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Introduction:

Bacteria are generally dived into thermophiles, psychrophiles and mesophiles on the basis of temperature
Ranges in which they can grow. Microorganisms, which are able to grow at low temperature have been known
as Psychrophiles. Cold adapted microorganisms can grow at 0°C and their optimum and maximum
temperature for growth are <15 and < 20°C respectively (Robinson, 2001; Gounot, 1986). Psychrotolerant
microbes have an optimum growth temperature between 20-40°C, but are also capable of growth at O°C
(Morita, 1975). Cold environment represents an enormous full of potential microorganisms ranging from
Gram negative bacteria, Gram Positive Bacteria, archaea, yeasts and fungi. These cold adapted
microorganisms have proven to be more economical and eco-friendly when compared with microorganisms
operating at normal or higher temperatures. Psychrophiles produce cold evolved enzymes that are partially
able to cope with the reduction in chemical reaction rates induced by low temperatures (D'Amico et al. 2002).
Cold active enzyme might offer novel opportunities for biotechnological exploitation based on their high
catalytic activity in low temperature, unusual specificities and low thermo stability (Russell, 2000).

Psychrophiles have many useful biotechnological applications. For this, Psychrophiles have become
increasingly studied in recent years, of the microorganisms most isolated and studied from cold environment,
the majority are Bacteria (Margesin and Miteva, 2011). The range of species within a particularly cold habitat
reflects many kind of parameters (for example, primary nutrient, ability to withstand desiccation, pH, salinity)
to which an organism must adapt (Blaise ef al. 2004).

This review aims to cover topics to highlight psychrophilic bacteria and their Cold Active Enzymes. It focused
some of these following: (1) An introduction about Psychrophilic bacteria and their habitat (2) habitats and
their biodiversity (3) examples of some this type of bacteria (4) some physiological activities with adaptation
mechanism (5) bioinformatical analysis of cold adapted protein, (6) comparative proteome analysis of
mesophiles vs psychrophiles and (7) a glimpse at some biotechnological uses of psychrophiles.

A common thread of all sections are showing how little we know about psychrophiles. A goal of this review
is to raise awareness about psychrophiles that are having great potential and their characterization will enhance
our basic knowledge of microbial physiology, enzyme structures and helps in developing industrial
applications.

Habitats and biodiversity:

Ecological limiting factors, like water availability, pressure, salinity, nutrient, UV irradiation and temperature
are all characteristics of cold environment. In some terrestrial habitats, these stresses dictate that psychrophilic
organisms develop most effectively in protected niches (Cary SC, McDonald IR et al. 2010). The major region
of the low temperature environment is represented by the deep sea (90% of the ocean volume), followed by
snow (35% of land surface), glaciers (10% of land surface), sea ice (13% of the earth’s surface) and finally
permafrost (24% of land surface). Other cold environments are cold soils, cold-water lakes, caves and cold
deserts. These earth dominant environments are successfully colonised by the communities of psychrophilic
bacteria, algae, yeasts, archaea, insects and fishes, that are able to grow and even maintain metabolic activity
at sub-zero temperatures. Soils of alpine regions undergo dramatic temporal changes in their microclimatic
properties, suggesting that the bacteria encounter uncommon shifting in selection gradients (Meyer et al.
2004). Psychrophilic microorganisms have been studied by culture-dependent and culture-independent
methods in permafrost as well as the microbial long-term survival in permafrost has been revealed. There is
evidence that bacteria are able to survive in permafrost that is 500,000 years old (Gilichinsky et al. 2008;
Steven et al. 2007, 2009; Johnson et al. 2007).



In bacterial family, there is many important members of the sea ice habitat, including many unique taxa.
Heterotrophic gas-vacuolate bacteria, not reported in other marine habitats, have been discovered in and near
sea ice. Among those cold-adapted bacteria, the genus Colwellia provides an unusual case. Members of this
genus produce extracellular enzymes that capable of degrading high molecular weight organic compounds.
These traits make Colwellia species important to nutrients and carbon cycling wherever they occur in the cold
marine environment, from contaminated sediments to ice formations as analogs for possible habitats on other
planets and moons (e.g Mars and Europa).

Representatives of the family Vibrionaceae are among the most commonly reported bacteria to populate
almost all extreme environments. Nevertheless, a wide range of phylogenetic diversity within the genera
Alcaligenes, Colwellia, Achromobacteria, Cytophaga, Altermonas, Bacillus, arthrobacter, Aquaspirillum,
Bacteroides, Flavobacterium, Brevibacterium, Methanogenium, Clostridium, Gelidibacter, Moritella,
Phormidium,  Methanococcoides, = Methanosarcina,  Polaribacter, =~ Microbacterium, Micrococcus,
Octadecabacter, Shewanella, Photobacterium, Vibrio, Polaromonas, Pseudomonas, Psychroserpens and
Psychrobacter have been found to be psychrophilic across the domain Bacteria (Hamdan, 2018).

In general, in deep sea habitats fungi are relatively rare compared to bacteria. Fungal isolates reported
in frozen environments belong mainly to the genera Penicillium, Rhodotorula, Alternaria, Ustilago,
Cladosporium, Aureobasidium, Ulocladium, Valsa, Verticillium and Geomyces.
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Figure 1: Distribution of psychrophile genomes and metagenomes in different cold ecosystems (Pieter De Maayer,
Dominique Anderson, Craig Cary & Don A Cowan, 2014)

(A) Pie chart of the relative proportions of sequenced psychrophile genomes per ecological niche. Psychrophile
genome statistics were determined by key word search against the GOLD database. The geographic distribution
of marine genomes is given in the chart.

(B) Pie chart of the relative proportions of psychrophile metagenomes derived from different ecological niches. The
psychrophile metagenomes include all datasets submitted to the MG-RAST database for which temperature data
are available (lower than 15°C).

Biotechnological Applications of Psychrophiles:

Most of the enzymes from psychrophiles are cold active and heat labile. In biotechnology, these specific traits
are responsible for the 3 main advantages of cold shock enzymes: (a) as a result of their cold activity: they
remain efficient at ambient temperature or tap water, therefore during a process avoid heating, either at
industrial or domestic levels. (b) as a result of high activity: to reach a given activity, a lower concentration of



the enzyme catalyst is required. (c) as a result of heat lability: after a process by moderate heat input, they can
be efficiently and sometimes selectively inactivated. Besides these traits, enzymes from organism’s endemic
to cold environments can be a valuable source of new catalysts possessing useful enzymological
characteristics.

1. In Food Processing Industry:

Psychrophilic microorganisms have a huge range of applications in food industry, also in dairy
industry. Psychrophilic milk coagulation enzymes have the advantages of controlled casein
coagulation for maintaining the quality of whey resulting from cheese industry which can be used in
other processes. By pasteurization, the enzyme activity in whey can be destroyed. In the market of
developed countries, the commercial microbial rennet available with the brand names Marzyme,
Rennilase 50TL. and Modilase are products of cold active microorganisms. Another interesting
application of cold shock enzymes is in the form of Beta-galactosidase. Lactose hydrolysis in whey
and milk to glucose and galactosidase results in increased digestibility, solubility and sweetness of
milk. Beta-galactosidase acquire from mesophilic strains of Kluvermyces and Aspergillus strains are
active at relatively higher temperatures i.e. 30-40°C, and the milk has to be processed in conventional
methods for at least four hours for complete hydrolysis of lactose. During the process these conditions
increase the chances of microbial contamination. At 5-10°C, with the use of thermolabile Beta-
galactosidase hydrolysis of lactose can be carried out in about 16-24 hours. Using the cold active Beta-
galactosidase 70-80% of products yields can be obtained, which is much higher in comparison to the
processes obtained using enzyme from mesophilic organisms. The commercial cold active neutral
protease is mainly obtained from Bacillus subtilis and being marketed under the commercial name
eutrase. The enzyme is known to increase the flavour intensity with reduction in the ripening time from
4 to I mon. Psychrophilic microorganisms are able to produce various enzymes of industrial
importance. Neutral proteases from psychrophilic bacteria are being used in cheese maturation.
Polymer degrading enzymes such as amylases, pullul anases, xylanases, and proteases are employed
in food processing. Proteases with low optimum temperature and high pH are being marketed under
the commercial names Savinase, Maxaca, and Opticlean.

2. Source of Natural Pigments:
Carotenoids are present in various microorganisms and they play an important role in protecting the
photo synthetic machinery of the organism from photo oxidation. Several bacteria of antarctic origin
can also produce pigments and mainly belong to the Flectobacillus, Pseudomonas, and Micrococcus.
As there is growing tendency to use natural pigments, bacterial pigments of different hues and colours
may prove to be handy and renewable source for food processing industry.

3. Lipids as Food Additives:

Microbial lipids containing polyunsaturated fatty acids (PUFA's) are recommended to increase
nutritional value of food products and as additives in cosmetics and as starting substrates for the
preparation of pharmaceuticals. In marine microorganisms, polyunsaturated fatty acids are commonly
found. These organisms produce PUFA's in response to low temperature of marine habitats. Lipids
extracted from psychrophilic antarctica bacteria and marine algae mainly consist of C18 and C16
unsaturated fatty acids. Anadymene stellata, a marine alga, can synthesized 16-22 carbon containing
unsaturated fatty acids possessing as much as four conjugated double bonds. In chloroplast and
endoplasmic reticulum of these eukaryotic microorganisms, the synthesis and modification of fatty
acids mainly occurs. A group of psychrophilic sea ice derived bacterial strains are known to produce
polyunsaturated fatty acids such as arachidonic acid and eieosapentaenoic acid. Bacteria of
Flavobacteriacea family known to synthesize a range of volatile fatty acid containing lipids in addition
to algae.



4. Hydrolysate of Biomass as Feed Stock:

In Laminaria sp, the extra cellular production of decomposing enzymes was partly characterised in
marine bacterial isolates belonging to the genera Alteromonas sp, Flavobacterium sp, Pseudomomonas
sp, Moraxella sp. These enzymes have a highly active against many marine polysaccharides such as
cellulose, alginate, fucoidan. In marine bacterial populations hydrolytic activity is a common trait. At
a depth of 4500m sea water bacteria and cyanobacteria participate in the biodegradation of Phyto
detritus between 2°C to 15°C temperature. Most of the psychrophilic micro algae has been listed from
Antarctica and other chilling habitats, cause of their inexpensive growth requirements substrate
comprising solar light and other inorganic compounds attend in marine waters can be used for
biochemical production like carotenoids, protein, vitamins, foods, pigments polysaccharides.
Hydrolytic activity of microorganisms may help in manufacturing liquid fuel and SCP after hydrolysis
of vast amounts of sea weeds and aquatic plant biomass.

5. Detergents:
Globally, 30%-40% of psychrozymes are used at industrial level. At domestic level, psychrozymes
based detergents are employed for mechanical and financial input reduction, to shield texture and in
brightening clothes. Subtilisin, alkali serine protease collected from Bacillus species, known for best
washing.

PHYSIOLOGICAL ADAPTATION OF PSYCHROPHILES:

In growth temperature physiological adaptations can be identified by comparing the properties of
microorganisms that grow naturally at different temperatures. Compared with protein adaptations where
insight can be gained by comparing the properties of proteins between thermophiles and psychrophiles,
physiological adaptation is more complicated owing to the greater number of factors that can impact the
complex variety of components in a cell and ultimately cause an adaptive response. Physiology of cells is
dictated by its regulation of gene expression and genomic complement of genes. Depending on the
environment, a large number of abiotic (e.g., oxygen, pH, nutrient flux, salinity), biotic (e.g., antibiotics,
predation by grazers and viruses, cell-cell interactions) and broader ecological factors (e.g., particle attached
versus free living, sea ice versus seawater) can greatly influence the selection and growth properties of
microorganisms. Most of the diversity of microorganisms, colonising in Earth’s biosphere, is widespread in
the cold. Very few microorganisms can successfully colonise both high and low temperature extremes have
developed. Methanogens, members of Archaea, the only group known to have individual species that spread
the growth temperature range from sub-zero to 122° C (Saunders et al. 2003, Reid et al. 2006, Cavicchioli
2006, Taki et al. 2008).

There are limited chances to compare the adaptive traits of thermophiles and psychrophiles that belongs
to the same of family. Therefore, physiological adaptations knowledge has been obtained by examining the
response of individual microorganisms to different growth temperature. Global expression studies (e.g.,
transcriptomics, proteomics) linked to knowledge of straight physiological measurements (e.g., growth rate,
solute composition, modification of nucleic acids temperature and nutrient perturbation of morphology, rates
of macro molecular synthesis, membrane lipid composition) have demonstrate particularly valuable for
determining the mechanisms of psychrophile adaptation (Cavicchioli 2006).



PDB AMINO | ACCESSION
PROTEIN NAME ORGANISM ENTRY ACID NUMBER
1 | Phosphoheptosa
isomerase Colwellia psychrerythraea 344 SBY2 260 OUR77399
2 | Alpha amylase Pseudoalteromonas haloplanctis 1G9%4 448 IG9H-A
3 | Thioesterase Arthrobacter sp. 1Q4S 151 1Q4U-B
4 | subtilisin Bacillus subtilis 2GKO0 381 SNY73755
5 Halorubrum  lascusprofundi  ATCC
Beta-galactosidase bga | 49239 6LVW 700 B9LW38
6 | Aliphatic amidase Nesterenkonia sp. SJIQN 263 ACS35546
7 | Isocitrate WP-
dehydrogenase Desulfotalea psychrophila 4A0V 402 011188023
8 | Aspartate
carbamoyltransferase
regulatory chain Moriteua profunda 2BE7 153 2BE7-F
9 | Competence
atimwating peptide
type 2 Streptococcus pheumoniae 6COV 41 C0T07865
10 | Adenylate kinase Marinibacillus marinus 3FB4 216 AAT90907
11 | Tyrosine phosphatase Shewanella sp. 1V73 336 2ZBMLA
12 | Endonuclease 1 Vibrio cholerae 2G7F 227 AEU11429
13 | Lipase Photobacterium sp. M37 20RY 340 AAS78630
14 | Superoxide dismutase | Allivibrio salmonicida 2WTW 194 OAHZ83634
Pseudoalteromonas
15 | arctica PAMC 21717 Pseudoalteromonas arctica SYLF 347 S5YL7-A
WP-
16 | Cellulase Pseudoalteromonas haloplanctis ITVN 376 058429549
S-formylglutathione WP-
17 | hydrolase Pseudoalteromonas haloplanctis 3LS2 278 036968767
Phosphoglycerate WP-
18 | kinase Pseudomonas sp. 6106 387 030137856
19 | Cytochrome c552 colwellia psychrerythraea 401W 606 OURS80884
20 | Beta galactosidase Marinominas sp. 6Y2K 657 ABR70937
21 | BA42 protein Bizionia argentinensis JUB59 2LT2 145 2LT2-A
22 | Beta-lactamase Pseudomonas fluorescens 2Q7Z6 381 KJH87413
Deoxyribose-phosphate
23 | aldolase Colwellia psychrerythraea 5C2X 256 KGJ89957
3-phosphoshikimate 1-
24 | carboxyvinyltransferase | Colwellia psychrerythraea 34H SXWB 426 AAZ27668
Triosephosphate
25 | isomerase Moriteua marina 1AW?2 256 AAA88910
26 | Leucine dehyalogenase | Sporosarcina psychrophila 3VPX 364 BAMOS5529
Fumarylacetoacetate
27 | hydrolase Exiguobacterium antarcticum 61YM 352 KOA9N9
ATP phosphori WP-
28 | bosyltransferase Psychrobacter arcticus SM8H 231 011281160




Haloalkane

29 | dehyalogenase Phychrobacter cryohalolentis K5 6F90 309 6F90-A
Inorganic

30 | pyrophosphatase Shewanella S AS-11 6LL7 308

Table 1: Some Psychrophiles with their Cold Adapted proteins, PDB entry, amino acid and accession number.

Membrane function: The fluidity of the membrane is essential for its structural integrity and cellular
functioning (Deming, 2002). The most important impacts of low temperature depend on membrane fluidity and
the organisms that grow at the biotic thermal range, have evolved a range of mechanisms to change membrane
fluidity (Chintalapati et al., 2004). It is observed that extensive differences exist in the physiologies of Gram-
positive and Gram-negative bacteria and archaea, particularly in their cell membrane compositions and responses
to temperature changes. Psychrophile membrane adaptations include increased polyunsaturated to saturated fatty
acid ratios in membrane phospholipids, changes in lipid class composition, reduced size and charge of lipid head
groups, which affects phospholipid packing and conversion of trans- to cis-isomeric fatty acids and have been
extensively reviewed (Casanueva et al., 2010 & Deming, 2002). Recent transcriptome analysis corroborate earlier
physiological work and have shown that exposure to cold temperatures induces a rapid up-regulation of genes
involved in membrane biogenesis, such as fatty acid and LPS biosynthesis, glycosyltransferases, peptidoglycan
biosynthesis and outer membrane proteins (Gao et al., 2006). Comparative genomic studies have also revealed
that genes involved in cell membrane biogenesis are over represented in the genomes of psychrophilic
microorganisms. Proteomic and transcriptomic studies have shown that general membrane transport proteins are
also up regulated, which serves as a counteractive measure against the lower diffusion rates across the cellular
membranes experienced at chilled temperature (Cacace et al., 2010). In particular the up regulation of peptide
transporters facilitates cold and hyperosmotic stress acclimatization by enhancing the uptake of nutrients,
compatible solutes and recycling of membrane peptides for peptidoglycan biosynthesis (Durack et al., 2013).
Carotenoid pigments represent another class of membrane fluidity modulators. Both polar and non-polar
carotenoid pigments are produced by various Antarctic bacteria and have been postulated to buffer membrane
fluidity and assist in maintaining homeo viscosity during temperature fluctuations (Rodrigues DF, Tiedje JM,
2008). Wax esters are also believed to play an important role in cold-adjusted membrane fluidity. In
Psychrobacter urativorans, they may account for up to 14% of the cell lipid content, and in P. arcticus, the wax
ester synthase is constitutively expressed, regardless of the growth temperature (Ayala-del-Rio ef al. 2010).
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Figure 2: Common physiological adaptations in a psychrophilic prokaryote (Pieter De Maayer, Dominique Anderson,
Craig Cary & Don A Cowan, 2014)

Cryoprotectants and antifreeze proteins: Cellular freezing induces the formation of cytoplasmic ice
crystals, resulting in cellular damage and osmotic imbalance (Klahn &, Hagemann, 2011). The accumulation
of compatible solutes, such as betaine, mannitol, glycine, sucrose, results in the lowering of the cytoplasmic
freezing point thereby providing protection against freezing, as well as against desiccation and hyper
osmolality (Cowan DA, 2009) (Fig 2). Some psychrophiles produce antifreeze or ice-binding (AFP) proteins
(Fig 2), which bind to and control ice crystal growth and recrystallization by lowering the freezing thermal
hysteresis point (Celik Y, Drori R, Petraya-Braun N, Altan A, Barton T, Bar-Dolev M, Groisman A, Davies
PL, Braslavsky I, 2013). Ice-nucleating (IN) proteins can prevent supercooling of water by facilitating ice
crystal formation at temperatures close to melting point (Kawahara H, 2002). The cryoprotective mechanisms
employed may differ depending on the environment and microbial community structure, as demonstrated by
a metagenomic study of temperate lakes that revealed a predominance of isolates with high cytoplasmic
osmolyte content, with negligible ice-association (IN/AFP) phenotypes, whereas half of the epiphytic isolates
from a frost exposed chrysanthemum phyllosphere community showed IN activity (Wu et al. 2012).
Exopolysaccharide (EPS) production represents another potential cryoprotection mechanism and high levels
of EPS are produced by psychrophiles under cold conditions (Feng et al. 2014). The high polyhydroxyl
content of EPS lowers the freezing point and ice nucleation temperature of water. EPS can trap water, nutrients
and metal ions and facilitate surface adhesion, cellular aggregation and biofilm formation, and may also play
a role in protecting extracellular enzymes against cold denaturation and autolysis (Nichols CA, Guezzenec J,
Bowman JP, 2005). The exopolymeric substances of the psychrophilic diatom Melosira arctica and of cold-
tolerant bacterium Colwellia psychrerythraea have been shown to cause alterations in the desalination and
microstructure of growing ice, by increasing ice crystal disorder and pore density (Emert & Deming, 2011).
It results the reduction in permeability of ice, which subsequently leads to salt retention. Biologically active
EPS may therefore affect the colonization of organisms in the sea ice habitat by reducing ice growth due to
increased salinity (Deming et al., 2011).



Structure of some Psychrophilic Protein with their PDB Entry:

Cellulase (1TVN)

S-formylglutathione hydrolase (3L.S2)

Phosphoglycerate kinase (6106)




Cellular Mechanisms of Cold Adaptation:

Low temperature can hold up transcription and translation due to the expand stability of secondary
structure. Prohibition or resolving inhibitory secondary structure of RNA can be obtained by RNA chaperones.
Cold shock proteins are small proteins that bind RNA to conserve its single-stranded confirmation (Jones &
Inouye 1994). Psychrophiles vary broadly in the number of csp genes in their genomes (Table 1). Csps contain
a nucleic acid binding domain, known as Cold Shock Domain, and have more roles besides serving as RNA
chaperons. Each cold shock domain containing proteins can synchronize the cold shock response or play vital
role in subsequent growth at low temperature in mesophiles (Hebraud & Potier 1999). Accordingly, many of
the Csps act as cold adaptive proteins in psychrophiles, because they are constitutively rather than transiently
expressed at low temperature (D’Amico et al. 2006). Upregulation of cspA of psychromonas arctica was
shown to expand cold resistance of Escherichia coli at low temperatures (Jung et al. 2010). One of three Csps
seems to be essential in the low temperature growth of Shewanella oneidensis (Gao et al. 2006).

Table 2: Characteristics of selected bacterial and archaeal psychrophiles

Antarctica

Species Type Phylogeny Origin Csp | Total Genome
And Of Strain or ctr | genes Size
Strain genes (Mb)
Cenarchaeum Eurypsychrophilic Crenarchaeota Marine | Marine 1 csp 2,006 2.05
symbiosum A archaeon Group I (or | sponge

Thaumarchaeota) symbiont, off

,Cenarchaeales California

coast

Colwellia Stenopsychroplilic Proteobacteria, Artic marine | 4 csp 5,066 5.37
psychrerythraea 34H bacterium Gammaproteobacterial, | sediments, off

Alteromonadales Greenland
Octadecabacter Stenopsychrophilic Proteobacteria, Sea ice off 3esp 5,544 491
antarctisus 307 bacterium Alphaproteobacteria, Antarctica

Rhodobacterals
Photobacterium Stenopsychrophilic Proteobacteria, Sulu Trough | 8 csp 5,754 6.40
profundum SS9 bacterium Gammaproteobacteria, | deep-sea

Vibrionales sediments
Flavobacterium Eurypsychrophilic Bacteroidetes, Fish pathogen | 1 csp 2,505 2.86
psychrophilum JIP02/86 | bacterium Flavobacteria,

Flavobacteriales
Listeria monocytogenes | Eurypsychrophilic Firmicutes, Bacilli, Foodborne 2 csp 2,455 2.91
LO28 bacterium Bacillales pathogen
Methanococcoides Eurypsychrophilic Euryarchaeota, Ace Lake | 3 ctr 2,506 2.58
burtonii DSM 6242 bacterium Methanomicrobia, sediments,

Methanosarcinales Antarctica
Halorubrum Eurypsychrophilic Eurychaeota, Deep Lake | 3 csp 3,725 3.69
lacusprofundi bacterium Halobacteria, sediments,
ATCC49239 Halobacteriales Antarctica
Exiguobacterium Eurypsychrophilic Firmicutes, Bacilli, Permafrost, 6 csp 3,151 3.04
sibiricum 255-15 bacterium Bacillales Siberia,

Russia

Polaribacter irgensii 23- | Stenopsychrophilic Bacteroidetes, Subsurface 3cesp 2,602 2.75
P bacterium Flavobacteria, seawater, off

Flavobacteriales Antarctica
Desulfotalea Eurypsychrophilic Proteobacteria, Arctic marine | 7 csp 3,332 3.66
psychrophile LSv54 bacterium Deltaproteobacteria, sediments, off

Desulfobacteralas Svalbard
Psychroflexus  torquis | Stenopsychrophilic Bacteroidetes, Sea ice algal 2 csp 6,835 6.01
ATCC 700755 bacterium Flavobacteria, assemblage,

Flavobacteriales Off
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The proposed model of life under subzero conditions (E.coli cpn+, p.arcticus 273-4 and
csdA-psyC-1082):

CsdA-PsyC-1082 is the main component of the model proposed in this study (fig: 3). The next session is
about- (a) a review about the mesophilic microorganism to be tested in the model.

(b) a review of psychrophilic microorganism that express the CsdA-PsyC-1082 protein.

(c) in Silico structural analysis of CsdA-PsyC-1082 protein by homology modelling.

‘Omics’ analysis okey cellular function and structures that fail at the parameter limit determined the
range of growth for any given parameter. In specific low temperature membrane integrity and gene expression
fail in mesophilic cells. Wild type E.coli cells grown at 15° C and at least 15 protein were convinced during
the beginning of the lag phase to repair the cell from damages cause by drop I temperature and to repair the
cellular psychology(Panoff et al.1998). chaperonins protein are responsible for refolding of other proteins
acting in the final process of protein expression, are some the csp generated in the beginning of lag phase, and
they are key determinant for E.coli growth at low temperatures(Ferrer et a/.2003).

Escherichia coli grows best between 2pc and 49° C, with slower growth below 21° C and no growth
below 7.5°C(Strochhi et al.2006,Emanuele Kuhn,2012). A transgenic E.coli cpnt that received the chaperonin
cpn60 and the co-chaperonin cpnl0 from the Antarctic seawater psychrophiles Oleispira antarctica strain
RBS8 grow much faster than the wild type in a range of temperatures from 8° C to 18° C and grow at 4°
C(Strochhi et al.2006). Cpnl10 and Cpn60 from Oleispira antarctica show high protein refolding activities in
vitro from 4°C to 12°C. The inclusion of these genes to the expression system of a mesophiles, which otherwise
could have stopped growing at the limit of 7.5°C, gave to the cells the volume to grow at 4°C. The expression
of these two genes in the mesophiles expand the expression level of 19 housekeeping proteins against cold-
mediated inactivation by growing physical interactions (Strochhi et al.2006).

Psychrobacter arcticus 273-4, evolved in a chilling environment and its feedback to low temperature
is completely different from Escherichia coli. Psychrobacter arcticus 273-4 overcome each of these extreme
conditions and evolved a cellular psychology to inhabit this acute environment. Moreover, it is not the only
psychrophile suited of growth at chilling temperatures. In Psychrobacter sp., and Arthrobacter sp. Cell,
bacterial metabolisms were detected at -15°C. These species isolated from Lake Vostok accretion ice and at -
10°C in different isolates from permafrost (Christner, 2002, Bakermans ez al. 2003). Their metabolic activity
also discovers in a permafrost community at -20°C, with a cellular doubling time of 160 days (Rivkina et al.
2000).
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Figure 3: Schematic representation of the model suggest for the advance of psychrophilic protein expression in
mesophilic organisms. Also, addition of the minimum growth temperature (Emanuele Kuhn, 2012)

Genomic analysis showed that in the range of 38% and 84% of Psychrobacter articus 273-4 amino acid
sequences display cold adaptation indicators like reduction in proline content, less hydrophobicity, higher
Arg/Lys ratio or acidic residues (Ayaladel-Rio. et a/.2010, Emanuele Kuhn, 2012). Transcriptome of
P.arcticus was the first transcriptome reported at temperature below 0°C (Bergholz et al.2009). Bergholz et
al. 2009 analyzed and compared growth rate measurements and transcryptomes at -6°C, 0°C, 4°C, 17°C, 22°C
in acetate medium. Psychrobacter arcticus at 0°C and -6°C down regulated peptidyl-prolyl cis-isomerases,
trigger factor and the major heat shock associated chaperones. Chaperones are associated with oxidative
protein damage, iron-sulphur cluster biosynthesis, c/pB chaperone homologues were upregulated (Bergholz
et al. 2009).

Both psychrophiles and mesophiles, Escherichia coli and Psychrobacter arcticus 273-4, respectively
harbor DEAD-box RNA helicase genes. Escherichia coli contains DEAD-box helicase (csdA, rhiB, rhiE,
dbpA, and srmB) and psychrobacter arcticus 273-4 contains two [rhlB (Psyc-0943), and csdA (Psyc-1082)]
(IOST and Dreyfus 2006; Bergholz et al. 2009). DEAD-box RNA helicase participates in many cellular
processes such as transport, processing and break of RNA or ribosome biogenesis, it is considered as
multifunctional enzyme (Prud’homme-Genereux et al., 2004 & Phadtare 2011). In psychrophilic organisms,
CsdA is revealed as a housekeeping protein, or can be considered a CAP. CsdA expression in mesophiles
occurs and is benefit only for cold adaptive response as a Csp (Jones ef al.1996, Panoff et al. 1998, Emanuele
Kuhn 2012, Hebraud and Potier 1999, Srinivs and Ray 2006, Charollais ef al. 2004). Experimental exploration
reveal two possible activities of CsdA related to low temperature adaptation- (a) mRNA decay, where it’s
helicage activity is considered crucial for promoting degradataion of mRNA stabilized at 15°C in E.coli and
(b) mRNA and ribosome biogenesis (Phadtare 2011). Research has also recommended that CsdA may help
508 space assembly by modulating RNA structure (Iost and Dreyfus, 2006). Its unwinding movement may be
required to facilitate structural transition within the RNA and may also allow proper binding of r-protein (Iost
and Dreyfus 2006, Emanuele Kuhn 2012). At last, it indicate that CsdA prevents and resolves rRNA
misfolding caused by lowering the temperature, providing assistant to rRNA to reach its operating
conformation (Phadtare 2011, Emanuele Kuhn 2012).
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Figure 4: Alignment of P.arcticus 273-4 Psyc 1082(YP 264368) with 1 protein from mesophile E.coli
K12(EFK25707), 3 homolog psychrophile Psychrobacter cryohalolentis KS5(YP 580642), Psychrobacter
sp.(ABQ94096), Methanocaldococcus burtonii DSM 6242(ABES52831) and 1 thermophile Methanocaldococcus
Jjannaschii DSM 2661(AAB98663). Yellow boxes refers 100% similarity between sequences and green boxes suggest
half similarity.
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Mutant Analysis: In Escherichia coli, the deletion of csdA gene conducts to growth defects only at low
temperatures, near 15°C (Awano et al. 2007). The deletion of the 74/B gene in the mesophiles does not cause
any deficiency in growth at the optimum temperature of a 37°C (Awano et al. 2007). In Psychrobacter arcticus
273-4, a deletion of psyc-1082(csdA) resulted in decreased cellular growth rates above 4°C (Bergholz et al.
2009). P.arcticus 274-4 with the psyc-0943 (rhiB) gene deleted did not result in growth at 4°C or 17°C,
indicate that this gene plays an essential role in Psychrobacter arcticus 273-4 cell physiology at its optimum
temperature (Bergholz ef al. 2009). It has been exhibit in E.coli that the deletion of csdA leads to a severe
deficit of free 50S subunit and accumulation of 40S particles that correspond to incomplete assembly of
ribosomal large subunit (Emanuele Kuhn, 2012).

Structural analysis: Protein synthesis and folding are the critical problems to overcome for life in cold
and chilling environments, the secondary structure of RNA is stabilized via H-bonds, making translation
difficult. RNA helicases are overexposed at low temperature in many psychrophile such as Exiguobacterium
sibiricum (Rodrigues et al. 2008), Sphingopyxis alaskensis (Ting et al .2010),Methanococcoides burtonii (Lim
et al. 2000), Pseudoalteromonas haloplanktis (Piette et al. 2010). These helicases can help unwind the RNA
secondary structures and rearrange them for methodical translation in the cold. In enzymes, decreased stability
and growing flexibility translate into greater entropy. Analysis of the amino acid sequences and structure of
the enzymes of psychrophilic microorganisms, have given rise to the flexibility concept, that is a psychrophilic
enzyme can exhibit growing catalytic activity at low temperature with limited loss of thermostability through
adaptation for decreased numbers of stabilizing interactions between key amino acid residues (Grzymski et
al. 2006). the thermodynamic effects of cold adaptation are a depletion in the temperature dependence of the
maximum catalytic rate (Feller and Gerday,1997). The genome of Psychrobacter arcticus 273-4 shows a
statistically significant shift in amino acid compared with mesophiles, to those known to favour flexibility at
low temperatures for most cell functions, but particularly for those engaged in growth and reproduction
(Ayala-del-Rio et al. 2010). To explore the structure of protein Psyc-1082, a tertiary structure prediction was
conducted by homology modelling with the program RaptorX (Peng and Xu 2011, Emanuele Kuhn 2012).
The secondary site of Psyc-1082 was aligned against 4 distantly related DEAD-box RNA helicase proteins
with tertiary structure characterized by X-ray diffraction of the protein crystal. The DEAD-box RNA helicases
from an archaeon, Nethanococcus jannaschii (1IHVS8), and 3 eukaryotes Saccharomyces cerevisiae (3162),
Drosophila melanogaster(2DB3) and Homo sapiens (3EX7) were extracted from and obtainable in PDB.

Adaptation of psychrophiles viewed through genome and global gene expression profiles:

Round about thirty bacterial and four archaeal genome sequences are available for psychrophilic
microorganisms that were obtained from diverse cold samples, including sea sponge (symbionts), permafrost,
Antarctic lakes, marine sediment, fish (pathogens), marshes and kimchi (Lauro ef al. 2011). The dimension to
overview global responses is greatly accelerating the ways in which knowledge is being acquired about
adaptive mechanism in particular as researchers explain general characteristics of psychrophiles versus
specific traits of individual psychrophiles. In addition to supply genomic blue print that elaborate the volume
of psychrophilic microorganisms, genomes provide the basis for pointed and global functional studies
(Transcriptomics and proteomics).

An analysis of Psychrobacter arcticus (growth temperature range from -10°C to 28°C) used
transcriptomics to recognise differences in mRNA between five growth temperatures (-6OC, OOC, 40C, 17°C
and 22°C) (Bergholz et al. 2009, Emanuele Kuhn 2012), multiplex proteomics study of M. burtonii quantitated
changes happening across seven growth temperature that span the organism’s whole growth temperature range
(-2°C to 28°C) (Williams et al. 201 1)(fig. 5). In further study, by including growth temperature extremes as
well as temperatures in between researchers were able to infer stressful versus non-stressful physiological
states. The upregulation of oxidative stress proteins at both upper and lower temperature extremes described



the important, yet distinct, ways in which temperature induced oxidative stressed manifests in the cell. The
review also revealed that protein profiles at temperature in which M.burtonii grew faster were identical to
those at maximum growth temperature. These research works highlighted the extent to which this
psychrophilic microorganism was heat stressed at these temperatures, which is compatible with a number of
other studies recommend that psychrophilic microorganism growing at Top are likely to be heat stressed (Feller
& Gerday 2003, Bakermans & Nealson 2004, Cavicchioli 2006, Williams et al. 2010, Good child et al. 2004).
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Figure 5: Temperature dependent physiological states in the Antarctic archaeon, Methanococcoides burtonii. Displayed
the cellular process most influenced during cold stress(-2°C), cold adaptation (1, 4, 10 and 16°C) and heat stress(23 and
28°C) states of the cell . Abbreviations : ClpB, chaperone; Dnaj/Dnak, chaperones; Ctr, cold responsive TRAM protein;
DUF1608, S-layer protein containing domain of unknown function; FMN, flavin mononucleotide; ¢, electron; Hep,
hybrid-cluster protein; GalT, galactose-1-phosphate uridylyitransferase; MdrA, protein disulfide reductase; Isf, iron-
sulfur flavoprotein; mRNA, messenger RNA; ROS, reactive oxygen species; RNase, ribonuclease; SPFH, degradation-
related protein; Sm-like, RNA-binding protein homolog; YVTN/NHL, S-layer protein containing cell adhesion domain;
UspA, universal stress protein A. Adapted with permission from Williams et al. 2011(society for applied Microbiology
and Blackwell Publishing Ltd).

Mechanisms of Enzyme Adaptation to the Cold:

In low temperature environments, there is lack of kinetic energy to overcome enzyme activation
barriers, causing in very slow rates of chemical reaction. Biochemical reaction in a mesophilic organism at
37°C, a drop in temperature from 37°C to 0°C results in a twenty two to eighty fold reduction in enzyme
activity. It is the major factor preventing growth at low temperature. To overcome this constraint organisms
those are adopted to low temperatures have evolved several ways, including the energetically expensive way
of enhanced enzyme production (Crawford & Powers 1992) and seasonal appearance of isoenzymes (Somero
1995). The common one adaptive characteristic of cold active enzymes is a reaction rate (Kca) that is largely
independent of temperature. The majority of psychrophilic enzyme attain temperature insensitive Kcat by
reducing the activation energy barrier between the substrate and activated state.



For example, reducing the activation energy from 70kJ mol™ for a thermophilic protein alpha-amylase
to 35 kJ mol™ for a psychrophilic alpha-amylase enhanced ke by 21fold at 10°C (D’ Amico ez al. 2003). At a
low energy cost, to aid substrate binding, the active cites of cold shock enzymes tend to be larger and available
to substrates. Thus, the binding affinity of substrates for cold shock enzymes is generally lower than that of
their thermophilic counterparts (Siddiqui & Caviccchioli 2006).

At low temperature, high rates of catalysis are generally achieved by the flexible structure and
concomitant low stability of cold shock enzymes, which is referred to as an activity stability trade off (Siddiqui
& Caviccchioli 2006) (Table 2). In an environment characterized by low kinetic energy and retarded molecular
motion, cold active enzymes rely on greater disorder as a means of maintaining molecular dynamics and
functions (Feller 2007). Many cold active enzymes have a more fluctuating and flexible catalytic region than
does the remainder of the protein structure, that is localized flexibility (Siddiqui ez al. 2005, Feller 2008). The
a-amylase from P. haloplanktis, AHA has become a model to study the function, structure and stability
relationship in cold adapted enzymes (D’Amico et al. 2001, 2003; Siddiqui & Cavicchioli 2006; Feller &
Gerday 2003; Feller 2008; Siddiqui ef al. 2005).

The review indicate that the structure of AHA has evolved to have relatively few electrostatic
interactions in order to provide enough conformational flexibility to sustain activity at low temperatures, while
retaining a sufficient level of overall protein structural integrity. Genomic analyses of psychrophilic archaea
have disclosed proteins characterized by a higher content of noncharged polar amino acids (Gln and Thr), a
lower content of hydrophobic amino acids (particularly Leu), increased exposure of hydrophobic residues,
and a decreased charge that is associated with destabilizing the surface of psychrophilic proteins (Saunders et
al. 2003). Evolutionary selection of amino acid usage enabled such adaptation (Allen et al. 2009). Pro and
Arg are associated with an ability to confer increased stability by restricting backbone rotations and by forming
multiple hydrogen bonds and salt bridges (Feller & Gerday 2003).
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Figure 6: Common structural modifications of psychrophilic enzymes resulting in decreased thermostability, increased activity
and increased flexibility (Pieter De Maayer, Dominique Anderson, Craig Cary & Don A Cowan, 2014).



Psychrophilic proteins are characterized by increased surface hydrophobicity, decreased core
hydrophobicity, a lower arginine/lysine ratio, intersubunit interactions, weaker interdomain, more glycine
residues, more and longer loops, decreased secondary structure content, fewer prolines in loops, more prolines
in a-helices, fewer and weaker metal-binding sites, fewer disulfide bridges, fewer electrostatic interactions
(aromatic-aromatic interactions, salt bridges, H-bonds, cation-pi interactions), reduced oligomerization, and
an increase in the conformational entropy of the unfolded state (Siddiqui & Cavicchioli 2006). Some cold
adapted proteins also tend to have flexible 5-turn and strand secondary structures, and they possess large
cavities lined predominantly by acidic residues to accommodate water molecules (Paredes et al. 2011).
Although the above-mentioned structural features can be associated with psychrophilic proteins, any one
protein will have a restricted number of, and specific context for, these structural features (Siddiqui &
Cavicchioli 2006).

Table 3: Activity-stability relationship of some thermally adapted enzymes

Enzyme Keat(min?) | kn(Mm) | Topt(’C) | Tm(*C) T1/2(min) Reference
Aminopeptidase (10°C) (46°C) Huston et al.
Psychrophile 950 - 39 47 1 2008
Mesophile 114 - 49 58 100,000
Lactate dehydrogenase Coquelle ef al.
Psychrophile 2007

13,800(0°C) 0.16(0°C) 50 50 -
Thermophile 105,000(44°C) | 0.41(44°C) -

40,500(90°C) 0.16(90°C) | 90 90 -
Cellulase 4°C) 4°C) (45°C) Garsoux et al.
Psychrophile 11 6.0 37 - 40 2004
Mesophile 0.6 1.5 56 - Unaffected
Amidase (25°C) (25°C) (40°C) Huang & Yang
Psychrophile 25,700 1.6 55 - 150 2003
Mesophile 1,500 1.0 >65 - 2,880
Alpha-Amylase (10°C) (10°C) D’Amico et al.
Psychrophile 17,640 0.23 28 44 0.23(43°C) 2003
Mesophile 5,820 0.06 53 52 0.23(60°C)
Thermophile 840 - 84 86 0.23(80°C)
AlKali phosphatase (37°C) (37°C) (50°C) Siddiqui e al.
Psychrophile 48,740 0.13 40 - 10 2004b
mesophile 6,954 0.11 56 - 38
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Comparative Proteome Analysis of Mesophiles vs Psychrophiles:

In psychrophilic bacteria, amino acid like threonine, alanine, aspartic acid, serine is too much presented
in the coli region of secondary structure and amino acid like leucine, glutamic acid, are presented in low rate
in the helical regions. Psychrophile contain a higher proportion of amino acids that promote to higher protein
flexibility in the coli regions of proteins. In psychrophiles, basic aliphatic, hydrophilic, and aromatic amino
acid side chains are present in low rate in the helical region of proteins. The amino acid substitution pattern
between the orthologous proteins of mesophiles versus psychrophiles are different for several amino acids
when analysed to their substitution in orthologous proteins of psychrophiles and mesophiles.

Thirty proteins obtained from psychrophiles were analysed and compared with mesophiles by bioinformatics
tools like BLAST & MSA. Results showed that the some of the amino acids differed in mesophiles proteomes
(table 4). The mesophile proteomes showed huge standard deviation for residues indicating that the 6 proteins
of mesophile that are used are considerably more divergent than the proteome of psychrophiles.

In 2008, Metpally and Reddy also got similar results where 2816 proteins analysed & 875,219 amino
acids per proteome of mesophiles and 3665 proteins with 1169678 amino acids per proteome of psychrophiles.
Cold shock proteins (CSP) were identified from psychrophilic bacteria from the well-known Protein Data Bank (PDB)
& National Center of Biotechnology Information (NCBI). FASTA sequence of the identified proteins were analysed in
the web based ProtParam (https://web.expasy.org/cgi-bin/protparam/protparam) tool of Expasy to extract the amino acid
composition of those identified proteins. All the amino acid composition data analysed to identify the ratio of the
presence of different amino acids in those identified proteins. In addition to this amino acid composition ratio in the
CSP proteins are analysed. Similar proteins were identified from different psychrophilic bacteria & mesophilic bacteria
using the web-based algorithm BLASTP (Protein BLAST: search protein databases using a protein query (nih.gov)) of
NCBI for each pre-identified proteins described earlier. FASTA sequence of these similar proteins from the different
psychrophilic bacteria & mesophilic bacteria used to analyse the amino acid homology in the MUSCLE (MUSCLE <
Multiple Sequence Alignment < EMBL-EBI). CLUSTAL multiple sequence alignment & Percent Identity Matrix result
was obtained from this MUSCLE analysis.

Amino acid composition preferences:

The analysed result demonstrates an important preference in frequencies of amino acid occurrences
and property group in psychrophilic proteomes as compared to mesophilic proteomes (Table 4). The amino
acid composition trend is similar in both type of genomes. As compared to mesophiles, in psychrophile, there
are few amino acid residues, such as A, S, D are significantly preferred. Amino acid residues E and L are less
favoured in psychrophilic proteomes.

During comparison, amino acid group frequencies of occurrences, I observed that neutral and some
small amino acid groups are significantly preferred in psychrophile proteomes, where basic, hydrophilic,
aromatic and changed group are less favoured (Table 4).

Table 4: The composition of individual amino acids and property groups in protein
sequences of psychrophilic and mesophilic proteomes.

Amin Psychrophiles® Mesophiles”
0
Acids

Pl [P2 [P3 [P4 [P5 [P6 |Avg [SD |M1[M2[M3|[M4|[ M5 [ M6 | Avg | SD | t-test
Ala 81 |85 [92 [84 [89 [123]92 [16[83]68[95][84[91 [67]81 [12]138
A)
Cys(C [10 [14 [09 |11 [10 [07 [10 [o2 1011|0610 ]11 [06 1.0 [02]0.15
)




AspD |56 |51 |60 (54 |58 (53 |55 |03 |50 |48 |51 (50|50 |59 ]5.1 04 | 1.80

)

GluwE) |59 |63 |55 |59 [58 |56 [58 [03]65]|69 |58 62|61 |66 |63 04 | -2.55

Phe(F) (44 |43 |37 |44 |43 |34 |41 |04 |44 |54 |39 |40]|41 |43 |44 0.6 | -1.006

Gly(G |64 |75 |66 |65 |68 |84 |71 |08 67|59 |74 |73 |67 |63 |67 0.6 | 0.922

HisH) |22 (20 |23 (21 |23 (19 |21 |02 |21 |21 |23 |19 |24 |18 |21 0.2 | 0.206

lie) |72 (71 |69 (74 |62 |50 |66 |09 |71 |72 |60 63|60 |79 |638 0.8 | -0.298

Lys(K | 6.1 (57 |52 (6.1 |51 (33 |52 |1.0|63 |89 |44 (43|49 |81 |62 2.0 | -1.019

)

Leu(L | 103|104 [10.1 107 ] 10.1]103] 103 0.2 [ 10. | 11. [ 10. | 11. | 10.8 [ 9.6 | 10.7 | 0.6 | -1.370

) 5 |2 |7 |4

Met( 24 |26 |28 |24 |20 |25 |25 (03 (24 (23|28 (20|27 |26]25 0.3 | -0.138

M)

Asn(N |51 (38 |46 (48 |45 (29 |43 |08 |49 |59 |39 (41|39 |56 |47 0.9 | -0.883

)

Pro(P) (35 |39 [40 |36 |39 |50 [40 |05 |37 |33 |44 |51]|40 |32 |40 0.7 | 0.140

GIn(Q (46 |37 |47 |43 |49 |37 [43 |05 |46 |37 |44 |55 |52 |36 |45 0.8 | -0.602

)

ArgR |38 (50 |44 (40 |44 (61 |46 |09 |45 |35 |55 (51|50 |38]46 0.8 | 0.116

)

Ser(S) |72 |66 [67 |66 [69 |68 |68 [02 |58 |68 |58 |59]|63 |61 6.1 0.4 | 3.684

Thr(T |56 |53 |58 |54 |55 |56 [55 |02 |52 |44 |54 |55|52 |55 |52 04 | 1.789

)

Val(V) |66 (67 |64 (66 |69 (80 |68 |06 |67 |56 |71 66|70 |69 |66 0.5 | 0.724

Trp( 1.0 1.1 (12 11 (12 |12 |15 (02 1.1 (07 (15|13 |16 |1.0 1.2 0.3 | -0.023
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Tyr(Y {3.1 |31 |30 |31 (31 |21 (29 |04 |31|37]|28|29]|30 (40 |34 0.5 | -1.310

)

Amino acid property group
Psychrophiles Mesophiles
Pl |P2 [P3 |P4 [P5 [P6 |Avg |SD M1 [M2 |[M3 [ M4 |[M5 | M6 |Avg | SD | t-test

Tiny 283294 [29.1 |28.1[29.0|33.8[29.6 2.1 270249292280 284 [251 [27.1]1.8 2235

Small 49.1 | 48.8 | 50.32 |1 48.4 | 50.2 | 55.1 | 503 | 2.4 | 473 |44.4|49.8 |48.9 |48.4 |46.6 |47.6 1.9 |2.166

Aliphatic 24112421235 |245(23212341238 |05 (243 (24.0(23.812431239 (24424103 |-
1.157
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0.601
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1.414
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1.663

Acidic 11.5) 114|115 | 112116109113 |03 |11.5|11.6 | 109 | 11.1 |11.2 125 |11.5]0.5 |-
0.541

Neutral 2591252260 |252|263]|264|258 |05 (244 (228|253 |26.1|258|233|24.6 1.3 |2.057

Hydrophilic | 30.8 | 29.6 | 30.3 | 30.6 | 30.4|269|29.8 |15 |31.8|33.6 292302302 33731419 |-
1.696

Hydrophobic | 44.3 | 45.0 | 44.4 | 45.1 | 442|454 447 |05 |44.7 |44.0 | 455|442 1452 | 43.5|44.5 (0.8 | 0.527




Structure of some Psychrophilic Protein with their PDB Entry:

3-phosphoglycerate 1-
carboxyvinyltransferase (SXWB)

Haloalkane dehyalogenase (6F90)

Inorganic pyrophosphatase (6LL1.7)




Secondary structural elements:

In the amino acid composition of mesophilic proteomes and psychrophilic proteomes, there are three
major secondary structural elements- alpha-helicases, beta-sheets, and coil. The psychrophilic proteomes
contain significantly rich number of residues in the coli region and poor number of residues in alpha-helices
regions. In either of two genome sequences, the majority of amino acid exhibit similar compositions. In
psychrophilic proteomes, E, F, L, N, Y amino acid show significantly huge frequencies in the coli region, and
the E amino acid is significantly poor in the coli region. As compared to the mesophiles, except in an increase
in Alanine residues, beta-sheet of psychrophiles did not express any vital changes. In psychrophilic proteome,
the small, tiny, hydrophobic, acidic, non-polar, neutral, aliphatic amino acidic groups expressed significantly
high frequencies in the coli region.

Conclusion:

All living organisms have developed the mechanisms to respond to environmental stresses, such as
temperature fluctuation. In the case of temperature downshift (cold shock response), several factor plays a
crucial role in induction of cold shock proteins. Synthesis of cold-shock proteins seems to be regulated mainly
at the post-transcriptional level. Thus, the fate of individual mRNA for each cold-shock protein plays a central
role in cold shock response. Most of the free living bacteria possess at least one cold-shock-inducible CspA
homologue. Thus, it is very important to understand the individual protein’s structure, sequence data and
function properly.

This study primarily focuses on to determine the similarity/dissimilarity between two major groups of
organisms. Simultaneous analysis of structure and sequence data were employed to draw a conclusion over
their gene functionalities.
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1. Introduction

Microbial growth is distinctly dependent on physical factors, especially on temperature.
Perhaps due to the major constituent of microbial cells are aqueous chemicals. Therefore, their
existence is theoretically confined to a range of temperature (Brock e al., 1970). Consequently,
microorganisms can grow at different temperature ranges exhibiting pronounced diversity.

Recent studies have shown that microbial life can exist at temperatures close to or slightly
above the boiling point of water. Even in most inhospitable habitats on Earth like thermal vents
and hot springs very few of living organisms can flourish (Brock er al., 1970). These
microorganisms are referred to as thermophiles. Generally, they can grow at temperatures
ranging from 45°C to 75°C, with optimal growth occurring between 50°C and 60°C (Hatman
et al., 1989 & Panikov et al., 2003). Thermophilic organisms are categorised into two types:
obligatory, which are unable to survive under 40°C—42°C temperature, and facultative, which
can exist at low as well as at high temperatures (Farrell and Campbell, 1969). They have also
been classified as hyperthermophiles, thermophiles, and moderate thermophiles based on their
optimal growth temperature. Hyperthermophiles can be found in all three domains of life:
archaea, bacteria, and eukarya, with archaea and bacteria accounting for the vast majority.
Pyrolobus fumari (Cowan, 2004) has been reported to grow at as high as 110 °C temperature,
but Thermus thermophilus (Oshima and Imahori, 1974) thrives at temperatures around 70 °C.
Bacillus species like B. licheniformis and B. brevis have been shown to grow at 50 (Warth,
1978 & Gupta et al., 2014). Apart from these, several Bacillus species thrive in both mesophilic
and thermophilic environments, such as B. methanolicus, B. smithii, and B. coagulans, which
thrive at temperatures ranging from 37 to 63°C (Bosma et al., 2015; Arfman et al., 1992 &
Marshall and Beers, 1967).

Microorganisms have capabilities to thrive as well as adapting to a wide range of
environmental stresses due to the activities of several macromolecules, especially a specific
group of proteins. The breakdown and denaturation of numerous life-sustaining
macromolecules has been identified to occur in cells at high temperature. (Singleton ez al.,
1973). Proteins are thermolabile in nature, thus, proteins lacking in the essential adaptations
undergo irreversible unfolding at such high temperatures, exposing the hydrophobic cores and
causing aggregation. Therefore, it is necessary for thermophilic proteins undergo adaptations
that allow them to maintain their structure and function at those hostile temperatures (Tomazic
etal., 1988). As aresult of these environmental changes, the bacteria's genome evolves, express
several thermostable proteins, giving them thermal tolerance and the ability to survive at high
temperatures (Christopher ez al., 2013).

Thermophilic bacteria have originated on Venus and were transported to Earth by solar
radiation pressure (Arrhenius, 1927). There have been debates over their origins, perhaps
mesophiles evolved from thermophiles or vice - versa. Allen in 1953 has made a compelling
argument for thermophiles having a mesophilic origin and further evolved through either
adaption or mutation. The presence of thermophilic species in non-thermophilic conditions, as
well as the discovery that some mesophilic species may adapt to grow at higher temperatures,
are the foundations of this argument (Allen,1953). Mesophiles are thought to have originated
in a thermophilic environment, according to current findings. The idea that evolution occurred
in a much warmer environment than the current one provides the strongest support for this
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concept. The genesis of thermophilic organisms, on the other hand, does not appear to be well
established (Tanaka ef al., 1971).

Generally, most research has concentrated on the properties of specific molecules, such
as protein structural stability or thermophile enzyme activity. Several factors are responsible
for thermostability have been explained using many crystalline structures of the observed
thermophilic enzymes, like amino acid changes (Arnorsdottir ef al., 2009), hydrophobic cores
(Bezsudnova et al., 2012; Chen et al., 2004), buried polar contacts and ion pairs (Hakulinen et
al., 2003), and interactions between subunits (Nakka ef al., 2006; Pang et al., 2007). In the
realm of thermophiles, biological analyses based on large-scale data are being used to
investigate the major thermophilic factors.

The survival of thermophilic bacteria is mostly owing to the protein’s inherent stability.
When organisms are exposed to near-lethal temperatures, ubiquitous heat shock reactions are
found. A group of proteins with a diverse activity that are induced in response to sudden
temperature changes are known as Heat shock proteins (Kagawa e al., 1995). Thermotolerance
can result from the production of these proteins, allowing organisms to thrive at even greater
temperatures (Hightower, 1991; Lindquist, 1992). Most of HSPs act as molecular chaperones,
helping in the refolding of denatured proteins, assisting in the maturation of newly produced
proteins, and inhibiting protein aggregation (Hartl, 1996; Hayes, 1996).

The aim of this review is to concentrate on the thermophilic protein stability, the role
of Heat Shock Proteins and the proteomic analysis of thermophilic bacteria. Physicochemical
data of thermophilic as well as mesophilic bacteria has accumulated, and several proteomic
analyses have done on physicochemical data of proteins. Amino acid composition has analysed
to identify the specific amino acids, which are responsible to sustain the microorganisms in
high temperature. Multiple sequence alignment of similar proteins from different thermophilic
& mesophilic bacteria has analysed to identify the conserved sequence of any protein and
Percentage identity matrix also obtained to establish the homology of the similar proteins from
different thermophilic & mesophilic bacteria.

2. Habitat

Thermophiles have been found in a wide range of thermal habitats, including
continental hot springs and geothermal sites. They have been discovered in most soil, mud, and
water samples from all around the planet (Brock 1967; Hatman et al., 1989; Panikov et al.,
2003). Soil exposed to full sunshine are frequently heated to temperatures above 50°C at
midday, with some soils reaching temperatures as high as 70°C, even though the temperature
is substantially lower a few millimetres beneath the soil surface. Temperatures of up to 70°C
are found in compost piles and silage, where the materials ferment. In fact, bacteria undergo
fermentation, or they are carrying out some metabolic activity, as a result temperature rises.
However, the most extensive high-temperature environments found in nature, are associated
with volcanic activities including hot springs. Hot springs are special places with a wide range
of natural conditions and a high temperature. Most hot springs have temperatures that are near
or equal to boiling point of water (Yohandini ez al., 2015). The Western United States, Central
Africa, Central America, New Zealand, Italy, Japan, Indonesia, and Iceland are all home to hot
springs (Mohammad et al., 2017). Yellowstone National Park in Wyoming has the world's
biggest single concentration of hot springs (USA). There are about 70 active volcanoes in
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Indonesia, as well as a vast number of geothermal areas and numerous hot springs
(Kusumadinata, 1979). A variety of thermophiles can be found in these locations.

SI. No. | Name of the Organism Temperature Range | References
1 Thermus thermophilus HBS 56-78°C Oshima et al., 1974
2 Oceanithermus profundus 40—68°C Miroshnichenko et al., 2003
3 Thermotoga maritima 55-90°C Huber et al., 1986
4 Thermus aquaticus 70-75 C Brock et al., 1969
5 Bacillus stearothermophilus 65-69°C Beffa, 1996
6 Kosmotoga olearia 65 °C Polo M. J. et al., 2017
7 Dictyoglomus thermophilum 70°C Patel B. K. et al., 1987
3 Fervidobacterium
gondwanense 65-68°C Andrews et al., 1996
9 Fervidicola ferrireducens 55-80 °C Ogg et al., 2009
10 | Meiothermus sp. 66°C Ogg et al., 2009
11 Thermus sp. 75°C Ogg et al., 2009
12| Flavobacterium thermophilum | 65-72 °C Oshima et al., 1974
13 Marinithermus hydrothermalis | 50-72°C Miroshnichenko et al., 2003

Table 1: Temperature range of different thermophilic bacteria

Figure 1: Yellowstone national Park (Hot springs) Figure 2: Kawah Ijen volcano in Indonesia

3. Thermophilic protein stability:

Proteins, particularly enzymes, are thought to be extremely susceptible structures that
are sensitive to changes in environment, such as increased temperatures. Extreme thermophilic
microbes, on the other hand, have been found to grow best at temperatures above 70°C.
Thermophilic and hyper thermophilic bacteria have generated a variety of enzymes. These
thermophilic enzymes are completely active and resistant to high temperatures (Zavodszky et
al., 1998). They share most physicochemical features with their mesophilic relatives, including
the active sites of homologous pairs (Zavodszky et al., 1998). The thermophilic enzymes
should be as active at room temperature as their mesophilic relatives, based on these similar
characteristics and the Arrhenius theory.

There are some suggested mechanisms or indicators of greater thermostability: a more
highly hydrophobic core, tighter packing or compactness, deleted or shortened loops, greater
rigidity (for example through increased Proline content in loops), higher secondary structure
content, greater polar surface area, fewer or smaller voids, smaller surface area to volume ratio,
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fewer thermolabile residues, increased hydrogen bonding, higher isoelectric point, and more
salt bridges or ion pairs and networks of salt bridges (Taylor ez a/.,2009).

In the research, more ion pairs have been consistently associated to thermostability. At
0°C, water has a dielectric constant of roughly 80, which falls to 55 at 100°C and even lower
at high pressures near hydrothermal vents in the deep ocean, where some hyper thermophilic
microorganisms exist. A lower dielectric constant makes electrostatic interactions stronger and
therefore ion pairs should have a greater stabilizing effect at high temperatures and pressures
(Taylor et al. 2009).

. Heat Shock Proteins:

i. The Adverse Effects of Heat

The heat shock response of an organism is triggered when there is an increment few
degrees of temperature in the environment (D’ Amico ef al., 2006; Takai ef al., 1998). Protein
unfolding, unspecific aggregation and entanglement can all be caused by a modest increase in
temperature (Courgeon ef al., 1984). Protein aggregation and an imbalance in protein
homeostasis in general can explain many of the morphological and phenotypic impacts of heat
stress. As a result, it is fair to believe that the harmful accumulation of unfolded proteins is a
signal to initiate countermeasures. Surprisingly, this situation implies that the cell is unable to
recognize temperature by itself. Rather, it indicates that unfolded proteins caused by a range of
stimuli, such as oxidative stress, ethanol, heavy metals, or other toxic chemicals, initiate the
heat shock response (Courgeon et al., 1984 & Heikkila et al., 1982). Further than the unfolding
of individual proteins, heat shock has harmful effects on the cell's internal structure (Szalay et
al., 2007 & Toivola et al., 2010). These factors combine to cause a cell cycle arrest as well as
growth and proliferation stagnation (Lindquist, 1980; Yost and Lindquist, 1986). The
accumulation of damage can lead to the cell's death depending on the duration and intensity of
the heat stress. Importantly, if heat stress is not fatal, it can lead to a greater tolerance for other,
potentially fatal, stresses. This resistance is based on the higher levels of Hsps generated in
response to moderate stress situations (Lindquist, 1986). Cross protection is possible: Hsps
triggered by one type of stress can protect against other types of stress (Lindquist, 1986).

i. Role of HSPs

Thermotolerance, a cellular adaptation, allows an organism to tolerate a non-lethal heat
stress subsequently survive from lethal heat exposure (Moseley et al., 1997). Localization,
regulation, and function of HSPs in the cell has been widely studied to understand their
thermotolerance. Initially, stress induced HSP accumulation was related to thermotolerance, or
the ability to withstand otherwise fatal heat stress, and later with tolerant to a variety of stresses,
such as cytokines (Jaitteld er al., 1993), ischemia (Marber et al,, 1995) and UV irradiation
(Barbe et al., 1988). The fact that overexpression of multiple HSPs confers tolerance in the
lack of conditioning stress and that prevents HSP accumulation using locking antibodies
reduces stress tolerance significantly supports the concept that HSPs give stress tolerance
directly. The method by which HSPs give stress tolerance is unknown, however it may have
something to do with HSPs' key participation in the stress denatured proteins processing
(Mizzen et al., 1988). HSPs are also thought to deal with the protein fragments that emerge
from stress-induced translational arrest (Chirico er al, 1988). The structural proteins
maintenance could possibly be important for HSP-related stress tolerance.
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No. Name of HSP organism PDB/NCBI Id Referenece
1 orpE Thermusltjzgegmophilus 3A6M/ BAAS]742 Sunznng)t al.
2 GroEL Thermus thermophilus | 4V40/ BAW02143 Sunznng)’ a.
3 HrcA Thermotoga maritima WP (l)(S)IOZS/ 0775 Sun; ng)t al
4 radicalpsrétlgndomain Thermus Zz;gmophilus —/BAD70627 Sun;ng)t al.
5 GroES Thermus thermophilus --/ BAW02144 Sun; ng)t al
6 vidC Thermo;olic;gtaritima 5Y83/5Y83 A Sun;lng)t al.
7 HspA (Hsp20) Tl herrzovsb)l/lr(l;cr’lhu(;coccu ) BAA32501 Sun;lng)t al.
8 DnaK Thermusgzggmophilus -/ BAA81741 Sunzngzi)t al.
9 Dnal 2 Thermus Zz;;mophilus 4J80/4J80_D Sunznng)t al.
10 ClpB Thermus Zz;;mophilus 1QVR/IQVR_A Sunznng)t al.

Table 2: List of Heat shock proteins

iii. Chaperonins

Chaperonins are ATP-dependent ring-shaped chaperones that enclose non-native
proteins. The GroE machinery in bacteria is the most significant chaperonin (Figure 3). It is
made up of 14 GroEL subunits organised in a two-heptameric ring cylinder to which the
cochaperone GroES binds (Grallert ez al., 2001; Horwich et a/.,2006). GroEL engulfs one non-
native protein in each cavity, and GroES cofactor binding closes each cavity in the presence of
ATP (Hartl ef al., 2002; Todd et al., 1994). It is simple and easy to understand how GroEL
helps to stress resistance. Firstly, it binds a wide variety of nonnative proteins; almost 50% of
all E. coli proteins have been found to bind to GroEL (Viitanen ez al., 1992). Secondly, during
the duration of the ATP hydrolysis cycle, it makes individual polypeptide chains. Depending
on the folding characteristics of the protein, they may fold during this period or gain their
natural structure after being released from GroE.

As a result, a GroE-bound protein may begin folding in complete isolation, unaffected
from nonnative polypeptide chains. The disadvantage of this method is that it requires a large
quantity of GroE to capture a significant portion of the proteins that unfold during stress. Due
to the restricted amount of upregulation of GroE expression, the protective impact of GroE has
a limit (Goloubinoff ez al., 1989). This upregulation was far more significant than that observed
in stressful conditions. The mechanism that produces such high levels of GroE expression is
mysterious. It is simple to see how such a powerful protein-folding machine, which is necessary
in bacteria, would also be important in eukaryotic cells' stress management.
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Figure 3: Molecular Chaperone Mechanisms

chaparans madnl
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Page 14 of 31




Thermus

pbs lyase 2E9F thermophilus
HB8
hrcA 1STZ Thermotoga
maritima
Sam Thermus
family 3IM6V thermophilus
enzyme HBS

Page 15 of 31




groES

4V40

Thermus

thermophilus
. Thermotoga
8 | SY83 1 naritima MSB8
9 hsp20 CEWN Thermosynechoco
(hspA) ccus vulcanus
Thermus
10 dnaK 6PRP thermophilus
HB8

Page 16 of 31




Thermus

11 dnal 4J80 thermophilus
Thermus
12 ClpB 4FD2 thermophilus
HBS

Table 3: 3D Structure of different Heat shock proteins (HSP)

The 70-kDa heat shock proteins (Hsp70), molecular chaperones, involved in refolding
of stress-denatured proteins, protein complex assembly, and transport of newly produced
peptides across membranes. HSP70 proteins act by binding and releasing protein substrates in
an ATP-dependent manner (F.U. Hartl, 1996; F.U. Hartl ef a/., 2002). The nucleotide exchange
factor of Hsp70 (DnaK, DnaJ, and GrpE) and the J-domain ATPase-activating protein of Hsp40
family are actively involves in the Hsp70 chaperone cycle in Escherichia coli. The nucleotide
state of DnaK's N-terminal nucleotide-binding domain (NBD) determines the C-terminal
substrate-binding domain's (SBD) affinity for substrates (Raviol ef a/. 2006; Schmid et al.
1994). NBD and SBD are linked via a conserved hydrophobic linker. When ADP is connected
to NBD, SBD has a high substrate affinity, but when ATP is coupled to NBD, SBD has a
reduced substrate affinity (Brehmer ez al., 2004; Moro et al. 2007). It is still unknown how
DnalJ and GrpE, two DnaK domains, interact during the chaperone cycle. GrpE speeds up the
conversion of ADP to ATP in DnaK 5000 times. The relevance of full-length DnaK and GrpE
for forming a ternary complex and substrate processing has been highlighted in several
biochemical and thermodynamic studies. The interdomain linkers SBD and DnaK, which are
required for substrate association, are not present in the complex structure (Brehmer er al.,
2004).

4. Regulation of HSP Genes:

Heat shock proteins (HSPs) are the most well-known proteins that react to heat stress
and protect cells from cellular damage (Mizobata ez al., 2000). A particular transcription factor
is necessary for the heat shock response (Wu ez al., 1986; Wu, 1984). Grossman reported that
HSP overexpression in E. coli is caused by the regulatory protein 632 (Grossman ef al., 1984).
Under heat stress, the alternative subunit 632 of the bacterial RNA polymerase replaces the
usual regulatory 670 protein. The activation of 632 is thought to be induced by a disruption in
protein homeostasis. Hsp70 and Hsp40, two chaperones, have the ability to inhibit 632. 632 is
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present in a cluster with the Hsp70 protein DnaK and its cofactor DnaJ under favourable
conditions (Rodriguez et al., 2008). According to the generally accepted chaperone titration
model (Rhodius ez a/.,2010), heat shock generates 632 from chaperone complexes. Chaperones
are necessary to bind unfolded proteins. The chaperone titration model explains how the heat
shock transcription factors are inactivated in the existence of unemployed chaperones, but
dramatically activated when chaperones are busy in the presence of unfolded proteins (Rhodius
et al.,2010). The unfolding of outer membrane porins appears to be the activation signal (Walsh
etal., 2003; Kim et al., 2010; Hasenbein et al., 2010). When the cell recovers normal function,
the surplus of free chaperones causes the transcriptional regulator to be downregulated again
(Rhodius et al., 2010).

E.cop

_
! Dnakinal

L

Figure 4. Regulation of the Heat Shock Response

5. Proteome Analysis

l. Amino Acid Composition

As per the study conducted by Jaenicke and Bohm in 1998, Val and Leu are the most
thermostable amino acids when thermophiles are retained at a temperature of 100°C or above,
followed by His, Tyr, Lys, Ile and evidently Arg, Glu, Asp, and Cys are the least thermostable
of all the typical amino acids (Jaenicke er a/. 1998). There have been statistically significant
differences in sequence composition between thermophilic and mesophilic proteins. The amino
acids GlIn, Asn, Cys and Met are thermolabile, which means they deamidate (Asn and Gln) or
oxidise (Met and Cys) at high temperatures (Kumar ez a/. 2000). In thermophilic proteins, these
amino acids are less abundant. Despite the high sequence similarity between the protein
structural pairs, the overall amino acid composition in thermophilic proteins and mesophilic
proteins is distinguishable. When thermophilic proteins are compared to their mesophilic
homologs, the proportions of thermolabile residues Ser and Cys decrease significantly, whereas
those of Tyr and Arg increase significantly (Kumar ez a/. 2000). Jaenicke and Bohm analysed
the genomes of thermophiles and mesophiles and discovered that the genome of thermophiles
encodes for more charged amino acids and fewer polar/uncharged residues than the mesophilic
genome. They also discovered that as the temperature rose, glutamine deamidation increased
(Jaenicke et al. 1998).
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There are 15 different proteins (non-HSP) as well as 10 Heat shock proteins
(HSP) were identified from thermophilic bacteria from the well-known Protein Data Bank
(PDB) & National Center of Biotechnology Information (NCBI). FASTA sequence of the
identified proteins were analysed in the web based ProtParam (https://web.expasy.org/cgi-
bin/protparam/protparam) tool of Expasy to extract the amino acid composition of those

identified proteins. All the amino acid composition data (Table 4 & 5) analysed to identify the
ratio of the presence of different amino acids in those identified proteins. In addition to this
amino acid composition ratio in the HSP proteins (Table 4) & non-HSP proteins are analysed
separately (Table 5).

Heat
Shock
Protei
n

ORG
ANIS

PDB
Id/
NCBI
Id

Ala (A)
Arg (R)
Asn (N)
Asp (D)
Cys (C)
Gln (Q)
Glu (E)
Gly (G)
His (H)
Tle (T)
Leu (L)
Lys (K)
Met (M)
Phe (F)
Pro (P)
Ser (S)
Thr (T)
Trp (W)
Tyr (Y)
Val (V)

Pyl (0)

grpE

Thermus
thermophil
us HBS

3A6M/

11.90%
10.70%
1.70%
5.60%
0.00%
2.30%
17.50%
8.50%
1.10%
1.70%
13.00%
6.20%
1.70%
4.00%
4.00%
1.10%
0.60%
0.00%
1.70%
6.80%
0.00%

chaperoni
n GroEL

Thermus
thermophil

4V40

13.60%
5.00%
3.30%
4.20%
0.00%
1.80%

12.00%
8.50%
0.40%
6.60%
9.00%
8.70%
1.30%
2.20%
2.80%
3.10%
6.60%
0.00%

1.10%
9.80%
0.00%

HrcA

Thermotog

a maritima

Iz
<} —
N

0040
8077
3.00%
8.60%
4.40%
3.60%
0.30%

1.80%

10.90
%

5.90%
0.60%

6.80%

13.30
%

8.30%
1.80%
4.40%
2.70%
6.80%
5.60%
0.30%
4.40%
6.50%

0.00%

MqgnE

Thermus
thermophil
us HBS

./
BAD7
0627

8.90%
9.40%
1.90%
5.40%
0.80%
2.70%
8.30%
7.50%
3.80%
5.40%
10.80%
4.80%
2.40%
3.80%
4.60%
2.20%
5.60%
2.20%
3.00%
6.70%
0.00%

chaperone
GroES

Thermus

BAW
0214

5.90%
5.00%
1.00%
5.00%
0.00%
3.00%
12.90%
10.90%
0.00%
7.90%
7.90%
10.90%
1.00%
1.00%
5.00%
1.00%
5.00%
0.00%
2.00%
14.90%
0.00%

thermophil

YidC

Thermoto.
a maritima
MSBS8

5Y83/5
Y83 A

4.40%
3.50%
3.80%
4.20%
0.20%
2.20%
5.10%
5.80%
2.20%
7.10%
12.40%
7.80%
1.60%
7.10%
4.00%
4.70%
6.70%
2.00%
6.00%
9.30%

0.00%

HspA

Thermosyn
echococcu
s vulcanus

—/
BAA32
501

6.90%
8.30%
2.10%
4.80%
0.00%
3.40%
13.10%
3.40%
0.70%
5.50%
11.00%
7.60%
2.80%
3.40%
6.20%
4.80%
6.20%
0.70%
1.40%
7.60%

0.00%

Chaperon
e protein
DnaK

Thermus
thermophil
us HBS

4380/4
180 D

11.20%
6.70%
2.80%
4.90%
0.30%
3.40%
11.20%
8.00%
1.50%
6.20%
9.10%
6.70%
1.50%
2.30%
5.00%
2.90%
6.20%
0.20%

1.00%
9.10%
0.00%

Chaperon
e protein
Dnal 2

Thermus
thermophil
us HBS

4J80/4
180 D

9.90%
8.50%
1.40%
4.20%
0.00%
2.10%
9.90%
10.60%
3.20%
2.80%
8.10%
4.90%
0.00%
3.90%
9.90%
2.10%
3.50%
0.40%
4.20%
8.10%

0.00%

Chaperon
e protein
CIpB

Thermus

thermophil
us HBS

el
> <
=P

10.50%
9.80%
1.40%
4.80%
0.00%
3.70%
12.60%
6.80%
1.50%
6.30%
13.10%
5.70%
1.10%
2.00%
4.00%
2.80%
4.00%
0.70%
2.10%
6.90%
0.00%

Average

8.62%
7.55%
2.38%
4.67%
0.16%
2.64%
11.35%
7.59%
1.50%
5.63%
10.77%
7.16%
1.52%
3.41%
4.82%
3.15%
5.00%
0.65%
2.69%
8.57%
0.00%
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Sec (U) 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Table 4: Amino acid composition table of HSP Proteins of Thermophiles

© £ o El = & 7
g g ] 5 5] g =| S = _ <
Non- £ EE @ Ez % g| 2 13 S=slodl & < 3| T 5 ZE
asp | S s8l E|2E| +8 22| E4d 2% |SE|mE 3 g2 2 | 2E| 25
@ =D @ @ = 2] = = =)
Protei ‘i"’ g5 23 =3 &g ‘?& '85_8 ‘i*’* %5 = T E ‘5& E < 38
N CE| S| 33| 88| 5t 2<|adE=TE AL 28|22 F<| 8| & .
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EEEEEEEEEEEEIRE EE R EEEE R R E
ORG gl sl S S Sl SIS S 8] S S §F XD O S OSS FE
ANIS PR IEEEEEN R R EREEEEEE RERERER R EEE R EEE
i SESTIES IS I | IS BS | IS ESTIRSES | IS E SRS IS ES IS SRS B IS ES TS B S ES S IS
PDB 1E 2HN | 2QJ 2VP | 2ZY | 3A5 | 3A | 3W 3BV | 3DI 3HY | 3K5 | 3KD | 3M9 | 1TA
Id HK 2 U Z 9 C QP | U2 D N \\Y B S S Q
11.00 | 230 | 1060 | 860 | 890 | 9.50 15}) 9.90 | 1090 | 550 | 9.10 | 23.10 | 970 | 7.50 | 10.80 | 9.93
Ala (A) % % % % % % v % % % % % % % % %
410 | 620 | 390 | 690 | 660 | 660 | 67 | 3.80 | 420 | 640 | 330 | 1060 | 7.10 | 680 | 9.10 | 6.15
Arg®) | % % % % % % | 0% | % % % % % % % % %
250 | 3.0 | 270 | 240 | 110 | 170 | 27 | 670 | 250 | 3.80 | 510 | 000 | 340 | 210 | 140 | 2.75
AsnN) | % % % % % % | o% | % % % % % % % % %
210 | 590 | 230 | 420 | 660 | 450 | 3.4 | 230 | 210 | 600 | 400 | 1.00 | 560 | 390 | 500 | 3.93
Asp®D) | % % % % % % | 0% | % % % % % % % % %
0.00 | 030 | 000 | 1.00 | 000 | 050 | 0.0 | 1.50 | 0.00 | 030 | 1.60 | 000 | 060 | 1.40 | 0.40 | 051
Cys (O) % % % % % % | 0% | % % % % % % % % %
200 | 200 | 120 | 290 | 1.90 | 290 | 3.0 | 230 | 190 | 290 | 1.60 | 190 | 130 | 230 | 190 | 2.13
Gn@Q | % % % % % % | 0% | % % % % % % % % %
230 | 9.60 | 450 | 800 | 870 | 920 | 63 | 440 | 230 | 1030 | 7.00 | 22.10 | 11.20 | 820 | 1050 | 831
Glu (E) % % % % % % | 0% | % % % % % % % % %
780 | 400 | 880 | 880 | 660 | 950 | 80 | 9.00 | 7.70 | 650 | 7.90 | 3.80 | 840 | 1120 | 7.10 | 7.67
Gly (G) % % % % % % | 0% | % % % % % % % % %
210 | 200 | 120 | 3.10 | 250 | 1.00 | 1.6 | 320 | 320 | 210 | 210 | 000 | 1.90 | 210 | 220 | 2.02
His (H) % % % % % % | 0% | % % % % % % % % %
430 | 790 | 10.60 | 430 | 320 | 610 | 65 | 7.80 | 420 | 7.00 | 810 | 1.00 | 7.50 | 480 | 3.00 | 5.75
Tle (1) % % % % % % | 0% | % % % % % % % % %
1690 | 1020 | 11.70 | 950 | 17.80 | 8.10 Lf)‘ 9.00 | 1670 | 920 | 580 | 1440 | 950 | 9.80 | 1490 | 11.93
Leu @) % % % % % % v, % % % % % % % % %
200 | 680 | 350 | 610 | 270 | 420 | 35 | 060 | 1.80 | 9.60 | 720 | 11.50 | 690 | 530 | 5.00 | 5.11
Lys (K) % % % % % % | 0% | % % % % % % % % %
Met 300 | 2.80 | 230 | 1.80 | 190 | 330 | 09 | 320 | 3.00 | 3.00 | 300 | 1.00 | 1.90 | 3.00 | 1.90 | 240
™) % % % % % % | 0% | % % % % % % % % %
660 | 540 | 980 | 3.80 | 2.10 | 3.30 | 43 | 7.80 | 650 | 410 | 600 | 0.00 | 340 | 3.70 | 320 | 467
Phe (F) % % % % % % | 0% | % % % % % % % % %
690 | 420 | 470 | 800 | 470 | 610 | 45 | 410 | 690 | 240 | 7.90 | 1.00 | 450 | 7.10 | 580 | 525
Pro (P) % % % % % % | 0% | % % % % % % % % %
390 | 420 | 350 | 270 | 400 | 400 | 47 | 670 | 390 | 470 | 330 | 1.00 | 320 | 480 | 3.40 | 3.87
Ser (S) % % % % % % | 0% | % % % % % % % % %
390 | 590 | 530 | 430 | 490 | 480 | 54 | 470 | 390 | 3.70 | 490 | 1.00 | 3.70 | 5.00 | 3.60 | 433
Thr (T) % % % % % % | 0% | % % % % % % % % %
Trp 430 | 140 | 3.0 | 250 | 130 | 140 | 0.7 | 290 | 420 | 080 | 090 | 000 | 020 | 1.80 | 1.70 | 1.81
W) % % % % % % | 0% | % % % % % % % % %
390 | 480 | 330 | 440 | 3.00 | 3.60 | 22 | 410 | 390 | 3.80 | 330 | 190 | 1.70 | 410 | 290 | 339
Tyr (Y) % % % % % % | 0% | % % % % % % % % %
1030 | 11.00 | 6.80 | 650 | 11.80 | 9.70 | 88 | 6.10 | 1020 | 7.80 | 7.90 | 4.80 | 820 | 530 | 610 | 8.09
Val (V) % % % % % % | 0% | % % % % % % % % %
000 | 000 | 000 | 000 | 000 | 000 | 0.0 | 0.00 | 000 | 000 | 000 | 000 | 000 | 000 | 0.00 | 0.00
Pyl (0) % % % % % % | 0% | % % % % % % % % %
0.00 | 0.00 | 000 | 000 | 000 | 000 | 0.0 | 0.00 | 000 | 000 | 000 | 000 | 000 | 000 | 0.00 | 0.00
See (U) % % % % % % | 0% | % % % % % % % % %

Table 5: Amino acid composition table of Non-HSP Proteins of Thermophiles

It is observed that Ala, Glu, Gly, Leu & Val amino acids are found plenty in the non-
HSP proteins, whereas only Glu & Leu amino acids are found in higher proportion in the HSP
proteins. In addition to this amino acid composition analysis, we identified the similar proteins
in the mesophilic bacteria (Escherichia coli name of mesophilic) to find the homology between
proteins of thermophiles and mesophiles. The amino acid composition of the similar proteins
found in the thermophiles as well as mesophiles are compared in tabular form to analyse the
composition of the amino acids. Few of HSP/non-HSP protein comparison are shown below:
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ORGA | NI.§ = 3 SIS =S| SRE 3 S IR S S IRE 3
NISM = K &l = SIS K = & = 15
PDB = = = = =
1d/NC 3A6M/- IDKG/- | ISTZWP_ | wp 1696 | /BAA3250 | /wp 074 | 4180480 | /wp a3 | 1QVRIQ | /wp 4p
BIId Uit 99550 1 468313 = 278178 VA 107122
Ala 11.90% 12.20% 3.00% 4.90% 6.90% 8.60% 11.20% 11.00% 10.50% 9.20%
(A)
z(kl;)g 10.70% 5.60% 8.60% 7.50% 8.30% 7.90% 6.70% 3.90% 9.80% 7.70%
‘a\s;)' 1.70% 4.10% 4.40% 4.90% 2.10% 3.90% 2.80% 4.10% 1.40% 3.50%
‘?S‘; 5.60% 6.60% 3.60% 6.10% 4.80% 7.20% 4.90% 8.60% 4.80% 6.00%
?Cy)s 0.00% 0.00% 0.30% 0.30% 0.00% 0.00% 0.30% 0.30% 0.00% 0.40%
%')‘ 2.30% 4.10% 1.80% 3.70% 3.40% 3.90% 3.40% 5.80% 3.70% 5.70%
?l;l 17.50% 13.20% 10.90% 7.20% 13.10% 9.90% 11.20% 7.80% 12.60% 9.70%
?(g 8.50% 4.10% 5.90% 5.80% 3.40% 5.30% 8.00% 7.20% 6.80% 7.50%
g;; 1.10% 1.50% 0.60% 0.90% 0.70% 0.70% 1.50% 1.30% 1.50% 2.00%
Tle () 1.70% 6.60% 6.80% 8.90% 5.50% 3.90% 6.20% 6.90% 6.30% 6.40%
I(E;l 13.00% 8.10% 13.30% 8.60% 11.00% 8.60% 9.10% 7.50% 13.10% 11.90%
(ng 6.20% 6.60% 8.30% 6.30% 7.60% 7.20% 6.70% 7.80% 5.70% 5.10%
1(‘;;; 1.70% 4.60% 1.80% 2.00% 2.80% 3.30% 1.50% 2.40% 1.10% 2.50%
I(’;‘)e 4.00% 1.50% 4.40% 5.20% 3.40% 3.90% 2.30% 2.40% 2.00% 2.20%
Pro (P) 4.00% 4.60% 2.70% 230% 6.20% 5.90% 5.00% 3.60% 4.00% 3.30%
Ser (S) 1.10% 3.60% 6.80% 9.20% 4.80% 4.60% 2.90% 3.90% 2.80% 4.60%
Thr 0.60% 4.10% 5.60% 3.70% 6.20% 5.30% 6.20% 6.90% 4.00% 3.70%
(T)
(Tvrvl)’ 0.00% 0.00% 0.30% 0.30% 0.70% 1.30% 0.20% 0.20% 0.70% 0.20%
g)r 1.70% 0.50% 4.40% 4.00% 1.40% 0.70% 1.00% 1.10% 2.10% 2.00%
Xf)l 6.80% 8.60% 6.50% 8.10% 7.60% 7.90% 9.10% 7.40% 6.90% 6.50%
Pyl (O) 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Sec (U) 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Table 6: Composition comparison between similar HSP found in Thermophilic & Mesophilic bacteria

It is observed that proportion of Glu & Leu amino acids are higher in the thermophiles
as compared to the mesophilic counterpart. The same comparison study also done for the non-
HSP protein (Table 7), where it is also found that most of the non-HSP proteins of thermophiles
has higher composition of Glu & Leu amino acids compared to the non-HSP mesophilic
proteins.
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Id})lzl)gBI 272.Y9/-- 1RDD/-- 3AQP/- SMG3/-- 3K5B/-- 60?W/_ 3KDS/- 1LV7/-- 1TAQ/-- 1QSL/--
Id
Ala (A) 8.90% 9.00% 11.50% 9.00% 23.10% 16.40% 9.70% 10.90% 10.80% 10.20%
Arg (R) 6.60% 6.50% 6.70% 5.00% 10.60% 6.20% 7.10% 7.00% 9.10% 6.00%
Asn (N) 1.10% 4.50% 2.70% 2.40% 0.00% 3.40% 3.40% 2.30% 1.40% 3.80%
Asp (D) 6.60% 4.50% 3.40% 1.50% 1.00% 5.10% 5.60% 6.60% 5.00% 5.80%
Cys (C) 0.00% 1.90% 0.00% 0.70% 0.00% 0.00% 0.60% 0.80% 0.40% 0.20%
GIn (Q) 1.90% 5.20% 3.00% 4.80% 1.90% 5.10% 1.30% 3.10% 1.90% 4.10%
Glu (E) 8.70% 7.70% 6.30% 3.30% 22.10% 9.60% 11.20% 8.20% 10.50% 8.90%
Gly (G) 6.60% 9.00% 8.00% 9.40% 3.80% 4.50% 8.40% 10.90% 7.10% 5.50%
His (H) 2.50% 3.20% 1.60% 1.10% 0.00% 1.10% 1.90% 0.80% 2.20% 2.60%
Tle (I) 3.20% 4.50% 6.50% 10.30% 1.00% 5.60% 7.50% 6.20% 3.00% 6.40%
Leu (L) 17.80% 7.70% 15.40% 10.50% 14.40% 10.20% 9.50% 7.80% 14.90% 11.40%
Lys (K) 2.70% 7.10% 3.50% 3.90% 11.50% 4.50% 6.90% 5.80% 5.00% 6.30%
Met (M) 1.90% 2.60% 0.90% 3.50% 1.00% 4.00% 1.90% 3.90% 1.90% 2.50%
Phe (F) 2.10% 1.30% 4.30% 7.00% 0.00% 3.40% 3.40% 5.10% 3.20% 2.60%
Pro (P) 4.70% 3.20% 4.50% 4.40% 1.00% 1.70% 4.50% 5.10% 5.80% 4.50%
Ser (S) 4.00% 2.60% 4.70% 5.20% 1.00% 6.80% 3.20% 2.30% 3.40% 4.50%
Thr (T) 4.90% 6.50% 5.40% 5.90% 1.00% 2.30% 3.70% 3.50% 3.60% 4.80%
Trp (W) 1.30% 3.90% 0.70% 1.10% 0.00% 0.60% 0.20% 0.00% 1.70% 0.80%
Tyr (Y) 3.00% 3.20% 2.20% 3.30% 1.90% 0.60% 1.70% 0.40% 2.90% 3.50%
val (V) 11.80% 5.80% 8.80% 7.90% 4.80% 9.00% 8.20% 9.30% 6.10% 5.60%
Pyl (0) 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Sec (U) 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Table 7: Composition comparison between similar non-HSP found in Thermophilic & Mesophilic bacteria

1. Blast Analysis

Similar proteins were identified from different thermophilic bacteria & mesophilic bacteria
using the web-based algorithm BLASTP (Protein BLAST: search protein databases using a
protein query (nih.gov)) of NCBI for each pre-identified 10 HSP & 15 non-HSP proteins
described earlier. Around 5 thermophilic bacteria & 2 mesophilic bacteria were found from the
BLASTP search for each protein. FASTA sequence of these similar proteins from the different
thermophilic bacteria & 2 mesophilic bacteria used to analyse the amino acid homology in the
MUSCLE (MUSCLE < Multiple Sequence Alignment < EMBL-EBI). CLUSTAL multiple
sequence alignment & Percent Identity Matrix result was obtained from this MUSCLE
analysis. Percentage identity matrix (Table: 8) of grpE protein shows that homology of proteins
across the same genus bacteria (>99%) is higher compared to the bacteria belongs to another
genus (around 27-60%), whereas GroEL proteins from different thermophilic & mesophilic
bacteria have homology between 62 to 92 % (Table: 9). The CLUSTAL multiple sequence
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alignment (Figure 6 & 7) for bacteria belongs to same genus & bacteria belongs to different
genus confirms the same result of Percentage identity matrix of grpE protein (Table 8). Due to
the higher homology, more numbers of conserved domain are observed in the CLUSTAL
multiple sequence alignment result of GroEL protein from MUSCLE software (Figure 8).

T1701 | T1702 | T1703 | T1704 | T1705 | T1706 | T1707 | M1701 | M1702 | M1703
T1701 | 100% | 100% | 99% 30% 27% 26% 31% 27% 29% 28%
T1702 | 100% | 100% | 99% 30% 26% 25% 31% 26% 28% 27%
T1703 | 99% | 99% | 100% | 30% 27% 26% 31% 27% 29% 28%
T1704 | 30% | 30% 30% | 100% | 61% 63% 54% 54% 50% 53%
T1705 | 27% | 26% 27% 61% | 100% | 68% 51% 49% 50% 50%
T1706 | 26% | 25% 26% 63% 68% | 100% | 47% 48% 47% 49%
T1707 | 31% | 31% 31% 54% 51% 47% | 100% | 54% 55% 54%
M1701 | 27% | 26% 27% 54% 49% 48% 54% | 100% | 85% 84%
M1702 | 29% | 28% 29% 50% 50% 47% 55% 85% | 100% | 86%
M1703 | 28% | 27% 28% 53% 50% 49% 54% 84% 86% | 100%

Table 8: Percentage identity matrix of similar proteins (grpE) from different thermophilic & mesophilic

bacteria

Protein Name: grpE

T1701: Thermus thermophilus HB8, T1702: Thermus aquaticus, T1703: Thermus islandicus T1704:
Oceanithermus profundus, 1705: Meiothermus silvanus, T1706: Calidithermus terrae, T1707: Meiothermus
ruber, M1701: Escherichia coli, M1702: Shigella flexneri, M1703: Enterobacteriaceae
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Figure 6: CLUSTAL multiple sequence alignment of
grpE protein from Thermus genus

acid across all proteins.

across all proteins.

across all proteins.

* Mark indicates the absolute similarities of amino

: Mark indicates partial similarities of amino acid

. mark indicates random similarities of amino acid

Marked area shows the highly conserved sequences.

==

Figure 5: CLUSTAL multiple sequence alignment of grpéE|
protein from bacteria belongs to different genus

T1800 | T1801 | T1802 | T1803 | T1804 | T1805 | M1800 | M1801 | M1802 | M1803
T1800 100 91.54 91.73 91.73 62.29 63.96 63.22 64.94 64.99 65.36
T1801 | 91.54 100 99.82 99.63 61.81 62.43 62.73 62.96 62.71 62.45
T1802 | 91.73 99.82 100 99.82 61.99 62.62 62.92 63.15 62.89 62.64
T1803 | 91.73 99.63 99.82 100 61.81 62.43 62.73 62.96 62.71 62.64
T1804 | 62.29 61.81 61.99 61.81 100 92.48 91.74 80.11 83.18 82.99
T1805 | 63.96 62.43 62.62 62.43 92.48 100 92.66 82.5 84.13 84.29
M1800 | 63.22 62.73 62.92 62.73 91.74 92.66 100 79.74 83.18 83.73
M1801 | 64.94 62.96 63.15 62.96 80.11 82.5 79.74 100 86.69 86.32
M1802 | 64.99 62.71 62.89 62.71 83.18 84.13 83.18 86.69 100 96.68
M1803 | 65.36 62.45 62.64 62.64 82.99 84.29 83.73 86.32 96.68 100

Table 9: Percentage identity matrix of similar proteins (GroEL) from different thermophilic & mesophilic

bacteria

Protein Name: GroEL

T1800: Thermus thermophilus, T1801: Oceanithermus profundus, T1802: Meiothermus ruber, T1803:

Meiothermus silvanus, T1804: Thermus scotoductus, T1805: Calidithermus chliarophilus, M1800: Escherichia
coli, M1801: Klebsiella pneumoniae, M1802: Acinetobacter baumannii, M1803: Salmonella enterica
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Many studies have compared amino acid compositions of the proteome or a specific set
of proteins in mesophiles and thermophiles. A trend has been observed in all sets of results that
the thermophilic proteins favour large, charged, hydrophobic as well as aromatic residues
(Tamakoshi et al, 1995). Whereas they disfavour uncharged polar residues. It has been
reported by several researchers that a set of amino acid comprises of Ile, Val, Tyr, Trp, Arg,
Glu, and Leu typically present in all thermotolerant proteins, especially in HSPs. The altered
amino acid composition of thermophiles appears to be related to the altered overall nucleotide
composition of the genomic DNA, which co-evolved with the translational machinery to
prevent melting of the double helix at the higher temperature (Petukhov ez al., 1996 & Bryan
etal.,2010).

Identical or comparable DNA, RNA, or amino acid (protein) sequences that exist in
different or the same species throughout generations are referred to as conserved sequences.
Over generations, these sequences show extremely little changes in composition, or no changes
at all. Coding and non-coding sequences are both examples of conserved sequences present in
various genomes. Amino acids and nucleic acids are frequently preserved as coding sequences
to maintain a protein's structure and function. These scenes are just slightly altered. When
modifications occur, an amino acid or nucleic acid is generally replaced by one that is
biochemically identical.
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CLUSTAL multiple =zeguence slignment by MUSCLE (3.8)

EEF7581548.1 MAAKDIRFGEDARARMYRGVINLANAVEATLGPXERNVVYLEKSFGAPTITEDGYSYAKET
WP_111834267.1 MAAXDIRFGEDARSHFRGYINVLANAVEATLGPHGRNYVLOKSYGAPTITKDEVSYAKET
Al¥4sl3e.1 MAARXDIRFGEDARSEFWRGYNVLANAV AT LGPEGRNVVLOKSYGAPTITHDGEYSYAKET

WP_285318135.]
WP_B278%2654.

1 MAAKDIRFGEDARSH RGNV L ANAVKATLGPYGRNVYLOKSYGAPTITKDGYSVAKET

1 1
WP_813157133.1 -MAR

1

1

VEDETARRSL HRGVNAVANAVENTLGPRGRNVVLEKKFGSPTITKDGYSVAKEY
WFDEVARRAL BRGANAVANAVENTLGPRGAMNVWLEKKFGSPTITEDGVSVAKEY
-MAKMLVFDEAARRSL HRGMNAV ANAVINTLGPRGANYYLEK X FGSPTITKDGYSVAKEY
-MAXTILWFDEEARRAL HRGYNAYVANAVRVTLGPRGRNVYLEKXFESPTITRDGYSVAKET

-1

WP_813813372.
WP_23134583748.

Bal22143.1 -FARILVFDEAARRAL BRGVNAVADAVENTLGPRGRNVVLEKKFGSPTITKDGVTVAKET
WP_@1o555a@084.1 -FE{I_U:DE#AQQQLFQEVH£ULDQUKUT;GP?GQHUVHEK{FGSPTITKDEL WVAKEI
%« ® % k3 EE E 2R FEE  FEEL FELTELE ~FEFEEFEEREETFTEE.

EEF7581548.1 ELADKFENMGAQMVEEVASKTSDNAGDGTTTATVLAQAL TREGMAWAAGHMNPMDLERGT
WP_111234267.1 ELADAFENMGAQMVE EVASH TSDNEGDGTTTATVLAQAF TREGM ANV AAGMNPMDLERGT
AOK4B13G.1 ELADAF ENMGAMVEEVASK TSDNAGRGTTTATVLAQAF TREG KA AAGMNPIMDLKRGT
WP_2@85318135.1 ELADAF ENMGAQMVEEVASK TSDNBGDGTTTATVLAQAF IREG AW AAGHNPMDOLKRGT
WP_2278925654.1 ELEDHLENTGAKLITETASK TMNDI[TGDGTTTATVLGQAIVREGLRNAAGANPLALKRGT
WP 813157123.1 ELEDHLENIGAKLLTIETATETNDITGDGTTTATVLGOAIVREGLRMALGAMPLEL KRGT
WP_813813372.1 ELEDHLENTGAKLMIETAS TNDI[TGRGTTTATVLGRAIVREGLIRMAAGANPLDLERGT
WP_313458378.1 ELEDHLENIGAQL LK EVASKTNDVIRGDGTTTATVLAQAIVREGLMYAAGANP LSLKRGT
Bale2143.1 ELENHLENIGAQL LEEVASH TNDVIRGDGTTTATVLAQATVREGLEMAAGANPLALKRGT
WP _219558684.1 ELEhH EMIGAQLLEEVASKTHNDVRGDGTTTATVLAQAIVREGLKMYALGAMPLALKRGT
P EFcFEr e FeEFF F [ FFEFFREFET _FF L o FEF FEFE EE. FEEFE

EBF7581543.1 D AN TSAVEELKL ISKPCSTSHETAOMGSISANSDTDI GELTAKAMDKVGKEGVITVEER
WP_111834267.1 JEVEAAVGELKSLSKPSSTSEETANGATSANSDANTGDL T AQAHDEVGKEGYITVEER
AQX4313@.1 DOAVEARYVGELKSLSKPSSTSKETAOVGEATSANSDANTGDL T AQAMDHVGK EGYITVEER
WP_285318135.1 DOAVEAAVGELKSLSKEPSSTSKETAWGAL SANSDANT GDL T AQAMDKVGKEGYVITVEEG
WP_227892654.1 ERAVETATREIQSMAVAVNDKLATREVASYSANNDTEIGHL T ADAMEKVGKEGIITVEER
WP_813157123.1 EAVAVAVEEVEEMAVPVNDREATYEVASYSANNDAETGNLI ADAMDKVGKEGTIITVEER
WP 813813372.1 ELAVDVATKSIQELAVPYNDREATHEVASYSANNDAETGHLI ADAMEKVGREGVITVEER
WP_213455378.1 DL AVEAAVEQIHEMAQPYEDREATHEVATISAN-DRPEVGOLIADAMDEVGREGTIITVEER
BAlK22143.1 EXAVEAAVEKTIKALATPYVEDREATHEVATISAN -DPOVGH L TADAMEKVGKEGIITVEER
WP_219550684.1 E.nUEﬂAUEhIRSL# PVEDRE HI EVATISAN-DPDVEK LIPDFIELFCREEI TVEER

« £ = . FoE ok e akEE F .ok EEE REFEF KT FEFEE

Figure 7: CLUSTAL multiple sequence alignment of GroEL protein from bacteria belongs to different genus

Conclusion:

Thermophilic bacteria have great importance in the field of research and academics.
The fundamental mechanisms behind the survival of microorganisms needs to be explored to
have better understanding of life processes. Therefore, this study unveils the molecular aspect
of the thermophilic proteins (i.e., HSPs), their probable nature, structure and function by the
computational approach. Comparing thermophilic HSPs with mesophilic ones reveals that,
there are continuous evolution resulting into genetic change which aid to adopt in such intense
conditions. Proteome analysis of macromolecular structures also provide the evidence which
suggests that change in secondary structure could be a strategy for stabilising more
thermolabile molecules. Still there are so many unknown factors which facilitate survival at
extreme temperature. A detailed study would be required in this regard which demand
considerable experimental innovations and a better knowledge of intracellular conditions than
we currently possess.
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4. Adult =
Adult exhibit o |YFical insecd
{}Hﬁdt-}tﬂm:r’.. flﬂﬂ-flrudll;ﬂ(? CamPﬂth efes,
3 - Ponts badies Che.}o‘c 113;"5*"’*5‘“-""-'”5&"”’”5”}
pinds {,,'M"Ja; SIX _‘,T::l.f.ﬂr{EG/ leds . The
Vanigus 4YPes aof brisdles |:'Lr:r:|"I
hains Hound on J4he bodY.
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(D UHJEHS-F{-:MJ MEHG’I-EJ"."::H ane?frlr.'s .;:l-.--u:iII ngh:;anEE
of dwoils. P
@ Drow Conclusions of henedid? Potlerns from do
GLJ'I}J.F.I'E.UII

Cﬂhii‘hﬂﬂ-z‘ -Phctﬂ to Codeh wild FPaPolation of

D melpnodasien.
@ Greain ﬂ*”ﬂf Uﬂﬂ;Ehsvf&nn'(fn:? of lhe life crele | of
D. melornodosier . on insecd which exhibits ComFlefe

me #Gmah FPhosi s .

/d
© C-G‘ﬂﬁ[bumﬁ erosses gf Coudht gnd Known w
t¥Pe  ond mufaied flies.

@ Leorn lechnlues o ranifulaie flies, Sex Jﬁem;‘}””{
KeeP cConcide Jounrnal ngles .

Leonn coltuningd Jechnilues 4o keeP the flies heolthy
RE'-G'-Irr.EE- J'ﬁa-ﬂ}" _SCJI-E'HL'E_ -E-H.F}Ehfmfnf—j fﬂ-ﬂﬂﬂ"l"‘ ée

Canc}ut.fﬂdr with in one or fwo lal Sessions |
¥+,
3 Qur (eools 3
{D Tdenfity QHﬁgvi;un ond ConcelPls thal Fuide

Seienlifie invesdidations.

@ ﬂf_-‘?-'la?ﬂ ﬂnu"l anaﬂ;.r_ ,ir-ed'[ 5-1!'&:?-;-;;!'1':. e VE.SJ—I";?@--;T-EH_

Fﬂhrﬂu.l"&ﬁt r::h--n:a"r eV Se jr:lltﬂf!!lf{“': EkFa’c}na—ﬁan;
ond prodels usind e i d T A

@ Cammun;cﬂ-ic ond :]IIE!{E'HE-E‘. . jcieni{r’f-a'r: ﬂ-h;:?-{.-tﬂ‘rm#.
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Sexind Drosophila

The -:'.‘-'JJ'[]"C?.I"‘I-TE‘H m‘f #11.'. J'rErH::'-.IIIE' -Jliﬂ-ﬁ Seven ﬁg&'mgn;fg,
Several donk {ronsvense siniPes and s Pﬂin-ﬂr#c‘f
,G‘-‘l‘ the 4iP. The abdomen of the mole hos oniy five
Sedmenis, Livg ke j,Iﬁ,'FE,,gnd‘ G rane f?ljt.-ﬂdf-rd’,
howvity Pidmended BB T Jiviigadine racles Jhe
Pidmentodion may not be develofed .

@ ECIUJPMEH'!‘ -

L. A shelf %::m sdonind Jhe botlles of §lies.

2. Clean IbonsPorent iols [ Jans/ battles . Londe desd
-J'UEJE'-E,- f:}fﬂﬂﬂ 'JLUJIH'.S ob o ¢lean C.llr'E'CJ'-?I Elr:rﬂfllc?-r'ﬂeai
with o _Fun:a"-g.,,n";fe. Honhow HNeek

3. 4 Cﬂ!{';'ﬂﬂ wool FPlud. ffﬂa—m chunks Euld fo Size,
clean Juaze an paatenial 4o Cover Jied down
W.J.I[, - nuﬁé.en ‘-':J::J-:"ilﬂ'lr

4. Mﬁf?m'ff?’fﬂc? dlosses :}ﬂdﬁ /or microscolfes 1fcm
ﬂé',w-hwju-#gn and  Sontind .

5. Pedni dishes
6. A vorielY of Swmall Faints éhu:ﬂe_v.
@ Tnrdredients >

Q) 277 odor |
@ ‘?ﬂ"'f} Cﬂﬁ”mﬂﬂ-l'l Cd‘hgd-n;c,;rne ;',‘?F?aund"j
14903 Sudor .

(W 50 § Yeost
V) 2o ml PraPianic L'i-ﬂ..llﬂ'(.

@) A dosh of Nifadin.
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@ DJIEEGHVEEJ G—Jﬂﬂ in 2L -,".-:.L.P Ls.-'cn’fEh BY 5:Jn"r'nc?.

® Dissolved Connmeal, Sudon and Yeost in 1 Cold
tof woter So thad 14+ s f'fneza of Jerm Ps .

@ (Onee &&-’Hl Is da'sg,;:fwgg;, ,I.Af_ Cﬂnnme‘.ﬂf nix r’r—UhE‘
Shovld be odded gad boiled .

@ 5'!'!'}7"1"1' C.ﬂﬂ'f:r}?uﬂuﬁ;f.l I::aa.lr 1EUH 1k rﬂfnr..i-r{ﬂ: .

@ Ofen the SJ-nPE c}nd{ led 14 Cool Pba:p:bm'-: o f.d!
and nifoden Should be added .

@ T}'rt ‘F-"Iy i'l:ﬂdﬂ" jéﬂuﬂrﬁ" be G‘tﬂ‘fbuéu"‘:‘iﬂ'{ in L""r&"lrj/

batiles o5 heTuined. OnlY Lt uf to ['5 em
i eapch Condoinen.

@ Cﬂ"’ﬂ"’ Wf"i"‘r}; PET-FE# Juwﬁfs and alaw o Coal Ej'--*‘ll:f
dn .(c:l'lreb ﬂfgﬂaf') at  koom J—em.Pe}:-a-fEUhE y

8@ Viels / jo1yfes Should be

: PludFed before 5-r£um'n¢?“
n a 1":1‘::'.:’.:?5.
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7} H Gﬂd ind Flies

. et aamaes . ey

Oree -,U'le -ﬂ'p'ef ,|L||:;.|.-E qu‘.EH HHGE.’%’EJJ the f‘u'r.res need
Jo be moved owound Usind a clean Poik Buiash
(Usind +he ,Pcrr'nfl brush CokefullY meons ., thad {lies
Should not be Auﬁmgn’r g’um'ng _S:J’fcvfr'an.

_ﬁm-hi"‘f.hhr'ng -JCI'IJIEJ :ﬂﬁcﬁfﬁ ane I::ﬂ.rr'l{ﬂ-ilr‘JEh
+o another nyolves taPPind +he boidle C?f-mf'-h’, the
{HEE Ulr'rﬂlrﬂﬂ'l’ﬂ?':- Fhﬂrﬂ Ha W&ffj g.nd'l -A;.H fo .‘_I}ca#--.ﬁ-a'r"f"i‘-
Removing™ the Iid fram fhe bodtle the flies need 4o
be {ronsferned to Jhe JaP of the bolife ond flres
need to be FKePl. Then JaP ard the 'f:“-ej el 1'r1:1”

'ﬁhd»"ﬂ one  pallle fo another . Quick!Y Fut 4he [ids
0n Jhe botiles

é naesthetisind Ffr'es

-T;ni'.he ghre 2 moin wals -@ Freezen J'WE'.JA{JJ
® Cr::#.!!mn ara'ﬂxfd'E- we C-ImﬂEE C anbon disxide .

C{?ﬂ"l{?ﬂﬂ dfﬁ-x n'JE

A dube M‘:Laci;ea; 12 o Soda Sitneam botdle gnd
d;’ngﬂ.}'cd" into & vial of -;{.I'I;E_r with make lhem

fainly __51'-[}3.:?1.5}1 ond easy Jo hondle for o shont Lime]
I.J'- s o J.E;r.:rd'l .i'o'reg. -;'ﬁ' I'Fchf- [ FE:LMI C“SJI ]‘;J HE:}—-‘J:-}"
Jo tpaP +he gcdive fish. To oveid blostingd &r'r':f dorna
3;”? +he Jﬂ"—”'l"'f +o PumF - :":Ew _'S,J:u'f'_i mﬁ Coy into the

vHEa-J' Hhraudh :?Fd?‘um'ze ar cotton Flud. Coa is ﬁiﬁﬂ-v}f
and Should rot be éﬁ&ﬂ#;ﬁen Jo JoP o the Flies

1 boltam ﬁﬂﬂ oPlimum besuld 5a lhey ohe .Sr'-ﬁulr-:'ﬁr:-ﬁ’
in +he c0x Joes.
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@ Robert E. k. Lords of dhe 1Y “DrosoPhilo
{}1,&”.5,{{;:5 ond +he exPerimentnl [ife”
UniversitY of chicodo FPress ; 1999,

® Milislov D, Braled? of DrosaFfhila. loth ed.
Cold SPrind Honbor LoborodosY 3 1250.
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