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ABSTRACT

Bacterial pigments are of higher interest in industrial sectors as they are highly soluble
and have greater stability with potent unique applications. Haloarchaea species which
survives in extreme conditions, consists of a transmembrane protein bacteriorhodopsin
which possess various advantages. These species found in extreme hypersaline
regions like Marakanam, Vedaranyam and Tuticorin of Tamil Nadu, samples from these
regions were collected and cultured in modified Mineral salt (MS) media. The present
study was aimed to carry out to extract and purify bR by comparing three different
methods to estimate the highest yield which was successfully carried out by Aqueous
Two-Phase, Freeze Thaw and Bead Mix. Absorption Spectroscopy analysis showed
maximum peak at 560nm which results in the presence of bacteriorhodopsin protein.
The purified bacteriorhodopsin protein was visualized by SDS-PADE with molecular
mass being seen between 25kDa - 27kDa.The identity of the protein was confirmed by

Fourier Transform Infrared Spectroscopy.

KEYWORDS: Haloarchaea, Bacteriorhodopsin, Freeze Thow Method, Salt pans

and retinal protein
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CHAPTER 1
INTRODUCTION

1.1 HALOPHILIC BACTERIA

Extreme circumstances (salinity, pH, temperature, pressure, light intensity,
oxygen, and nutritional conditions) are all capable of supporting microbial life. Because
of their high salinity, exposure to both high and low temperatures, low oxygen levels
and in certain situations, high pH values, hypersaline environments are common
examples of settings with severe conditions. In these conditions, the most widely
spread species are bacteria and archaea (Ventosa et al., 2006). Kushner and
Kamekura distinguished four groups of halophilic microorganisms according to the ideal
salt concentration at which they grow most efficiently: Microorganisms classified as
halotolerant are those that can with stand high concentrations of salt, while non-
halophilic organisms are those that need less than 1% NaCl. When it comes to
halophilic microorganisms, the classification makes a distinction between moderate
halophiles (marine bacteria), which grow best in media containing 3% to 15% NaCl,
extreme halophiles (which grow best in media containing 15% to 30% NacCl), and slight
halophiles (marine bacteria), which grow best in media with 1% to 3% NaCl (Kushner
and kamekura et al.,1988). Because the high concentration of NaCl in their typical
surroundings causes osmotic pressure, halophiles have evolved two distinct adaptation
techniques to deal with this situation (Madigan et al.,1999). To maintain the medium's
osmotic pressure, halo bacteria and certain very halophilic bacteria accumulate
inorganic ions (K*, Na*, and CI) in their cytoplasm. As a result, these bacteria have
evolved certain proteins that remain stable and functional in the presence of salts. On
the other hand, moderate halophiles cause large numbers of particular organic
osmolytes to collect in the cytoplasm. These osmoprotectants maintain osmotic
balance without interfering with the cell's regular metabolism (Neito and Vargas.,2002).
Halophilic bacteria have been investigated recently for their potential in a variety of

biotechnological sectors (Mellado and Ventosa.,2003).

Applications include the employment of these microbes in environmental

bioremediation procedures as well as the utilization of various products, such as
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suitable solutes, biopolymers, or carotenoids, in a range of businesses. Halophilic
enzymes present significant prospects in biotechnological applications such as food
processing, environmental bioremediation, and biosynthetic processes, in addition to
being inherently stable and active at high salt concentrations. Thus, it is crucial to
discover new enzymes that exhibit optimal activity across a variety of pH, temperature,
and salt concentrations (Gémez and Steiner.,2004). It is important to highlight that the
use of enzymes from halophiles in industrial applications are not limited to their stability
at high salt concentrations, since these extremozymes usually are also tolerant to high
temperatures and they are stable in presence of organic solvents (Oren.,2010).
Because of the decreased hydration, low water activity (aw) generally causes
conformational changes in the enzymes that impact the catalytic activity. Nonetheless,
even with low aw, enough water is present to maintain an appropriate charge
distribution at the active site, retaining the conformation of the enzyme, which is why
halophilic enzymes are stable and active in conditions with low aw (Zaccai.,2004).
Organic solvents with a log P lower than 2, generally are considered to cause enzyme
denaturation, producing the distortion of the water biocatalyst interactions. However,
several studies have been reported on hydrolases produced by extremophiles isolated
from saline environments that are very stable in solutions containing organic solvents.
This will be focused on the diversity and biotechnological applications of the novel
described enzymes from two groups of bacteria: the moderate and the extreme
halophiles. The adaptation to live in hypersaline environments give rise to these
extremophiles advantages to be exploited from a biotechnological point of view
(Salameh and Wiegel.,2007).

1.2 PROTEIN IN HALOPHILIC BACTERIA

Halophilic archaea and bacteria can adapt to three different salinity
concentrations: low, moderate, and excessive. These kinds of adaptations could be
brought about by structural alterations in proteins and other modifications in various
cell organelles. As a result, proteins might be crucial in helping halophilic bacteria and
archaea adapt to salinity. Proteins can be fibrous or globular, depending on the purpose
of the protein. A polypeptide is a single linear polymer chain made up of neighbouring

amino acids bound together by peptide bonds. It is well known that halophilic proteins
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are extremely stable. Acidic amino acids, which are mostly found on the protein surface,
are abundant in these proteins. The majority of the acidic residues are found on the
surface of these, according to the three-dimensional structural analysis. The majority
of these proteins contains acidic residues which are present on their surfaces, which
makes excessive protein hydration easier, according to the three-dimensional
structural analysis. As a result, the surface becomes more flexible and hydrophilic.
Thus, nonspecific electrostatic interactions with salts in solution are encouraged
(Kennedy et al., 2001) (Paul et al., 2008).

On the surface of dihydrofolate reductase, acidic amino acids form clusters that
multiply the cell nuclear antigen (PCNA) from Haloferax volcanii (Pace.,1990) (Horovitz
and Fersht., 1992) and the glucose dehydrogenase from Haloferax mediterranii. In
addition to preventing protein aggregation (Dill., 1990), interactions between hydrated
salt ions and acidic residues on the surface preserve the protein's functioning. Making
protein surfaces lacking in lysine residues is another tactic to promote hydration on
protein surfaces (Morroll et al., 2009) (Mevarech et al., 2000) (Marqusee.,1994). The
secret of halophilic adaption is electrostatic stabilisation. lon pair or salt bridge is an
important determinant of stability of proteins (Pfeil.,1986) (Stickle et al.,1992). This is
more so in the case of proteins adapted to extreme environmental conditions such as
high salt or temperature. Interaction energy of salt-bridge could impart stability
(Jencks.,1969) (Von Hippel et al.,1969) (Abram and Gibbons.,1961) or be destabilising
for the protein (Brown.,1963,1964) as shown by both theoretical and experimental
studies. Mostly, halophilic enzymes function at 1—4 M salt concentration. This range is

required for the stability and activity of halophilic enzymes (Mevarecha.,2000).
1.3 AMINO ACID COMPOSITION OF PROTEIN IN HALOPHILIC BACTERIA

Halophiles exhibit biased amino acid composition, similar to proteins from
thermophiles. This bias is characterized by an abundance of acidic residues on the
protein surface relative to the inside. This universal characteristic seems to be
independent of specific protein architectures and to be present for all proteins encoded
across the genome. Protein surfaces with distinct compositions are frequently seen in

thermophiles and halophiles. According to statistical studies, there are notable



differences in the surface composition of thermophiles, halophiles, and non-halophiles,
but there are no significant differences in the internal content of any of the three types
of organisms. While both acidic and basic residues are about equally abundant in
thermophilic proteins, halophilic proteins appear to have a significant excess of acidic
residues offset by a deficiency of basic residues. The compositional variations between
mesophiles, thermophiles and halophiles were largely attributed to aspartic acid, lysine,
asparagine, alanine, and threonine. Only aspartic acid, however, differed significantly
from the predicted quantity based on the dinucleotide makeup of the halophile's
genomic DNA sequence, which has a very high G+C content (68%). As a result, the
other residues (Lys, Ala, etc.) that had significant deviations from their non-halophilic
frequency might have developed only as "dragging effects" due to the DNA's altered
composition, which would have increased the aspartic acid proportion exclusively
(Eisenberg and C Ebel et al., 1992;F Bonnete et al., 1994,C Ebel et al., 1995).

1.4 HALOBACTERIUM SALINARIUM

A halophilic archaeon, Halobacterium salinarium thrives in salinity levels close
to or at saturation. Despite being identified from salted fish a century ago, H. salinarium
gained attention in a variety of fields, including biophysics, chemistry, molecular
evolution, and biotechnology, in 1971 when bacteriorhodopsin, the light-driven proton
pump, was discovered. Since then, H. salinarium has been involved in many
discoveries, including the first instance of a non-eukaryotic glycoprotein and
advancements in the determination of membrane protein structures. The third domain's
molecular mechanisms have also been clarified by research on H. salinarium, one of
the species used to define Archaea. H. salinarium, finally, offers inventive answers to

the problems associated with living in high salinity (C Ebel et al., 1995).

1.5 TAXONOMY

Domain: Archaea;
Class: Halobacteria;
Order: Halobacteriales;

Family: Halobacteriaceae;



Genus: Halobacterium;

Species: Halobacterium salinarium;

Phylum: Euryarchaeota;

Clade: Stenosarchaea group.

There are now six strains of H. salinarium, with strain 91-R6 serving as the type stain
(Pfeiffer et al., 2020).

1.6 PROPERTIES OF Halobacterium salinarium

High cytosolic K+ levels (~4 M) balance the external Na+ concentration, allowing
Halobacterium salinarium to grow at NaCl values close to saturation (Christian et al.,
1962). Even though Halobacterium salinarium is an aerobic chemoorganotrophic, it
may also grow anaerobically by depending on bacteriorhodopsin, which is a light-driven
proton pump present in their purple membranes. Because of its high acidity (average
pl ~5), the H. salinarium proteome is adapted to help halo archaeal proteins fold in their
hypersaline environment (Lanyi.,1974). Furthermore, Halobacterium salinarium
exhibits colour-sensitive photo taxis, chemotaxis, and aero taxis because it thrives in
situations with intense UV radiation and variable nutritional availability (Dassarma et
al., 2001).

1.7 GENOME

The first genome from a halophilic archaeon to be sequenced was that of H.
salinarium strain NRC-1, which was released in 2000. The three closed mini-
chromosomes that make up the Halobacterium NRC-1 genome are 200 kbp, 350 kbp,
and 2 Mbp in size, and they are all home to vital genes. The GC level of the mini-
chromosomes is lower (59.2 and 57.9%) than that of the main chromosome, which has
a high GC content of 67.9 percent. The genome contains almost 100 transposable
insertion sequence elements, which accounts for the haloarchaeon's observed genetic
flexibility. The genome of the H. salinarium strain NRC-1 was reported to encode 2360
proteins at the time of its publication; 36% of these were thought to be unrelated to any
other known proteins at that time. Lastly, H. salinarium is a polyploid, similar to other

halo archaea, with about 25 copies of the genome in the exponential phase and only
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15 copies in the stationary phase. Mini-chromosome copy numbers are likewise
controlled by the growth phase (Ng et al., 2000).

1.8 PHYLOGENY

H. salinarium was originally isolated from salted fish in 1922, but since the
original strain was destroyed, the type strain (strain 91-R6) was changed to a neotype
that was obtained from salted cowhide in 1934. In the end, isolates that were first
identified as H. salinarium, H. cutirubrum, or H. halobium were found to be so similar
that they were all classified as H. salinarium species. Thus far, the type strain's genome
and the genomes of two lab strains (H. salinarium species NRC-1 and R1) have been
sequenced. Only 12 changes were found between H. salinarium strains NRC-1 and R1,
which included variations linked to the abundance of insertion sequence elements in H.
salinarium genomes, five single-base frameshifts, four point mutations, and three
insertion/deletion events. Only 38 strain-specific sections, or more than 99 percent of
the genomes of the laboratory strains, are shared by the H. salinarium strain 91-R6
(Pfeiffer.,2020).

1.9 HALOBACTERIUM SALINARIUM

H. salinarium is one of the microbes that helped to first define the Archaea, and
it has shed new light on a number of topics related to this unique realm of life. H.
salinarium is the species that first revealed the distinct ether-linked isoprenoid-based
phospholipids that make up the archaeal plasma membrane. The first instance of
protein N- and O-glycosylation outside of the Eukarya was found in the surface (S)-
layer protein that makes up the protein shell around H. salinarium cells
(Mescher.,1976). The earliest transformation and gene deletion mechanisms created
for Archaea originated from H. salinarium (Cline et al.,1987). Furthermore, H.
salinarium offered Archaea's first instance of a two-component regulatory mechanism.
It is now established that these systems are necessary for H. salinarium’s phototactic
responses in reaction to orange and blue light, respectively, sensory rhodopsin’s | and
Il and the transducers Htr | and Htr || mediate positive and negative phototactic
responses. Halorhodopsin also promotes Cl- uptake in yellow light concurrently

(Spudich.,1998). Nevertheless, the discovery of bacteriorhodopsin in 1971 served to
6



bring H. salinarium to the attention of scientists across all disciplines, leading to a
number of ground breaking and even paradigm-shifting discoveries. When exposed to
UV light while under oxygen shortage, patches made up of bacteriorhodopsin trimer
clusters arranged in a two-dimensional lattice structure are known as purple
membranes. Under these circumstances, the cell expresses about 300,000 copies of
bacteriorhodopsin, or 75% of the membrane's dry mass. Because of this configuration,
bacteriorhodopsin was among the first membrane proteins for which structural data
was available. The creation of optogenetics, an experimental technique in which light
regulates the activity of neurons or other cell types, was finally prompted by the
introduction of bacteriorhodopsin into non-native cells. It has long been known that
bacteriorhodopsin has biotechnological potential for use in bioelectronic applications
(Oesterhelt.,1971).

Research on H. salinarium has also improved our knowledge of life at high
salinities. Aspartate and glutamate are more prevalent on H. salinarium protein
surfaces than positively charged residues like lysine and arginine. This adaptation is
likely to help the proteins stay soluble and flexible in hypersaline environments.
Intracellular gas vesicles were initially discovered in H. salinarium and are believed to
enhance buoyancy in low oxygen hypersaline settings. Last but not least, H. salinarium
is remarkably resistant to UV radiation- and desiccation-induced DNA damage, even in
the presence of high amounts of sunshine. This may be because the bacterium is

polyploid (Henderson.,1975).
1.10 BEHAVIOUR OF ARCHAEON HALOBACTERIUM SALINARIUM

Light-dependent sensory responses in motile eubacteria were first discovered
by Engelmann (Engelmann et al., 1883). He observed that motile cells of Bacterium
photometricum reversed the direction of movement when entering a dark zone. Photo
stimuli control swimming behaviour in the Archaeon Halobacterium salinarium by
modulating the frequency of reversals. An increase in the intensity of blue light
increases the probability of reversal, whereas decreases in the intensity suppress
reversal probability. Changes in green-red light intensity have the opposite effect. There

are now two known photo sensory receptors. Separate from the retinal-based, light-
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driven ion pumps bacteriorhodopsin (BR) and halorhodopsin (HR) are both proteins
that contain retinals (Hildebrand et al.,1975, Spudich et al.,1982, Takahashi et al.,
1985). The photoreceptor for green-red and UV light stimuli is sensory rhodopsin | (SRI)
(Bogomolni et al., 1982), and the photoreceptor for blue light is sensory rhodopsin I
(Takahashi et al.,1985, Spudich et al., 1986, Wolff et al.,1986, Marwan et al.,1987).
Proton pumping by BR produces photo taxis responses even in the absence of specific
sensory rhodopsin’s, most likely as a result of impacts on membrane potential or proton
motive force (Bibikov et al., 1993, Yan.,1992). Isolating H. salinarium mutants devoid
of BR and HR (Spudich et al., 1982) has made studying the sensory rhodopsin’s much
easier. There are two spectrally different forms of the SRI protein (SR587 and S373).
These forms can be photo activated to produce sensory signals (Bogomolni et al., 1982,
Takahashi et al., 1985, Spudich 1984), which are then transferred by a 57-kDa methyl
accepting membrane transducer (Yao et al.,1992). A considerable degree of sequence
similarity exists between the C-terminal region of this first Archaeal photo transducer
Htr I and the signalling and methylation domains of eubacterial chemotaxis transducers.

Regarding SRII, also known as phoborhodopsin, less is known (Bourret et al., 1991).
1.11 BACTERIORHODOPSIN

It has been discovered that bacteriorhodopsin, the only protein of the purple
membrane of halophilic bacteria that can survive in harsh environments and efficiently
use light energy to carry out their essential activity (Oesterhelt.,1976), also acts as a
light-driven proton pump, creating a significant pH gradient in the membrane that is
needed for ATP synthesis (Racker et al., 1974). Bacteriorhodopsin becomes lodged in
the lipid phase when it regularly crosses the purple membrane. This explains the
protein's strong lipid affinity and its relative "hydrophobicity," which are traits shared by
most integral membrane proteins. Bacteriorhodopsin is a light-driven proton pump. This
248-residue integral membrane protein from Halobacterium salinarium provides an
excellent model (mainly in the sense of being the best understood model and relatively
simple in its mechanism) for how cells use available energy to actively transport protons
(H+) across a membrane, thereby converting the original energy source into the form
of a transmembrane proton gradient. Although the energy to drive the proton pumping



by the membrane protein complexes of the electron transport chain in eukaryotic
mitochondria is provided by redox reactions, not light, similar principles appear to apply
to the proton translocation mechanism. The structure of bacteriorhodopsin consists for
the most part of seven transmembrane helices. This seven-helix tertiary structure is a
common protein fold for integral membrane proteins. Bacteriorhodopsin in fact serves
as a paradigm for the family of integral membrane proteins that includes G-protein-
coupled receptors (GPCRs; examples of GPCRs are rhodopsin and adrenergic
receptors). There is a polar channel through the centre of the structure that also
contains a retinal prosthetic group. The retinal is covalently attached to Lys216, via a
Schiff base linkage (Khorana et al., 1979) (Dunn et al., 1981).

1.12 APPLICATIONS OF BACTERIORHODOPSIN

 BR-based hybrid electrodes are efficient alternate for sensors and solar/fuel
cells.

« It can be used in the light, biological, chemical, optical, gas, and electrical
Sensors, immunosensors, nano sensors, and various other sensors that are the
subject of current research programs.

« The ability of BR (Bacteriorhodopsin) to convert light energy into chemical
energy which is known as photocurrent activity has taken as application in the
field of optical electronic devices, chemical sensing and drug delivery.

« It acts as a light sensor which can effectively be used as a solar collector to
collect energy from (sun) light. This energy could either be consumed directly
or stored in batteries.

* Applications include protein films, used in artificial retinal implants, light
modulators, three-dimensional optical memories, colour photochromic sensors,
photochromic and electrochromic papers and ink, biological camouflage and

photo detectors for biodefense and non-defense purposes (Saeedi et al.,2021).



1.13 BIODIVERSITY OF H. SALINARIUM IN TAMILNADU

H. salinarium often found from multipond solar salterns in Kelambakkam,
Vedaranyam, Tuticorin, Tamil Nadu, India.

This has been found in Marakanam, Tamil Nadu (12°18'69.52” N, 79°92'78.95”
E) during two seasons namely pre-monsoon and post-monsoon.

This bacterium is also seen at salt pan of Kovalam at four intervals for one year
in Kanyakumari district ((Burns et al. 2004).

1.14 GLOBAL STATUS OF H. SALINARIUM IN INDIA

Other than Tamil Nadu, this is identified at ‘Rock Garden’ situated on sea
shore of Malvan, Sindhudurga Dist., Maharashtra, India.

The Lake Magadi, the Great Salt Lake, and any other body of water with a high
salinity content are home to halobacterium species.

H. salinarium are often found in places with high salt concentration like San
Francisco Bay, the Great Salt Lake, Yellowstone National Park, and many

other places with saline levels around 4M+(Oren., 1990).
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CHAPTER 2

LITERATURE SURVEY

2.1 CELL STRUCTURE AND METABOLISM

The rod-shaped halobacterium species are encased in an S-layer composed of
the glycoprotein found on the cell surface, which is encircled by a single lipid bilayer
membrane. Under aerobic conditions, they thrive on amino acids. Despite having genes
for both the enzymes involved in the fatty acid oxidation pathway and the breakdown
of glucose, Halobacterium NRC-1 does not appear to be able to utilise both as energy
sources. The cell uses numerous active transporters to maintain a high potassium
content even if the cytoplasm maintains an osmotic balance with the hypersaline
environment. Gas vesicles are proteinaceous organelles found in many species of

Halobacterium (Sayer et al., 2022).
2.2 ECOLOGY

The light-detecting pigment bacteriorhodopsin, which gives halobacterium its
reddish colour and gives it chemical energy, is used to identify the archaeon in water
bodies. A temperature of 37 °C has been found to be ideal for growth. One possible
indicator of a life form on Mars is halobacterium. The harmful ultraviolet radiation on
Mars is one of the issues with survival. A thin layer of salt that these microbes form can
help to mitigate some UV radiation. The most prevalent salt is sodium chloride, and
chloride salts block short-wave UV light. Because of its red hue, the longer-wavelength
UV light is actually blocked out by the photosynthetic pigment called bacteriorhodopsin.
Furthermore, bacterioruberin, which are pigments produced by Halobacterium, are
believed to shield cells from UV light damage. Being able to develop at a low
temperature for a potentially brief period of time, when a pool of water may be liquid, is

the challenge they must overcome (Gontia-Mishra et al., 2017).
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2.3 SIGNIFICANCE

Eukaryotic-like RNA polymerase Il and translational machinery that are related
to Escherichia coli and other Gram-negative bacteria are used by the Halobacterium
spp. NRC-1, according to genome sequencing of the species. Furthermore, they have
genes that are comparable to those found in bacteria, yeasts, and bacteriophages for
DNA replication, repair, and recombination. This type of Halobacterium is useful as a
model organism in biological research because of its ease of culture and genetic
modification (Kennedy et al., 2000). Moreover, Halobacterium NRC-1 has also been
used as a possible vaccine delivery vector. They specifically create gas vesicles that
can be genetically modified to exhibit particular epitopes. The gas vesicles also show
that they can act as organic adjuvants to support the induction of more robust immune
responses. Since halobacteria need a high salt environment to thrive, making these
gas vesicles is a cheap and effective process that simply requires tap water to isolate
the bacteria (Stuart et al., 2001) Additionally, the cell membranes of halobacteria
include a protein called Bacteriorhodopsins, which is a light-driven proton pump.
Because of its stability even in these harsh conditions, this protein has demonstrated
potential for use in biotechnology, even though the majority of halophile proteins require
high salt concentrations for correct structure and function. Because of their potential
use in electronics and optics, bacteriorhodopsins that have been isolated from
Halobacterium salinarium have received particular attention. Particularly,
bacteriorhodopsins have been used in holographic storage, optical switching, motion
detection, and nanotechnology. Despite the fact that this protein has been shown to
have many functions, no large-scale commercial applications have been established
as of yet (Oren et al., 2010).

2.4 STRUCTURE

The solitary lipid bilayer membrane of each rod-shaped, about 2-5 ym long cell
is encased in a glycoprotein cell wall. Phospholipids in the cell membranes of archaea
are different from those in bacteria and eukaryotes. The flagellated cells of

Halobacterium are able to move in the direction of light, particularly light in the yellow-
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green region at a wavelength of around 560 nm, which is the maximal absorbance of

the photosynthetic pigment (George.,2022).
2.5 MATTER AND ENERGY

Photoheterotrophs are halobacteria. They require the consumption of organic
substances to develop, just like other heterotrophs, but they also require light energy
to produce ATP. Photosynthetic creatures, on the other hand, are autotrophic; they
produce food, or carbohydrates, to produce ATP, and use the remaining portion as
building blocks. Regular heterotrophs consume in order to get resources for growth as
well as energy, which is often obtained by cellular respiration. In the event that
halobacteria are deprived of light, they will perform like "normal" heterotrophs, utilizing
the food they absorb meet their energy requirements in addition to growing larger.

Bacteriorhodopsin, a kind of rhodopsin—the same pigment that our eyes use to see
is the pigment that reacts to light. In both cases, the protein undergoes a conformational
change due to light. This results in the transmission of a nerve impulse in our eyes; in
Halobacterium, it causes protons to build up on one side of a membrane, and proton
flow down the gradient that is formed permits the synthesis of ATP. Another protein
pigment found in halobacterium, called halorhodopsin, is capable of pumping chloride
ions into the cell using light energy, raising the concentration of the solute and limiting

excessive water loss (George.,2022).
2.6 RETINAL PROTEINS OF HALOBACTERIUM SALINARIUM

Four photosynthetic pigments called retinal proteins which include a retinal
chromophore and are involved in signal transduction and light energy conversion are
found in Halobacterium salinarium. The four proteins found in the retina are:

» Bacteriorhodopsin (Haupts et al.,1999,0esterhelt.,1998)

» a) The pigment used in photosynthetic reactions, which enables Halobacterium

to grow only on light, functions as a light-driven proton pump, transforming light

energy into a gradient of protons.
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» b) There are various applications for the energy contained in the proton
gradient, including as the production of ATP-by-ATP synthase.

» Halorhodopsin (Kolbe et al., 2000)

> a) A light-driven chloride pump that enables Halobacterium to continue
growing with a high concentration of salt within.

» Sensory rhodopsin |

> a) Participate in photo taxis, promotes the reaction of the photophile to orange
light and the reaction of the photophobic to UV light, and forms a complex with
the transducer protein Htr I.

» Sensory rhodopsin Il (Oesterhelt.,1998)

> a) Participates in photo taxis, promotes the blue light-induced photophobic

reaction, and forms a complex with the transducer protein Htr Il.

2.7 ENERGY METABOLISM

Unlike the methanogens, which are their closest cousins, halophiles may grow
in both aerobic and anaerobic environments. There are three different ways for

halobacterium to obtain energy.

1. Different metabolites oxidation in aerobic environments
a) Oxidizes pyruvate, which pyruvate-ferredoxin oxidoreductase channels into the
acid cycle
b) All five of the respiratory chain's main complexes are found in halobacterium.
2.Photosynthesis
a) A proton gradient is produced by the light-driven proton pump
bacteriorhodopsin. The energy of the proton gradient can be used by ATP
synthase to propel ATP production.
3.Arginine fermentation (Plaga et al., 1992).

a) Through the fermentation of arginine, halobacterium produces ATP.
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2.8 RESPONSE TO EXTERNAL STIMULI

A flagellated organism with (chemo)tactic behaviour is called halobacterium. It
has the capacity to perceive oxygen (aero taxis), react to light (photo taxis), and identify
necessary amino acids (chemotaxis) as well as osmotically active substances (osmo
taxis). The receptor/transducer, which can consist of two different proteins or just one,
is the first step in the signal transduction cascade. A two-component regulatory system
made up of the response regulator cheY and the histidine kinase cheA forwards the
signal to the flagellar motor switch. The signal is amplified and combined with other
signals during relay (according to the principles of signal transduction).

Methyl transferase (cheR) and regulated methyl esterase (cheB) methylate and
demethylate transducer proteins during adaptation. According to genome research,
Halobacterium has 18 different transducers, which suggests that it can detect a wide

variety of different stimuli. There are now seven identified transducers for these stimuli.

» Photo taxis involves two transducers:
a) Transducer protein Htr | in conjunction with its photoreceptor
sensorhodopsin |, produces a photophilic reaction.

b) Transducer protein htrll in conjunction with its photoreceptor sensor hodopsin II,
produces a photophobic response.
> In aero taxis, two transducers are involved:

a) Transducer protein hem AT in the aerophilic response and transducer
protein htr VIII in the aero phobic response (Hou et al., 2001).
» Chemotaxis toward amino acids involves two transducers:
a) Arg-specific chemotactic response: soluble transducer protein car (Storch et
al.,1999).
b) Periplasmic substrate binding protein bas B in conjunction with transducer
protein bas T mediates chemotactic reaction towards Leu, lle, Val, Met, and
Cys (Kokoeva et al.,2000,2002)
» The chemotaxis of one transducer toward osmolytes:
a) Transducer protein cosT combined with periplasmic substrate binding
protein cos B in the chemotactic response towards suitable osmolytes
(Kokoeva et al., 2000).
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» Transducer mpcT is a sensor for membrane potential (Koch et al., 2005)
a) This contributes to phototaxis mediated by BR.
2.9 GENOME ANALYSIS

Twice has the genome of Halobacterium salinarium been deciphered have
sequenced the genome of strain R1 of Halobacterium salinarium. Ng et al., have
deciphered the genome of the Halobacterium salinarium strain NRC-1. The
halobacterium possesses a 2 Mb chromosome with 68% GC and many mega plasmids
with an average GC content of 58%. Mega plasmid counts for strain R1 are four,
whereas strain NRC-1 is said to contain two. The whole genome of strain R1 encodes
about 2,837 proteins (Oesterhelt et al., 1998).

2.10 ADAPTATION OF H. SALINARIUM TO EXTREME CONDITIONS

2.10.1 High salt

This archaeon, like other halophilic Archaeal species, uses suitable solutes
(potassium chloride, in particular) to lessen osmotic stress in order to thrive in
excessively salted conditions (Pérez-Fillol et al.,1986). Because the environment's
potassium levels are out of balance, H. salinarium expresses a number of active
transporters that bring potassium into the cell (Kennedy et al.,2000). There will be
protein precipitation at very high salinity levels. H. salinarium mostly encodes acidic
proteins, which help to avoid the salting out of proteins. H. salinarium proteins have an
average isoelectric point of 5.03(Kozlowski.,2016). Even at high concentrations of salt,
these extremely acidic proteins may stay in solution because they have a strong

negative charge (Dassarma et al., 2007).

2.10.2 Low oxygen and phototrophy

In salt ponds, H. salinarium can develop to such densities that oxygen is rapidly
consumed. Despite being an obligatory aerobe, it uses light energy to thrive in low
oxygen environments. Bacteriorhodopsin is a membrane protein that functions as a
light-driven proton pump and is expressed by H. salinarium (Oesterhelt and Stoeckleins

1973). It is composed of two components: the light-sensitive cofactor, retinal, and the
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7-transmembrane protein, bacterioopsin Retinal undergoes a conformational shift upon
photon absorption, which also affects the bacterioopsin protein and promotes proton
transport (Andersson et al., 2009). ATP synthase can then employ the proton gradient
that was created as a result to produce chemical energy. H. salinarium creates gas
vesicles in order to get more oxygen, which enables them to float to the surface where
there is more light and a higher oxygen content. These vesicles are intricate structures
composed of proteins that are at least 14 genes' worth of encoding (Oren et al., 1993).

In H. salinarium, gas vesicles were first identified in 1967 (Larsen et al., 1967).

2.10.3 UV protection and colour

Salt ponds offer minimal shade from the sun, excessive UV radiation exposure is
commonplace for H. salinarium. They have developed an advanced DNA repair system
in order to make up for it. DNA repair enzymes that are identical to those found in both
bacteria and eukaryotes are encoded in the genome .Because of this, H. salinarium is
far more UV-tolerant than other organisms and is able to repair DNA damage more
quickly and effectively (Dassarma et al., 2007).

Bacterioruberin, a 50-carbon carotenoid Alcohol (polyol) pigment found in the
membrane of Haemophilus salinarium, is the main cause of its red hue.
Bacterioruberin’s main function in the cell is to shield DNA from UV radiation damage
(Shahmohammadi et al., 1998). However, the capacity of bacterioruberin to absorb UV
light is not the cause of this protection. Bacterioruberin functions as an antioxidant to
shield DNA instead of directly obstructing UV rays. By serving as a target, it can shield
the cell from reactive oxygen species brought on by UV radiation. Since the generated
bacterioruberin radical is less reactive than the original radical, it is likely to react with

another radical to end the radical chain reaction (Saito et al., 1997).

2.10.4 Protection against radiation and desiccation

Because of its polyploid nature (Soppa.,20711), H. salinarium is extremely resilient
to desiccation and ionizing radiation, two factors that can cause double-strand breaks
in DNA (Kottemann et al., 2005). Complete chromosomes can be recreated by utilizing

over-lapping fragments, despite the fact that they are first broken up into several pieces.
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Regeneration is probably a type of homologous recombinational repair that is mediated
by a DNA single-stranded binding protein (DeVeaux LC et al., 2007).

2.11 APPLICATIONS IN VARIOUS SECTORS
2.11.1 Food Industry

Certain Halobacterium species may find application in the food sector (Paterson et
al., 2007). The synthesis of beta-carotene, a pigment that gives halophilic bacteria their
red hue, is one example of an application. It is also utilized as a natural food colouring
in the food business. Additionally, halophiles generate degradative enzymes that are
employed in a variety of food processing techniques, including lipases, amylases,
proteases, and xylanases. These enzymes have several notable uses, such as
promoting the fermentation of salty foods, boosting bread dough quality, and aiding in
the creation of coffee (Paterson et al., 2007) (Gontia-Mishra.,2017).

2.11.2 Bioremediation

Exopolysaccharides (EPS), which are produced by a variety of halophilic bacterial
species, are employed in the bioremediation industry. Numerous halophilic bacteria
also emit bio surfactants, which are amphiphilic substances that have been applied to
soil remediation. Due to their high tolerance for heavy metals, many halophiles have
the potential to be helpful in the bioremediation of xenobiotics and heavy metals
released into the environment as a result of metal plating and mining. Halophiles
transform xenobiotics into less hazardous substances, which helps in the
bioremediation of pollutants.lt has been demonstrated that certain Halobacterium
species are useful in the bioremediation of contaminants, including as aromatic
hydrocarbons like 4-hydroxybenzoic acid, which is a contaminant in certain high salinity
industrial runoffs, and aliphatic hydrocarbons like those present in crude oil (Dassarma
et al., 2007).
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2.11.3 Pharmaceuticals

The potential medical uses of certain strains of Halobacterium, such as
Halobacterium salinarium, are being investigated due to their radiation-resistance
mechanisms. A carotenoid pigment called bacterioruberin is present in Halobacterium
and reduces the sensitivity of the bacteria to UV and y-radiation (Jung et al., 2017).
Studies on knockouts have demonstrated that the lack of bacterioruberin makes the
bacteria more vulnerable to oxidative chemicals that damage DNA. For instance,
hydrogen peroxide and bacterioruberin combine to reduce the oxidative capability of
the DNA-damaging substance, protecting the bacterium by preventing the generation
of reactive oxygen species (Shahmohammadi et al., 1998). High intracellular
concentrations of potassium chloride, which has previously been demonstrated to
confer radiation resistance, are also presentin H. salinarium. The medicinal uses of the
bioactive molecules that halobacterium produce—such as anticancer drugs,
antimicrobial bio surfactants, and antimicrobial metabolites—are also being

investigated (Jung et al., 2017).

In this project, objective were formed to isolate and characterize haloarcheal

bacteria from Tuticorin and Marakkanam salt pans.
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CHAPTER 3
AIM AND OBJECTIVES

3.1 AIM

The main aim of the project is to extract the protein bacteriorhodopsin and to

characterize it.

3.2 OBJECTIVES

e To scale up to increase the yield of bacteriorhodopsin.

e To isolate and characterize the protein.

e To confirm the protein by using SDS PAGE.
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CHAPTER 4
MATERIALS AND METHODS

4.1 PREPARATION OF MEDIA
4.1.1 Selection of Strains

The halophilic bacterial samples that were collected from various sites were
isolated and inoculated in the MSM. The culture that was inoculated has been kept
under continuous light condition in room temperature for 20 days. Absorbance is
checked at 560nm and 660nm. Where, the presence of BR at 560nm and bacterial
growth at 660nm can be identified (Ispirli et al.,2019).

4.1.2 Ms (Mineral Salt) Media (For 1000 MI)

Minimal saline medium is used for the inoculation of isolated strains. MSM is a
cost effective medium than conventional Zobell marine medium. It was found to have
nutrients required for the growth of bacteria than Marine broth medium.

Composition of MSM media is (for 1000ml):

Amino acid of 7.5 g, Yeast extract of 1g, Sodium citrate of 3g, Sodium chloride
of 250g, Magnesium sulphate 20g, Potassium chloride 2g, Ferrous sulphate of 0.05g
and Manganese sulphate of 0.2g are added and made up to 1000ml.

The pH of the media was checked and maintained to 7.2 to 7.4 (Zeng.,2006).

4.2 HARVESTING

e Well grown broth was harvested by centrifugation at 10,000 RPM for 15mins
at4°C.

e Then the pellet was washed twice with 5M NaCl and Distilled Water to remove
the lipids.
e The pellet was stored at 4°C for further analysis (Calo et al.,1995).
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4.3 EXTRACTION OF PROTEIN
The protein was isolated by following three different methods to compare the better

yield:

Freeze-thaw method
Bead-mixing method

Aqueous-two phase

4.3.1 Freeze-thaw method
Harvested pellet was freezed at -20 °C for 60 mins. Then, thawed it by resuspending
the pellet in Tris-HCI buffer, mixed it by shaking it in a horizontal shaker for 1hr to get
suspension. Then the suspension was freezed at - 20°C for 30 min. Suspension was
thawed at room temperature and centrifuged at 10, 000 RPM for 10 min at 10 °C. Pellet
was resuspended in PBS buffer & stored for further use (Anthony C. Grabski 2009).

4.3.2 Bead-mixing method
Harvested pellet was freezed at - 20 °C for 30 minutes. After 30 minutes, the pellet was
thawed at room temperature and 1g of glass beads was added and mixed well by
vortexing for 10 minutes, then the supernatant was removed. Then the suspension was
centrifuged at 12,000RPM for 10 min, and the supernatant was removed. Then the
pellet was dissolved in 1ml deionized water and 60ul of CHAPS was added, well mixed
and stored at 4 °C for 1 hr. Then the suspension was thawed and centrifuged at
12,000RPM for 10 minutes. The supernatant was collected and centrifuged at
24,000RPM for 30 minutes and the pellet was collected and suspended in PBS buffer

and stored at 4 °C for further use.

4.3.3 Aqueous-two phase
Pellet was suspended in 1.5ml of distilled water, then 68.7ul of DNase solution was
added and mixed thoroughly for 30 minutes at orbital shaker. Then 10ml of 24%
potassium phosphate solution and 10ml of 24% PEG solution was added and mixed
for 1 hour to get suspension. Then the suspension was centrifuged at 8000 rpom at 4°C

for 15 min, then the pellet was collected and suspended in deionized water. Suspension

22



was centrifuged at 4000RPM, and the supernatant was collected. Then the supernatant
was centrifuged at 24,000RPM for 30 minutes at 4°C. The pellet was collected and
washed with distilled water several times and stored in PBS buffer (Szundi and
Stoeckenius.,1987).

4.4 CALCULATION OF TOTAL BIOMASS

Total cell weight is measured to check the yield of biomass present in the sample
(Ispirli et al.,2019).

Weight of the tube with pellet — Weight of empty tube

Biomass cell weight =

Volume of the sample

4.5 ESTIMATION OF PROTEIN

Bradford assay was carried out to estimate the protein present in the sample.
Standard with seven concentrations of BSA S10, S20, S40, S80, S160, S320, S640
was prepared and absorbance was checked at 595nm by using UV spectrophotometer.
(UV-1800, Shimadzu,Japan).

Linear graph was plotted and Coefficient of Determination R 2 value was found to
check how much deviation has occurred. Using the slope equation, y = mx + b, the

amount of protein present in a sample was found.

4.5.1 Preparation of Bradford reagent

Coomassie brilliant blue - 10mg
Orthophosphoric acid - 10mi
Ethanol (95%) - 5ml

Left for overnight stirring.
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4.5.2 Preparation of Bradford assay

Standard for Bradford assay was prepared by using bovine serum albumin (BSA),

distilled water and Bradford reagent in the given concentrations.

TABLE 4.1 Standard for Bradford assay

BSA (ul) DW(ul Bradford reagent (ml)
S10 10 990 5
S20 20 980 5
S40 40 960 5
S80 80 920 5
S160 160 840 5
S320 320 680 5
S640 640 360 5
Blank - 1 5

4.6 CHARACTERIZATION OF PROTEIN
Samples of 500ul were taken for characterization purpose by using FTIR (Cary
630, Agilent).
Protein is characterized using FTIR (Fourier Transform Infrared Spectroscopy).

Analysing the peak position will help us to know the presence of bacteriorhodopsin.

4.7 QUANTIFICATION OF PROTEIN

e The hydroxylamine method was employed to quantify the bR content in the
samples.

e Toa0.6mL sample, 60ul pH 7, 2 M hydroxylamine solution was added and the
absorbance’s at 568nm was immediately measured for bR, respectively.
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The bleaching reaction of bR with hydroxylamine was carried out for 24h under illumination
(40W) and the absorbance difference was employed to calculate the bR concentration based on

molar extinction coefficient of 63,000 M'CM™! (Shand and Betlach.,1991).

26,800 x A° 568- A24568

Bacteriorhodopsin concentration(mg/mL) = ------ -

63,000
where 26,800 is the molecular weight of bR.

4.8 CONFIRMATION OF THE PRESENCE OF PROTEIN

Presence of a certain desired protein can be conformed based on their size, charge,
affinity towards a particular substrate, molecular weight. Bacteriorhodopsin is said to
have a molecular weight of 27kDa. With this as a crutch to conform the presence of
bacteriorhodopsin, the process is done by sodium dodecyl sulphate-polyacrylamide gel

electrophoresis (SDS-PAGE) as per the all-inclusive description mentioned below.

» In a clean beaker , 30g of acrylamide and 0.8g of methylene bisacrylamide
were dissolved in 70ml of distilled water to make 100ml of acrylamide (30%
stock). kept it at 4°C in amber bottles.

» In order to make the resolving gel, dissolved 18.17 g of tris base in 70ml of
distilled water, set pH to 8.8, and then make up to 100ml.

» To prepare the stacking gel buffer (0.5 M tris HCL), dissolved 6.05g of tris base
in 70ml of distilled water, adjust the pH to 6.8, and then blend the mixture to a
volume of 100ml.

» Dissolved 3g tris base,14.4g glycine and 1g SDS in 1000ml of distilled water
(pH should be 8.3) to prepare electrophoresis tank buffer.

» APS (AMMONIUM PERSULFATE)- Dissolved 100mg of APS in 1ml of double
distilled water.

» SDS (SODIUM DODECYL SULPHATE) 10% - Dissolved 2.5g of SDS in 25ml

of distilled water.
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For SDS sample buffer ,

5mg of bromophenol blue,15mg SDS,1ml of glycerol,1.25ml of stacking gel
buffer and 0.5ml of 2 mercaptoethanol in glass beaker was added and mixed well and

made up to 10ml.
TABLE 4.2 Preparation of Stacking gel

STACKING GEL 15%
Distilled water 2.93uL
Acrylamide 0.69uL
0.5M Tris HCL 1.3uL
10% SDS 50uL
10% APS 50uL
TEMED 10uL

TABLE 4.3 Preparation of Resolving gel

RESOLVING GEL 12%
Distilled water 3.2ml
Acrylamide 4.0ml
1.5M Tris HCL 2.6ml
10% SDS 100l
10% APS 100l
TEMED 10pl

Staining solution

Coomassie Brilliant Blue [R-250] - 250mg
Methanol - 50ml
Acetic acid - ml
Distilled water - 43ml
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Destaining solution
Methanol
Acetic acid

Distilled water

Storing buffer
Acetic acid

Distilled water
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CHAPTER 5

RESULTS AND DISCUSSION

5.1 SCALE UP

Fig 5.1: Sub-Culturing using MS media

Strains were taken from Marakanam and Tuticorin .MS (Mineral salt) media is
used to cultivate halophilic bacteria which has a higher salt content that is conducive to
their growth. The bacterium is transferred into the freshly prepared media under sterile
conditions. Incubation was carried out for 15 days for its growth under 1500 Lux. The
growth of the bacteria is good at 25% NaCl, so it is similar to the related publication
(Zeng.,2006).

5.2 HARVESTING THE BROTH

Well, grown bacterial cells were taken and harvested by using centrifugation
process and later it was washed twice with NaCl and the pellet was collected which is
used for further protein isolation process. Harvest is done as mentioned in this

publication (Calo et al.,1995) and the pellet was collected.
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Fig 5.2: Harvesting grown bacterial cells

5.3 ISOLATION OF PROTEIN

Fig 5.3: Isolated protein using
(i)freeze-thaw method,
(ii) bead mix method and

iiflaqueous two phase method
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Protein was isolated using three methods in which out of three methods, freeze-
thaw had shown the best result by following this methodology (Anthony C. Grabski
2009). This method entails freezing a cell suspension in a freezer, and then thawing
the material at 37°C or room temperature. As ice crystals form during the freezing
process and then contract during the thawing, this lysis approach causes cells to

expand and finally rupture.

5.4 ABSORBANCE at 600 & 660 nm

Table 5.1: Absorbance for SM1 strain at both 600 and 660nm.

Purpose Wavelength Absorbance
Bacterial growth 600 nm 1.628
Bacteriorhodopsin 660 nm 1.51

Table 5.2: Absorbance for TMR2 strain at both 600 and 660nm.

Purpose Wavelength Absorbance
Bacterial growth 600 nm 0.241
Bacteriorhodopsin 660 nm 0.243

Table 5.3: Absorbance for TMR1 strain at both 600 and 660nm.

Purpose Wavelength Absorbance
Bacterial growth 600 nm 0.169
Bacteriorhodopsin 660 nm 0.204

To identify the bacterial growth, absorbance was taken at both 600 and 660 nm
as mentioned in this article (Ispirli et al.,20719). Measuring at 600 nm (or 660 nm)
minimizes the absorbance of the media and corresponds to the reflected and dispersed
light interactions of the bacteria because the bacteria are suspended in the media rather
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than dissolved in it. Determines which portion of the light passes through a sample,
more specifically through a suspension of microorganisms.SM1 has shown the best

absorbance at 600 and 660nm which indicates a good bacterial growth.

5.5 CALCULATION OF TOTAL BIOMASS

Total cell weight is measured to check the yield of biomass present in the sample
Table 5.4: Biomass results for SM1, TMR1 and TMR2 strains

Samples Biomass
SM 1 0.015g/ml
TMR 1 0.005g/ml
TMR 2 0.012g/ml

Calculated by measuring the weight of the pellet along with the tube which gets
subtracted by the weight of an empty tube divided by its volume. Out of the three strains,

SM1 shown a better biomass.
5.6 ESTIMATION OF PROTEIN

Table 5.5: Reading at 595nm for Bradford assay Standard

Concentration Absorbance

0 0.178

10 0.238

20 0.333

40 0.385

80 0.411

160 0.5

320 0.59

640 0.686
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Protein estimation is done by using Bradford assay where the standard is first

prepared for that by using different concentrations (Dr. Mahesha).

5.6.1 Standard graph for Bradford assay

Standard graph is used to quantify the protein in an unknown sample by
comparing its measurement to the standard curve and we got the coefficient of

determination as 0.9849.

Absorbance at 595nm

0.8
vy =0.07x+0.0996
0.7 R*=0.9849

0.6
0.5
0.4
0.3

0.2

0.1

0 10 20 40 a0 160 320 640

Fig 5.4: Standard graph curve

5.6.2 Sample calculation

Protein of 50ul was taken and added 150ul of reagent to it, later it was placed in
96 well plate and took reading at 595nm.This method is used to estimate the protein in

the sample.
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Fig 5.5: Estimation of protein

Table 5.6: Estimation of protein results for SM1, TMR1, TMR2 strains

Strains Freeze thaw Bead mix Aqueous - two phase
method method method

SM 1 17.86 ug/mi 9.72 ug/mi 2.705ug/ml

TMR 1 12.7 ug/m 8.24 ug/mi 2.477ug/ml

TMR 2 10.22 ug/mi 9.67 pg/mi 7.14ug/ml

The protein samples isolated by using all the three protein extraction methods
namely, freeze thaw, bead mix and aqueous two phase were estimated using Bradford
assay and the values were mentioned. Among SM1, TMR1 and TMR2, best result is

shown in SM1 strain and out of three methods used, freeze thaw gave the better yield.

5.7 QUANTIFICATION OF PROTEIN

5.7.1 Sample calculation
For quantification, hydroxylamine method is used in which 2M hydroxylamine is used,
it was mixed with the sample and absorbance was measured at 568. Bleaching of the
mixture was carried under illumination (40W) for 24 hours. Absorbance was checked

at 568nm after bleaching reaction. The absorbance difference was employed to
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calculate the concentration of BR. Later the values were substituted in the formula

which quantifies the total protein in the given sample (Shand and Betlach.,1991).

Table 5.7: Quantification of protein results for SM1, TMR1, TMR2 strains

Strains Freeze thaw method Bead mix

SM 1 1.23ug/ml 0.131 pg/ml
TMR 1 0.116 pg/ml 0.0029 pg/ml
TMR 2 0.049 pg/ml 0.009 pg/ml

5.8 CHARACTERIZATION OF PROTEIN BY FTIR
5.8.1 Strain-SM1
FTIR spectra of bacteriorhodopsin from SM1 strain:

SM1 strain has first peak picking at position 3340.1 with the intensity of 48.9941
which indicates stretching vibrations of O-H bonds. Next peak picking at 2364.3,
2118.42 with the intensity of 98.2319, 97.2542 respectively which shows proteins of
bacteriorhodopsin. Next picking at 1637.27 with intensity of 72.327 lack of strong O-H
bond. Position at 1076.08, with the intensity of 92.2964 lack of strong O-H bond.
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Fig 5.6: FTIR characterization results for SM1 strain
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5.8.2 Strain- TMR1
FTIR spectra of bacteriorhodopsin from TMR1 strain:

Position at 3338.18 with the intensity of 49.4004 indicates stretching vibrations
of O-H bonds. Peak position at 2364.3 shows intensity of 98.2607 indicates the
presence of mutant proteins of bacteriorhodopsin. Next peak picking at 2118.42 with
intensity of 97.2733 shows mutant proteins of bacteriorhodopsin. Peak at 1637.27
shows 72.6777 range of intensity lack of strong O-H bond. 1076.08 peak position shows
92.9621range of frequency lack of strong O-H bond. Final peak at 504.294 shows

intensity of range 30.4235 which is a kind of error raised due to impurity.
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Fig 5.7: FTIR characterization results for SM1 strain

5.8.3 Strain- TMR2
FTIR spectra of bacteriorhodopsin from TMR2 strain:

Position at 3340.1 with an intensity of 48.5557 indicates stretching vibrations of
O-H bonds. Next peak at 2120.35 of intensity range 97.0363 shows mutant proteins of
bacteriorhodopsin. Peak at 1637.27, 1066.44 shows intensity of 71.9829, 91.9097

respectively lack of strong O-H bond.
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Fig 5.8: FTIR characterization results for TMR2 strain

Using spectroscopy, the Fourier transform infrared (FTIR) approach can identify
changes in functional groups, which in turn can reveal changes in the overall
composition of biomolecules. FTIR is used to quantify the vibration and rotation of

molecules that are affected by infrared radiation at a specific wavelength.

Using FTIR characterisation we can detect the presence of bacteriorhodopsin in
our sample. Peak at certain wavelengths signify the presence of bacteriorhodopsin. A
water molecule has two O-H groups, and their frequencies are distributed in the wide
3700-2700 cm-1 region dependent on their coupling and hydrogen-bonding strength.
The QM/MM calculations resulted in the O-D stretches at 2257 and 2423 cm-1 for BR
and K, respectively. We found that BR and pharaonis phoborhodopsin, both of which
pump protons, possess such water molecules (O-D stretch at <2400 cm')(Eisenberyg,
et al 1969).
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5.9 CONFIRMATION OF PROTEIN by SDS-PAGE SDS PAGE

80

45

20

Fig 5.9.1: Confirmation test to check Bacteriorhodopsin by SDS-PAGE SDS PAGE
Well1: TMR2
Well2: TMR 1
Well3: SM1

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was
carried out according to the method of Laemmli .(After heating the sample at 90° for 5
min, the molecular mass of the sample was determined in a 12% cross-linked
polyacrylamide gel containing 10% SDS. The presence of certain desired protein can
be confirmed based on their size, charge, molecular weight so the samples should
obtain a band between 25kDa - 35kDa as this molecular weight depicts the presence
of bacteriorhodopsin. In our sample study, most of the strains such as TMR2, TMR1
and SM1 strains have obtained sharp band between the range of 25kDa - 35kDa which

confirm the presence of bacteriorhodopsin.
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CHAPTER 6
SUMMARY AND CONCLUSION

Halobacterium salinarium which belongs to domain Archaea has shown a wide range
of applications. The Tuticorin and Marakanam strains were selected and grown in MS
(Mineral Saline) media, in which 25% percentage of sodium chloride was used as it is
a halophilic organism. Halobacterium genus were isolated from areas like Marakanam,

Vedaranyam, Tuticorin. The isolates shown the best growth at pH 7.2.

Extractions process like freeze thaw, bead mix and aqueous two phase were used.
Freeze thaw has shown the better yield. Later protein estimation and quantification was
done by using the protein which we extracted from various extraction methods. Protein
estimation is done by using Bradford assay and taking absorbance at 595 nm which
showed the yield of 17.86ug/ml for SM1 strain and 12.7ug/ml for TMR1 and for TMR2
10.227pg/ml Hydroxylamine is used to quantify the protein by taking absorbance at
568nm and bleaching reaction is allowed to happen by leaving it in illumination chamber
for about 24 hours and again reading was taken at same wavelength out of which SM1
has shown the best result by showing 1.23ug/ml followed by TMR2 which showed 0.116
pg/ml and the least TMR2 of 0.049ug/ml.

Meanwhile the growth is monitored using UV spectrophotometer by taking absorbance
at 600 and 660nm.Biomass is also calculated for all the three strains used SM1,TMR1
gave yield of 0.015g/ml,0.005g/ml respectively and TMR2 showed 0.012g/ml vyield.
FTIR characterisation is done to observe the peak which indicates the presence of
bacteriorhodopsin between 2380 cm-! to 2000 cm-'.SM1 strain showed peak at 2364.3
cm’and 2118.42 cm1, TMR 1 at 2118.42 and 2364 cm™'and TMR 2 at 2120.35 cm’
which showed the presence of bacteriorhodopsin SDS PAGE was performed to confirm
the presence of bacteriorhodopsin. Band between 25KDa-37KDa confirms the

presence of bacteriorhodopsin.

38



REFERENCES

Abram,D. and Gibbons,N.E. (1961) The effect of chlorides of monovalent cations,
urea, detergents and heat on morphology and the turbidity of suspensions of red
halophilic bacteria. Can. J. Microbiol., 7, 741-750.

Andersson M, Malmerberg E, Westenhoff S, Katona G, Cammarata M, Woéhri AB,
Johansson LC, Ewald F, Eklund M, Wulff M, Davidsson J, Neutze R. Structural
dynamics of light-driven proton pumps. Structure. 2009 Sep 9;17(9):1265-75. doi:
10.1016/j.str.2009.07.007. PMID: 19748347

B. Paolo, N. Davide, P. Cristin, B. Valter, N. Claudio, Bacteriorhodopsin-based
Langmuir—Schaefer films for solar energy capture, IEEE Trans. Nanobioscience 2
(2003) 124-132.

Baharak Mahyad, Sajjad Janfaza, Elaheh Sadat Hosseini,Bio-nano hybrid materials
based on bacteriorhodopsin: Potential applications and future strategies,Advances
in Colloid and Interface Science,Volume 225,2015,Pages 194-202,ISSN 0001-
8686, https://doi.org/10.1016/j.cis.2015.09.006,https://www.sciencedirect.com/scie
nce/article/pii/S0001868615001694

Bibikov, S. I., Grishanin, R. N., Kaulin, A. D., Marwan, W., Oesterhelt, D. &
Skulachev, V. P. (1993) Proc. Natl. Acad. Sci. USA 90, 9446-9450.

Bogomolni, R. A. & Spudich, J. L. (1982) Proc. Natl. Acad. Sci. USA 79, 6250-6254.
Bourret, R. B., Borkovich, K. A. & Simon, M. . (1991) Annu. Rev. Biochem. 60, 401-
444.

Brown,A.D. (1963) The peripheral structures of gram-negative bacteria cation-
sensitive dissolution of the cell membrane of the halophilic bacterium, Halobacterium
halobium. Biochim. Biophys. Acta., 75, 425-435.

39



Brown,A.D. (1964) Aspects of bacterial response to the ionic environment. Bacterial.
Rev., 28, 296-329.

Brown,A.D. (1964) The development of halophilic properties in bacteriol membranes by
acylation. Biochim. Biophys. Acta., 93, 136—-142.

Burns DG, Camakaris HM, Janssen PH et al (2004) Combined use of cultivation-
dependant and cultivation-independent methods indicates that members of most
haloarchael groups in Australian crystallizer ponds are cultivable. Appl Environ
Microbiol 79:5258-5265. doi:10.1128/AEM.70.9.5258-5265.2004

C Ebel et al. Solution structure of glyceraldehyde-3-phosphate dehydrogenase from

Haloarcula vallismortis Biophys. Chem.(1995)

C Ebel et al. Solution studies of the elongation factor Tu from the extreme

halophile Halobacterium marismortui J. Mol. Chem. (1992)

Calo P, de Miguel T, Sieiro C, Velazquez JB, Villa TG. Ketocarotenoids in halobacteria:

3-hydroxy echinenone and trans astaxanthin. J Appl Bacterial. 1995

Chang EL. Unusual thermal stability of liposomes made from bipolar tetraether lipids.
Biochem  Biophys Res  Commun. 1994  Jul  29;202(2):673-9.  doi:
10.1006/bbrc.1994.1983. PMID: 8048936.

Christian JH, Waltho JA. Solute concentrations within cells of halophilic and non-
halophilic bacteria. Biochim Biophys Acta. 1962;65:506-508. doi: 10.1016/0006-
3002(62)90453-5.

Cline SW, Doolittle WF. Efficient transfection of the archaebacterium Halobacterium
halobium . J Bacteriol. 1987;169:1341-1344. doi: 10.1128/jb.169.3.1341-1344.1987.

Dassarma S, Kennedy SP, Berquist B, Victor Ng W, Baliga NS, et al. Genomic

perspective on the photobiology of Halobacterium species NRC-1, a phototrophic,

40



phototactic, and UV-tolerant haloarchaeon. Photosynth  Res. 2001;70:3-17.
doi: 10.1023/A:1013879706863.

DasSarma, S., B.R. Berquist, J.A. Coker, P. DasSarma, J.A. Miller. 2006. Post-

genomics of the model haloarchaeon Halobacterium sp. NRC-1. Saline Systems 2:3.

Dassarma, Shiladitya (2007). "Extreme Microbes". American Scientist. 95 (3): 224.
doi:10.1511/2007.65.224.

De Lourdes Moreno M, Pérez D, Garcia MT, Mellado E. Halophilic Bacteria as a Source
of Novel Hydrolytic Enzymes. Life. 2013; 3(1):38-51.
https://doi.org/10.3390/1ife3010038

DeVeaux LC, Mduller JA, Smith J, Petrisko J, Wells DP, DasSarma S. Extremely
radiation-resistant mutants of a halophilic archaeon with increased single-stranded
DNA-binding protein (RPA) gene expression. Radiat Res. 2007 Oct;168(4):507-14. doi:
10.1667/RR0935.1. PMID: 17903038.

Dill,K.A. (1990) Dominant forces in protein folding. Biochemistry, 29, 7133—7155.

Dr. Mahesha H B., Yuvaraja’'s College, Mysore

Dunn, R., McCoy, G., Simsek, M., Majumdar, A., Chang, S.H., Rajbhandary, U.L. and
Khorana, H.G. (1981) Proc. Natl. Acad. Sci. USA 78, 6744- 6748.

Eichler J. Halobacterium salinarum: Life with more than a grain of salt. Microbiology
(Reading). 2023 Apr;169(4):001327. doi: 10.1099/mic.0.001327. PMID: 37068123;
PMCID: PMC10202317.

Eisenberg, D., and Kauzmann, W. (1969) The structure andproperties of water, Oxford
Engelmann, T. W. (1883) Arch. Gees. Physio!. 30, 95-124.

Engelmann, T. W. (1888) Bot. Z. 46, 661-670, 677-690, 693-701, 709-720.

41



F Bonnete et al. Stability against denaturation mechanisms in halophilic malate

dehydrogenase “adapt” to solvent conditions J. Mol. Biol. (1994)

George M.Briggs Halobacterium 2022,Inanimate life 635-639.

Gbémez, J.; Steiner, W. The biocatalytic potential of extremophiles and
extremozymes. Food Technol. Biotechnol. 2004, 2, 223-235

Gontia-Mishra, Iti; Sapre, Swapnil; Tiwari, Sharad (August 2017). "Diversity of
halophilic bacteria and actinobacteria from India and their biotechnological
applications". Indian Journal of Geo-Marine Sciences. 46 (8): 1575-1587. Retrieved 8
October 2017.

Grabski,Richard R. Burgess, Murray P. Deutscher,Methods in Enzymology,Academic
Press,Volume 463,2009

Gramain, A. & others (2011). Archaeal diversity along a subterranean salt core from
the Salar Grande (Chile). Environ Microbiol 13, 2105-2121.

H Eisenberg et al. Biochemical, structural, and molecular genetic aspects of
halophilism Advan. Protein Chem.(1992)

Hamid Reza Shahmohammadi, Ezat Asgarani, Hiroaki Terato, Takeshi Saito,
Yoshihiko Ohyama, Kunihiko Gekko, Osamu Yamamoto, Hiroshi Ide, Protective Roles
of Bacterioruberin and Intracellular KCl in the Resistance of Halobacterium
salinarium against DNA-damaging Agents, Journal of Radiation Research, Volume 39,
Issue 4, December 1998, Pages 251-262, hitps://doi.org/10.1269/jrr.39.251

Haupts U, Tittor J, Oesterhelt D. Closing in on bacteriorhodopsin: progress in
understanding the molecule. Annu Rev Biophys Biomol Struct. 1999;28:367-99. doi:
10.1146/annurev.biophys.28.1.367. PMID: 10410806.

42



Henderson R, Unwin PN. Three-dimensional model of purple membrane obtained by
electron microscopy. Nature. 1975;257:28-32. doi: 10.1038/257028a0.

Hildebrand, E. & Dencher, N. (1975) Nature (London) 257, 46-48. Horovitz,A. and
Fersht,A.R. (1992) Co-operative interactions during protein folding. J. Mol. Biol., 224,
733-740.

Hohenfeld, A.A. Wegener, M. Engelhard, Purification of histidine tagged
bacteriorhodopsin, pharaonis halorhodopsin and pharaonis sensory rhodopsin Il
functionally expressed in Escherichia coli , FEBS Lett. 442 (1999) 198-202.

Hou S, Freitas T, Larsen RW, Piatibratov M, Sivozhelezov V, Yamamoto A,
Meleshkevitch EA, Zimmer M, Ordal GW, Alam M. Globin-coupled sensors: a class of
heme-containing sensors in Archaea and Bacteria. Proc Natl Acad Sci U S A. 2001 Jul
31;98(16):9353-8. doi: 10.1073/pnas.161185598. PMID: 11481493; PMCID:
PMC55424.

Inanimate Life Copyright © 2021 by George M. Briggs July 2022.

Ispirli N H, Gulluce M, Karadayi M & Demir A'Y, Culturable bacteriorhodopsin-producing
haloarchaea of Tuz Lake (Turkey), Geomicrobiol J, 36 (9) (2019)

J Steffya , L S Abraham*,a, D Inbakandana , K Govindarajua & G Dharanib a Centre
for Ocean Research, Sathyabama Institute of Science and Technology, Chennai — 600
119, India b Marine Biotechnology, National Institute of Ocean Technology, Chennai —
600 119, India

Jencks,W.P. (1969) Catalysis in chemistry and enzymology. McGraw-Hill Book Co.,
New York.

Jung2017MicrobialRM,Microbial radiation-resistance mechanisms Kwang-Woo Jung
and Sangyong Lim and Yong-Sun Bahn Journal of Microbiology 2017 55 499-
507https://api.semanticscholar.org/Corpusl|D:8910376

43



K. Shimono, M. Goto, T. Kikukawa, S. Miyauchi, M. Shirouzu, N. Kamo, S. Yokoyama,
Production of functional bacteriorhodopsin by an Escherichia coli cell-free protein
synthesis system supplemented with steroid detergent and lipid, Protein Sci. 18 (2009)
2160-2171.

Kanekar PP, Kulkarni SO, Kanekar SP, Shouche Y, Jani K, Sharma A. Exploration of
a haloarchaeon, Halostagnicola larsenii, isolated from rock pit sea water, West Coast
of Maharashtra, India, for the production of bacteriorhodopsin. J Appl Microbiol. 2015
Jun;118(6):1345-56. doi: 10.1111/jam.12784. Epub 2015 Mar 26. Erratum in: J Appl
Microbiol. 2016 Apr;120(4):1136. PMID: 25727916.

Kennedy,S.P., Ng,W.V., Salzberg,S.L. et al. (2001) Understanding the adaptation of
Halobacterium species NRC-1 to its extreme environment through computational

analysis of its genome sequence. Genome Res., 11, 1641-1650.

Khorana, H.G., Gerber, G.E., Herlihy, W.C., Gray, C.P., Anderegg, R.J., Nihei, K. and
Bieman, K. (1979) Proc. Natl. Acad. Sci. USA 76, 5046-5050.

Kokoeva MV, Oesterhelt D. BasT, a membrane-bound transducer protein for amino
acid detection in Halobacterium salinarum. Mol Microbiol. 2000 Feb;35(3):647-56. doi:
10.1046/j.1365-2958.2000.01735.x. PMID: 10672186.

Kokoeva MV, Storch KF, Klein C, Oesterhelt D. A novel mode of sensory transduction
in archaea: binding protein-mediated chemotaxis towards osmoprotectants and amino
acids. EMBO J. 2002 May 15;21(10):2312-22. doi: 10.1093/emboj/21.10.2312. PMID:
12006484; PMCID: PMC125379.

Kolbe M, Besir H, Essen LO, Oesterhelt D. Structure of the light-driven chloride pump
halorhodopsin at 1.8 A resolution. Science. 2000 May 26;288(5470):1390-6. doi:
10.1126/science.288.5470.1390. PMID: 10827943.

Kottemann M, Kish A, lloanusi C, Bjork S, DiRuggiero J. Physiological responses of the

halophilic archaeon Halobacterium sp. strain NRC1 to desiccation and gamma

44



irradiation. Extremophiles. 2005 Jun;9(3):219-27. doi: 10.1007/s00792-005-0437-4.
Epub 2005 Apr 21. PMID: 15844015.

Kozlowski LP. Proteome-pl: proteome isoelectric point database. Nucleic Acids Res.
2017 Jan 4;45(D1):D1112-D1116. doi: 10.1093/nar/gkw978. Epub 2016 Oct 26. PMID:
27789699; PMCID: PMC5210655.

Kushner, D.J.; Kamekura, M. Physiology of halophilic eubacteria. In Halophilic Bacteria;
Rodriguez-Varela, F., Ed.; CRC Press: Boca Raton, FL, USA, 1988; pp. 109—-138.

Lanyi JK. Salt-dependent properties of proteins from extremely halophilic
bacteria. Bacteriol Rev. 1974;38:272—290. doi: 10.1128/br.38.3.272-290.1974.

Larsen H, Omang S, Steensland H. On the gas vacuoles of the halobacteria. Arch
Mikrobiol. 1967;59(1):197-203. doi: 10.1007/BF00406332. PMID: 5602456.

LiY-T, Tian Y, Tian H, Tu T, Gou G-Y, Wang Q, Qiao Y-C, Yang Y, Ren T-L. A Review
on Bacteriorhodopsin-Based Bioelectronic Devices. Sensors. 2018; 18(5):1368.
https://doi.org/10.3390/s18051368

M. Manikandan, L. PaSic, V. Kannan, Optimization of growth media for obtaining high-
cell density cultures of halophilic archaea (family Halobacteriaceae) by response
surface methodology, Bioresour. Technol. 100 (2009) 3107-3112.

M.F. Ghasemi, A. Shodjai-Arani, N. Moazami, Optimization of bacteriorhodopsin
production by Halobacterium salinarium PTCC 1685, Proc. Biochem. 43 (2008) 1077—
1082.

Madigan, M.T.; Oren, A. Thermophilic and halophilic extremophiles. Curr. Opin.
Microbiol. 1999, 2, 265-269

Manikandan, M., Kannan, V. & Pasi¢, L. Diversity of microorganisms in solar salterns
of Tamil Nadu, India. World J Microbiol Biotechnol 25, 1007-1017 (2009).
https://doi.org/10.1007/s11274-009-9980-y

45



Marqusee,S. and Sauer,R.T. (1994) Contribution of a hydrogen bond/salt-bridge
network to the stability of secondary and tertiary structures in lambda repressor. Protein
Sci., 3, 2217-2225.

Marwan, W. & Oesterhelt, D. (1987) J. Mol. Biol. 195, 333-342.

McCready S, Miller JA, Boubriak |, Berquist BR, Ng WL, DasSarma S. UV irradiation
induces homologous recombination genes in the model archaeon, Halobacterium sp.
NRC-1. Saline Syst. 2005 Jul 4;1:3. doi: 10.1186/1746-1448-1-3. PMID: 16176594;
PMCID: PMC1224876.

Mellado, E.; Ventosa, A. Biotechnological potential of moderately and extremely
halophilic microorganisms. In Microorganisms for Health Care, Food and Enzyme
Production; Barredo, J.L., Ed.; Research Signpost: Kerala, India, 2003; pp. 233—-256.

Mescher MF, Strominger JL. Purification and characterization of a prokaryotic
glycoprotein from the cell envelope of Halobacterium salinarium. J Biol Chem. 1976 Apr
10;251(7):2005-14. PMID: 1270419.

Mescher MF, Strominger JL. Purification and characterization of a prokaryotic
glycoprotein from the cell envelope of Halobacterium salinarium.J Biol
Chem. 1976;251:2005-2014

Mevarech,M., Frolow,F. and Gloss, L.M. (2000) Halophilic enzymes: proteins with a
grain of salt. Biophys. Chem., 86, 155-164.

Mevarecha,M., Frolowa,F., Glossb,L.M. (2000) Halophilic enzymes: proteins with a
grain of salt. Biophys. Chem., 86, 155-164.

Minegishi H, Echigo A, Shimane Y, Kamekura M, Tanasupawat S, Visessanguan W,
Usami R. Halobacterium piscisalsi Yachai et al. 2008 is a later heterotypic synonym of
Halobacterium salinarum Elazari-Volcani 1957. Int J Syst Evol Microbiol. 2012
Sep;62(Pt 9):2160-2162. doi: 10.1099/ijs.0.036905-0. Epub 2011 Nov 4. PMID:
22058320.

46



Naveen Sharma, Mohammad Samir Farooqi, Krishna Kumar Chaturvedi, Shashi
Bhushan Lal, Monendra Grover, Anil Rai, Pankaj Pandey, The Halophile Protein
Database, Database,Volume2014,2014,bau114, https://doi.org/10.1093/database/bau
114

Ng WV, Kennedy SP, Mahairas GG, Berquist B, Pan M, Shukla HD, Lasky SR, Baliga
NS, Thorsson V, Sbrogna J, Swartzell S, Weir D, Hall J, Dahl TA, Welti R, Goo YA,
Leithauser B, Keller K, Cruz R, Danson MJ, Hough DW, Maddocks DG, Jablonski PE,
Krebs MP, Angevine CM, Dale H, Isenbarger TA, Peck RF, Pohlschroder M, Spudich
JL, Jung KW, Alam M, Freitas T, Hou S, Daniels CJ, Dennis PP, Omer AD, Ebhardt H,
Lowe TM, Liang P, Riley M, Hood L, DasSarma S. Genome sequence of Halobacterium
species NRC-1. Proc Natl Acad Sci U S A. 2000 Oct 24;97(22):12176-81. doi:
10.1073/pnas.190337797. PMID: 11016950; PMCID: PMC17314.

Nieto, J.J.; Vargas, C. Synthesis of osmoprotectants by moderately halophilic bacteria:
Genetic and applied aspects. Recent. Res. Devel. Microbiol. 2002, 6, 403—418.

O.V. Nekrasova, A.N. Wulfson, R.V. Tikhonov, S.A. Yakimov, T.N. Simonova, A.l.
Tagvey, D.A. Dolgikh, M.A. Ostrovsky, M.P. Kirpichnikov, A new hybrid protein for
production of recombinant bacteriorhodopsin in Escherichia coli , J. Biotechnol. 147
(2010) 145-150.

Oesterhelt D, Stoeckenius W. Functions of a new photoreceptor membrane. Proc Natl
Acad Sci U S A. 1973 Oct;70(10):2853-7. doi: 10.1073/pnas.70.10.2853. PMID:
4517939; PMCID: PMC427124.

Oesterhelt D, Stoeckenius W. Rhodopsin-like protein from the purple membrane of
Halobacteriumhalobium. NatNewBiol. 1971;233:149-152.

Oesterhelt D. The structure and mechanism of the family of retinal proteins from
halophilic archaea. Curr Opin Struct Biol. 1998 Aug;8(4):489-500. doi: 10.1016/s0959-

440x(98)80128-0. PMID: 9729742.

47



Oesterhelt, D. (1976) AnEew. Chem. 15. 17-24.

Oren, A. Diversity of halophilic microorganisms: Environments, phylogeny, physiology,
and applications. J. Ind. Microbiol. Biotechnol. 2002, 28, 58—63.

Oren, A. Industrial and environmental applications  of  halophilic

microorganisms. Environ. Technol. 2010, 31, 825-834.

Oren2010IndustrialAE, Industrial and environmental applications of halophilic

microorganisms Aharon Oren Environmental Technology, 2010,31,825 — 834

Ovchinnikov YA, Abdulaev NG, Feigina MY, Kiselev AV, Lobanov NA. The structural
basis of the functioning of bacteriorhodopsin: an overview. FEBS Lett. 1979 Apr
15;100(2):219-24. doi: 10.1016/0014-5793(79)80338-5. PMID: 378693.

Ovchinnikov YuA. Rhodopsin and bacteriorhodopsin: structure-function relationships.
FEBS Lett. 1982 Nov 8;148(2):179-91. doi: 10.1016/0014-5793(82)80805-3. PMID:
6759163.

Pace,C.N. (1990) Conformational stability of globular proteins. Trends Biochem. Sci.,
15, 14-17.

Papke RT, Koenig JE, Rodriguez-Valera F, Doolittle WF (2004). "Frequent

recombination in a saltern population of Halorubrum". Science. 306 (5703)

Paul,S., Bag,S.K., Das,S. et al. (2008) Molecular signature of hypersaline adaptation:
insights from genome and proteome composition of halophilic prokaryotes. Genome
Biol., 9, R70

Pérez-Fillol M, Rodriguez-Valera F. Potassium ion accumulation in cells of different
halobacteria. Microbiologia. 1986 Oct;2(2):73-80. PMID: 3271061.

48



Pfeiffer F, Losensky G, Marchfelder A, Habermann B, Dyall-Smith M. Whole-genome
comparison between the type strain of Halobacterium salinarum (DSM 3754T) and the
laboratory strains R1 and NRC-1. Microbiologyopen. 2020;9:e974.
doi: 10.1002/mb03.974

PfeilLlW. (1986) Unfolding of proteins In: Hinz H.J. (ed). Thermodynamic Data for
Biochemistry and Biotechnology. Springer-Verlag, Berlin, pp. 349-376.

Plaga W, Lottspeich F, Oesterhelt D. Improved purification, crystallization and primary
structure of pyruvate:ferredoxin oxidoreductase from Halobacterium halobium. Eur J
Biochem. 1992 Apr 1;205(1):391-7. doi: 10.1111/j.1432-1033.1992.tb16792.x. PMID:
1555599.PMC3489707.

Pooja Singh, Shelly Singh, Neena Jaggi, Ki-Hyun Kim, Pooja Devi,Recent advances in
bacteriorhodopsin-based energy  harvesters and sensing  devices,Nano
Energy,Volume79,2021,105482,ISSN22112855,https://doi.org/10.1016/j.nanoen.2020
105482

Puthenveetil R & Vinogradova O, Optimization of the design and preparation of
nanoscale phospholipid bilayers for its application to solution NMR, Protein, 81 (7)
(2013)

R.H. Brown, J. Stevenson, Variation in the composition of a purified membrane fraction
from Halobacterium salinarum with the phase of growth, Antonie Van Leeuwenhoek 37
(1971) 89-99.

R.J. Henderson, The structure of the purple membrane from Halobacterium halobium:
analysis of the X-ray diffraction pattern, Mol. Biol. 93 (1975) 123— 138.

R.R. Birge, Photophysics and molecular electronic applications of the rhodopsins,
Annu. Rev. Phys. Chem. 41 (1990) 683-733.

49



Racker, E. and Stoeckeniis, W. (1974) J. Biol. Chem. 249,662-663.

Rosenshine |, Tchelet R, Mevarech M. The mechanism of DNA transfer in the mating
system of an archaebacterium. Science. 1989 Sep 22;245(4924):1387-9. doi:
10.1126/science.2818746. PMID: 2818746.

S.Y. Lee, H.N. Chang, Y.S. Um, S.H. Hong, Bacteriorhodopsin production by cell
recycle culture of Halobacterium halobium , Biotechnol. Lett. 20 (1998) 763— 765.

Saeedi P, Moosaabadi JM, Sebtahmadi SS, Mehrabadi JF, Behmanesh M, Mekhilef S.
Potential applications of bacteriorhodopsin mutants. Bioengineered. 2012 Nov-
Dec;3(6):326-8. doi: 10.4161/bice.21445. Epub 2012 Aug 16. PMID: 22895057;
PMCID: PMC3489707.

Salameh, M.; Wiegel, J. Lipases from extremophiles and potential for industrial
applications. Adv. Appl. Microbiol. 2007, 61, 253-283.

Sara M, Sleytr UB. S-Layer proteins. J Bacteriol. 2000 Feb;182(4):859-68. doi:
10.1128/JB.182.4.859-868.2000. PMID: 10648507; PMCID: PMC94357.

Satoshi Fukuchi, Kazuaki Yoshimune, Mamoru Wakayama, Mitsuaki Moriguchi, Ken
Nishikawa,Unique Amino Acid Composition of Proteins in Halophilic Bacteria,Journal
of Molecular Biology Volume 327, Issue 2,2003,Pages 347-357,

Sayers; et al. "Halobacterium”. National Center for Biotechnology Information (NCBI)
taxonomy database. Retrieved 2022-06-05

Sayers; et al. "Halobacterium". National Center for Biotechnology Information (NCBI)
taxonomy database. Retrieved 2022-06-05.

Shahmohammadi HR, Asgarani E, Terato H, Saito T, Ohyama Y, Gekko K, Yamamoto
O, Ide H. Protective roles of bacterioruberin and intracellular KCI in the resistance of
Halobacterium salinarium against DNA-damaging agents. J Radiat Res. 1998
Dec;39(4):251-62. doi: 10.1269/jrr.39.251. PMID: 10196780.

50



Shand, R.F., Betlach, M.C., 1991. Expression of the bop gene cluster of Halobacterium

halobium is induced by low oxygen tension and by light. J. Bacteriol.

Soppa J (2011). "Ploidy and gene conversion in Archaea". Biochem. Soc. Trans. 39
(1): 150—4. doi:10.1042/BST0390150.

Soppa J. Ploidy and gene conversion in Archaea. Biochem Soc Trans. 2011
Jan;39(1):150-4. doi: 10.1042/BST0390150. PMID: 21265763.

Spudich JL. Variations on a molecular switch: transport and sensory signalling by
archaeal rhodopsins. Mol  Microbiol. 1998;28:1051-1058.  doi: 10.1046/j.1365-
2958.1998.00859.x.

Spudich, E. N. & Spudich, J. L. (1982) Proc. Natl. Acad. Sci. USA 79, 4308-4312.

Spudich, E. N., Sundberg, S. A., Manor, D. & Spudich, J. L. (1986) Proteins: Struct.
Funct. Genet. 1, 239-246.

Spudich, J. L. & Bogomolini, R. A. (1984) Nature (London) 312, 509-513.

Stickle,D.F., Presta,L.G., DillLK.A. et al. (1992) Hydrogen bonding in globular proteins.
J. Mol. Biol. 226, 1143-1159.

Storch KF, Rudolph J, Oesterhelt D. Car: a cytoplasmic sensor responsible for arginine
chemotaxis in the archaeon Halobacterium salinarum. EMBO J. 1999 Mar
1;18(5):1146-58. doi: 10.1093/embo0j/18.5.1146. PMID: 10064582; PMCID:
PMC1171206.

Stuart ES, Morshed F, Sremac M, DasSarma S. Antigen presentation using novel
particulate organelles from halophilic archaea. J Biotechnol. 2001 Jun 15;88(2):119-28.
doi: 10.1016/s0168-1656(01)00267-x. PMID: 11403846.

51



Stuart, Elizabeth S.; Morshed, Fazeela; Sremac, Marinko; DasSarma, Shiladitya (15
June 2001). "Antigen presentation using novel particulate organelles from halophilic

archaea". Journal of Biotechnology. 88 (2): 119-128.

Szundi, I., Stoeckenius, W., 1987. Effect of lipid surface charges on the purple-to-blue
transition of bacteriorhodopsin. Biochemistry 84, 3681-3684

Takahashi, T., Mochizuki, Y., Kamo, N. & Kobatake, Y. (1985) Biochem. Biophys. Res.
Commun. 127, 99-105.

Takahashi, T., Tomioka, H., Kamo, N. & Kobatake, Y. (1985) FEMS Microbiol. Lett. 28,
161-164. University Press, London.

V. Thavasi, T. Lazarova, S. Filipek, M. Kolinski, E. Querol, A. Kumar, S. Ramakrishna,
E. Padros, V. Renugopalakrishnan, Study on the feasibility of bacteriorhodopsin as bio-
photosensitizer in excitonic solar cell: a first report, J. Nanosci. Nanotechnol. 8 (2008)
1-9.

Ventosa, A. Unusual microorganisms from unusual habitats: hypersaline environments.
In Prokaryotic Diversity-Mechanism and Significance; Logan, N.A., Lppin-Scott, H.M.,
Oyston, P.C.F., Eds.; Cambridge University Press: Cambridge, UK, 2006; pp. 223-253.

Von Hippel,P.H. and Schleich,T. (1969) The effects of neutral salts on the structure and
conformational stability of macromolecules in solution, In: Timasheff S.N. and Dasman
D. (eds). Structure and stability of biological macro molecules. MarcelDekker Inc., New
York, pp. 416-574.

Walsby AE. Gas vesicles. Microbiol Rev. 1994 Mar;58(1):94-144. doi:
10.1128/mr.58.1.94-144.1994. PMID: 8177173; PMCID: PMC372955.

Winter,J.A., Christofi,P., Morroll,S. et al. (2009) The crystal structure of Haloferax
volcanii proliferating cell nuclear antigen reveals unique surface charge characteristics
due to halophilic adaptation. BMC Struct. Biol., 9, 55.

52



Wolff, E., Bogomolni, R. A., Scherrer, P., Hess, B. & Stoeckenius, W. (1986) Proc. Natl.
Acad. Sci. USA 83, 7272-7276.

Y.S.Um, J.T. Park, S.Y. Lee, H.N. Chang, The effect of glycerol and growth conditions
on the production of bacteriorhodopsin by Halobacterium halobium R1, Kor. J.
Biotechnol. Bioeng. 12 (1997) 304—-308.

Yan, B., Cline, S. W., Doolittle, W. F. & Spudich, J. L. (1992) Photochem. Photobiol.
56, 553-561.

Yao, V. J. & Spudich, J. L. (1992) Proc. Natl. Acad. Sci USA 89, 11915-11919.
Zaccai, G. The effect of water on protein dynamics. Philos. Trans. R. Soc. Lond. B. Biol.
Sci. 2004, 359, 1269-1275.

Zeng, C., Zhu, J.C., Liu, Y., Yang, Y., Zhu, JY., Huang, Y.P., Shen, P., Investigation of
the influence of NaCl concentration on Halobacterium salinarum growth:

microcalorimetry and transmission electron microscopy. J Thermal Anal Calorim, 2006

Zhang W, Brooun A, Mueller MM, Alam M. The primary structures of the Archaeon
Halobacterium salinarium blue light receptor sensory rhodopsin Il and its transducer, a
methyl-accepting protein. Proc Natl Acad Sci U S A. 1996 Aug 6;93(16):8230-5. doi:
10.1073/pnas.93.16.8230. PMID: 8710852; PMCID: PMC38652.

53



