroES-Ps

707 bp

NdeI

GroEL-Tm

EcoRI

1668 bp

NdeI

GroEL-Ps

EcoRI

1656 bp

 

 

Fig 3: Schematic representation of the synthetic genes construct of thermo 

and psychro GroES and GroEL cloned into pUC57. Thermo and psychro 

GroES and GroEL synthetic genes were cloned into pUC57 vector by 

Gene Script Inc. Tm, thermophiles; Ps, psychrophiles. Restriction enzyme 

sites shown are used for cloning the open reading frames in to an 

expression vector pET28a(+) vector for expression of the protein.  
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 2.2.2 Primer design for expression of synthetic groESL genes: 

The synthesized groESL genes of thermophile and 

psychrophile were cloned into pUC57 vector separately by GeneScript 

with the mentioned restricted enzyme sites so that synthetic genes can 

be excised from the pUC57 vector (Fig 3). Consensus groES genes of 

thermophile and psychrophile were merged together with the required 

restriction enzyme sites and incorporated within the sequence before 

given for synthesis at the C and N terminal site of the ORF (Fig 3). 

The required groES ORF can be amplified by the designed expression 

primers with NcoI and HindIII restriction site in forward and reverse 

primer respectively (underlined in primer sequence). NcoI and HindIII 

restriction sites were selected for insertion of groES gene into 

pET28a(+) vector for the generation of C-terminal HIS tagged GroES 

protein. Similarly, the expression primers are designed for the GroEL 

of thermophile and psychrophiles with EcoRI and NdeI restriction site 

in forward and reverse primer respectively before giving for synthesis 

(underlined in primer sequence). EcoRI and NdeI restriction sites were 

considered for generation of N-terminal His-tag GroEL protein. 

Thermo-GS-F-EXP:        

3’ GTACCATGGAAATTCGCCCGCTGGGCGATC 5’ 

Thermo-GS-R-EXP:       

3’ GGTCAAGCTTTTCTTCAATCACCGCCAGAATATCG 5’ 

Psychro-GS-F-EXP:       
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3’ GTACCATGGACATTCGCCCGCTGCATGAT 5’ 

Psychro-GS-R-EXP:    

 3’ GGTCAAGCTTTTCCACAATCGCCAGAATATCGCT 5’ 

Psychro_GL_F_Exp:     

 3’ GACTCATATGGCGGCGAAAGAAGTGCTG 5’ 

Psychro_GL_R_Exp:      

3’ CGCTGAATTCACATCATGCCGCCCATGCC 5’   

Thermo_GL_F_Exp:      

 3’ CACTCATATGGCGAAACAGATTATTTTTGATG 5’ 

Thermo_GL_R_Exp:     

 3’ TGCTGAATTCAAAAATCCATATCGCCCGCG 5’   

 

 2.2.3 Cloning of synthetic groESL genes into pET28a(+) vector: 

 pET28a(+) expression vector with kanamycin resistance marker 

was considered for our expression studies of synthetic groESL genes in 

Roseta strain of E. coli. Synthetic groEL genes of the thermophiles and 

psychrophiles were digested with NdeI and EcoRI enzymes to extract from 

pUC57 vector in presence of buffer O at 37 
o
C for 16 h. pET28a(+) vector 

was also double digested with NdeI and EcoRI enzymes. The digested 

samples of synthetic groEL genes were eluted from the gel by gel 

extraction kit method. The isolated piece of gel was dissolved in an 

adjusted volume of solution buffer at 55 °C. The contained DNA was then 

bound to a silicon column, washed, dried and eluted in 25 to 50 µL of 

elution buffer. The digested and purified sample of groEL genes of 
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thermophile and psychrophile were ligated with the digested pET28a(+) 

vector in 4:1 ratio at 16 
o
C with overnight incubation. 

Synthetic groES genes of thermophile and psychrophile were 

amplified from the recombinant pUC57 vector with Pfu DNA polymerase 

enzyme with 58 
o
C annealing and 70

 o
C final extension temperatures. The 

amplified fragments of groES genes were purified by phenol-chloroform-

isoamyl alcohol method and concentration was checked. The purified 

samples of groES genes of thermopliles and psychrophiles were digested 

with NcoI and HindIII restriction enzymes. Ligation was setup with the 

digested and purified samples of GroES of thermophiles and 

psychrophiles with pET28a(+) vector with 4:1 ratio at 16 
o
C with 

overnight incubation. The ligated mixture was transformed into E. coli 

DH5α competent cells and plated on LB agar containing kanamycin (25 

ug/ml) and positive colonies are screened. 

2.2.4 Expression and purification of synthetic GroESL protein: 

 The N-terminally His-tagged psychro-GroEL and thermo-GroEL 

proteins were expressed separately in BL21(DE3)pLysS, which had been 

transformed with pET-psy-GroEL and pET-ther-GroEL and was purified 

using HIS-Select
TM

 Nickel Affinity gel (SIGMA - P6611) according to the 

supplier's instructions. The expression of protein was induced by addition 

of 400 µM (Final concentration) IPTG.  Bacterial cells were collected by 

centrifugation at 10,000 g for 10 min and pelleted cells were disrupted 



Investigation on the nature of molecular changes between thermophilic 

and psychrophilic bacteria: implication on their thermal adaptation 

 

57 

 

with a sonic oscillator (Model, UV2070, probe MS-72, Bandelin 

Electronic, Berlin) operated for 10 min at 50 % power, with 1 min pulse 

interval, in 100 mM Tris-HCl (pH 8.0) and 200 mM NaCl.  Insoluble 

materials were removed by centrifugation at 20,000 g for 20 min at 4
o
C.  

The supernatant was loaded onto a HIS-Select 
TM

 Nickel Affinity column.  

The column was washed with 50 mM  NaH2PO4 (pH 7.5), 200 mM NaCl 

and 10 mM imidazole and sequentially with the same buffer containing 40 

mM imidazole. Then His tagged psychro-GroEL and thermo-GroEL was 

eluted with 50 mM NaH2PO4 (pH 7.5), 200 mM NaCl and 200 mM 

imidazole. The purity of each fraction was examined by SDS gel 

electrophoresis. The fractions which gave a single protein band at the 

expected region on the gel were combined and dialysed against 50 mM  

NaH2PO4 (pH 7.5) using amicon ultra filters (Millipore-UFC800324). The 

resultant protein was used for thermal stability analysis. 

2.2.5 Thermal denaturation studies of GroESL protein: 

Thermophilic and Psychrophilic GroEL proteins, made out of 

conserved sequences were tested for their thermal stability.  Psychro and 

thermo GroEL in 50 mM Tris buffer, at pH 8 with the approximate 

concentration of 0.15 µM and 2.4 µM, respectively were used for the 

thermal denaturation studies.  Temperature of the proteins was increased 

from 10 °C to 90 °C using a Peltier with the rate of 1 °C/min.  The 

secondary structural changes were followed using Jasco J-810 
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spectropolarimeter at 220 nm wavelength with the path length of 2 mm 

and bandwidth of 1 nm.  The obtained protein ellipticity values were 

normalized and fitted using Gibbs-Helmholtz equation (Kumar et al. 2006) 

with an assumption that the proteins follow a cooperative two-state 

unfolding process. 
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 Chapter 3: 

 3.1 Introduction:  

Comparative studies were performed to understand how the protein 

and DNA molecules attain stability for the organisms that are adapted to 

extreme conditions (Gromiha et al. 1999; Metpally and Reddy 2009; 

Singer and Hickey 2003; Basak et al. 2004; Basak and Ghosh 2006; Zhou 

et al. 2008). Reports are available on strategies adapted by 

microorganisms to survive extreme temperature conditions. Metpally and 

Reddy, (2009), compared amino acid composition between psychrophilic 

and mesophilic proteins to understand the contribution of amino acids in 

proteins to low temperature adaptation (Metpally and Reddy 2009). 

Amino acids Gly, Ser, Lys and Asp in mesophilic proteins were 

substituted by Ala, Thr, Arg and Glu in thermophilic proteins to enhance 

thermal stability of proteins (Vogt and Argos 1997).  The substitution of 

one amino acid with other has a greater chance of being acceptable based 

on the substitution frequencies between the amino acids (Dayhoff et al. 

1972). Conserved amino acid substitutions are the favored changes in 

protein sequences based on their physiological properties, molecular bulk 

side chain, hydrophobicity etc., while non-conserved substitutions are un-

favored changes in the protein sequence. Basak et al. (2004), compared 

529 orthologous protein sequences between a mesophile (B. subtilus) and 

a thermophile (A. aeolicus) (Basak et al. 2004). They showed that amino 
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acids Phe, Leu, Ile, Val, Pro, Tyr, Lys, Glu, Trp and Arg occurred with 

relatively higher frequency in thermophiles when compared to mesophiles 

(Basak et al. 2004).  In another study, McDonald et al. (1999), observed 

that in a thermophile (Methanococcus) occurrence of Glu, Ile, Lys, Met, 

Asn, Gln, Arg, Ser and Thr were relatively high when compared to a 

mesophile of same genus (McDonald et al. 1999). Goldstein (2007), 

observed that there were higher levels of hydrophobic residues (Ala, Cys, 

Gly, Val, and Met) and lower levels of charged and aromatic residues in 

psychrophilic proteins when compared to mesophilic proteins by quasi 

chemical approximation (Goldstein 2007). During the course of adaptation 

to extreme temperatures, depending upon the temperature the 

microorganisms has been constantly exposed to, point accepted mutations 

in the genetic material which might have led to the selected changes in 

amino acids for optimum enzymatic function. 

According to Basak et al. (2004) and McDonald et al. (1999), 

residues Ser, Thr, Gln and Asn are found to occur more in thermophiles 

compared to mesophiles, but residues Gln and Asn undergo oxidation at 

high temperature (Basak et al. 2004; McDonald et al. 1999; Russell et al. 

1994). Ser, Thr and other polar residues are water interacting residues that 

form the advantageous parameter for psychrophilicity (Jahandideh et al. 

2008). Threonine is more in anti freeze proteins and is essential for 

preventing ice nucleation (Chou 1992). Studies between thermophiles and 
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psychrophiles are essential to understand the differences which might be 

accurate and specific to that particular extremophilic group. No reports are 

available till today and it is of utmost importance to understand the 

molecular adaptation of these two extremophilic groups. In our analysis, 

all thermophiles and psychrophiles for which the genome sequence 

information is available till 2009 were considered in our analysis. The 

rational of the study is to identify those important residues that contribute 

to the stability of a protein molecule and gain insight into the molecular 

evolution of thermophiles and psychrophiles to either extreme 

temperature. 

Two distant classes of extremophiles i.e., thermophiles and 

psychrophiles were considered in this present study. Mesophiles were not 

considered for analysis, as available information on mesophiles is so vast 

that on including mesophiles, can make the analyses cumbersome. 

Comparative analysis of conserved orthologous proteins between 

thermophilic and psychrophilic bacteria is necessary. As it may reveal 

differences at the molecular level and these differences might be because 

of their adaptation to extreme conditions. Molecular level changes are the 

gradual changes in the protein sequences that occur thorough the natural 

evolutionary process and by point mutations (Romero and Arnold 2009). 
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 3.2 Results and Discussion:  

We have considered 12 psychrophiles and 55 thermophiles in our 

study for which the genome sequence information was available from 

NCBI (ftp//:ncbi.nlm.nih.gov/genbank/genomes). List of bacterial species 

considered for comparative analysis and the temperature ranges at which 

they had been adapted to survive are given in Table 1. Table 1 gives the 

information about total number of genes, and proteins of extremophiles 

used for the current study. Only one strain was considered, when 

extremophiles with same species and genus names, but with difference in 

strain names. Most of the genomes of the extremophiles are composed of 

singular chromosome but Pseudoalteromonas haloplanktis, Aliivibrio 

salmonicida and Photobacterium profundum has two circular 

chromosomes (Médigue et al. 2005; Hjerde et al. 2008; Vezzi et al. 2005). 

Genome size varies between thermophiles and psychrophiles.  An average 

genome size of thermophiles is 2.68 Mb and psychrophiles it is 4.23 Mb. 

Average genome size of thermophiles is smaller compared to 

psychrophiles which might be due to natural selection and mutational rate 

(Lee and Marx  2012). During adaptation to their respective habitat, 

organisms undergo reduction in the genome size by deletion of paralogous 

genes (gene loss) or unnecessary genes (Kettler et al. 2007). 

Prochlorococcus which grows at high and low light niches has smaller 
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genome compared to Synechococcus that grows in marine water, which 

might be due to the gene loss in Prochlorococcus rather than gene gain in 

Synechococcus. Smaller genome size was due to the loss of entire gene 

families and deletion of paralogous genes in prochlorococcus (Kettler et 

al. 2007).  

3.2.1 To identify the proteins those are common (conserved orthologs) 

in all thermophilic and psychrophilic bacterial genomes.  

All 55 thermophiles and 12 psychrophiles were used for finding 

proteins that are common to all 67 extremophiles selected using 

bidirectional best hit method as described in methodology. Each organism 

was found to show variation in number of conserved proteins, for example 

P. haloplanktis (as query organism), showed a total of 119 conserved 

protein hits, where as T. fusca (as query organism) showed a total of 239 

conserved protein hits and so on. This might be because of the presence of 

iso forms of proteins. We considered the organism with the lowest number 

of conserved protein hits, i.e., P. haloplanktis as this will not include the 

isoforms of proteins. 119 conserved proteins of P. haloplanktis were listed 

out in the Table 4. All 119 proteins were clustered using 

thermopsychrocluster.pl program into two files one containing psychro-

orthologs and other with thermo-orthologs. We used these 119 conserved 

proteins and corresponding open reading frames for data generation in this 

study. To identify the differences in occurrence of amino acids at various 
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positions of a conserved protein between extremophiles, GroES and 

GroEL proteins (here after GroESLs) were selected out of 119 conserved 

proteins. 

 

Table 4: List of 119 proteins from P. haloplanktis TAC125, which are 

commonly present in all thermophiles and psychrophiles selected for 

this study. 

 

1 77358983 
DNA replication 

initiator 
61 77360342 

50S ribosomal protein 

L20 

2 77358986 
DNA gyrase subunit 

B 
62 77360364 

DNA gyrase subunit 

A 

3 77359004 

10-

formyltetrahydrofola

te:L-methionyl-

tRNA(fMet) N-

formyltransferase 

63 77360652 
seryl-tRNA 

synthetase 

4 77359005 peptide deformylase 64 77360663 
translation initiation 

factor IF-1 

5 77359115 
30S ribosomal 

protein S10 
65 77360748 

3-oxoacyl-ACP 

reductase 

6 77359116 
50S ribosomal 

protein L3 
66 77360870 

aspartate tRNA 

synthetase 

7 77359117 
50S ribosomal 

protein L4 
67 77360939 

DNA polymerase III 

subunit alpha 

8 77359119 
50S ribosomal 

protein L2 
68 77360940 RNAse HII 

9 77359120 
30S ribosomal 

protein S19 
69 77360953 

membrane-associated 

protease 

10 77359121 
50S ribosomal 

protein L22 
70 77360956 

UDP pyrophosphate 

synthetase 

11 77359122 
30S ribosomal 

protein S3 
71 77360958 uridylate kinase 

12 77359123 
50S ribosomal 

protein L16 
72 77360960 

30S ribosomal protein 

S2 

13 77359125 
30S ribosomal 

protein S17 
73 77360961 

methionine 

aminopeptidase 

14 77359138 glutamine synthetase 74 77360988 

bifunctional: 5,10-

methylene-

tetrahydrofolate 
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dehydrogenase; 5,10-

methylene-

tetrahydrofolate 

cyclohydrolase 

15 77359188 

transcription 

antitermination 

factor 

75 77360989 
cysteinyl-tRNA 

synthetase 

16 77359189 
50S ribosomal 

protein L11 
76 77360997 

bifunctional: 

folylpolyglutamate 

synthase; 

dihydrofolate 

synthase 

17 77359190 
50S ribosomal 

protein L1 
77 77361205 

phosphopantetheine 

adenylyltransferase 

18 77359192 

50S ribosomal 

subunit protein 

L7/L12 

78 77361227 Gcp glycoprotease 

19 77359193 

DNA-directed RNA 

polymerase subunit 

beta 

79 77361292 

serine 

hydroxymethyltransfe

rase 

20 77359194 

DNA-directed RNA 

polymerase subunit 

beta' 

80 77361341 
valine tRNA 

synthetase 

21 77359196 
30S ribosomal 

protein S7 
81 77361355 

50S ribosomal protein 

L9 

22 77359197 elongation factor G 82 77361356 
30S ribosomal protein 

S18 

23 77359226 
molecular chaperone 

GroEL 
83 77361414 

cell division protein 

ftsZ 

24 77359227 Chaperonin 84 77361417 
D-alanine--D-alanine 

ligase 

25 77359316 DNA primase 85 77361418 

UDP-N-acetyl-

muramate:alanine 

ligase, L-alanine 

adding enzyme 

26 77359320 

cell division 

transporter substrate-

binding protein 

86 77361421 

UDP-N-

acetylmuramoylalanin

e--D-glutamate ligase 

27 77359434 
UDP-galactose 4-

epimerase 
87 77361422 

phospho-N-

acetylmuramoyl-

pentapeptide 

transferase 

28 77359489 
alanyl-tRNA 

synthetase 
88 77361427 

S-adenosyl-

methyltransferase 

MraW 

29 77359549 
phosphoglycerate 

kinase 
89 77361436 Methyltransferase 

30 77359588 
glutamyl-tRNA 

synthetase 
90 77361451 

periplasmic serine 

endoprotease 

31 77359609 
arginyl-tRNA 

synthetase 
91 77361453 

UDP-N-

acetylglucosamine 1-
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carboxyvinyltransfera

se 

32 77359646 
RecA protein 

(recombinase A) 
92 77361523 

inosine/xanthosine 

triphosphatase 

33 77359681 
GTP-binding protein 

LepA 
93 77361524 

oxygen-independent 

coproporphyrinogen 

III oxidase 

34 77359692 CTP synthetase 94 77361550 
dimethyladenosine 

transferase 

35 77359693 
phosphopyruvate 

hydratase 
95 77361569 GTPase ObgE 

36 77359790 SsrA-binding protein 96 77361570 
50S ribosomal protein 

L27 

37 77359819 cell division protease 97 77361571 
50S ribosomal 

subunit protein L21 

38 77359862 
30S ribosomal 

protein S20 
98 77361620 

single-strand binding 

protein (SSB) (helix-

destabilizing protein) 

39 77359865 
isoleucyl-tRNA 

synthetase 
99 77361622 

DNA excision repair 

enzyme subunit, with 

UvrBC 

40 77359880 

23S rRNA 

pseudouridine 

synthase D 

100 77361625 

D-ribulose-5-

phosphate 3-

epimerase 

41 77359889 GTP-binding protein 101 77361658 
preprotein translocase 

subunit SecA 

42 77359890 
30S ribosomal 

protein S16 
102 77361672 

multifunctional DNA 

polymerase I: 5'->3' 

exonuclease/3'->5' 

polymerase/3'->5' 

exonuclease 

43 77359893 
50S ribosomal 

protein L19 
103 77361700 guanylate kinase 

44 77359942 

transcription 

elongation factor 

NusA 

104 77361710 

DNA-directed RNA 

polymerase subunit 

alpha 

45 77359945 
tRNA pseudouridine 

5S synthase 
105 77361711 

30S ribosomal protein 

S4 

46 77359946 
30S ribosomal 

protein S15 
106 77361714 

preprotein translocase 

subunit SecY 

47 77359947 

polynucleotide 

phosphorylase/polya

denylase 

107 77361715 
50S ribosomal protein 

L15 

48 77359977 
leucyl-tRNA 

synthetase 
108 77361717 

30S ribosomal protein 

S5 

49 77359992 

involved in 

methylthiolation of 

isopentenylated A37 

derivatives in tRNA 

109 77361718 
50S ribosomal protein 

L18 

50 77359994 
GTP-dependent 

nucleic acid-binding 
110 77361720 

30S ribosomal protein 

S8 
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protein EngD 

51 77359995 
peptidyl-tRNA 

hydrolase 
111 77361722 

50S ribosomal protein 

L5 

52 77359997 
ribose-phosphate 

pyrophosphokinase 
112 77361724 

50S ribosomal protein 

L14 

53 77360001 
peptide chain release 

factor 1 
113 77361895 

L-glutamine:D-

fructose-6-phosphate 

aminotransferase 

54 77360053 
excinuclease ABC 

subunit B 
114 77361918 

preprotein translocase 

subunit YidC 

55 77360144 
DNA polymerase III 

subunits gamma/tau 
115 77362056 

histidyl-tRNA 

synthetase 

 

56 77360151 adenylate kinase 116 77362268 

molecular chaperone 

DnaK 

 

57 77360165 
nucleotide exchange 

factor 
117 

16213992

3 

excinuclease ABC 

subunit C 

58 77360260 
methionyl-tRNA 

synthetase 
118 

16213992

4 

phenylalanyl-tRNA 

synthetase subunit 

alpha 

59 77360266 
aminotransferase 

AlaT 
119 

16213992

5 

phenylalanyl-tRNA 

synthetase subunit 

beta 

60 77360339 
threonyl-tRNA 

synthetase 
   

 

Table 4: List of 119 proteins from P. haloplanktis TAC125, which are 

commonly present in all thermophiles and psychrophiles selected for this 

study. 119 conserved proteins of Pseudoalteromonas haloplanktis 

TAC125 are listed with their Gene I.D and the name of the protein. These 

were generated by BDBH method. These protein sequences were used for 

calculating amino acid composition. Corresponding open reading frames 

of these proteins were used for codon bias and synonymous and non-

synonymous substitution analysis. 
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3.2.2 Phylogenetic analysis of GroESL of thermophiles and 

psychrophiles: 

Phylogenetic analysis of the GroES and GroEL proteins showed 

two clusters, one representing all psychrophiles and another representing 

most of the thermophiles (Fig 4 and 5). There may be specific differences 

in the amino acids between these two clusters and such specific 

differences are probably conserved within each cluster and might be 

responsible for separation of all orthologs of a protein into two major 

clusters. GroELs are separated into two different clusters, in spite of 

having highly conserved amino acid regions throughout the length of 

protein sequence, irrespective of their temperature adaptation. Though the 

GroESL proteins belong to protein folding machinery and perform the 

same function (i.e., folding of nascent or denatured proteins) in either 

extremophiles, their optimum temperature of refolding activity is different 

(Ferrer et al. 2003). These specific differences between thermophilic and 

psychrophilic GroESLs are conserved within each cluster, supporting the 

argument that during the course of adaptation to extreme conditions, 

selective changes in genetic material might have led to changes in amino 

acids for optimized protein function. Such specific differences in amino 

acids might have arisen during bacterial adaptation to extreme 

temperatures. The specific amino acid differences, nature of amino acids 
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and their interactions are critical for GroESL temperature optima as 

evidenced from the comparative analysis performed in this study. 

 

Fig 4: Phylogenetic tree of GroES of thermophiles and psychrophiles.  

 

 

 

Fig 4: Phylogenetic tree of GroES of thermophiles and psychrophiles. The 

phylogenetic tree was constructed by Maximum Likelihood Method using 

MEGA 5.0 software. Numbers on the branches represent the percentage of 

1000 bootstrap samples supporting the branch. 
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Fig 5: Phylogenetic tree of GroEL of thermophiles and psychrophiles. 

 

 

 

Fig 5: Phylogenetic tree of GroEL of thermophiles and psychrophiles. The 

phylogenetic tree was constructed by maximum likelihood method using 

MEGA 5.0 software. Numbers on the branches represent the percentage of 

1000 bootstrap samples supporting the branch. 
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3.2.3 To identify the differences in the amino acid composition 

between thermophilic and psychrophilic conserved orthologs that 

might have contributed to the stability of proteins at high or low 

temperature:  

Proteins from the thermophiles are stable, rigid and more active at 

high temperature than the homologous protein in mesophiles, which grow 

at moderate temperature (Kumar 2000). Much research was done to 

identify the reasons for enhanced thermostability by performing the 

comparative studies between thermophiles and mesophiles (Pack and Yoo 

2004; Gromiha et al. 1999; Gromiha and Suresh 2008; Fujita and 

Kanehisa 2005). No reports are available between thermophiles and 

psychrophiles, as these two groups belong to two extreme temperature 

conditions. The analysis on these two extremophiles might provide 

accurate results, and the observed differences in the amino acid 

composition might be directly or indirectly involved in protein stability at 

their respective temperature. Amino acid composition analysis of 119 

conserved orthologs showed significant differences in the composition of 

amino acids between thermophiles and psychrophiles. Student t-test was 

performed to check for the significant differences in amino acid 

composition between thermophiles and psychrophiles. Significant student 

t-test values thus obtained are shown in bold font in Table 5. The obtained 

results are very much coinciding with the published literature based on the 
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comparative study between thermophiles and mesophiles or among 

thermophiles, mesophiles and psychrophiles.  

Amino acid composition analysis showed that aliphatic amino 

acids are equally distributed between thermophilic and psychrophilic 

proteins (Fig 6, Table 5). Aliphatic amino acids are small residues with 

short alkyl group that are involved in hydrophobic interactions and are the 

main force for maintaining conformational stability in the inner part of the 

protein (Creighton 1997). These amino acids with short alkyl group 

interact more closely with neighboring residues thus resulting in better 

packed protein structure (Zhou et al. 2008). Among the negatively charged 

amino acids aspartic acid were seen more in psychrophilic proteins while 

glutamic acid was more in thermophilic proteins (Fig 6, Table 5). Aspartic 

acid is unstable at high temperature and its occurrence was low in hyper-

thermophiles (Szilagyi and Zavodszky 2000). But results of Tanaka et al. 

2004 showed that interactions of aspartic acid with other residues are 

critical for protein stability in hyper-thermophiles which contradicts our 

finding (Tanaka et al. 2004). Positively charged amino acids lysine, 

arginine except histidine was seen more in thermophilic proteins than 

psychrophilic proteins (Table 5). Presence of more charged amino acids in 

thermophiles than psychrophiles infers that charged amino acids are 

necessary for entropically more stable conformation of proteins (Osváth et 

al. 2007). Stable folded conformation was possible by non-covalent 
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interactions like electrostatic, ionic, vander-waal and hydrogen bonds 

which are mainly due to charged atoms on the protein molecule. High 

occurrence of charged residues in thermophiles infers that charged 

residues participates in interactions with other residues resulting in 

thermal stability of proteins at high temperature. Whereas less frequency 

of charged residues in psychrophiles infers reduction in number of 

interactions, thereby, resulting in structure flexibility (Feller 2013). More 

flexible structure favors more number of substrate molecules to be 

converted to products by increasing the catalytic activity (Feller 2013). 

More charged residues were reported in hyper-thermophilic proteins than 

mesophilic proteins except histidine, which has lower frequency in 

thermophilic proteins (Chakravarty and varadarajan 2000; Pack and Yoo 

2004). Using machine learning algorithm, it was shown that charged 

amino acids and hydrophobic residues valine and isoluecine have higher 

occurrence in thermophilic proteins than mesophilic proteins (Gromiha 

and Suresh 2008). 

Occurrence of aromatic amino acids (Phe, Trp and Try) was higher 

in thermophilic proteins than psychrophilic proteins (Fig 6). It was well 

known that aromatic amino acids are involved in cation-pi interactions that 

are necessary for maintaining conformational stability of protein molecule 

(Ma and Dougherty 1997).  
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Fig 6: Mean frequency of occurrence of each amino acid between 

thermophilic and psychrophilic conserved proteins. 
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Fig 6: Mean frequency of occurrence of each amino acid between 

thermophilic (grey bar) and psychrophilic (black bar) conserved proteins. 

It shows significant differences in the composition of amino acids between 

thermophiles and psychrophiles. Amino acids are represented in single 

letter codes on the X-axis and the mean frequency (in percentage) of each 

amino acid occurrence is represented on the Y-axis. 
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Comparative analysis of 24 protein families for which the crystal 

structure information was available showed that thermophilic proteins 

have a large number of pair-wise aromatic interactions than its mesophilic 

homologue (Kannan and Vishveshwara 2000). Proline content is more in 

thermophilic proteins than psychrophilic proteins (Fig 6). Proline is known 

to stabilize
 
the folded conformation in most thermophilic proteins by 

decreasing the entropy
 
of unfolding, thereby stabilizing the secondary 

structural elements (Matthews et al. 1987). Due to its pyrolidine ring, it 

adopts few configurations with lowest conformational entropy which 

results in rigid conformation (Watanabe et al. 1997). Many reports showed 

that thermophilic proteins have higher frequency of proline and it was 

used to increase the protein stability by several mutational studies (Xu et 

al. 2003; Pack and Yoo 2004; Sadeghi et al. 2006; Veltman et al. 1996). 

The observed differences in amino acid composition were very much co-

rrelating with the already published work on the comparative studies 

between thermophilic and mesophilic proteins (Metpally and Reddy 2009;  

Pack and Yoo 2004;  Gromiha et al. 1999; Zhang and Fang 2006; Fukuchi 

and Nishikawa 2001; Fujita and Kanehisa 2005; Goldstein 2007). 
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Table 5: Normalized frequency of each amino acid in the conserved 

proteins between thermophiles and psychrophiles. 

   Psychrophiles    Thermophiles  

Amino 

acids 

        Mean±SD           Mean±SD      t-test (p-value) 

Ala 8.780±0.784 8.044±1.982 2.100 (0.0414) 

Ile 6.713±0.584 6.968±1.492 -0.971 (0.3366) 

Lue 9.001±0.268 9.372±0.738 -2.949 (0.0049) 

Gly 7.471±0.303 7.547±0.696 -0.595 (0.5549) 

Val 7.409±0.326 7.837±0.649 -3.328 (0.0022) 

Asp 6.283±0.306 5.517±0.464 7.083 (< 0.0001) 

Glu 7.442±0.399 8.504±0.850 -6.530 (< 0.0001) 

His 2.043±0.144 1.883±0.221 3.131 (0.0045) 

Lys 6.551±1.029 6.954±2.385 -0.921 (0.3625) 

Arg 5.213±0.526 6.477±1.555 -4.882 (< 0.0001) 

Asn 4.066±0.569 3.445±0.873 3.069 (0.0054) 

Gln 3.942±0.371 3.138±0.735 5.510 (< 0.0001) 

Ser 5.433±0.204 4.638±0.588 8.056 (< 0.0001) 

Thr 5.347±0.197 4.771±0.418 7.205 (< 0.0001) 

Pro 3.768±0.196 4.481±0.719 -6.360 (< 0.0001) 

Trp 0.734±0.038 0.767±0.138 -1.544 (0.1277) 

Tyr 2.659±0.226 3.129±0.484 -5.085 (< 0.0001) 

Phe 3.602±0.343 3.618±0.491 -0.133 (0.8955) 

Cys 0.790±0.124 0.700±0.173 2.114 (0.0466) 

Met 2.752±0.200 2.209±0.281 7.877 (< 0.0001) 

 

 

Table 5: Normalized frequency of each amino acid in the conserved 

proteins between thermophiles and psychrophiles. Frequency of each 

amino acid along with their standard deviation (SD) were mentioned. 

Student t-test shows the significant differences in amino acid composition 

between thermophiles and psychrophiles. Significant compositional 

differences are highlighted in bold between extremophiles. 
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Uncharged polar residues (Asn, Gln, Ser, Thr, Cys and Met) were 

seen more in psychrophilic proteins than thermophilic proteins (Fig 6). 

Residues Gln, Asn, Cys and Met are thermoliable, Gln and Asn undergo 

deamination while Cys and Met under go oxidation at high temperatures 

(Catanzano et al. 1997; Russell et al. 1994). It was reported that 

thermophilic proteins have lesser number of methionine residues than 

mesophilic proteins (Kumar 2000; Xu et al. 2003). Beta glucosidase A 

from thermophilic bacteria was found to have lower frequency of 

methionine than mesophilic bacteria (Lopez-Camacho et al. 1996). 

Gromiha et al. (1999), performed comparative analysis between 

mesophiles to thermophiles and found that the strong preference of 

replacements was seen from Met-Ala, Cys-Ala, Trp–Try, Met–Leu, Cys-

Val and Cys-Ile from mesophiles to thermophiles (Gromiha et al. 1999). 

Five out of six replacements were from Cys and Met residue in mesophlies 

to other hydrophobic residues in thermophiles. Low occurrence of Cys 

residue was observed in thermophilic proteins in their comparative study 

with mesophilic proteins (Kumar et al. 2000; Xu et al. 2003). Ser and Thr 

interact with water present surrounding the protein molecule (Mattos 

2002). At high temperatures the interactions break as water molecule that 

interacts with Ser and Thr would be released, thereby, destabilizing the 

water binding site resulting in protein instability (Denisov et al. 1997; 
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Nagendra et al. 1998). Ser or Thr or any other polar residue whose side 

chain can form a hydrogen bond with water forms advantageous parameter 

for psychrophilicity (Jahandideh 2008). In antifreeze protein, the 

reoccurrence of Thr residues may block the growth of ice nucleation via 

the zipper like model, while, substitution of Thr with any other 12 amino 

acid types are found to be disadvantageous for the protein psychrophilicity 

(Chou 1992; Jahandideh et al. 2008). Our results are consistent with the 

above fact, that the occurrence of polar residues was more in 

psychrophiles which might be necessary for structure flexibility. Reports 

showed lower frequency of occurrence of Ser, Thr and Gln in thermophilic 

proteins than mesophilic proteins (Chakravarty and Varadarajan 2000; 

Kumar et al. 2000; Pack and Yoo 2004). These results coincides with our 

findings that thermophiles have lower occurrence of polar uncharged 

residues. 

In GroESL protein, similar results were observed with charged 

residues and aromatic residues more in thermophiles than psychrophiles 

(Fig 7, Table 6). In GroES protein, lysine composition was seen more in 

thermophiles where as arginine and histidine was observed to be more in 

psychrophiles (Fig 7a). Frequency of tryptophan and cysteine occurrence 

was very low in thermophilic and psychrophilic GroES, therefore, it was 

not considered for the student t-test (Table 6). Polar uncharged amino 
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acids were more in psychrophilic GroESL than thermophilic GroESL (Fig 

7b).  

Fig 7: Mean frequency of occurrence of each amino acid in GroES 

and GroEL proteins between thermophiles and psychrophiles. 
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Fig 7: Mean frequency of occurrence of each amino acid in GroES and 

GroEL proteins between thermophiles and psychrophiles. Amino acid 

composition analysis of GroES (A) and GroEL (B) proteins shows 

significant differences in the composition of amino acids between 

thermophiles (grey bar) and psychrophiles (black bar). Amino acids are 

represented in single letter codes on the X-axis and the mean frequency of 

each amino acid occurrence is represented on the Y-axis. 
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Among the aliphatic amino acids, glycine is seen more in 

psychrophilic GroESL than thermophilic GroESL and is statistically more 

significant (p < 0.0001) (Table 6). Increased number of glycine residues 

serves to increase protein flexibility and stability by increasing the 

conformation entropy of the unfolded state in psychrophiles (Goldstein 

2007; Jahandideh et al. 2008). In comparison with mesophiles, 

thermophiles showed fewer glycines in a particular region of the protein 

structure which might serve to decrease the flexibility of that region and 

thus, provide greater protein stability at high temperatures (Panasik et al. 

2000). But another study showed no pattern of glycine occurrence in 

thermophilic proteins (Pack and Yoo 2004). Among the hydrophobic 

(aliphatic) amino acids, no differences were observed between the selected 

extremophiles, as these hydrophobic amino acids were known to be very 

important and significant in protein folding and refolding process in 

GroESL protein (Lin et al. 1995). It is reasonable to observe no significant 

differences in the overall content of hydrophobicity between thermophilic 

and psychrophilic GroESL protein (Table 6). The distribution of 

individual aliphatic amino acids was more than any other amino acids in 

conserved orthologs and GroESL protein which might be responsible for 

providing thermal stability to the protein core (Table 6). Compared to 

aliphatic amino acids, less frequently distributed amino acids were 

cysteine and tryptophan in both extremophiles (Table 5 and 6).  
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Table 6: Normalized frequency of each amino acid in the GroESL 

proteins between thermophiles and psychrophiles.  

 Psychro 

GroES 

Thermo 

GroES 

 Psychro 

GroEL 

Thermo 

GroEL 

 

Amino 

acids 

 

Mean±SD 

 

Mean±SD 

 

t-test (p-value) 

 

Mean±SD 

 

Mean±SD 

 

t-test (p-value) 

Ala 6.343±1.411 5.852±2.002 1.007 (0.3253) 12.410±1.303 11.973±1.075 1.086 (0.1849) 

Ile 8.512±1.845 8.929±3.550 -0.585 (0.5627) 6.618±0.540 7.522±1.031 -4.329 (0.0006) 

Lue 9.054±1.579 7.967±1.977 2.063 (0.053) 7.875±1.098 8.077±0.669 -0.615 (0.7425) 

Gly 11.661±1.31 9.266±1.598 5.515 (<0.0001) 10.172±0.909 8.625±0.666 5.576 (< 0.0001) 

Val 11.481±2.188 12.011±2.421 -0.747 (0.4656) 9.945±0.494 9.625±0.772 1.815 (0.0445) 

Asp 5.894±1.502 7.104±1.933 -2.399 (0.0268) 6.361±0.633 5.736±0.784 2.961 (0.0054) 

Glu 10.513±1.612 11.725±1.656 -2.353 (0.0317) 8.588±0.640 10.268±0.928 -7.533 (< 0.0001) 

His 0.783±0.472 0.207±0.507 3.785 (0.0016) 0.358±0.137 0.574±0.493 -2.800 (0.0044) 

Lys 7.932±2.093 10.824±2.490 -4.193 (0.0005) 7.044±0.986 8.304±1.411 -3.683 (0.0029) 

Arg 5.156±1.538 4.188±1.913 1.890 (0.0742) 3.670±0.476 4.508±0.875 -4.628 (< 0.0001) 

Asn 3.157±1.256 1.631±1.293 3.800 (0.0016) 3.945±0.542 3.321±0.592 3.552 (0.0023) 

Gln 2.011±1.623 2.134±1.231 -0.249 (0.8074) 3.226±0.616 2.762±0.557 2.405 (0.0312) 

Ser 5.503±2.795 2.854±1.226 3.218 (0.0082) 4.273±0.724 3.420±0.624 3.783 (0.0019) 

Thr 4.231±2.279 4.451±1.721 -0.316 (0.7573) 5.947±0.509 6.431±0.512 -2.979 (0.0229) 

Pro 2.923±1.715 4.869±0.959 -3.804 (0.0025) 2.484±0.471 3.105±0.361 -4.301 (0.0008) 

Trp - - - 0.019±0.064 0.124±0.152 -3.832 (0.0101) 

Tyr 1.508±0.889 2.882±0.867 -4.879 (0.0002) 1.337±0.260 1.353±0.431 -0.170 (0.6348) 

Phe 1.050±0.449 1.111±0.745 -0.374 (0.7112) 1.351±0.237 1.623±0.334 -3.318 (0.0018) 

Cys - - - 0.296±0.202 0.215±0.203 1.259 (0.727) 

Met 2.287±0.768 1.886±0.899 1.592 (0.1287) 4.082±0.681 2.428±0.738 7.512 (< 0.0001)  

Table 6: Normalized frequency of each amino acid in the GroESL proteins 

between thermophiles and psychrophiles. Frequency of each amino acid 

along with their standard deviation (SD) were mentioned. Student t-test 

shows the significant differences in amino acid composition between 

thermophiles and psychrophiles. Significant compositional differences are 

highlighted in bold between extremophiles. Dash infers calculation is not 

possible as frequency of occurrence of that amino acid is too low. 
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Temperature changes involves gradual changes in the protein 

sequences resulting in retaining the residues necessary for protein function 

and substituted by another residue which might be necessary for stability 

at extreme temperatures. Identification of the positions showing conserved 

differences in the amino acids can thus help in designing and producing 

the recombinant proteins with structural stability and enhanced activity at 

extreme temperature conditions. 

3.2.4 To analyze the differences in amino acids at various positions of 

GroESL from either extremophiles to identify the amino acids that 

are responsible for their differential temperature optima: 

GroES and GroEL protein sequences were aligned using T-coffee 

(http://www.tcoffee.org/) with default parameters. The aligned amino 

acids sequences were considered for amino acid frequency calculation at 

each position between thermophilic and psychrophilic GroES and GroEL 

proteins. From these comparisons, we have identified specific amino acid 

differences in GroES and GroEL sequences between thermophiles and 

psychrophiles which are shown in Table 7 and Table 8 respectively.  

Amino acids were grouped according to their side chain polarity, side 

chain charge and hydropathy index to understand the clear differences of 

effect of temperature on extremophiles that grow at different temperatures.  
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 3.2.4.1 In thermo and psychro GroES: 

In GroES protein sequence, it was observed that there is a 

temperature dependent change from a neutral to either negative or positive 

amino acids as the temperature increases (Table 7). Neutral amino acids at 

positions 29, 39, 43, 77 and 88 in psychrophilic GroES were replaced by 

charged amino acids in thermophilic GroES (Table 7). These uncharged to 

charged amino acid replacements between psychrophilic and thermophilic 

GroES sequences are highly conserved within each group of extremophilic 

bacteria. The polar uncharged amino acids at positions (10, 29, 77 and 88) 

in psychrophiles were found to be replaced by the charged amino acids in 

thermophiles (Table 7). Charged residues are involved in salt bridge 

formation in achieving stability of thermophilic protein in comparison to 

mesophilic proteins (Gromiha et al. 2008). Also hydrophobic amino acids 

at positions 39 and 43 in psychrophiles were replaced by basic amino 

acids in thermophiles (Table 7). Positively charged, histidine is conserved 

at position 15 of psychrophilic GroES (histidine 75%), whereas neutral 

hydrophilic amino acid (glycine 76%) was conserved in thermophilic 

GroES sequences respectively (Table. 7). According to Dayhoff and her 

colleagues, histidine to hydrophilic amino acids substitution is not a 

naturally acceptable point mutation (Conservative replacement) (Dayhoff 

et al. 1978). Even though, it is not an acceptable point mutation, histidine 

to glycine substitution from psychrophiles to thermophiles is the 
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indication of molecular thermal adaptation (Table 7). In psychrophiles at 

positions 49, 59 and 62 charged amino acids were conserved, implying 

that these conserved sites might be necessary for the psychrophilic GroES 

protein activity at low temperature. Apart from these specific, significant 

differences between thermophilic and psychrophilic GroES sequences, 

few positions with completely variable amino acids such as 10, 26, 49, 59, 

69 and 104 in thermophilic GroES and position 87 in psychrophilic GroES 

were observed (Table 7). These minor subtle differences in the primary 

sequence of  extremophiles enable overall structural stability of GroESL 

protein, which is very much in accordance with the results of GroES-

GroEL complex analysis between E. coli and T. thermophiles (Shimamura 

et al. (2004). Considerable conformational variation in the cis cavity and 

mobile loop of GroES-GroEL complex between E. coli and T. 

thermophiles was observed which could be due to the differences in 

protein sequences similarity (64 % for GroES and 71 % for GroEL 

between E. coli and T. thermophiles). The observed specific conserved 

amino acid substitutions in our analysis, supports the argument that during 

the course of adaptation to extreme conditions, selective changes in 

genetic material might have led to changes in amino acids for optimized 

function of protein. Such conserved differences in amino acids might have 

arisen during bacterial adaptation to extreme temperatures.   
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Table 7: Normalized frequency of amino acids at each position of 

aligned GroES protein sequence in thermophiles and psychrophiles. 

S.No Psychro GroES Frequency

         (%)

Thermo GroES Frequency

           (%)

10 N,S,T (Phil) 91 Variable NA

15 H,A (Pho) 91 Y,G,Q,N (Phil) 80

22 R (Base) 82 P,Y,T (Phil) 50

26 V,A (Pho) 46 Variable NA

29 S,T (Phil) 91 E (Acid) 70

32 A (Pho) 100 Variable NA

39 G (Phil) 73 D (Acid) 92

43 A (Pho) 55 K,R (Base) 98

49 R,K (Base) 73 Variable NA

59 R,K (Base) 82 Variable NA

69 P (Phil) 55 Variable NA

77 S,Q,T (Phil) 64 R,K (Base) 78

82 E (Acid) 46 K,R (Base) 98

84 N,Y,G (Phil) 64 A (Pho) 62

87 Variable NA N,T (Phil) 98

88 T,S (Phil) 46 E,D (Acid) 96

96 V,F,L (Pho) 73 Y (Phil) 92

104 Y,S,N (Phil) 73 Variable NA

Pos of AA 

in alignment

 

 

Table 7: Normalized frequency of amino acids at each position of aligned 

GroES protein sequence in thermophiles and psychrophiles. Percentage of 

occurrence is mentioned in the column next to the amino acid. Well 

conserved amino acids among GroES proteins of both psychrophilic and 

thermophilic bacteria are excluded in this table. Phil, hydrophilic amino 

acids; Pho, hydrophobic amino acids; Base, negatively charged amino 

acids; Acid, positive charged amino acids; NA, not applicable. Variable 

represent no conserved amino acid is present in that column. 
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 3.2.4.2 In thermo and psychro GroEL: 

Amino acid substitutions were also compared between 

thermophilic and psychrophilic GroEL proteins. Unlike GroES subunit, 

GroEL subunit showed highly conserved amino acids throughout the 

protein length with few substitutions between the thermophiles and 

psychrophiles. We observed difference in many conserved residues of 

GroEL sequences between thermophiles and psychrophiles which are 

shown in Table 8.   

Similar to GroES, GroEL sequence analysis showed temperature 

dependent changes from neutral to either positive or negative amino acid 

changes. At various positions of the multiple sequence alignment, 

hydrophilic amino acids in psychrophilic GroEL were replaced by charged 

amino acids in thermophilic GroEL at positions 43, 101,  136, 142, 158, 

165, 183, 209, 212, 214, 219, 241, 269, 322, 346, 443, 444, 475, 476 and 

497 (Table 8). Hydrophilic residues include polar uncharged residues 

which are suggested to increase the psychrophilicity of psychrophilic 

proteins (Jahandideh et al. 2008). Substitution of hydrophobic residues by 

polar residues in the cold active chitobiase showed improved interactions 

at low temperature (Lonhienne et al. 2001). Comparative studies on the 

metagenomic and genomic data from the psychrophilic organism showed 

that cold active enzymes contain relatively high levels of polar uncharged 

residues, which are necessary for the structural stability (Casanueva et al. 
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2010). Hydrophobic amino acids at positions (129, 144, 327, 343, 344, 

456, 538 and 572) in psychrophilic GroEL were replaced by charged 

amino acids in thermophilic GroEL (Table 8). The percentage of charged 

residues is high in a set of proteins from hyper-thermophiles which are 

involved in thermal stability of proteins (Berezovsky and Shakhnovich 

2005; Querol et al. 1996). These charged residues play a key role in the 

stabilization of proteins by ionic interactions at high temperature. High 

degree of hydrogen bond interactions increases thermal stability of 

proteins by increasing the stabilization energy (Tanner et al. 1996; Vogt 

and Argos 1997). Amino acid composition on the protein surface plays an 

important role in understanding the protein stability (Fukuchi et al. 2001). 

It is also interesting to note that, certain positions in psychrophiles contain 

charged residues, which are replaced by neutral hydrophilic (position 51, 

65, 141, 186, 233, 244, 275, 342 and 441) or variable (position 5, 7, 11, 

161,319, 337 and 467) amino acids in thermophile GroEL (Table 8). All 

these observed amino acid substitutions influence overall non-covalent 

interactions, which contribute to the stable structure of GroESL. Such 

conserved differences in amino acids might have arisen during bacterial 

adaptation to extreme temperatures. 
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Table 8: Normalized frequency of amino acids at each position of 

aligned GroEL protein sequence in thermophiles and psychrophiles. 

Position of

A.A

Psychro GroEL Frequency

   (%)

Thermo GroEL Frequency

    (%)

5 D,E  (Acid) 91 Variable NA

7 K (Base) 73 Variable NA

9 G (Phil) 73 Variable NA

11 D,E (Acid) 91 Variable NA

21 N (Phil) 82 Variable NA

43 S (Phil) 91 K (Base) 73

46 A (Pho) 73 T,S,G (Phil) 70

51 K (Base) 100 N (Phil) 66

65 K (Base) 82 P,Q,N,T (Phil) 64

81 A (Pho) 46 T (Phil) 99

101 N,T,Q (Phil) 55 R,K (Base) 70

106 A,L (Pho) 55 N,S (Phil) 80

115 D,E (Acid) 100 A,M,L,I,V,F (Pho) 70

129 A (Pho) 64 E,D (Acid) 82

135 S,T (Phil) 82 A (Pho) 46

136 T,Q (Phil) 64 K,R (Base) 73

141 D,E (Acid) 91 T,S,G,N (Phil) 71

142 T,N,Q,S (Phil) 100 R,K (Base) 79

143 K (Base) 82 D,E (Acid) 57

144 A (Pho) 73 E,D (Acid) 59

149 G (Phil) 82 A (Pho) 91

150 T,S (Phil) 100 Variable NA

158 T,S (Phil) 46 E,D (Acid) 73

161 E,D (Acid) 64 Variable NA

165 T,N,Q (Phil) 64 D,E (Acid) 97

183 Q,S (Phil) 73 K,R (Base) 82

186 E,D (Acid) 73 G,T,Q (Phil) 46

209 N,S (Phil) 46 D (Acid) 71

212 N,S,T (Phil) 46 K,R (Base) 86

214 S,T (Phil) 73 E (Acid) 93

216 D,E (Acid) 91 V,I,H (Pho) 80

219 S,N (Phil) 91 D,E (Acid) 71

221 F (Pho) 46 Y (Phil) 70

225 V,F (Pho) 91 Y,T,N (Phil) 79

233 R,K (Base) 91 T,Q,S,G (Phil) 50

241 Q,P,G (Phil) 64 K,R (Base) 68

244 K (Base) 64 Q (Phil) 77

245 A,M (Pho) 46 S,T,Q,Y (Phil) 73
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Position of

A.A

Psychro GroEL Frequency

     (%)

Thermo GroEL Frequency

    (%)

269 N (Phil) 73 K,R (Base) 90

273 I,A (Pho) 64 T (Phil) 77

275 K (Base) 91 S,T,N,Q (Phil) 82

311 E,D (Acid) 55 K,R (Base) 59

319 D (Acid) 64 Variable NA

322 Q,T (Phil) 100 R,K (Base) 75

327 V,I (Pho) 46 R,K (Base) 51

337 D (Acid) 82 Variable NA

342 E (Acid) 55 P,Q,S,T (Phil) 60

343 A (Pho) 46 E,D (Acid) 59

344 I,M,V,A (Pho) 46 D,E (Acid) 53

346 S,N,Q (Phil) 46 K,R (Base) 60

347 G,S,N (Phil) 64 A,M (Pho) 57

390 V,I,M (Pho) 82 T,P,S (Phil) 79

397 D (Acid) 73 H,L,A,M (Pho) 93

404 H (Pho) 82 S,N (Phil) 70

416 A (Pho) 64 P (Phil) 64

430 Variable NA E,D (Acid) 70

436 G,T (Phil) 73 Variable NA

441 E,D (Acid) 73 G,P,N,T (Phil) 82

443 Q (Phil) 82 E,D (Acid) 77

444 T,N (Phil) 73 K,R (Base) 50

456 A (Pho) 82 E (Acid) 55

467 E,D (Acid) 73 Variable NA

470 A,V (Pho) 55 G,P (Phil) 100

475 N (Phil) 82 E,D (Acid) 66

476 N,Q (Phil) 46 K,R (Base) 79

480 G (Phil) 91 Variable NA

497 Variable NA E,D (Acid) 71

520 F (Pho) 64 N (Phil) 99

538 A,I,L,M,V (Pho) 73 K (Base) 64

540 Variable NA E,D (Acid) 93

566 G (Phil) 91 Variable NA

567 M (Pho) 91 M,H,A,V,I,L (Pho) 68

568 G,P (Phil) 100 Variable NA

571 G,P (Phil) 100 Variable NA

572 M (Pho) 91 D,E (Acid) 48

Pos of AA in 

alignment

 

 

Table 8: Normalized frequency of amino acids at each position of aligned 

GroEL protein sequence in thermophiles and psychrophiles. Percentage of 

occurrence is mentioned in the column next to the amino acid. Well 

conserved amino acids among GroEL proteins of both psychrophilic and 

thermophilic bacteria are excluded in this table. Phil, hydrophilic amino 

acids; Pho, hydrophobic amino acids; Base, negatively charged amino 

acids; Acid, positive charged amino acids; NA, not applicable. Variable 

represent no conserved amino acid is present in that column. 



Investigation on the nature of molecular changes between thermophilic 

and psychrophilic bacteria: implication on their thermal adaptation 

 

90 

 

Positional conserved residue analysis showed that thermophiles 

preferred to have more charged amino acids while psychrophiles preferred 

to have more hydrophilic amino acids. This positional conserved residue 

information also provides much valuable information for identification of 

key residues that might contribute to thermal adaptability to the extreme 

temperature conditions. All these substitutions in the amino acid 

sequences have a direct effect the non-covalent interactions, which 

contribute towards the maintainance of the stable structure of GroESL. It 

implies that the stability results from multiple factors including improved 

hydrophobic package, optimized hydrogen bonding and favorable 

structural rearrangements.  

3.2.5 Structural comparison of GroES between thermophiles and 

psychrophiles: 

The amino acid changes observed between thermophilic and 

psychrophilic bacterial GroES and GroEL sequences might be necessary 

to sustain the interactions and retain the structural stability for optimal 

activity at extreme temperatures. Based on the differences that were 

observed in GroESL, we constructed consensus proteins of GroES and 

GroEL for thermophiles and psychrophiles (Fig. 8A and B).   
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Fig 8: Sequence alignment of consensus GroESL protein sequences 

between thermophiles and psychrophiles.   

 

 

 (A) GroES 

                                    Mobile loop 

Psychro-GroES      MNIRPLHDRVIVKRSEVESKSAGGIVLTGSAAEKSTRGEVIAVGNGRILENGEVRPLDVKVGDIVIFSEGYGVKTEKIDGEEVLILSESDILAIVE- 96 

Thermo-GroES       MKIRPLGDRVVVKPIEREEKTKSGIVLPDTAKEKPQEGEVIAVGTGRILENGKRVPLEVKVGDRVIFSK-YAGTEVKIDGEEYLILSERDILAVIEE 96 

                   *:**** ***:**  * *.*: .****..:* **. .*******.*******:  **:***** ****: *. .  ****** ***** ****::* 

 

               

(B) GroEL  

Psychro-GroEL  MAAKEVLFGNDARVKMLAGVNVLANAVKVTLGPKGRNVVLDKSFGAPLITKDGVSVAKEIELEDKFENMGAQMVKEVASKANDAAGDGTTTATVLAQAIVNEGLKAVAAGMNPMDLKRGI 120 

Thermo-GroEL   -MAKQIIFDEEARRALERGVNKLANAVKVTLGPKGRNVVLEKKFGSPTITNDGVTIAKEIELEDPFENMGAQLVKEVASKTNDVAGDGTTTATVLAQAIVREGLKNVAAGANPMILKRGI 119 

                 **:::*.::**  :  *** ******************:*.**:* **:***::******** *******:*******:**.****************.**** **** *** ***** 

 

                                                                                                                           Helix H 

Psychro-GroEL  DKAVIAAVAELKALSTPCSDTKAIAQVGTISANSDETIGEIIAEAMEKVGKEGVITVEEGQGLENELDVVEGMQFDRGYLSPYFINNQESGTVELENPFILLVDKKISNIRELLPLLEAV 240 

Thermo-GroEL   EKAVEAAVEEIKKIAKPVEDKEEIAQVATISANNDEEIGKLIAEAMEKVGKDGVITVEESKTLTTELEVVEGMQFDRGYISPYFVTDPEKMEAVLEDPYILITDKKISNIKDLLPLLEKV 239 

               :*** *** *:* ::.* .*.: ****.*****.** **::**********:*******.: * .**:***********:****:.: *.  . **:*:**:.*******::****** * 

 

                                 Helix I 

Psychro-GroEL  AKSGKPLLIIAEDVEGEALATLVVNNMRGIVKVAAVKAPGFGDRRKAMLQDIAILTGGTVISEEIGLELEKATLEDLGTAKRVIITKDNTTIIDGAGEEATINARVSQIRKQIEESTSDY 360 

Thermo-GroEL   VQTGKPLLIIAEDVEGEALATLVVNKLRGTLQAAAVKAPGFGDRRKAMLQDIAILTGGQVISEELGLKLENATLDMLGRARKVRVTKENTTIVDGAGDPEDIKARINQIKKQIEETTSDF 359 

               .::**********************::** ::.****************:******** *****:**:**:***: ** *::* :**:****:****:   *:**:.**:*****:***: 

 

 

Psychro-GroEL  DKEKLQERMAKLAGGVAVIKVGAATEVEMKEKKDRVEDALHATRAAVEEGVVAGGGVALVRAASKLKELKGDNE-DQNVGINIALRAMEAPLRQIVTNAGEEASVVANNVKN----GTGN 475 

Thermo-GroEL   DKEKLQERLAKLAGGVAVIKVGAATETELKEKKLRIEDALNATRAAVEEGIVPGGGTALLNAIPALDELLETLTGDEKTGANIVRRALEEPVRQIAENAGLEGSVIVEKVKELEPGGDKT 479 

               ********:*****************.*:**** *:****:*********:*.***.**:.* . *.**      *::.* **. **:* *:***. *** *.**:.::**:    *  . 

 

 

Psychro-GroEL  YGYNAATGEYGDMLEMGILDPAKVTRSALQFAASVAGLMITTEAMIADAPQDDGSGGGMPDMGGMGGMGGMGGMM 550 

Thermo-GroEL   IGFDALTGEYVDMFEAGIVDPAKVTRSALQNAASIAGMLLTTEALVADKPEKEKN---TPAPAGAGDMDF----- 546 

                *::* **** **:* **:*********** ***:**:::****::** *:.: .    *.  * *.*.       

                           

  

Fig 8: Sequence alignment of consensus GroESL protein sequences 

between thermophiles and psychrophiles.  Pair wise sequence alignment of 

GroES (A) and GroEL (B) consensus sequences of thermophile and 

psychrophile. Amino acids that differ between thermophilic and 

psychrophilic GroESL at a specific position, but conserved with in either 

thermophiles or psychrophiles are highlighted with yellow color. Based on 

the frequency of occurrence of each amino acid at a position, the 

consensus GroES and GroEL for thermo and psychrophiles were 

constructed.   
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Consensus sequences of GroES and GroEL for a group of 12 

psychrophiles and 55 thermophiles were constructed by aligning protein 

sequences and by calculating the frequency of occurrence of residue at 

each position. The amino acid residue at each position in a consensus 

sequence was considered only when there was at least 50 % of occurrence 

at respective position. Consensus GroESL sequence for thermophiles and 

psychrophiles were generated and were designated as Thermo-GroES, 

Psychro-GroES, Thermo-GroEL and Psychro-GroEL (Fig. 8). There was 

67 % sequence identity between consensus Thermo-GroESL and Psychro-

GroESL sequences.  In order to examine, whether conserved amino acid 

differences between psychro and thermo-GroESLs have any impact on 

structure and inter and intra-subunit interactions of GroESL complexes, 

which might be responsible for temperature dependency, 3D models of tri-

subunit-GroESL complexes were constructed for Thermo-GroESL and 

Psychro-GroESL using InsightII software (Fig. 9). In nature, GroESL 

complex is a heptameric complex consisting of 7-GroES subunits and 7-

GroEL subunits.  In order to have an understanding of the inter-subunit 

and intra-subunit interactions, it is sufficient to build a tri-subunit 

complex, which consists of 3-GroES and 3-GroEL subunits. We achieved 

this using MODELER in InsightII. Interaction of GroES with large 

subunit GroEL stabilizes the ATP bound asymmetric GroESL complex 

and facilitates various interactions such as hydrophobic, ion-pair, 
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hydrogen-bonding and vander-waals within the GroESL complex. All 

these interactions contribute to the strength of the GroESL complex by 

enhancing the functional stability of protein molecules (Fenton and 

Horwich 1997).  The residues from ~16-32 called mobile loop structure of 

the GroES subunit is involved in such interactions with GroEL cis ring by 

stabilizing the complex structure of GroESL (Shewmaker et al. 2001). We 

identified four conserved differences in this loop region between 

psychrophiles and thermophiles; in psychrophile, alanine at position 22 is 

replaced by lysine, glycine at position 23 and 29 by serine and aspartic 

acid respectively (Fig.  9 A-C).  The conformational differences in the 

mobile loop are clearly seen in the 3D models of Psychro-GroES and 

Thermo-GroES.   Aspartic acid at position 29 of Thermo-GroES forms 11 

hydrogen bond interactions, whereas glycine at the same position in 

psychro-GroES, showed only 7 interactions in tri-GroESL subunit 

complex (Fig. 9 A-C). Overall, Thermo-GroES has more interactions in 

the mobile loop region with Thermo-GroEL in the Thermo-GroESL 

trisubunit complex, as compared to the Psycrho-GroES with Psychro-

GroEL in the Psychro-GroESL trisubunit complex (Fig. 9 A-C). The 

conserved amino acids in the mobile loop of Thermo-GroES when 

compared to Psychro-GroES, shows more numbers of intra-molecular 

interactions within the mobile loop may stabilize the loop structure at high 

temperatures.  
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Fig 9: Schematic representation of GroES interaction with GroEL in 

tri-subunit GroESL complexes of Thermo-GroESL and Psychro-

GroESL. 
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Fig 9: Schematic representation of GroES interaction with GroEL in tri-

subunit GroESL complexes of Thermo-GroESL and Psychro-GroESL. 

Hydrogen bond interactions are shown in dotted lines.  Subunit I (A), II 

(B) and III (C) represents the mobile loop regions of all three sub GroESL 

complexes of tri-subunit GroESL complex. Amino acids in red color font 

represent the conserved amino acid of GroEL. Aspartic acid shows more 
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number of interactions in Thermo-GroESL complex, than Glycine in 

Psychro-GroESL complex. 

The intra and inter-molecular interaction made by amino acids in 

the mobile loop of GroES, when compared to other GroES subunits of the 

same tri-subunit complex are asymmetric (Shimamura et al. 2004). 

Aspartic acid at position 29 of Thermo-GroES, forms 4, 3 and 4 

interactions in subunit I, II and III respectively (Fig 9 A-C). We suggest 

that this variation in the mobile loop amino acids and their interactions 

may be required for maintaining the compactness, thereby, structural 

stability to retain the activity at various temperatures. These specific 

amino acid alterations in the mobile loop of thermo and psychro-GroES 

may be required for maintaining temperature dependent interactions to 

strengthen the complex structure in either extremophiles.  

On the other hand, it was observed that all the residues involved in 

catalysis are conserved in GroESL sequences of the two extremophiles. 

Amino acids crucial for binding to ATP (V31, G32, P33, T91, I150, I454, 

G415, N479, A480, A481, I493, and D495) (Boisvert et al. 1996) are well 

conserved in GroEL sequences of the two extremophiles. Aspartic acid at 

position, 398 involved in ATP hydrolysis and in progression of the 

chaperonin cycle, is conserved in all the GroEL sequences. Substrate 

binding residues Y199, Y203, P204, L234, L237, L259, V263 and V264 

are also well conserved in all psychrophilic and thermophilic GroELs 
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indicating the importance of these amino acids in the refolding activity of 

GroEL (Coyle et al. 1997; Fenton et al. 1994).  Replacement of C-terminal 

non-conserved end of E. coli GroEL with psychrophilic C-terminal region, 

replacement of thermophilic and psychrophilic C-terminal region with E. 

coli C-terminal region and subsequent temperature dependent refolding 

assays suggested that C-terminal region, 503-548 amino acid residues was 

necessary for temperature dependent reaction (Nakamura et al. 2004).  Site 

directed mutagenesis of E. coli GroEL, replacing leucine at 524 with 

isoleucine in the C-terminal region indicated that presence of selected 

amino acid within this region is responsible for temperature dependent 

activity (Nakamura et al. 2004). However, conserved differences observed 

in the present work, are spread throughout the GroESL protein sequences 

between psychrophies and thermophiles. It is possible that, not only the C-

terminal region, but also all those conserved and selective changes in the 

GroESLs might be responsible for temperature dependent optimization of 

protein function. Comparative analysis of structure and sequence of 

GroESL between thermophiles and psychrophiles showed that during 

adaptation to diverse temperature conditions, genes undergo selective 

changes to retain the function of a protein. Thus, identified conserved 

amino acid changes between psychrophile and thermophile GroES and 

GroELs are assumed to be very important for their thermal adaptability.  
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3.2.6 Characterization of consensus synthetic thermo-GroESL and 

psychro-GroESL: 

Sequence comparison by insilico methods of molecular chaperones 

(GroEL and GroES) from thermophiles and psychrophiles had identified 

the key residues that might be necessary for thermal adaptation. To 

understand the importance of these key residue differences we have 

constructed the consensus protein sequence derived from alignment of 

protein sequences of GroESL of 55 thermophiles and 12 psychrophiles. 

The significance of the conserved amino acid differences was analyzed by 

protein denaturation studies (thermal denaturation) of synthetic protein of 

GroESL of thermophile and psychrophile. Consensus sequences of GroES 

and GroEL for a group of 12 psychrophiles and 55 thermophiles were 

constructed. The amino acid residue at each position in a consensus 

sequence was considered only when there was at least 50 % of occurrence 

at respective position. These consensus GroESL proteins were reverse 

translated using the E. coli genetic code and the synthetic psychro-groESL 

and thermo-groESL were synthesized by GenScript USA Inc. (Piscataway, 

New Jersey, USA). The synthesized groESL genes of thermophile and 

psychrophile were cloned into pUC57 vector separately by GeneScript 

with the mentioned restricted enzyme sites so that synthetic genes can be 

excise from the pUC57 vector (Fig 3).  
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3.2.7 Expression and purification of synthetic GroESL protein: 

Synthetic groESL genes of the thermophiles and psychrophiles 

were cloned in to pET28a(+).  

Fig 10: Expression of synthetic thermophilic and psychrophilic 

GroEL. 
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Fig 10: Expression of synthetic thermophilic and psychrophilic GroEL. 

Soluble and insoluble fraction of uninduced and induced samples of 

synthetic thermo-GroEL (A) and psychro-GroEL (B) protein expressed in 

E. coli (Rosetta stain) after induction with 0.4 mM IPTG. (A) Expressed 

synthetic thermo GroEL protein was resolved on SDS gel (15%) to 

approximately at 60 kDa (lane 3) in the soluble fraction; Marker, 200kDa 

size. (B) Expressed synthetic psychro GroEL protein was resolved on SDS 

gel (15%) to approximately at 60 kDa (lane 2) in the soluble fraction; 

Marker, 200 kDa size. 
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Fig 11: Expression of synthetic thermophilic and psychrophilic 

GroES. 

M
ar

k
er

U
n

-i
n

d
 

In
d

u
ce

d
 

~12kDa

GroES-TM

U
n

-i
n

d
 

In
d

u
ce

d
 

GroES-PS

200kDa

85kDa

50kDa

30kDa

20kDa

A

 

Fig 11: Expression of synthetic thermophilic and psychrophilic GroES. 

Uninduced and induced samples of synthetic thermo and psychro-GroES 

protein expressed in E. coli (Rosetta stain) after induction with 0.4 mM 

IPTG. (A) Expressed synthetic thermo (lane 3) and psychro (lane 5) 

GroES protein was resolved on SDS gel (15%) to approximately at 12 kDa 

in the induced sample; Marker, 200 kDa size. 

 

Synthetic groESL gene of thermophile and psychrophile was 

expressed in Roseta strain of E. coli and the protein was resolved on the 

SDS PAGE. GroESL proteins were expressed in the soluble fraction for 

both thermophile and psychrophile. Synthetic thermo and psychro GroEL 

protein was expressed with the band size of 60 kDa (Fig 10) and GroES 
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protein with the band size of 10 kDa (Fig 11). The samples were purified 

using Nickel Affinity column following the procedure as explained in the 

methodology. The purified elutes of thermo and psychrophiles GroESL 

were run on the SDS gel and found single band of approximately of 60 

kDa for GroEL protein and 12 kDa for GroES protein in both thermophile 

and psychrophile (Fig 12and 13).  

 

Fig 12: Purification of synthetic thermophilic and psychrophilic 

GroEL protein using Ni-NTA column. 
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Fig 12: Purification of synthetic thermophilic and psychrophilic GroEL 

protein using Ni-NTA column. Synthetic thermo and psychro-GroEL 

protein are expressed in E. coli and purified using Ni-NTA column. 

Purified elutes of induced synthetic thermo-GroEL and psychro-GroEL 

proteins showed a required size of 60 kDa. Lane numbers 4, 5 and 6 for 

thermo-GroEL and Lane numbers 3, 4 and 5 for psychro-GroEL were 

pooled separately and concentration was checked. Marker, 200 kDa size. 
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Samples numbers 4, 5 and 6 of GroEL thermophile and 3, 4, 5, 6 and 7 of 

GroEL psychrophile were pooled separately and concentrated for thermal 

denaturation studies. 

 

Fig 13: Purification of synthetic thermophilic and psychrophilic 

GroES protein using Ni-NTA column. 
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Fig 13: Purification of synthetic thermophilic and psychrophilic GroES 

protein using Ni-NTA column. Synthetic thermo and psychro-GroES 

protein are expressed in E. coli and purified using Ni-NTA column. 

Purified elutes of induced synthetic thermo-GroES and psychro-GroES 

proteins showed a required size of ~12 kDa. Lane numbers 3, 4, 5, 6 and 7 

for thermo-GroEL and Lane numbers 4, 5 and 6 for psychro- GroEL were 

pooled separately and concentration was checked. Marker, 200 kDa size. 
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3.2.8 Thermo-GroEL is relatively more stable than psychro-GroEL: 

Thermal denaturation of consensus thermo-GroEL and psychro-

GroEL showed a cooperative loss of secondary structure as temperature is 

increased (Fig 14).  

 

Fig 14: Thermal stability of purified thermo-GroEL and psychro-

GroEL proteins.   

Temperature (K)

280 300 320 340 360 380 400

N
o

r
m

a
li
z
e

d
 e

ll
ip

ti
c

it
y
 a

t 
2

2
0
 n

m

0.0

0.2

0.4

0.6

0.8

1.0

 

Fig 14: Thermal stability of purified thermo-GroEL and psychro-GroEL 

proteins. Structural changes were followed by monitoring ellipticity at 220 

nm.  Open circles (ο) psychro-GroEL, open triangles (∆) thermo-GroEL.  

The data was extrapolated using Gibbs-Helmholtz equation. The arrows 

indicate the temperature at which 50 % of the structure of the protein is 

lost (Tm). 
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However, the structure was not completely lost at the highest 

temperature practically attainable. Therefore, the obtained data were 

extrapolated for complete denaturation and the temperature midpoints (Tm) 

were calculated. It was found that psychro-GroEL and thermo-GroEL 

proteins showed the Tm value of 64 °C and 79 °C, respectively (Fig 14). 

The significant temperature differences confirm the fact that these two 

proteins have clearly a distinct thermal stability. Further insight on the 

data shows that up to nearly 55 °C, the thermo protein retains 10 % of its 

secondary structure where as the psychro protein lost approximately one 

third of its structure at the same temperature (Fig 14). These data 

corroborate with the idea that individual conserved amino acids within 

each group of thermophilic or psychrophilic GroELs play a key role in 

their thermal stability and adaptability.   

 3.3 Conclusion: 

Comparative study between thermophiles and psychrophiles 

showed that there are differences in the amino acid composition. With 

charged (D, E, K, R), aromatic (F, Y) and proline residues being more in 

thermophiles and polar amino acids (S, T, Q, N, C, M) are more in 

psychrophiles. Aliphatic amino acids were same in both groups, which 

might be necessary to maintain overall hydrophobicity. These differences 

in the residue composition might be necessary for the thermal stability of 
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the protein molecule. Positional conserved amino acid analysis showed 

that many hydrophilic and hydrophobic amino acids in psychrophilic 

GroESL were replaced by charged group in thermophilic GroESL with 

increase in temperature. Positional conserved amino acid differences of 

GroESL between thermophiles and psychrophiles might have arisen 

during bacterial adaptation to extreme temperatures and also forms the 

reasons for their different temperature optima. Thermal denaturation 

studies of the synthetic proteins of thermo-GroEL shows relatively more 

stablility than psychro-GroEL infers that key residues identified might be 

necessary for providing structural stability. 
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 Chapter 4: 

This chapter presents how selective the thermophiles and 

psychrophiles are in using different codons for optimizing their GC 

content of genome with respect to different temperature extremes. It also 

describes the conservative and non-conservative substitutions that might 

have necessarily happened for survival of these thermophiles and 

psychrophiles to extreme temperatures during the course of adaptation.  

Over all, thermophiles evolved with relatively high GC content genomes 

when compared to psychrophiles. Non-synonymous substitutions were 

predominant in thermophilic genomes when compared to psychrophiles, 

implying habitat dependent negative selection might have taken place 

during their evolution as extreme thermophiles. Rate of synonymous 

substitutions was almost similar in either extremophiles. Nature of 

nucleotide and amino acid substitutions that might have occurred during 

the course of adaptation to extreme temperatures for these extremophiles 

is discussed in detail. 

Codon usage and synonymous and non-synonymous substitution 

rate analysis of conserved proteins between the selected thermophiles and 

psychrophiles were performed in this present chapter. 

 4.1 Introduction: 

Genome sequence information is available for the large number of 

prokaryotic and eukaryotic organisms, which provides huge amount of 
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valuable datasets for understanding similarities and differences between 

genomes of different organisms. Comparative genome analysis of multiple 

organisms provides answer to several questions related to evolution, 

adaptation to environmental niche, disease cause, special traits etc. There 

are many parameters for understanding the DNA sequence evolution such 

as mutations, genome composition, G+C composition, codon usage, 

synonymous and non synonymous substitution rate, effective number of 

codon (Nc) (Wright 1990), codon adaptation index (CAI) (Sharp  and Li 

1987) and frequency of optimal codon (Fop). According to Tamura (1992), 

for estimating the number of nucleotide substitutions per site between two 

sequences, two factors are important to consider, which include the 

inequality of the rates of transitional transversional and G+C content bias 

(Tamura 1992). It is important to analyze the substitutions at nucleotide 

and amino acid level that might have necessarily occurred during the 

course of evolution of bacteria as extreme thermophiles and psychrophiles. 

For this, codon usage bias and synonymous and non-synonymous 

substitution between thermophiles and psychrophiles was examined.  

 4.1.1 Codon profiling: 

The biological information of a living organism is stored in the 

long sequence of nucleic acid containing four letters A, T, G and C. Group 

of three consecutive bases in the coding sequence is called a codon, which 

encodes an amino acid or to a signal that terminates translation. The 



Investigation on the nature of molecular changes between thermophilic 

and psychrophilic bacteria: implication on their thermal adaptation 

 

107 

 

mapping from codons to amino acids is called genetic code. There are 

total 64 codons (four bases for the third position in the codon: 4
3
) that 

encode twenty different amino acids. There is more than one codon that 

encodes same amino acid, which is called degeneracy or redundancy of 

the genetic codon. Codons that encode same amino acid are called 

synonymous codons. Most of synonymous codons differ by only one base 

in their 3
rd

 position (wobble position). The genetic code is conserved in 

many organisms but the usage of codons differs between the organisms 

(Ermolaeva 2001). Codon profiling is performed to understand the 

nucleotide compositional variations of the coding DNA sequences 

between thermophiles and psychrophiles. Frequency of one of the several 

codons is found more than expected by chance. Such preference of genetic 

code is referred as codon usage. Codon usage bias is defined as the 

differences in the frequency of occurrence of codons in the coding DNA. 

Codon usage analysis between thermophiles and psychrophiles was 

investigated in our present study as the strength of codon bias varies 

across the genes between and within the organisms (Grantham et al. 

1980a; Gouy and Gautier 1982; Ikemura 1985). Strength of codon bias 

also varies between the orgnanism. In some organisms codon bias is very 

strong (strength) while in others, it was used with similar frequencies 

(Hershberg and Petrov 2008). Codon bias was vaies between the genes, 

highly expressed genes show greater levels of bias than and weakly 
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expressed genes (Gouy and Gauiter 1982; Ikemura 1985). In E. coli, 

highly expressed genes showed preferred set of synonymous codons 

which are recognized by the abundant tRNAs, while weakly expressed 

genes did not show any bias in codon usage (Andersson and Kurland 

1990). Many statistical approaches are available for the analysis of the 

codon usage, which includes prediction of the Relative Synonymous 

Codon Usage (RSCU), Codon Adaptation Index (CAI), Relative Codon 

Adaptation (RCA) and effective number of codons (Nc) (Sharp and Li 

1986; Sharp and Li 1987; Fox and Erill 2010; Wright 1990). Codon usage 

was first examined in E. coli and S. cerevisiae where highly expressed 

genes showed bias towards particular subset of codons (Sharp et al. 1988). 

Codon bias was also well reported in the unicellular prokaryotes to 

multicellular eukaryotes and even in the Drosophila (Gouy and Gauiter 

1982; Akashi 1994). Ingvarsson, (2008), reported that five closely related 

species of Populus (P. tremula, P. deltoids, P. euphratica, P. trichocarpa 

and P. nigra showed difference in synonymous codon usage (Ingvarsson 

2008). According to Grantham et al. (1980a), each genome has its own 

characteristic patterns of synonymous codon usage and all genes of the 

genome have the similar choice of synonymous codon usage. These 

finding have been designated as “genome hypothesis” (Grantham et 

al.1980a). Many computational tools are available for understanding the 

codon usage which includes CodonW (http://codonw.sourceforge.net/), 
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GCUA (General Codon Usage Analysis) (http://bioinf.may.ie/GCUA/), 

INCA (INteractive Codon Analysis software) 

(http://bioinfo.hr/research/inca/), ACUA (Automated Codon Usage 

Analysis tool) (http://www.bioinsilico.com/acua), PAL2NAL 

(http://www.bork.embl.de/pal2nal/), CALcal 

(http://genomes.urv.cat/CAIcal/E-CAI/) and others.  

 4.1.2 Synonymous and non-synonymous substitution: 

Although mutation and substitution are often used interchangeably, 

there is a subtle but important difference. A nucleotide mutation is a base 

change (whether synonymous or non-synonymous) such that the mutant 

and wild-type forms co-exist in a population. A nucleotide substitution is a 

base change between two populations. Thus, a mutation only becomes a 

substitution when the most recent common ancestor of the entire 

population carried that mutation. Synonymous substitution or silent 

substitution is a substitution of one base within the triplet codon, which 

does not modify the amino acid. For example, codon GCT encodes alanine 

amino acid, if T is changed to A then the codon becomes GCA which also 

encodes alanine. Synonymous codons usually differ in the single 

nucleotide at the third position of a codon, but in some amino acids it 

differs in the second position also. Non-synonymous substitution which 

results in a change of amino acid which are of three types conservative, 

semi-conservative and radical 
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(http://en.wikipedia.org/wiki/Synonymous_substitution). Conservative 

substitution is substitution from one amino acid to another amino acid but 

having same physiochemical properties. Semi conservative substitution is 

substitution from positive to negative charged amino acid and radical 

substitution is substitution resulting in entirely different amino acid. 

Synonymous and non-synonymous substitution rate analysis was used as 

tool for estimating the evolutionary distances of closely related species 

(Kafatos et al. 1977; Kimura 1977; Perler et al. 1980; Miyata and 

Yusunaga 1980).  

Many mathematical methods were developed to estimate the 

nucleotide synonymous and non-synonymous rate between the DNA 

sequences (Perler et al. 1980; Miyata and Yusunaga 1980; Li et al. 1985; 

Nei and Gojobori 1986; Pamilo and Bianchi 1993; Goldman and Yang 

1994; Muse and Gaut 1994; Comeron 1995; Ina 1995). According to 

Perler’s method, equal weights were given to two or more possible 

evolutionary pathways between a pair of codons (i.e., for one codon to be 

transferred to another codon was considered as evolutionary pathway). 

According to the Miyata and Yusunaga (1980) and Li et al.’s (1985) 

methods, larger weight was given to an evolutionary pathway involving 

silent substitution and lower weight was given to a pathway involving 

amino acid altering substitution. Nei and Gojobori (1896), gave equal 

weights to all evolutionary pathways for given pair of codons in their 
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method (Nei and Gojobori 1986). The results obtained by all four methods 

have showed approximately more or less the same results (Nei and 

Gojobori 1986) 

Most of the tools calculate number of synonymous and non-

synonymous substitutions per site by a method described by Nei and 

Gojobori (Nei and Gojobori 1986). A nucleotide site is classified as non-

degenerate, two fold degenerate, three fold degenerate and four fold 

degenerate, depending on how often nucleotide substitutions will result in 

amino acid replacement (Li et al. 1985). A nucleotide position in a codon 

is said to be non-degenerate site, when replacement of the nucleotide at 

that position by any other three nucleotides results in change of the amino 

acid coded by that codon. The rate of nucleotide substitution is low at the 

non-degenerate sites. A position of a codon is said to be a twofold 

degenerate site when replacement of two out of four nucleotides at that 

position results in same amino acid. For example, GAA is one of the 

glutamic acid codons. The third position is a two fold degenerate site, 

because substitution of A at position three by G (transition change) 

specifies glutamic acid.  There is only one threefold degenerate site where 

changing to three of the four nucleotides may have no effect on the amino 

acid but changing to the fourth possible nucleotide, thus results, in change 

in amino acid substitution. For example, third position of isoleucine 

codons AUU, AUC, and AUA are three fold degenerate sites. All three 
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encode for isoleucine, change in the nucleotide at third position with 

guanine results in AUG which encodes a different amino acid, methionine. 

A position of a codon is said to be a fourfold degenerate site when 

substitution of nucleotide by any nucleotide at this position specifies the 

same amino acid. For example codons GGA, GGG, GGC and GGU 

encode the amino acid, glycine. According to the Nei and Gojobori, 

synonymous (S) and non-synonymous (N) sites are scored based on 

whether the site is a two fold, three fold or a four fold degenerate site, 

when comparing two nucleotide sequences.  S = 1 and N = 0 for a four 

fold degenerate site. For a three fold degenerate site, S = 2/3 and N =1/3, 

for a two fold degenerate site S= 1/3 and N = 2/3 and for a non 

degenerative site S=0 and N=1. 

According to the Nei and Gojobori, two sequences are compared 

by considering the aligned codons and count the number of synonymous 

and non-synonymous nucleotide differences for each pair of codons. For 

example, when codon GTT (Val) is compared to GTA (Val) codon, there 

is only one nucleotide difference between the codons i.e. one syonymous 

subtitution. For the two nucleotide differences between the codons, for 

example, TTT is compared to GTA there are two possible ways to obtain 

the differences. 1) TTT (Phe) ↔ GTT (Val) ↔ GTA (Val) and 2) TTT 

(Phe) ↔ TTA (Leu) ↔ GTA (Val). First way involves one synonymous 

and one non-synonymous substitution and second way involves two non-
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synonymous substitutions. The sd and nd will be 0.5 and 1.5 respectively. 

For the three nucleotide differences between the codons there will be six 

different possible pathways between the codons. Sd and nd values are 

calcualted in the same way as above. Total number of synonymous and 

non-synonymous differences can be obtained by summing up these values 

(Nei and Gojobori 1986). Number of synonymous substitutions (dS) and 

non-synonymous substitutions (dN) per site was calculated by the formula 

developed by Jukes and Cantor (1969) 

   d = - loge (1 - p) 

where p is either ps or PN. 

If dN/dS ratio >1 signifies the adaptive selection and ratio <1 

signifies purifying selection (Akashi 1999; Crandall et al. 1999; Sharp 

1997). 

Many computational tools available for the calculation of dN/dS 

ratio, which includes SNAP (Synonymous Non-synonymous Analysis 

Program), WINA (Window Analysis), SWAKK (Sliding Window 

Analysis of Ka and Ks), PAL2NAL (v12), DNaSP (DNA Sequence 

Polymorphism), IDEA (Interactive Display For Evolutionary Analyses) 

and others.  

 4.2 Results and Discussion: 

Guanine and cytocine are an important attributes to understand the 

gene evolution of bacteria. The average GC content of thermophilic and 
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psychrophilic genomes is 41.83 % and 53.36 % respectively (Fig 15). This 

suggests that, GC content of genomes of psychrophilic bacteria is 

relatively low when compared to the genomes of thermophiles. 

Thermophilic bacteria evolved with relatively higher GC content when 

compared to psychrophilic bacteria. It is because G is linked to C by three 

stable hydrogen bonds whereas only two hydrogen bonds link A to T. 

Therefore, the energy required to break the bonds between GC is more 

than required to break the bonds between AT. High GC content in 

thermophiles is necessary to protect the DNA and RNA from high 

temperature denaturation (Forterre, in press). According to Galtier and 

Lobry (1997), there is no co-relation between the GC content of the DNA 

and the optimal growth temperature of an organism (Galtier and Lobry 

1997). However, thermophiles and hyper-thermophiles have higher GC 

content compared to mesophiles. GC content is one of the major factors 

that influence DNA, mRNA and tRNA stability (Fujita and Kanehisa 

2005). Presence of more number of purine nucleotides prevents 

aggregation of mRNA molecules in thermophiles (Lao and Forsdyke 

2000). 
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Fig 15: GC content of genomes of thermophilic and psychrophilic 

bacteria.  
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Fig 15: GC content of genomes of thermophilic and psychrophilic 

bacteria. The average GC content of thermophilic and psychrophilic 

genomes is 41.83 % and 53.36 % respectively. GC content of genomes of 

psychrophilic bacteria is relatively low when compared to the genomes of 

thermophiles. Grey color bar represent thermophiles and black bar 

represent psychrophiles. 
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 Large variation was observed in the GC content within 

thermophilic genomes as compared to psychrophilic genomes, could be 

due to high temperature effect on the genomic DNA (Fig 15) (Kreil and 

Ouzounis 2001). Less variation in GC content of psychrophiles could also 

infer the low mutational rate in their genomes (Basak and Ghosh 2006). 

Kreil and Ouzounis (2001), has demonstrated that thermophiles have 

higher GC content than mesophiles, which are necessary for protection of 

DNA from extreme temperatures (Kreil and Ouzounis 2001). 

To investigate the codon usage between thermophiles and 

psychrophiles, the orthologous proteins, which are conserved in all the 

selected thermophiles and psychrophiles were used.  

4.2.1 To analyze the codon usage between thermophilic and 

psychrophilic conserved proteins to understand the evolution of 

thermophiles with high GC content genomes. 

G+C content is one of the important factors, which was considered 

to measure the codon usage bias among the genes. According to Chen et 

al. (2004), pattern of codon usage depends on two parameters one being 

the G+C content and other being nucleotide bias. In order to check how 

selective the psychrophiles and thermophiles are in using different codons 

for optimizing their GC content of genome, codon usage bias was 

analyzed. We considered third position of the triplet codon (wobble 

position) which is a four fold degenerate site i.e., change in the nucleotide 
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in the third position mostly leads to no change in amino acid. First and 

second positions of the codon are non-synonymous sites and have strong 

purifying selection where as, third position in codon is synonymous and 

have weak purifying selection (Basak et al. 2004). Codons are divided into 

G/C and A/T ending codons based on the presence of G/C or A/T in the 

third position. Therefore, it is interesting to see whether thermophiles 

maintain GC ending codons at wobble position as compared to 

psychrophiles. Codon profiling is performed to see whether codon usage 

bias is the basis for the thermophiles and psychrophiles to maintain the 

high and low GC content of their genome respectively. Open reading 

frames were retrieved for all 119 conserved orthologs of thermophiles and 

psychrophiles using Perl script and submitted to another Perl script which 

calculated the frequency of occurrence of A/T and G/C ending codons for 

each amino acid. Mean frequency of A/T and G/C ending codons of each 

amino acid of conserved proteins between thermophiles and psychrophiles 

were compared. 

Codon usage analysis of conserved proteins showed that codons 

ending with A/T were preferred mostly by psychrophiles where as G/C 

ending codons by thermophiles (Fig 16, Table 9). The result obtained with 

the Lynn et al. (2002), showed that thermophiles preferred to have high 

GC ending codons and while mesophiles preferred to have more AT 

ending codons (Lynn et al. 2002).  
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Fig 16: Mean frequency of G/C and A/T ending codons of each amino 

acid in the conserved genes between thermophiles and psychrophiles. 
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Fig 16: Mean frequency of G/C and A/T ending codons of each amino 

acid in the conserved genes between thermophiles and psychrophiles. A/T 

ending codons were seen more in psychrophiles and G/C ending codons 

were seen more in thermophiles. Amino acids are represented in single 

letter codes on the X-axis and the mean frequency is represented on the Y-

axis. 
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Table 9: Normalized frequency of A/T and G/C ending codons of each 

amino acid of conserved proteins between two extremophiles.   

 

  Psychrophiles Thermophiles  

Amino acid CODONS Mean Mean t-test(p-value) 

ASN AAT 0.543 0.431 2.646 (0.0076) 

 AAC 0.457 0.569 -2.646 (0.0198) 

GLN CAA 0.654 0.42 3.791 (0.0008) 

 CAG 0.346 0.58 -3.791 (0.0015) 

HIS CAT 0.629 0.48 3.474 (0.0008) 

 CAC 0.371 0.52 -3.474 (0.0021) 

SER TCT,TCA,AGT 0.681 0.445 4.828 (< 0.0001) 

 TCC,TCG,AGC 0.319 0.555 -4.828 (< 0.0001) 

THR ACT,ACA 0.584 0.429 2.708 (0.0078) 

 ACC,ACG 0.416 0.571 -2.708 (0.0155) 

TYR TAT 0.608 0.463 3.166 (0.0022) 

 TAC 0.392 0.537 -3.166 (0.0054) 

PHE TTT 0.672 0.550 2.490 (0.0101) 

 TTC 0.328 0.450 -2.490 (0.0207) 

CYS TGT 0.703 0.478 4.400 (0.0002) 

 TGC 0.297 0.522 -4.400 (0.0002) 

PRO CCT,CCA 0.759 0.467 5.244 (< 0.0001) 

 CCC,CCG 0.241 0.533 -5.244 (< 0.0001) 

  Psychrophiles Thermophiles  

Amino acid CODONS Mean Mean t-test(p-value) 

ALA GCT,GCA 0.650 0.480 3.393 (0.0015) 

 GCC,GCG 0.350 0.520 -3.393 (0.0015) 

ILE ATT,ATA 0.674 0.585 1.572 (0.0849) 

 ATC 0.326 0.415 -1.572 (0.1384) 

LEU TTA, CTT,CTA 0.664 0.412 4.322 (0.0001) 

 TTG,CTC,CTG 0.336 0.588 -4.322 (0.0003) 

VAL GTT,GTA 0.703 0.468 4.084 (0.0002) 

 GTC,GTG 0.297 0.532 -4.084 (0.0004) 

GLY GGT,GGA 0.680 0.530 3.488 (0.0006) 

 GGC,GGG 0.320 0.470 -3.488 (0.0015) 

ASP GAT 0.717 0.546 4.764 (< 0.0001) 

 GAC 0.283 0.454 -4.764 (< 0.0001) 

GLU GAA 0.687 0.547 2.840 (0.006) 

 GAG 0.313 0.453 -2.840 (0.0118) 

LYS AAA 0.686 0.513 3.049 (0.0038) 

 AAG 0.314 0.487 3.049 (0.0074) 

ARG CGT,CGA,AGA 0.738 0.46 5.246 (< 0.0001) 

 CGC,CGG,AGG 0.262 0.54 -5.246 (< 0.0001) 

 

 

Table 9: Normalized frequency of A/T and G/C ending codons of each 

amino acid of conserved proteins between two extremophiles. A/T ending 

codons were seen more in psychrophiles and G/C ending codons were 

seen more in thermophiles. Student t-test shows the significant differences 

in A/T and G/C ending codons of each amino acid in between 

thermophiles and psychrophiles. Significant compositional differences are 

shown in bold between extremophiles. 

 

Preferential selection of GC ending codons by the thermophiles 

shows that high temperature act as an evolutionary constraint on 

organisms as G:C pairs are more stable than A:T pairs. Lynn et al. (2002), 
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observed that the optimal growth temperature affects the synonymous 

codon usage in thermophilic bacteria (Lynn et al. 2002). Mean frequency 

of G/C ending codons for leucine and valine are more in thermophiles 

while A/T ending codons are more in psychrophiles. Mean frequency of 

G/C ending codons for leucine (TTG,CTC,CTG) and valine (GTC,GTG) 

in thermophiles are 0.588 and 0.532 while in psychrophiles are 0.336 and 

0.297 respectively (Table 9). Similarly, mean frequency of A/T ending 

codons for leucine (TTA,CTT,CTA) and valine (GTT,GTA) in 

thermophiles are 0.412 and 0.468 while in psychrophiles are 0.664 and 

0.703 (Table 9). The other amino acids that are showing highly significant 

differences (p<0.0001) are aspartic acid, arginine, serine, cysteine and 

proline (Table 9).  

Codon usage analyses of groESL also showed similar results with 

codons ending with A/T were preferred mostly by psychrophiles where as 

G/C ending codons by thermophiles (Fig 17 and 18). In GroES, cysteine 

occurrence was seen in two or three thermophilic organisms but not even 

in a single psychrophile. As frequency of occurrence of that amino acid is 

too low, it was not considered for t-test calculations (Table 10).  
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Fig 17: Mean frequency of A/T and G/C ending codons of each amino 

acid in the GroES gene between thermophiles and psychrophiles. 
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Fig 17: Mean frequency of A/T and G/C ending codons of each amino 

acid in the GroES gene between thermophiles (grey bar) and 

psychrophiles (black bar). A/T ending codons were seen more in 

psychrophiles and G/C ending codons were seen more in thermophiles. 

Amino acids are represented in single letter codes on the X-axis and the 

mean frequency is represented on the Y-axis. 
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Fig 18: Mean frequency of A/T and G/C ending codons of each amino 

acid in the GroEL gene between thermophiles and psychrophiles. 
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Fig 18: Mean frequency of A/T and G/C ending codons of each amino 

acid in the GroEL gene thermophiles (grey bar) and psychrophiles (black 

bar). A/T ending codons were seen more in psychrophiles and G/C ending 

codons were seen more in thermophiles. Amino acids are represented in 

single letter codes on the X-axis and the mean frequency is represented on 

the Y-axis. 
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Also, histidine occurrence is very low in either extremophiles. 

Only A/T ending histidine (CAT) codon usage was seen in psychrophiles 

with a mean frequency value of 0.750, where as in thermophiles, both A/T 

and G/C ending histidine codons usage (CAT, CAC) was seen (Fig 17, 

Table 10). Mean frequency of G/C and A/T ending histidine codon in 

thermophiles are 0.091 and 0.073 respectively (Table 10). Few amino 

acids showed highly significant differences (p<0.00001) such as alanine, 

leucine, glutamine, serine and proline with A/T ending codons in 

psychrophiles and G/C ending codons in thermophiles (Table 10). While 

in GroEL alanine, luecine, valine, lysine, glutamine, histidine, and proline 

are showing highly significant differences between the extremophiles (Fig 

18, Table 10). Significant differences observed in codon usage are in bold 

in the Table 9 and 10. The obtained coodn usage showed positive and 

negative values implies the strength of the selection of the codon usage by 

that particular group of extremophiles (Table 9 and 10). The negative 

and/or positive values infer the strength of codon usage bias towards 

thermophiles and/or psychrophiles respectively which could be due to 

their adaptive selection of codons. (Table 9 and 10). Lynn et al. (2002), 

reported that synonymous codon usage was affected by G+C composition 

of whole genome and the growth at high temperature (Lynn et al. 2002). 

 



Investigation on the nature of molecular changes between thermophilic 

and psychrophilic bacteria: implication on their thermal adaptation 

 

124 

 

 

 

 

Table 10: Normalized frequency of A/T and G/C ending codons of 

each amino acid of GroESL proteins between two extremophiles. 

 

  Psychro 

GroES 

Thermo  

GroES 
 

Psychro 

GroEL 

Thermo 

GroEL 
 

Amino 

acid 

CODONS Mean±SD Mean±SD t-test(p-value) Mean±SD Mean±SD t-test(p-value) 

ALA GCT,GCA 0.791±0.153 0.534±0.350 3.982(0.0002) 0.760±0.097 0.530±0.348 4.185(< 0.0001) 

 GCC,GCG 0.209±0.153 0.466±0.350 -3.982(0.0004) 0.240±0.097 0.470±0.348 -4.185(< 0.0001) 

ILE ATT,ATA 0.624±0.224 0.534±0.277 1.207(0.2015) 0.455±0.245 0.479±0.289 -0.300(0.756) 

 ATC 0.376±0.224 0.466±0.277 -1.207(0.2843) 0.545±0.245 0.521±0.289 0.300(0.7663) 

LEU TTA, CTT,CTA 0.802±0.166 0.434±0.313 5.763(< 0.0001) 0.800±0.140 0.392±0.329 6.759(< 0.0001) 

 TTG,CTC,CTG 0.198±0.166 0.566±0.313 -5.763(< 0.0001) 0.200±0.140 0.608±0.329 -6.759(< 0.0001) 

VAL GTT,GTA 0.735±0.178 0.528±0.311 3.118(0.003) 0.876±0.088 0.553±0.346 6.039(< 0.0001) 

 GTC,GTG 0.265±0.178 0.472±0.311 -3.118(0.0056) 0.124±0.088 0.447±0.346 -6.039(< 0.0001) 

GLY GGT,GGA 0.683±0.147 0.562±0.339 1.931(0.044) 0.697±0.134 0.593±0.291 1.879(0.0631) 

 GGC,GGG 0.317±0.147 0.438±0.339 -1.931(0.0763) 0.303±0.134 0.407±0.291 -1.879(0.0606) 

ASP GAT 0.587±0.192 0.472±0.259 1.755(0.0759) 0.606±0.155 0.427±0.233 3.261(0.0042) 

 GAC 0.413±0.192 0.528±0.259 -1.755(0.1215) 0.394±0.155 0.573±0.233 -3.261(0.004) 

GLU GAA 0.849±0.113 0.606±0.301 4.669(< 0.0001) 0.806±0.167 0.590±0.287 3.475(0.0016) 

 GAG 0.151±0.113 0.394±0.301 -4.669(< 0.0001) 0.194±0.167 0.410±0.287 -3.475(0.0015) 

LYS AAA 0.734±0.225 0.517±0.294 2.855(0.0077) 0.790±0.180 0.483±0.312 4.579(< 0.0001) 

 AAG 0.266±0.225 0.483±0.294 -2.855(0.0124) 0.210±0.180 0.517±0.312 -4.579(< 0.0001) 

ARG CGT,CGA,AGA 0.740±0.201 0.496±0.359 3.227(0.0024) 0.757±0.145 0.533±0.332 3.641(0.0008) 

 CGC,CGG,AGG 0.260±0.201 0.504±0.359 -3.227(0.0042) 0.243±0.145 0.467±0.332 -3.641(0.0007) 
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  Psychro 

GroES 

Thermo  

GroES 
 

Psychro 

GroEL 

Thermo 

GroEL 
 

Amino 

acid 

CODONS Mean±SD Mean±SD t-test(p-value) Mean±SD Mean±SD t-test(p-value) 

ASN AAT 0.636±0.349 0.319±0.417 2.749(0.0118) 0.304±0.172 0.346±0.240 -0.708(0.4329) 

 AAC 0.364±0.349 0.517±0.454 -1.300(0.2342) 0.696±0.172 0.654±0.240 0.708(0.4431) 

GLN CAA 0.647±0.421 0.374±0.414 2.042(0.0539) 0.757±0.206 0.443±0.384 3.965(0.0004) 

 CAG 0.269±0.378 0.535±0.432 -2.147(0.0533) 0.243±0.206 0.557±0.384 -3.965(0.0004) 

HIS CAT 0.750±0.452 0.073±0.262 5.007(0.0003) 0.800±0.120 0.409±0.310 7.146(< 0.0001) 

 CAC - 0.091±0.290 - 0.200±0.120 0.591±0.310 -7.146(< 0.0001) 

SER TCT,TCA,AGT 0.840±0.240 0.277±0.360 6.655(< 0.0001) 0.656±0.229 0.471±0.376 2.206(0.0375) 

 TCC,TCG,AGC 0.160±0.240 0.705±0.371 -6.376(< 0.0001) 0.344±0.229 0.529±0.376 -2.206(0.0364) 

THR ACT,ACA 0.779±0.297 0.522±0.390 2.560(0.0154) 0.431±0.423 0.378±0.393 0.396(0.724) 

 ACC,ACG 0.221±0.297 0.478±0.390 -2.560(0.0219) 0.569±0.423 0.511±0.412 0.434(0.671) 

TYR TAT 0.417±0.469 0.426±0.376 -0.067(0.9857) 0.274±0.245 0.287±0.253 -0.172(0.7877) 

 TAC 0.583±0.469 0.574±0.376 0.067(0.8952) 0.726±0.245 0.713±0.253 0.172(0.798) 

PHE TTT 0.458±0.498 0.364±0.466 0.603(0.5301) 0.655±0.272 0.439±0.285 2.463(0.0268) 

 TTC 0.458±0.498 0.491±0.486 -0.206(0.8793) 0.345±0.272 0.561±0.285 -2.463(0.0268) 

CYS TGT - 0.018±0.134 - 0.653±0.452 0.302±0.413 2.465(0.029) 

 TGC - 0.036±0.188 - 0.347±0.452 0.401±0.448 -0.375(0.6913) 

PRO CCT,CCA 0.917±0.163 0.509±0.339 6.208(< 0.0001) 0.890±0.118 0.499±0.387 6.228(< 0.0001) 

 CCC,CCG 0.083±0.163 0.491±0.339 -6.208(< 0.0001) 0.110±0.118 0.501±0.387 -6.228(< 0.0001) 

 

Table 10: Normalized frequency of A/T and G/C ending codons of each 

amino acid of GroESL proteins between two extremophiles. Mean 

frequency along with their standard deviation (SD) was also mentioned. 

Student t-test shows the significant differences in A/T and G/C ending 

codons of each amino acid in between thermophiles and psychrophiles. 

Significant differences are shown in bold between extremophiles. Dash 

infers cannot be calculated. As frequency of occurrence of that amino acid 

is too low therefore it was not considered for t-test calculations. 
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According to Basak et al. (2004), GC at the third position of codon 

were found to be significantly higher in thermophillic (A. aeolicus) genes 

than mesophilic B. subtilis genes (Basak et al. 2004). It was reported that 

highly expressed genes prefer to have G or C because of selective pressure 

at the translation process, while low expressed genes have A or T at the 

synonymous site (3
rd

 position of codon) since low expressed genes do not 

suffer such selective pressure as highly expressed genes does (Hou and 

Yang2003). Variation in the third position of the codon plays an important 

role to determine the strength of selection of codon usage in case of high 

temperature loving organisms. High G+C content bias was also observed 

at the third codon positions in drosophila mitochondrial DNA (Clary and 

Wolstenholme 1985) and major histocompatability complex class I loci 

(Hughes and Nei 1988). Usually the codon usage was affected by the 

various factors including gene expression, G+C composition, strand 

specific mutational bias, tRNA abundances, transcriptional selection, 

translational efficiencies (Ermolaeva 2001; Ikemura 1985: Kanaya et al, 

1999; Gupta et al. 2004; Ranjan et al. 2007; Sharp et al. 2005). Work done 

on small number of genes by West and Iglewski 1988, revealed that there 

is no relation between the codon usage and the gene expression levels 

(West and Iglewski 1988). Similarly work done in E. coli (Ikemura 1981a; 

Ikemura 1981b; Post and Nomura 1980) and S. cerevisiae (Bennetzen and 

Hall 1982; Ikemura 1982) showed high degree of translational selection 
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depending on codon usage and many have mistakenly assumed that such 

selection is present in all unicellular organisms. But, recent study has 

showed that translational selection is not the major factor for the codon 

usage bias (Lafay et al. 2000). Hou and Yang 2003 showed that the codon 

usage pattern of high and low expressed genes was partially responsible 

for the codon usage bias. Irrespective of above reasons, here the 

differences observed in the codon usage bias across the selected 

extremophiles could be due to adaptive selection. 

4.2.2 To analyze the rate of synonymous and non-synonymous 

substitutions between thermophilic and psychrophilic conserved 

orthologs to understand the molecular evolution of either 

extremophiles:  

We investigated the nature of nucleotide substitutions, which 

might have occurred and accepted during the course of adaptation to either 

temperature extremes. SNAP calculates pair wise synonymous and non-

synonymous distances according to the Nei and Gojobori method for an 

alignment in table format (Nei and Gojobori 1986). It outputs a 

synonymous and a non-synonymous distance matrix, an exhaustive 

pairwise codon-by-codon comparison between the pair of aligned 

sequences. The ratio of non-synonymous substitutions versus the 

synonymous substitutions, dN/dS is widely used to estimate the 

evolutionary relationship and to measure the selection pressure acting on 
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protein coding region. The available methods can be used to calculate the 

non-synonymous and synonymous substitution rate dN/dS of genes. We 

introduced a new method for calculating the conserved non-synonymous 

(CNS) and non-conserved non-synonymous substitutions (NCNS) 

including synonymous substitutions. Conserved non-synonymous 

substitution (CNS) is substitution of an amino acid with another amino 

acid having similar physicochemical properties. Such a conserved 

substitution has a greater chance of being accepted during the course of 

evolution. While non-conserved non-synonymous substitution (NCNS) is 

substitution of an amino acid with another amino acid having different 

physicochemical proteins. The calculation for identifying the substitution 

rate by our designed approach was mentioned clearly in methodology. 

dNCNS/dSYN ratio was calculated by estimating the number of non-

conserved non-synonymous substitution per non-conserved non-

synonymous site (dNCNS) and the number of synonymous substitution per 

synonymous site (dSYN). Similarly, dCNS/dSYN was calculated by estimating 

the number of conserved non-synonymous substitution per conserved non-

synonymous site (dCNS) and the number of synonymous substitution per 

synonymous site (dSYN). 

The 3D plot of mean of synonymous, conserved and non-

conserved non-synonymous substitutions obtained by considering the 55 

thermophiles and 12 psychrophiles of conserved proteins was shown in 
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Fig 19. Compared to conserved non-synonymous substitution, non-

conserved non-synonymous substitution was seen more within and 

between the selected extremophiles. Whereas, conserved non-synonymous 

substitution was almost same between the extremophiles (Fig 19). The 

average dSYN and dNCNS in psychrophiles are 0.650 ± 0.158; 0.217 ± 0.05 

where as in thermophiles are 0.462 ± 0.086; 0.294 ± 0.034 respectively. 

These differences in the dSYN and dNCNS between extremophiles infer that 

organisms undergo certain substitutions might be necessary for their 

adaptation during the course of evolution. High temperature imposes more 

constraints on the genome of thermophiles than psychrophiles. Therefore, 

the non-conserved non-synonymous substitutions were seen more in 

thermophiles than psychrophiles to cope up with high temperature 

selection pressure though these are not acceptable, but might be necessary 

for their adaptation to high temperature. The number of dCNS were almost 

same between thermophilic and psychrophilic proteins inferring that 

during course of evolution conservative substitutions have a greater 

chance of being acceptable (Fig 19) (French and Robson 1983). 

Synonymous substitution rate study in thermophilic and mesophilic 

bacteria showed a decrease in dS for the information processing genes for 

M. jannaschii and M. maripaludis suggested that synonymous codon 

usage was subjected to greater constraint than other functional genes 

(Basak and Ghosh 2006).  
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Fig 19: 3D Plot of mean of synonymous substitutions (dSYN), conserved 

(dCNS) and non-conserved (dNCNS) non-synonymous substitutions 

observed between thermophilic and psychrophilic conserved proteins. 
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Fig 19: 3D Plot of mean of synonymous substitutions (dSYN), conserved 

(dCNS) and non-conserved (dNCNS) non-synonymous substitutions observed 

between thermophilic and psychrophilic conserved proteins. Non-

conserved non-synonymous substitutions more in thermophiles (grey 

cirlce) and synonymous substitution more in psychrophiles (black circle). 

While conserved substitution were same between both extremophiles. X-

axis represents synonymous substitution (dSYN); Y-axis represents 

conserved non-synonymous substitution (dCNS) and Z-axis represents non-

conserved non-synonymous substitution (dNCNS). 
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Recently, according to Yu et al. (2012), average dN/dS values of 

conserved genes in Synechococcus are significantly higher than 

Prochlorococcus. Synonymous codon usage bias was also analyzed in the 

cyanobacterial species Synechococcus and Prochlorococcus and found 

that the differences observed could be due to genome compositional 

constraints or their adaptation to the environments (Yu et al. 2012). If the 

rate of non-synonymous substitution is similar to the rate of synonymous 

substitution it means that substitution results in no effect on the function of 

the protein. The average dNCNS/dSYN of conserved proteins of thermophiles 

(0.686 ± 0.408) is significantly higher than psychrophiles (0.476 ± 0.296) 

(Fig 19). Higher substitutions in thermophiles might be beneficial for the 

species to survive in this high temperature niches. 

Similar results were observed in GroES and GroEL between the 

two extremophiles. Non-conserved non-synonymous substitutions were 

more in thermophilic GroESL and synonymous substitution were more in 

psychrophilic GroESL (Fig 20). The average dNCNS/dSYN of GroES and 

GroEL proteins of thermophiles (0.947 ± 0.515; 0.515 ± 0.167) is 

significantly higher than psychrophiles (0.263 ± 0.076; 0.165 ± 0.086) 

(Fig 20).  
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Fig 20: 3D Plot of mean of synonymous substitutions (dSYN), conserved 

(dCNS) and non-conserved (dNCNS) non-synonymous substitutions 

observed between thermophilic and psychrophilic GroESL proteins. 
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Fig 20: 3D Plot of mean of synonymous substitutions (dSYN), conserved 

(dCNS) and non-conserved (dNCNS) non-synonymous substitutions observed 

between thermophilic and psychrophilic GroESL proteins. 3D plot shows 

non-conserved non-synonymous substitutions more in thermophiles (grey 

circle) and synonymous substitution more in psychrophiles (black circle ). 

While conserved substitution were same between both extremophiles. X-

axis represents synonymous substitution (dSYN); Y-axis represents 

conserved non-synonymous substitution (dCNS) and Z-axis represents non-

conserved non-synonymous substitution (dNCNS). 

 

Identifying the non-synonymous and synonymous sites in the large 

data set of selected extremophiles is difficult as most of the amino acids 
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are conserved and positions that are altering as adaptive selection are 

difficult to correlate between thermophiles and psychrophiles. Large data 

set was considered for identification of genes on which positive selection 

operate by Endo et al. 1996. They identified only 17 proteins out of 3,595 

as likely to be under positive selection, at a proportion of only 0.47 % 

(Endo et al. 1996). 

Substitution rate analysis can, therefore, help us to identify 

whether the organisms are under positive or negative selection. This result 

clearly demonstrates that thermophiles have undergone a higher rate of 

substitutions which is necessary for their thermal adaptability. In other 

words, non-synonymous substitutions took place at a faster rate than 

synonymous substitution in thermophiles. This indicates that thermophiles 

have undergone positive selection while psychrophiles have underogone 

negative selection. Positive selection is a substitution which occurs with 

the increased frequency of preferred codons where as negative or 

purifying selection is the substitution with decreased frequency of 

preferred codons. Rate of evolution depends on the degree of selective 

constraints, stronger the constraint slower the rate of molecular evolution. 

Thereby, it might be that cold loving organisms are under stronger 

constraints and thus showed slower rate of evolution compared to 

thermophiles, which might have undergone higher substitution rates. It can 

infer that thermophiles have strong compositional constraints, which have 
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undergone much more substitution than psychrophiles and these 

substitutions are necessary for their adaptation to extreme temperature.  

 4.3 Conclusion: 

Analysis of 119 conserved genes showed considerable difference 

in GC content, codon usage and synonymous and non-synonymous 

substitution rate between the thermophiles and psychrophiles. As 

thermophiles have been evolved to survive in extremely high 

temperatures, it is reasonable to have high GC content than psychrophiles. 

Codon usage also showed variation between the extremophiles with A/T 

ending codons in psychrophiles and G/C ending codons in thermophiles. 

Stronger selection of GC ending codons by the thermophiles shows that 

high temperature act as evolutionary constraint on organisms. 

Thermophiles experience more constraints on the genome than 

psychrophiles. As a result they might have undergone non-conserved 

substitutions, which are not naturally acceptable, but, might have been 

carried forward for adaptation to high temperature. While conserved 

substitution was equally distributed between extremophiles as during 

course of evolution conservative substitutions have a greater chance of 

being acceptable. These results prove that thermophiles have undergone 

positive selection and psychrophiles have undergone negative selection.  
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 Chapter 5: 

In order to see whether mechanism of gene regulation is optimized 

to sustain either extremes of temperature, the groE operon regulation was 

analyzed in this present chapter. Nature of molecular changes that were 

observed in the proteins and the genes of groESL have further led to check 

for the differences in the groE operon regulation between thermophiles 

and psychrophiles. In bacteria genes are regulated by the cis regulatory 

element located mostly in the upstream region of gene. We identified 

different cis regulatory elements in the upstream of groES gene between 

thermophiles and psychrophiles. Transcriptional regulators of groE operon 

were compared between psychrophiles and thermophiles to see any 

differences in the regulatory mechanism to sustain either extremes 

temperature. GroESL, one of the heat shock protein was well studied and 

characterized in most of the bacteria are regulated by the inverted repeat 

(CIRCE element) or by the alternative sigma factor.  

 5.1 Introduction: 

 5.1.1 Heat shock protein regulation in Prokaryotes: 

In Bacillus subtilis, three classes of heat shock regulons have been 

defined which are regulated by different mechanisms (Hecker et al. 1996). 

Class I heat shock genes are regulated by the inverted repeat called CIRCE 

element which serve as the binding site for the repressor protein and by 

the vegetative promoter PA (Zuber and Schumann 1994; Chang et al. 



Investigation on the nature of molecular changes between thermophilic 

and psychrophilic bacteria: implication on their thermal adaptation 

 

136 

 

1994). The genes that comes under the class I includes dnaK and groE 

operons. In clostridium acetobutylicum, staphylococcus aureus, 

lactobcoccus lactis and chlasmydia trachomatis CIRCE sequence was 

reported in upstream of dnaK operon (Eaton et al. 1993; Narberhaus et al. 

1992; Ohta et al. 1994). Class II heat shock genes are positively regulated 

by the alternative σ factor. Some heat shock genes, which neither belongs 

to class I nor class II, have been grouped into class III. Upon heat shock, 

66 heat shock proteins are detected in B. subtilis. Among which the 

functional role of GroES/GroES, DnaK, DnaJ and GrpE facilitate protein 

folding, assembly and export and minimizes the protein aggregation 

(Gragerov et al. 1992; Horwich et al. 1993; Schröder et al. 1993). 

In E. coli, DnaK is regulated by chaperone protein DnaJ and by 

cofactor GrpE. grpE, dnaK and dnaJ exist in an operon which is 

constitutively required for its growth at all temperatures (Roberts et al. 

1996). This operon functions in a multi protein complex as a molecular 

chaperon to assist in proper protein folding. DnaK was assumed to be 

involved in prevention and repair of damaged proteins. The co-chaperone 

GrpE (for GroP-like E) functions as nucleotide exchange factor which 

releases adenosine 5` phosphate (ADP) for ATP from DnaK allowing the 

folded protein to be released (Szabo et al. 1994). GrpE present in 

mitochondria, chloroplast and cytoplasm which act as sensor molecules 

and was found to be expressed in all temperature conditions irrespective of 
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heat shock. Several GrpE mutants have been generated to understand the 

role in protein folding, its interactions with co-chaperones and the 

functional residues necessary for its efficient activity (Harrison et al. 

1997).  

The hrcA, first gene of the dnaK operon in B. subtilus encodes a 

repressor protein that controls the expression of dnaK and groE operons 

(Roberts et al. 1996; Schulz and Schumann 1996). In Bacillus dnaK 

operon consists of four genes in the order of hrcA-grpE-dnaK-dnaJ 

(Wetzstein et al. 1992). In most of the microorganisms the dnaK operon 

was not completely sequenced. HrcA act as repressor which binds 

specifically to CIRCE element or as transcriptional activator for its own 

gene expression. In E. coli neither HrcA nor CIRCE element was reported 

in regulation of heat shock genes. Disruption of entire dnaK operon in B. 

subtilis resulted in higher expression of groE, while the inactivation of 

either dnaK or DnaJ or both does not affect the groE expression (Schulz et 

al. 1995). Mutations in one or both the arms of this inverted repeat of the 

CIRCE element resulted in elevated transcription of groESL and 

dnaK/dnaJ/grpE genes even at normal growth temperature (Zuber and 

Schumann 1994). 

  

 

 5.1.2 Role of cis regulatory elements: 



Investigation on the nature of molecular changes between thermophilic 

and psychrophilic bacteria: implication on their thermal adaptation 

 

138 

 

Understanding the mechanism of regulation of genes, DNA 

binding elements and its regulatory sites at the molecular level are the 

greatest challenges in modern biology. Genes are up-regulated when it is 

required and down-regulated when it is not required, for example the Lac 

operon genes are up-regulated when the lactose is available in the 

environment and switched off, when lactose is not available in the 

environment (Oehler et al. 1990). The most common mechanism to 

understand gene expression operates at the stage of transcription. RNA 

polymerase complex first binds to the promoter region to produce mRNA 

transcript from a gene template. Transcription factors bind to the promoter 

region that can either activate or repress by promoting or interfering with 

transcription process. Regions of DNA or RNA that regulate the 

expression of genes located on that same strand are called cis-regulatory 

elements which often forms the binding sites of one or more trans-acting 

factors. Cis regulatory elements are difficult to identify due to great 

variation in the binding site (Spivakov et al. 2012). It was known that, 

conservation of orthologous genes or co regulated genes within the closely 

related organism, have conservation in non coding upstream sequence 

which form the binding sites of cis regulatory element (McGuire et al. 

2000). Thus these non coding regions containing functionally significant 

regions are necessary for the regulation of genes and have been retained 

with the gene. Organisms with shared orthologs have similar function 
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therefore, share similar mechanism of gene regulation. Conserved 

transcription factor binding sites reported in humans (Whitfield et al. 

2012), bacteria (McGuire et al. 2000) and yeast (Pritsker et al. 2004) 

support the augment that important residue or regions necessary for 

regulation are retained during the evolution of transcription factor binding 

site. Similar approach of identification of cis regulatory elements by 

comparative genomics between Lactobacillus and Bacillus species was 

done by Wels et al. (2006), where they identified the common, Bacillus 

and Lactobacillus specific regulatory motifs (Wels et al. 2006). Similarly, 

phylogenetic footprinting by Tan et al. (2001), have been applied in 

comparison between E. coli and H. influenzae genomes where they 

identified a novel motif that had not been found previously in any of the 

individual genomes (Tan  et al. 2001). Liu et al. (2008), presented a new 

approach for genome wide identification of cis-regulatory motifs in 

bacterial systems and uncovered the cis regulatory map of Shewanella 

oneidensis (Liu et al. 2008). 

 5.2 Results and Discussion: 

 5.2.1 Cis regulatory element in the upstream of groE operon: 

Upstream sequences are retrieved from Uniprot 

(http://www.Uniprot.org/) for the orthologous genes of groES of selected 

extremophiles for identification of cis regulatory elements. The identified 

motifs were validated by the published literature on the cis elements. 
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 5.2.1.1 In Thermo groE operon: 

The conserved cis regulatory elements were identified by 

submitting the upstream sequences of groESL to MEME (Multiple 

Expectation maximum for Motif Elicitation). CIRCE element was 

identified in 48 out of 55 thermophilic groES upstream (Fig 21). In few 

thermophiles, two CIRCE elements were identified which include A. 

cellulolyticus 11B, C. aurantiacus J-10-fl, C. aggregans DSM 9485 and R. 

castenholzii DSM 13941 (Fig 22). However, CIRCE element was not 

identified in the upstream sequence of any of psychrophilic groES. 

CIRCE element is a nanomeric inverted repeat of 9 bp separated 

by 9 bp spacer which is highly conserved operating sequence in the 

bacterial species (Zuber and Schumann 1994). CIRCE (for Controlling the 

Inverted Repeat of Chaperone Expression) element TTAGCACTC-N9-

GAGTGCTAA is usually seen in the upstream of groESL operon, dnaK 

operon of several gram negative bacteria. Identified CIRCE element has a 

consensus sequence of 5’-TTAGCACTC-(N9)-GAGTGCTAA-3’ in 

thermophiles which exactly matched with the reported CIRCE element 

(Zuber and Schumann 1994). Few thermophiles such as S. azorense Az 

Fu1, D. geothermalis DSM 11300, A. aeolicus VF5, Hydrogenobaculum 

sp. YO4AAS1, Sulfurihydrogenibium sp. YO3AOP1, C. proteolyticus 

DSM 5265 and M. infernorum V4 showed no CIRCE element. Presence of 

CIRCE element only in thermophiles and its absence in psychrophiles 
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infers that thermophiles differ in the regulation of groESL gene from 

psychrophiles. 

 

 

Fig 21: Identified inverted repeat in the upstream of groES orthologs 

from thermophiles. 

 

 

 

Fig 21: Identified inverted repeat in the upstream of groES orthologs from 

thermophiles. Consensus of inverted repeat (CIRCE element) predicted by 

MEME upon submission of 55 thermophilic groES upstreams. The default 

parameters used for motif prediction include repeat of minimum length of 

6 bp and maximum of 30 bp nucleotide and loop region of less than 10 

nucleotide length. This motif is known to be the binding site of HrcA in 

both gram negative and gram positive bacteria. This element is highly 

conserved in thermophilic groES, but is absent in the upstreams of 

psychrophilic groES. 
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Fig 29: Schematic representation of CIRCE element and promoter -10 

and -35 sites in the upstream sequence of groES orthologs of 

thermophiles. 

>H.modesticaldum    TGTTTGCATCACTTTGGGCGGCTCCCTATTATAGT………..(7)...….TGTTAGCACTCGCTACCGGTGAGTGCTAA ….. (45)ATG 

>N.thermophilus   TGGTTGTCTAAAAAAATGTTTAGTGGAGCTAAAATGA….…(99)……..GATTAGCACTCGACATTAGTGAGTGCTAA ……. (46)ATG 

>C.thermocellum   AAAATGCATGTTTGATAACGAAAAGGGTAATATAA.....(15)……..GATTAGCACTCACCTTAGGTGAGTGCTAA  …. (60)ATG 

>S.thermophilum   GACTTGACTGCCTCCAGTTCCTTTTCTATCATAG………. .(7)………..TGTTAGCACTCGGGCGGAATGAGTGCTAA ……. (3)ATG 

>A.flavithermus   ATTTTTTGTATGAATTTCGAAAGGAAAGACATAATGA…….(76)……..TGTTAGCACTCGACCGTAATGAGTGCTAA ……. (37)GTG 

>G.kaustophilus   TACTTGCAAAACTGAAAGAAGTTCATTAATATTA……….….(6)..…….TGTTAGCACTCAATAGTGATGAGTGCTAA  …. (42)TTG 

>C.saccharolyticus   AAATTGAATATCTTGTGCCTATTTTGGGTAAAATCA…….…(42)……..GATTAGCACTCACTCTCAATGAGTGCTAA ……. (27)ATG 

>C.bescii   AAATTGAATATAGTGTGCTTTTTTTGGGTAAAATCA……….(42)……….GATTAGCACTCATTGAAAGTGAGTGCTAA ……. (27)ATG 

>T.tengcongensis   AAATACAAAATAAAGAAACACAGTCTAAAACGA……………..(121)………AATTAGCACTCATAGAAGTTGAGTGCTAA ……. (27)ATG 

>C.hydrogenoformans  AATTTGCTTTTCTCCGGTTCTCTTTATATTATAATAC………(4)………….TATTAGCACTCTATCGAAGTGAGTGCTAA………. (40)GTG 

>D.thermophilum   TTGTTGATTTTATTTATTGAACCACAGTTAAGAATTA………(18).…..TTTTAGCACTCACCAAATGAGATTGCTAA………. (30)GTG 

>T.naphthophila           CCCTTGAAGAGGTTCACAAAAAGTAGTATATTTA………………(0)………….TATTAGCAGTCAGACGATGAGAGTGCTAA ……. (21)ATG 

>T.africanus    GACTTCACAATTTTAATATTTTTGGTAAACTTA…………………(0)………….AATTAGCAGTCAATGAATTAGAGTGACAA………. (26)ATG 

>T.melanesiensis           ATTTTGCGTTATTTTGTTTTAAATGGATATAATTT………….(43)....AATTAGCAGTCGATGATTAAGAGTGACAA………. (26)ATG 

>T.lettingae    ATTTTTCTGGCACTAATTTTTCATAACTGGTTATACTTG…(54)…...AATTAGCACTCAAACAGTTCGAGTGATAA………. (30)ATG 

>T.maritima    CCCTTGAAGAGGCTCGTAAAAAGTAGTATATTTA………………(0).……….TATTAGCAGTCGAATGATGAGAGTGCTAA………. (21)ATG 

>T.petrophila    CCCTTGAAGAGGCTCGTAAAAAGTAGTATATTTA………………(0)………..TATTAGCAGTCGAACGATGAGAGTGCTAA………. (21)ATG 

>Nitratiruptor    ATATTGACAAAAAATTTTAGTCTTATCGATGTAGATTTA.(51)....TTTTGGCACTGAAAAACAGTAAGTGACAA……….  (4)TTG 

>T.pseudethanolicus               ATTTTTAAATACAAATTACAGAAACGTAGTCTAA…………….(125)………GATTAGCACTCACATAAGTTGAGTGCTAA………. (26)ATG 

>T.roseum               CCCTTGAAAAGTCGACGCGACCTGAGTACGATAC…………….(5)………..GGTTAGCACTCGAACCCCGAGAGTGCTAA………. (42)ATG 

>T.curvata               GTGTTGACGAGGTCAGGGGGACGGCATAATCT………………….(4)………..GACTGGCACTCGGACCCTGAGAGTGCCAA……….(121)GTG 

>R.marinus               TTCTGGCCGTTCTATGCCAGTTTGTTTTGAGATTT………….(44)....GCTTAGCACTCTCGAGATGAGAGTGCTAA………. (65)ATG 

>A.degensii    CTTTTGCCTTTGGGCCGAAACTTCGCTAGTATAATTT…….(10)……..TATTAGCACTCACCTCGACTGAGTGCTAA………. (28)TTG 

>C.exile             CTCTTGACATAAATTCTAAACCCTATATAATA……………………(0)……...AATTAGCAAACTTAATACAAATTTGCTAA………. (34)ATG 

>C.tepidum               TATTTGCGCCCCGGAAAAATTTTTTTATAATTG……………….(6)………..TATTAGCACTCTCCCTTATTGAGTGCTAA………. (79)ATG 

>D.desulfuricans              CTCTTGATTTTTTGAAAAGAGAATATATATATAATAT …..(3)…………….TTAGCACTCGACAACGATGGTTGCTAA………. (25)ATG 

>Geobacillus    TTGTTGTTTAGGTTTGTGGAAATGTGAAATAATTA………..(86)....TGTTAGCACTCAGTTAAGACGAGTGCTAA………. (39)GTG 

>S.thermophilus    TTCTTGACTATTTTTGACTAAGTGCTAAAATGA…………………(7)…….….GATTAGCAGTTGTCTATCGTGAGTGCTAA………. (52)TTG 

>T.phaeum               GTATTGACAATCCACACCTGGATTTGTATTATTT…………..(10)……..TATTAGCACTCACATTCAATGAGTGCTAA………. (43)ATG 

>T.acidaminovorans              TTCTTGAGATGTGGGCCCCCATTGAATAGACTTT ………….(10)……..GTTTAGCACTCGGCACATGGGAGTGCTAA………. (64)ATG 

>G.thermodenitrificans   TACTTGCAAAACTGAGAGAAGTTCATTAATATTA…………….(6)……...TGTTAGCACTCGATAGTAACGAGTGCTAA………. (39)GTG 

>H.orenii               AACTTGATTTTGCTTAAGTACTCCGTTATTATAT…………..(9)……..…TATTAGCACTCGCCACCAATGAGTGCTAA…….… (41)ATG 

>F.nodosum               CAATTCACAAACTGCCCTTTTTTGTTATACTAA……………….(0)………..AATTAACAAACGGAATATTAGAGTGATAA…….… (34)ATG 

>Synechococcus JA-2-3B'a                             CTATTGTCAGGCCAGAAAGTTGGCTGATAAACTAGCACTCGTAAGTCGAGAGTGCTAA……. (80)ATG 

>T.elongatus        GAGTTGCGATCGCCAACCGTCTCTCGCTACATTAGCACTCGAAGGGTGAGAGTGCTAA……. (99)ATG 

>C.proteolyticus        ATAACTCCCCTTACCTAATGGTATATTATCAGTTAGCAAGTTCTTAACTAAATTGCTAG……. (11)ATG 

>T.yellowstonii           TTCTTGATTGGAAATTTAATTTCAGGTTATATTAGCACTCAGTTAAGATAGTTGCTAA……. (36)ATG 

>SynechococcusJA-3-3Ab          CTATTGTCAGGCTGGAAAGCCGGCTGATAGACTAGCACTCGTAAGCTGAGAGTGCTAA……. (81)ATG 

>A.ferrooxidans            CCCTTGACAGGGCATTCTCAGCGCCTATGATTAGCACTCGATGGGTGTGACTGCTAA……. (52)ATG 

>T.fusca                       CTGTTTCGTATTGGCACTCTCAAGGGTAGAGTGCTAA….… (105)GTG 

>D.turgidum                          TTTTTGGTTTTAGCACTCACCTGGTTAGATTGCTAA……… (32)GTG 

>S.viridis                      TGGTTGCACGGCTAGCACTCAGCTGGCTAGAGTGCTAATT… (103)GTG 

>M.thermoacetica             ATATTATAGTACCTGTAACCTAGCACTCTCTAAAATAAAGTGCTAA……… (23)ATG 

>A.cellulolyticus          CTGGCACTCTCCTTGACGGAGTGCTAACGGCCGCATAGGCTCGATGCTGGCACTCTCGACCCGAGGGTGCCAA……… (106)GTG 

>C.aggregans              TTAGCACTC(N9)GAGTGCTAAAACTTACTTGACAAACAGCCCAATCTTGTGTACTATTA.(6).GGTTAGCACTC(N9)CAGTGCTAA. (53)ATG 

>C.aurantiacus          CTAGCAATC(N9)GAGTGCTAAAACTGACTTGACAAACCGACCGTTCTTGTGTACTATTA.(6).GATTAGCACTC(N9)CAGTGCTAA… (56)ATG 

>R.castenholzii           CTGGCACTC(N9)GAGTGCTAAAATAGGGCTTGACAAAAACAGCCGATTTCGTTAGTATAG.(5).GGTTAGCACTC(N9)GAGTGCTAA (45)ATG 

>P.mobilis      AAATTAGCACTCTTAATATTTGATTGCTAAAAAACAAAAATAAAAAATTGAAATAAAATAA……………………………………….…………………………………….(27)ATG  

Fig 29: Schematic representation of CIRCE element and promoter -10 and 

-35 sites in the upstream sequence of groES orthologs of thermophiles. 

The positions of CIRCE element and promoter sites from ATG in the 

upstream of thermophilic groES were shown here. Inverted repeat of 

CIRCE element with right and left nine bases are highlighted in grey and -

10 and -35 promoter site are shown in boxes. CIRCE element was 

identified by MEME and promoter by BPROM online software. 
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Regulation of groESL gene differs between gram positive and 

gram negative bacteria. In gram positive bacteria B. subtilus and C. 

acetabutylicum a highly conserved inverted repeat known as CIRCE 

element controls the regulation of groE and dnaK operon (Hecker et al. 

1996; Narberhaus and Bahl 1992). In gram negative bacterium E. coli the 

heat shock genes are positively regulated by an alternative sigma factor 

σ
32

 and negatively regulated by the products of heat shock genes, dnaK, 

dnaJ and grpE (Yura et al. 1993). Although thermophiles include both 

gram positive and negative bacteria CIRCE element was identified in the 

upstreams of groES ORFs irrespective of whether they belong to gram 

positive or gram negative bacteria.  

 5.2.1.2 In Psychro groE operon: 

Psychrophiles considered here were all gram negative organisms. 

However few reports say that, in several gram negative bacteria, CIRCE 

element was also found in the upstream of groE operon along with sigma 

32 like promoter site (Schulz and Schumann 1996). Instead of CIRCE 

element, RpoH binding site was predicted in front of groES sequence of 9 

psychrophiles by MEME (Fig 23 a and b). In psychrophiles, groESL gene 

regulation might be by sigma 32 encoded by rpoH gene.  
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Fig 23: Motif identified in the upstream of groES genes of 

psychrophiles. 

 

P.arcticus                         TTTACACTTGAAGCCCACTGTCCATGCCCCCACTTTTTGAAACAAGCTTAACGCTTATCTTTATTATGCT……………………………………………………………………………………(94)ATG 

S.sediminis                 AAAGGCCTTGGAACTGGGCCCTATAACCCCCATATATCGAACATCAAGCGATAATAATTTCAGTGTAAATTGTT…………………………………………………………………………(61)ATG 

P.cryohalolentis                   TTTACACTTGAAGCTACCTCGCTATGCCCCCACTTTTTGAAACAAGCTCAAGGCTTATCTTAATAAAAGCGTTTTTATAAGATGGC……………………………………….(76)ATG 

A.salmonicida                      TAAACCCTTGCAATCCCCCCCTAAAAACCCCATTAATAAACCAAAGCCAAATCATGGCACTTTATTCTTAA……………………………………………………………………………….(27)ATG 

P.haloplanktis            TTTACGCTTGGATTTTGGCGTAACACCCCCATTATTGAATGCA……………………………………………………………………………………………………………………………………………………………(54)ATG 

D.psychrophila             TAAGGAATTGAAATCTAGTCTAAAGGCCCCTTCG .(12).GGGGCCTTGTTTTTTTGTAAAACTCCCCTTGATTTTTATTAAACCGAACCTATAGTTT……(103)ATG 

C.psychrerythraea          TTAGGGCTTGTGAAGATTTATTTTATCCCCATTTCTATTATCAA……………………………………………………………………………………………………………………………………………………..(65)ATG 

S.halifaxensis    AGTTAAAAAA.(10).TTTTGTAAATAGGCCTTGGAACTGCTGACATTCACCCCCATGTA……………………………………………………………………………………….………………………………………………………………………………….(115)ATG 

P.ingrahamii    CGTTTTTTGC.(10).TTTTTTATCCTTTTTACTTGAAAACTAATTTTTAAGCACCATCTA………………………………………………………………………………………………………………………………………………………………………….. (39)ATG 

(a)

(b)

 

 

Fig 23: Motif identified in the upstream of groES genes of psychrophiles.  

(a) Consensus sequence of RpoH binding site predicted by MEME upon 

submission of 12 psychrophilic groES upstreams. (b) Figure shows the 

positions of RpoH binding site and promoter sites from ATG. RpoH 

binding site with right and left four bases are highlighted in grey and -10 

and -35 promoter site are highlighted in boxes. This element is highly 

conserved in psychrophilic groES, but is absent in the upstreams of 

thermophilic groES. RpoH binding site was identified by MEME and 

promoter by BPROM online software. 

 

The identified consensus sequence of the RpoH binding site was 

5”-CTTGAAAC(N12)CCCCATAA3’ which is similar to RpoH  binding 

site identified in E. coli (5’-ggcCTTG(N12-20)CCCCAT-3’) and N. 
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gonorrhoeae (5’-CTTGaaatt(N9-12)CCNNatttt-3’) (Gunesekere  et al. 

2006). Conserved regions was underlined and found to be located at -35 

and -10 promoter site identified by BPROM program (Fig 23b). RpoH 

gene encodes sigma 32 factor which recognizes the promoter for genes 

responding to heat shock. Sigma 32 promoter site was also identified by 

the primer extension analysis in psychrophilic bacterium C. 

psychrerythraea in the upstream of groE operon (Yamauchi et al. 2012) 

In E. coli, low levels of rpoH are necessary for the transcription of 

chaperones involved in refolding of newly synthesized proteins but, 

increase drastically (about 20-fold) during the first few minutes after heat 

shock (Rosen et al. 2002; Yura  et al. 1993). The regulation of rpoH is 

controlled at posttranscriptional level, where translation of the protein is 

repressed by secondary structure in the rpoH mRNA (Yuzawa et al. 1993; 

Laskos et al. 2004). The level and activity of σ32 are negatively regulated 

by the products of the heat shock genes dnaK, dnaJ, and grpE (Herman et 

al. 1995; Tomoyasu et al. 1995).  DnaK and DnaJ inhibit σ32 activity by 

preventing its binding to the RNA polymerase core while GrpE partially 

reverses this inhibition (Gamer et al. 1996). In another example 

Caulobacter crescentus, a gram-negative bacterium several heat shock-

inducible genes are found to have σ32 like promoters (Avedissian and 

Gomes 1996; Gomes et al. 1990). 
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When we checked for the presence of ropH gene orthologs in 

psychrophiles and thermophiles, orthologs for rpoH gene was seen only in 

12 psychrophiles and not even in a single thermophile. Thus, our data 

clearly suggests that in psychrophiles, groESL operon is regulated by 

sigma 32 dependent activation mechanism, while in thermophiles, it is by 

CIRCE/HrcA system.  

 5.2.2 DnaK operon architecture in selected extremophiles: 

CIRCE element forms the binding site for the repressor protein 

HrcA (heat regulation at CIRCE) encoded by orf39, the first gene of dnaK 

operon (Jäger et al. 2004). HrcA protein binds to the CIRCE element at 

DNA level and serves as repressor for groE and dnaK operon in B. 

subtilus (Schulz and Schumann 1996). We have checked for the presence 

of HrcA gene in the selected extremophiles, HrcA orthologs were seen in 

majority of thermophiles but, not in psychrophiles except P. haloplanktis 

(Fig 24). Few thermophiles also showed no hrcA gene which includes S. 

azorense Az Fu1, D. geothermalis DSM 11300, A. aeolicus VF5, 

Hydrogenobaculum sp. YO4AAS1, Sulfurihydrogenibium sp. YO3AOP1, 

C. proteolyticus DSM 5265 and M. infernorum V4. These seven 

organisms also showed no CIRCE element in front of groESL gene. To 

assess the extent of importance of this analysis we further checked for the 

presence of CIRCE element in the whole genome sequence of all 

psychrophiles and thermophiles by MAST 
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(http://meme.nbcr.net/meme/cgi-bin/mast.cgi). It was also noticed that 

CIRCE element was observed in the non coding part of hrcA gene of all 

thermophiles only. Apart from it, CIRCE element was also identified in 

front of other small heat shock genes like Hsp 90, Hsp 100 etc., in 

thermophiles, but not in psychrophiles. Where as in psychrophiles, no 

structural CIRCE element was identified in the whole genome sequence of 

heat shock genes, which might be another reason for the differences in the 

gene regulation of heat shock genes between psychrophiles and 

thermophiles.  

We looked into dnaK operon architecture between thermophiles 

and psychrophiles. Usually dnaK operon consists of four genes in the 

order of HrcA-GrpE-DnaK-DnaJ (Wetzstein et al. 1992) in B. subtilus and 

S. coelicolor (Bucca et al. 1997) and in most of the other bacteria. Later in 

1997, dnaK operon was found to be heptacistronic in B. subtilus, with 

three new genes (orf35, orf28 and orf50) found to be transcribed along 

with dnaK operon genes (Homuth et al. 1997). In both thermophiles and 

psychrophiles multiple copies of dnaK, dnaJ and grpE genes were seen in 

the genomes. In thermophiles four gene operon hrcA-grpE-dnaK-dnaJ 

was seen in most of the cases where as in psychrophiles, only the two gene 

operon dnaK-dnaJ or grpE-dnaK was mostly observed with poor gene 

order and variation in the operon architecture or synteny (Fig 24).  
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Fig 24: Schematic representation of dnaK operon architecture in 

thermophiles and psychrophiles. 
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Fig 24: Schematic representation of dnaK operon architecture in 

thermophiles and psychrophiles. dnaK operon architecture with four genes 

(hrcA-grpE-dnaK-dnaJ) in thermophiles and two genes (grpE-dnaK or 

dnaK-dnaJ) in psychrophiles. HrcA gene was not seen in psychrophiles 

where as in few cases, hrcA gene in not linked with the dnaK operon in 

thermophiles. 
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In few cases the GrpE gene was found to be not linked to the dnaK 

operon in psychrophiles and this forms a good example for the gene 

rearrangement due to the diversity of extremophiles (Fig 24). In H. 

modesticaldum, C. hydrogenoformans, A. degensii five genes dnaK operon 

was identified with a transposone gene found next to HrcA in H. 

modesticaldum and C. hydrogenoformans where as in A. degensii groEL 

gene was found next to hrcA gene. In few thermophiles, dnaK and hrcA 

was found not to be linked to the dnaK operon. Neither hrcA gene nor 

CIRCE element was seen anywhere in the entire genome of all 

psychrophiles.  

 5.2.3 Cis regulatory element in the upstream of dnaK operon: 

HrcA first gene in dnaK operon in thermophiles and GrpE, the first 

gene of dnaK operon in psychrophiles were considered for cis element 

predictions. Upstream sequence of GrpE and HrcA orthologs of 

psychrophiles and thermophiles were retrieved from the Uniprot and 

submitted to MEME for the identification of motif. It was observed that 

CIRCE binding site was identified in the noncoding region of HrcA 

orthologs in thermophiles where as RpoH binding site was identified in 

the noncoding region of GrpE orthologs in psychrophiles. CIRCE element 

was identified in 39 thermophiles out of 47 which are having HrcA gene. 

As upstream intergenic sequence was too small for the T. thermophilus it 

was not considered for cis regulatory element identification The consensus 
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sequence of the RpoH binding site was 5”-

CTTGAAAC(N12)CCCCATAA3’ which is similar to the RpoH binding 

site identified in E. coli and N. gonorrhoeae (Gunesekere et al. 2006). 

Conserved region was underlined and was found to be located near the -35 

and -10 position identified by BPROM program. It might be that GrpE 

gene is under the regulation of sigma 32 factor in case of psychrophiles.  

 5.2.4  Evolutionary basis of adaptations: 

Absence of this CIRCE element in psychrophiles and RpoH 

binding site in thermophiles infers that during the course of adaptation, 

resulted substitution or deletion in noncoding region and retained only 

those regions that are necessary or suitable for their adaptation. It can be 

assumed that as they experience high temperature, expression and 

accumulation of heat shock proteins might go beyond the required amount 

in the cell. Therefore, they are evolved with mechanism of repression to 

control the HSP levels in the cell, whereas psychrophiles, can activate the 

expression, as and when they experience high temperature, by rpoH 

dependent activation, as they rarely experience high temperatures in their 

habitat. These results prove that thermophiles have undergone positive 

selection and psychrophiles have undergone negative selection. 

Maintaining the positive selection in psychrophiles and negative selection 

in thermophiles of groESL gene regulation infers that effective selection 

was preferred during their adaptations to extreme conditions.  
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 5.3 Conclusion: 

We have observed that the mechanism of groESL gene regulation 

is different between thermophiles and psychrophiles. In most of the 

thermophiles, majority of heat shock genes and operons are found to be 

regulated by CIRCE / HrcA system.  However, in the genome of 

psychrophiles, CIRCE element and hrcA gene were not found. Instead, 

RpoH binding site was found in the upstreams of groE and dnaK operons 

in psychrophiles. Absence of CIRCE element and hrcA gene in 

psychrophiles infers that negative regulation of heat shock genes might not 

be necessary as they are rarely exposed to heat. They probably need an 

immediate activation of hsp gene expression upon heat shock. However, 

thermophiles experience high temperatures all the time, to maintain the 

mRNA and protein levels of heat shock proteins in the cell they might 

have evolved with negative regulatory mechanism. Overall, the data 

generated, positive regulation in psychrophiles and negative regulation in 

thermophiles infers that they have selected suitable mechanism for the 

regulation of genes during adaptation to extreme temperature conditions. 
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