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Extreme halophilic archaea, like Haloferax volcanii, which thrive in hypersaline 

environments, are subject to intense UV irradiation in their natural habitats; however, the 

mechanisms underlying their superb tolerance to UV-induced cytotoxic DNA lesions, 

mainly cyclobutane pyrimidine dimers (Pyr<>Pyr) and pyrimidine – pyrimidone (6-4) 

photoproducts (Pyr [6-4] pyr), remain unclear. Among the various DNA repair pathways 

used by halophilic archaea, photoreactivation is the simplest and most efficient reversal 

mechanism. In this light-dependent process, the monomeric enzyme, photolyase, repairs the 

DNA lesion and causes the splitting of the cyclobutane ring via the absorption of visible 

light. This mechanism has been observed in several species of halophilic archaea, where 

light repair results in higher cell survival than dark repair. 

Annotation of the complete genome sequence of the UV-tolerant haloarcheon, 

Halobacterium sp. NRC-1 has identified 2 photolyase-like genes, phr 1 and phr 2 where 

knock-out studies have confirmed the function of the encoded Phr2 protein as a CPD 

photolyase. However, this protein has not been expressed and functionally characterized 

from any halophilic archaeon known to date. With this in mind, a project was designed to 

investigate the expression and function of the phr encoded proteins from Haloferax volcanii 

with the aim to elucidate their function in DNA repair. Haloferax volcanii is a halophilic 

archaeon that grows optimally at 42°C under pH7, and requires an optimum salt 

concentration between 1.5M -2.5M. 

Using the known phr gene sequences from Halobacterium sp. NRC-1, two putative gene 

homologues, phr1 and phr2, were identified from the unannotated Hfx. volcanii genome. 

Homology modelling to known photolyase structures of Escherichia coli and Anacystis 

nidulans was conducted where the hypothetical structure of the protein closely resembled a 

deavaflavin type of photolyase containing the 8-HDF chromophore. The putative genes 

were amplified and transformed into the native strain to observe an over-expression of the 

Phr proteins. Due to the low copy number of the vector used, protein expression was too 

low to be detected; this led to a modification scheme for the vector to include a polyhistidine 

tag upstream of the gene for Nickel affinity purification. This strategy resulted in the 

purification of a native protein, pitA, a reflection of the low expression of Phr2 in the native 

strain. Heterologous expression in E. coli hosts resulted in the production of inclusion 

bodies that required renaturation to re-gain the protein native conformation. The Phr2 

protein was purified, solubilised using 8M urea and refolded using various tested refolding 
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buffers. Circular dichroism spectroscopy revealed that the refolded protein has secondary 

structures with a high ratio of α-helixes. 

A novel in-vivo assay developed for detecting the UV-sensitivity of the native 

overexpression strain strongly confirmed a photoreactivating function of the phr2-encoded 

protein but not for the phr1-encoded gene product. A cell viability assay indicated that 

white light illumination resulted in higher cell numbers for the Phr2 strain post UV 

irradiation. Lastly, an immunoassay was used for the detection of photoreactivating activity 

of the re-folded protein and the native over-expression strain. Results indicated that while 

the re-folded protein did not exhibit repair, the native over-expression strain once again 

showed a white light enhancement of repair of dimers. 

These results and findings are discussed in context with the current literature on 

photoreactivation and DNA repair in other halophilic archaea. 
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IInnttrroodduuccttiioonn
 

1.1 Phylogeny and characteristics of archaea 

In 1962, Stanier and van Niel put forward the concept that all living organisms can 

be classified into either eukaryotes or prokaryotes based on differences in 

morphology, physiology and pathogenicity (Stanier and Van Niel 1962); however, 

many argued this classical view of taxonomy was inadequate in that the two groups 

did not represent true phylogentic distinctions and that it failed to establish 

meaningful evolutionary relationships used to group species into higher taxonomic 

orders. Owing to its remarkable degree of sequence conservation across all 

organisms, the gene encoding the small subunit ribosomal RNA (SSU rRNA) was 

used for the new classification system as proposed by Woese (Woese and Fox 1977). 

Using this emerging technique of nucleic acid sequencing, Woese found that a group 

of methane-generating anaerobic bacteria could not be classified under either of the 

two categories; hence, a new group of organisms, the Archaebacteria, was 

recommended to be given equal footing to both eukaryotes and bacteria (formerly 

Eubacteria) (Woese et al. 1990). They suggested that prokaryotes were much more 

diverse than originally thought, and that the phylogenetic structure needed to be re­

examined. 

It is now widely recognized that three evolutionarily distinct domains exist: the 

Bacteria, the Archaea, and the Eukarya (Figure 1.1). The discovery of eukaryotic 

traits in Archaea coupled with phylogenetic analyses using paralogue proteins led to 

the proposal that the root for the tree of life lies in the Bacterial domain (Zillig et al. 

1985; Gogarten et al. 1989; Iwabe et al. 1989; Brown and Doolittle 1995; Lawson et 

al. 1996; Brown et al. 1997; Gribaldo and Cammarano 1998; Labedan et al. 1999; 

Skophammer et al. 2007). Comparative methods using cellular and molecular 

biology also gave strong evidence for the bacterial rooting system, especially for 

Gram-negative bacteria (Cavalier-Smith 2002; Skophammer et al. 2007). The 

implication followed that the Bacteria branched first from the universal tree with 

Archaea and Eukarya as sister groups. 
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Figure 1.1: Universal Tree of Life 

This phylogenetic tree was constructed using ribosomal RNA sequences to illustrate 

the tripartite view of evolutionary divergence. A novel species of the Korachaeota 

has since been characterized. Reproduced from Allers and Mevarech (2005). 

Archaea have characteristics that are unique compared to the other two domains; this 

includes the different lipid structure within the membranes of the Archaea such as 

the presence of isoprenol ether lipids instead of ester linkages found in Bacteria and 

Eukarya (De Rosa et al. 1986). Some of the lipid biosynthetic enzymes are also 

different in Archaea (Chen and Poulter 1993). Nevertheless, Archaea share many 

features of both Bacteria and Eukarya. For instance, Archaea and Bacteria are 

similar in physical morphologies such as cell size, lack of nuclear membrane and 

organelles, and the presence of a large circular main chromosome sometimes 

accompanied by smaller circular DNA plasmids (Keeling et al. 1994). In terms of 
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metabolic diversity, most of the metabolic pathways discovered in Archaea, except 

for methanogenesis, are also found in Bacteria (Huber et al. 2000). Many 

operational proteins, such as those involved in primary and secondary metabolism, 

membrane receptors and transporters and cell division are also found to be very 

similar between the two prokaryotic domains (Koonin et al. 1997; Jain et al. 1999). 

In contrast, the Archaea genomes have shown to be very homologous to that of the 

Eukarya in the number of similar informational proteins encoded. This is most 

evident in the discovery that Archaea encode homologues of nearly all eukaryal 

DNA replication proteins, compared to just one homologue to the bacterial DNA 

replication proteins (Edgell and Doolittle 1997; Forterre 1999; Leipe et al. 1999). As 

it is often considered that informational proteins form the basis of any organism’s 

genome, they are less likely to be subjected to lateral gene transfer (LGT) and 

therefore, more representative of an organism’s actual history. This has been 

documented in some studies that demonstrated the lack of LGT of informational 

proteins between Archaea and Bacteria (Brochier et al. 2000; Brochier et al. 2002). 

Many archaea thrive in harsh environments, a feature that could be indicative of their 

ancestral evolutionary divergence. According to 16S rRNA sequence comparisons, 

the archaeal domain is currently organized into two major lineages: the 

Euryarchaeota (from the Greek “euryos” meaning diversity) and the Crenarchaeota 

(from the Greek “crenos” meaning spring or origin) (Woese et al. 1990). The 

Euryarchaeota included a mixture of methanogens, extreme halophiles, 

thermoacidophiles and a few hyperthermophiles; in contrast, the Crenarchaeota only 

included hyperthermophiles. This division of the Archaea was widely accepted due 

to the early discovery of fundamental differences in SSU rRNA oligonucleotide 

catalogues and RNA polymerase structures between species of the two phyla 

(Prangishvilli et al. 1982; Woese et al. 1984). Nevertheless, the discovery of 19 

additional archaeal sequences from a hot spring in Yellowstone National Park has 

since expanded the apparent diversity of Archaea. On the basis of PCR 

amplifications of 16S rRNA genes from environmental DNA, Korarchaeota was 

postulated as a possible third phylum within the Archaeal kingdom due to their 

unusually deep branching ribosomal RNA sequences in phylogenetic trees (Barns et 

al. 1996). The first member of the Korarachaeota with a proposed name, Candidatus 

Koarachaeum cryptofilum, was recently described to exhibit ultrathin filamentous 
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morphology (Elkins et al. 2008). However, the cultivation of any members of this 

proposed phylum in pure culture remains elusive. Furthermore, the cultivation of a 

novel nanosized hyperthermophilic archaeon from a submarine hot vent has led to 

the representation of a new phylum, Nanoarchaeota (Huber et al. 2002; Huber et al. 

2003). The named species, Nanoarchaeum equitans, grows anaerobically in nature 

and symbiotically with the crenarchaeon, Ignicoccus hospitalis, a new member of the 

genus Ignicoccus. Genomic sequences of both species have recently been published, 

allowing for the first time a comprehensive genomic analysis of this unique Archaeal 

association (Waters et al. 2003; Jahn et al. 2008; Podar et al. 2008; Forterre et al. 

2009). Lastly, Thaumarchaeota was proposed as a novel phylum based on the first 

genome sequence of a mesophilic crenarchaeote, Cenarchaeum symbiosum. It was 

shown to be different from the hyperthermophilic Crenarchaeota and formed deep 

branching before the speciation of the Crenarchaeota and the Euryarchaeota 

(Brochier-Armanet et al. 2008). 

The use of the genome-based approach to phylogenetics (phylogenomics) has greatly 

expanded in the past few years. This arose in part due to the increase in the number 

of genomes sequenced, and as a way to compensate for the sampling effects 

problems faced with using classical phylogenetic inference methods (Rokas et al. 

2003; Soltis et al. 2004; Delsuc et al. 2005). This genome-based approach has been 

used to identify archaeal-specific proteins that provide a novel insight into the 

evolutionary relationships among different groups within Archaea, specifically 

regarding the origin of methanogenesis (Sicheritz-Ponten and Andersson 2001; Gao 

and Gupta 2007). It has also highlighted a core of vertically inherited genes within 

Archaea, such as those coding for the flagellum, to provide a globally well-reserved 

picture of Archaeal evolution (Gribaldo and Brochier-Armanet 2006; Desmond et al. 

2007). Interestingly, it has also demonstrated the occurrences of rare horizontal gene 

transfer within lineages (Desmond et al. 2007; Forterre and Gadelle 2009). With the 

growing availability of the completed genome sequences from cultivated archaeal 

species as listed in a recent publication (Allers and Mevarech 2005), a 

phylogenomics approach provides a better understanding of the molecular 

evolutionary processes and serves as an important framework for tracking genomes 

of uncultivated archaea in complex communities. 
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1.2 Extremophiles 

Extremophiles are microorganisms that have evolved to exist in a number of 

different extreme environments. Macelroy first coined the term “extremophiles” 

more than three decades ago (Macelroy 1974). Since then, the progression of the 

study of these organisms has been steady; in 1996, the First International Congress 

on Extremophiles was convened in Portugal. A year later, the scientific journal, 

Extremophiles, was published. The emerging interest in the field was largely due to 

the isolation and cultivation of novel organisms from environments that were once 

considered incompatible with biological material and impossible to sustain life. This 

new-found appreciation for the diversity of microorganisms brings with it 

challenging concepts and ideas regarding the origin and evolution of life on Earth. 

The discovery of novel species and their cellular components also struck an interest 

in the biotechnology industry, offering new and potential applications in various 

fields. 

The majority of extremophiles belong to the phylum Archaea (Woese et al. 1990); 

however, extremophilic bacteria have also been described. Extremophiles include 

organisms adapted to high temperature of 55° to 121°C (thermophiles), low 

temperature of -2° to 20°C (psychrophiles), high acidity with a pH below 4 

(acidophiles), high alkalinity with a pH above 8 (alkaphiles) and high salinity 

between 2 and 5M NaCl (halophiles). Other classes exist, such as those adapted to 

high pressure (piezophiles), high levels of metal concentration (metallophiles) and 

high levels of radiation (radiophiles) (Madigan and Marrs 1997; Rothschild and 

Mancinelli 2001). Some of these extreme environments occupied include hot springs 

and geysers, deep sea environments, hypersaline environments, evaporites, desserts 

and high altitude glaciers. A few extremophiles also thrive in unusual conditions 

such as rocks buried deep beneath the surface of the Earth, areas of extreme dryness, 

low water and low oxygen supply. In addition, extremophiles can be found in 

environments with a combination of extreme conditions, such as thermoacidophiles, 

capable of surviving both high temperature and low pH. 

The advances made in the field of genomics and proteomics have vastly increased 

the number of identified gene products based on comparison with gene sequences of 
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proteins of known functions from other organisms. These enzymes, or 

extremozymes, produced from extremophilic species offer several potential uses in 

the biotechnology sector (Hough and Danson 1999). Specific archaeal metabolites 

have also been purified and characterized, some of which have potential industrial 

uses. As the majority of enzymes used to date have been isolated from mesophilic 

organisms, their applications are restricted by their limited stability to extreme 

conditions. The harsh conditions of many industrial processes also call for 

biocatalysts that can withstand these conditions. Thus, the availability of a growing 

number of completed genomes, along with improved annotation techniques, will 

provide means of uncovering novel, archaeal extremozymes. With their extreme 

stability and activity, these enzymes offer new opportunities for biocatalysis and 

biotransformation. Some of these potentially useful extremozymes include 

cellulases, amylases, xylanases, proteases, pectinases, keratinases, lipases, esterases, 

catalases, peroxidases and phytases (Eichler 2001; Gomes and Steiner 2004). The 

improvements in the techniques for cultivation in pure cultures and large scale 

production for industrial uses, along with better molecular biology tools for the 

cloning and expression of the genes in mesophilic hosts, will certainly increase the 

biocatalytic applications of extremozymes. The unraveling of new metabolic 

pathways in the Archaea may further increase the diversity of the enzymes available, 

thus contributing to the pool of extremozymes available to meet the growing 

industrial and biotechnological demand and interest of these proteins. 

1.3 Halophilic archaea 

1.3.1 Taxonomy of halophilic archaea 

The pioneering work of the late Professor Benjamin Elazari-Volcanii on the studies 

of the microflora of the Dead Sea revolutionized the way microbiologists viewed the 

Dead Sea as a completely sterile environment in the early 1900s. It was found to be 

a breeding ground for numerous prokaryotic and unicellular eukaryotic species, 

including the most abundant halobacteria whose cell density can reach 10
7 

cells per 

ml. Traditionally, the term “halobacteria” referred to all extremely halophilic 

microorganisms, including both halophilic bacteria and halophilic archaea. In 1974, 

Gibbons established the family Halobacteriaceae to accommodate the genera, 

Halobacterium and Halococcus (Gibbons 1974). In the modernized version of 
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taxonomy and terminology, those that belong in the archaeal domain fell into a 

single order, Halobacteriales, and family Halobacteriaceae (Grant and Larsen 

1990). Haloarchaea is the common named applied to members of this class, and 

consists of the extremely halophilic archaea. The Halobacteriaceae family now 

includes 27 genera as of September 2008, where the 3-letter abbreviation system is 

currently in use (Oren and Ventosa 2000; Oren et al. 2009). A most up-to-date 

account of the taxa including some relevant references for each genus can be found 

online (http://www.the-icsp.org/taxa/halobacterlist.htm). The 27
th 

genus, which is 

not shown on the page, is derived from the discovery of a novel halophilic archaeon, 

Halosarcina pallida, where comparisons of various nature suggests that it represents 

a member of a new genus (Savage et al. 2008). 

Most genera are found in salterns and salt lakes, where the pH, salinity, temperature 

and the concentration of various ions vary from high to low for these environments, 

contributing to the different requirements of the halobacteria (Oren 2002). For 

instance, Natrinema pellirubrum was isolated from an unused saltern with a low salt 

concentration of 0.2M NaCl, while the majority of the halobacteriaceae species 

require a minimum concentration of 1.8M NaCl in their saline habitats (McGenity et 

al. 1998). In terms of ion requirement, the haloalkaphilic archaeon, Halalkalicoccus 

tibetensis, flourishes in the alkaline chloride-sulfate salt lake of Zabuye with a pH 

optimum of 9.5, where Mg ions are not required for growth (Xue et al. 2005). On 

the other hand, Halogeometricum borinquense, an isolate from a solar saltern in 

Puerto Rico, requires 40-80mM of Mg for maintaining its growth (Montalvo-

Rodriguez et al. 1998). Halobacteria have also been isolated from habitats other than 

salterns and salt lakes. For example, Natrialba asiatica was discovered from a 

survey of dry beach sands with granular salts attached (Kamekura et al. 1997). 

Meanwhile, crystals of Halosimplex carlsbadense were removed from an 

unsterilized rock salt taken from a Permian-aged Salado Formation (Vreeland et al. 

2002). 

With the increase in the number of sites examined comes the discovery of new 

Halobacteriaceae genera and species as well as information on their diversity. 

Halorubrum cibi sp. nov., isolated from salt-fermented seafood, is an example of a 

newly characterized strain with identified genotypic and phenotypic differences from 
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the other Halorubrum species (Roh and Bae 2009). Similarly, novel species of the 

Natrinema genus, Natrinema gari sp. nov., and of the Halobacterium genus, 

Halobacterium piscisalsi sp. nov., were discovered from salt-fermented fish products 

(Tapingkae et al. 2008; Yachai et al. 2008). Some novel, unclassified species that 

bear possible lineages to members of the Halobacteriaceae family have also been 

documented from sites such as the former Saltern Lake Tescoco in Mexico 

(Valenzuela-Encinas et al. 2008). More important, however, is the correlation 

between increased microbiodiversity in hypersaline environments and the constant 

changing condition of these environments as observed in the Great Salt Plains of 

Oklahoma and the hypersaline lakes in Egypt (Mesbah et al. 2007; Caton et al. 

2009). 

1.3.2 Physiology of halophilic archaea 

Halophilic and halotolerant microorganisms exist in all three domains of life (Oren 

2002). Species of the archaeal domain can be distinguished from the other two 

domains by their vastly different membrane lipid structure and composition. 

Archaeal lipids are characterized by ether linkages and isoprenoid chains, which is in 

constract to ester linkages and straight fatty-acid chains of bacteria and eukarya (De 

Rosa et al. 1986; Sprott 1992; Kates 1993). In terms of composition, the membranes 

of extremely halophilic archaea contain several unique characteristics that vary little 

between genera, such as the absence of phospholipids with ethanolamine, inositol 

and serine head groups (Kamekura and Seno 1990). Some of the lipid biosynthetic 

enzymes are also different in Archaea. For example, distinct farnesyl diphosphate 

(FPP) and geranylgeranyl diphosphate (GGPP) enzymes are found in eukaryotes, 

whereas a single bifunctional enzyme exists in archaea (Chen and Poulter 1993). A 

further distinction can be made by their adaptation strategies to environments of high 

salinity. To balance the high external osmotic pressure, bacteria either obtain 

organic solutes through uptake in the environment, or by the synthesis of compatible 

osmolytes, de novo or from storage material (Oren 1999). These compatible solutes 

or osmolytes usually consist of amino acids and polyols, such as glycine betaine, 

ectoine, sucrose, trehalose and glycerol, all of which do not disrupt metabolic 

processes and have no net charge at physiological pH (DasSarma and Aurora 2002). 

Extreme halophilic archaea, however, maintain osmotic balance by the accumulation 
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of KCl equal to the external concentration of NaCl through osmoregulation, where 

their membranes are adapted to a low proton and sodium permeability at high salt 

concentrations (van de Vossenberg et al. 1999; Margesin and Schinner 2001). 

Hypersaline environments are generally defined as those with a salt concentration in 

excess of sea water. These include naturally-occuring hypersaline lakes such the 

Great Salt Lake in Utah, USA, and the Dead Sea in Israel, Jordan and the West 

Bank, two of the largest and best-studied habitats for halophilic microorganisms. 

Near the coastal areas, many small, hypersaline evaporations are found; examples of 

these include the Ras Muhammad Pool near the Red Sea coast, Guerrero Negro on 

the Baja Califormia coast, and the Deep Lake of Antarctica. Alkaline hypersaline 

soda brines can also be found in Egypt, Kenya and the United States. Lastly, 

artificial solar salterns have been constructed to produce sea salts, where a high cell 

density (10
7 

ml
-1

) of Halobacterium species is commonly observed (DasSarma and 

Aurora 2002). 

Most halophilic archaea are strict aerobes or facultatively anaerobic, 

chemoorganotrophs, found ubiquitously in hypersaline brines (Dundas 1977; 

Hartmann et al. 1980; Rodriguez-Valera 1988). Reports of anaerobic growth have 

also been documented for some halophilic archaea (Hartmann et al. 1980), either 

using nitrate as an alternative electron acceptor (Mancinelli and Hochstein 1986; 

Oren and Truper 1990; Wanner and Soppa 1999) or by fermentative L-arginine 

utilization (Oren and Truper 1990; Ruepp and Soppa 1996). Other sources of 

electron acceptors include dimethylsulfoxide, trimethylamine N-oxide and fumarate. 

Most halophilic archaea grow at near neutral pH between 7.2 and 7.5, whereas the 

alkalophilic haloarchaea grow optimally between pH 8.5 and 10. Halophilic 

microorganisms are classified according to their response to salt; extreme halophilic 

archaea grow best at a salt concentration of 2.5-5.2M. It was found that when 

suspended in a solution of less than 1-2M salt, cells were irreversibly damaged, and 

many species started to lyse (Oren 2006). 

The temperature optima for most strains of the halophilic archaea occur between 

30°C and 50°C (Oren 2001). Interestingly, the Antarctic isolate, Halorubrum 
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lacusprofundi, grows optimally between 31° C and 37° C, whereas for eight months 

the temperature of the Deep Lake is less than 0°C (Franzmann et al. 1988). A recent 

study of 14 genera of Halobacteriaceae revealed that the temperature optima for 

maximum growth rates occurred between 49°C and 58°C; this is not surprising given 

that many haloarchaea are exposed to high temperatures in their natural habitats 

(Robinson et al. 2005). Oxygen solubility decreases with an increasing level of salt, 

especially at raised temperatures. To overcome the problem with limited oxygen for 

respiration, halophlic archaea have adapted to slow growth rates, coupled with an 

efficient terminal oxidase for catalyzing reactions with molecular O2 (Dyall-Smith 

2008). 

A special feature of the halophiles is their purple membrane, a specialized region of 

the cell membrane which contains bacteriorhodopsin (bR). Bacteriorhodopsin is a 

protein (bacterioopsin)-chromophore (retinal) complex, which serves as a light-

driven proton pump first discovered in Halobacterium salinarum (Oesterhelt and 

Stoeckenius 1971; Oesterhelt and Stoeckenius 1973). This proton pump is induced 

by high light intensity and low oxygen tension; a flash of light was shown to induce 

a transient shift of its absorption maximum, accompanied by release and uptake of 

protons as well as reduced O2 consumption. When exposed to light and devoid of 

any energy sources, starved and anaerobic cells that contain purple membrane are 

able to generate and maintain a proton gradient across their cell membranes 

(Oesterhelt and Stoeckenius 1973). This generated membrane potential can be used 

to drive ATP synthesis and to support a period of phototrophic growth. 

Another interesting feature of the halophilic archaea is the production of carotenoid 

pigments which gives them a characteristic orange to red colour. These pigments 

were suggested to stimulate an active photorepair system for the repair of UV-

induced thymine dimers (Dundas and Larsen 1963). Some halophilic archaea also 

have buoyant gas vesicles that enable the cells to float to the more oxygenated 

surface layers as these microorganisms are primarily aerobes that occupy 

concentrated brines where oxygen solubility is low (Walsby 1994; DasSarma and 

DasSarma 1997). This also allows for the purple membrane-mediated 
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photophosphorylation to occur with the availability of light (Clark and Walsby 

1978). 

Halophilic archaea exist as cocci, rods, flat discs (Halococcus), squares (Haloferax), 

rectangles (Halobacterium) and triangles (Haloarcula) (Grant et al. 2001). The 

various cell shapes are as shown in Figure 1.2. With the exception of the halocci, 

these species lack rigid cell walls and instead contain a single layer of glycoprotein 

called the surface layer, or S-layer. This was demonstrated as early as 1956 for 

Halobacterium salinarum, where subsequent studies using other archaeal species 

have also confirmed such observations (Houwink 1956; Lechner and Sumper 1987; 

Lechner and Wieland 1989; Messner 1997). All known S-layer glycans, with one 

exception, consist of short, linear chains of up to ten sugar residues. The only long 

glycan, a heavily sulfated heteropolysaccharide, was found in Halobacterium 

salinarum. These glycan chains are linked to the S-layer polypeptide by N-

glycosidic linkages. The subunits of the S-layer are held together by divalent cations 

Mg
2+

, and can be completely removed by treating the cells with EDTA (Messner 

1997). The biological function of the glycoprotein in haloarchaea is one related to 

maintaining cell structure; it has been demonstrated that upon removal of the N-

glycosidic linkages, the rod shaped Halobacterium salinarum changed its structure 

to round spheres and that the process is irreversible (Mescher and Strominger 1976). 

Figure 1.2: Various cell morphologies of halophilic archaea found in salt lake 

water. From left to right: square, discs, triangles and rod shaped halophiles. 

Reproduced from Dyall-Smith (2008). 
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In 1980, a square halophilic archaeon, Walsby, was described in water samples taken 

from a hypersaline pool near the Red Sea (Walsby 1980). These cells were 

extremely thin squares which contained gas vesicles, and formed extended sheets. 

The cells were of special interest due to their unique shape and their abundance in 

hypersaline waters. It was not until recently that the first isolates subsequently 

named Haloquadratum walsbyi, were obtained in pure culture by two independent 

groups (Bolhuis et al. 2004; Burns et al. 2004; Walsby 2005). In 2007, two 

different isolates were determined, where phylogenetic and phenotypic 

characteristics indicated that they belong to a novel species and a new genus within 

the Halobacteriaceae family (Burns et al. 2007). Wasby’s square halophilic 

archaeon is shown in Figure 1.3. 

Figure 1.3: Waslby’s square halophilic archaeon (a): cells examined by phase 

contrast microscopy; (b): the same field viewed by epifluorescence microscopy 

after acridine orange staining. Reproduced from Burns et al. (2004). 

1.3.3 Genomics and functional genomics of halophilic archaea 

The genome of Halobacterium sp. NRC-1 was published in 2000 (Ng et al. 2000); 

subsequently, the genome project for a related type strain Halobacterium salinarum 

was also completed (Pfeiffer et al. 2008). Comparison of the two genomes revealed 

that while the main chromosome is virtually identical, the many smaller replicons 

ared very different. In 2004, the genome sequence of Haloarcula marismortui was 

published (Baliga et al. 2004) and the genome sequence of Haloferax volcanii can 

currently be found on the UCSC website (http://archaea.ucsc.edu/cgi­

bin/hgGateway?db=haloVolc1). Furthermore, sequences of over 1000 random 

genomic clones of Ha. marismortui and three additional species, Natrialba asiatica, 

Halorubrum lacusprofundi, and Halobaculum gomorrense, have been reported (Goo 
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et al. 2004). The sequences of both Natronomonas pharaonis (Falb et al. 2005) and 

Haloquadratum waslbyi (Bolhuis et al. 2006) have since been published. 

The common feature shared amongst all haloarchaea includes a major chromosome 

with a high GC rich content of 63% up to 70%. Some of the smaller replicons of 

Halobacterium haloarcula and Haloferax volcanii contain essential genes; thus, it is 

possible that the occurrence of additional chromosomes may be a common 

phenomenon. All proteins have a very low isoelectric point, an adaptation to the 

high salt concentration of the cytoplasm. It is also apparent that some genes are 

present in multiple copies in haloarchaea, whereas in other archaea they are single-

copy genes. Until very recently, prokaryotic chromosomes are believed to contain a 

single origin of replication; therefore, the discovery that Sulfolobus solfataricus 

contains three and Aeropyrum pernix contains two origins of replications was 

surprising (Robinson et al. 2004; Robinson and Bell 2007). For Halobacterium 

salinarum, it has been proposed that two replication origins exist; however, in vivo 

analysis of three putative replication origins could only verify the in vivo function of 

one chromosomal site (Berquist and DasSarma 2003). On the other hand, the in vivo 

activity of three replication origins on the major chromosome has been demonstrated 

in Haloferax volcanii, with two origins on an additional replicon (Norais et al. 2007). 

A further commonality lies in the existence of transducers found in all species, an 

indication that halophiles are capable of sensing and reacting to a wide variety of 

environmental signals consistent with their high metabolic versatility (Soppa 2006). 

The use of both Haloferax volcanii and Halobacterium salinarum allows for the 

transfer of biological processes from one to another, leading to the identification of 

all essential elements. As an example, using complementation studies, the complete 

gas vesicle biosynthesis pathway was successfully transferred from Halobacterium 

to Haloferax, which is naturally devoid of gas vesicle genes (Offner and Pfeifer 

1995). Recent reports include characterization of a regulatory system for gas vesicle 

formation in Halobacterium mediterranei (Zimmermann and Pfeifer 2003), and of 

the translational initiation at gvp transcripts (Sartorius-Neef and Pfeifer 2004; 

Scheuch et al. 2008). 
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The development of DNA microarrays for both Haloferax volcanii and 

Halobacterium salinarum has been extremely useful in characterizing the regulation 

of metabolic pathways and protein complexes in response to changes in 

environmental conditions, allowing for the parallel investigation of all genes 

involved. These have been applied to studies in the genome-wide characterization of 

energy metabolism regulation, stress responses and differences between wild types 

and mutants (Soppa et al. 2008). Energy metabolism studies include those of 

phototropic and aerobic growth, (Baliga et al. 2002; Zaigler et al. 2003; Twellmeyer 

et al. 2007), anaerobic respiration (Muller and DasSarma 2005), characterization of 

cellular responses to sudden anaerobiosis (Schmid et al. 2007), and the elucidation of 

a pentose degradation pathway (Schönheit and Soppa, unpublished data). The 

characterization of global stress responses include the exposure to UV irradiation 

(Baliga et al. 2004; McCready et al. 2005), to gamma radiation (Whitehead et al. 

2006), to transition metals (Kaur et al. 2006), to various temperatures and salinities 

(Coker et al. 2007) and to phosphate limitation (Wende et al. 2009). The mutants 

versus wild type studies include radioresistant mutants generated by random 

mutagenesis (DeVeaux et al. 2007) and the construction of isogenic in frame 

deletion mutants (Coker and DasSarma 2007; van Ooyen and Soppa 2007; Dambeck 

and Soppa 2008; Tarasov et al. 2008). 

Proteomic analyses are also available for halophilic archaea, notably Halobacterium 

salinarum, Haloferax volcanii and Natronomas pharaonis. Compared to 

transcriptome analysis, however, proteomic analyses are much less comprehensive, 

meaning that several approaches have to be combined to produce a high coverage of 

the theoretical proteome. With proteomic studies, the major aims are to establish a 

sound methodology and to identify all the proteins produced by the respective 

species; this forms the basis for half of the publications in this area. For 

Halobacterium salinarum, the cytosolic proteome (Tebbe et al. 2005), membrane 

proteome (Klein et al. 2005) and low molecular weight proteome (Klein et al. 2007) 

as well as a large scale study of N-terminal peptides (Aivaliotis et al. 2007) have 

been established, making it a reference species for proteomics research. Recently, 

the approach has shifted to studying gene expression at the protein level using 

qualitative comparisons under two different conditions. This includes identification 

of proteins induced by heat shock (Shukla 2006), salinity-mediated regulation of the 
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stress response protein (Bidle et al. 2008), membrane protein during phototrophic 

and aerobic growth (Bisle et al. 2006), the induction of proteins in presence and 

absence of oxygen or isopropyl alcohol (Ha et al. 2007; Schmid et al. 2007), 

characterization of proteosome function (Kirkland et al. 2007; Kirkland et al. 2008) 

and a large-scale study of posttranslational modification of proteins (Falb et al. 

2006). 

1.4 Haloferax volcanii 

Haloferax volcani (Hfx. volcanii), an obligate halophile, was first isolated from the 

bottom sediment of the Dead Sea in 1975 (Mullakhanbhai and Larsen 1975). It 

belongs to the family Halobacteriaceae, and was previously described as 

Halobacterium volcanii sp. nov. It is disk-shaped, and in the presence of salt it 

becomes cup-shaped. Hfx. volcanii is a chemoorganotroph, and grows aerobically in 

both complex and minimal media (Mevarech and Werczberger 1985). It has a salt 

requirement between 1.5M and 2.5M; whilst it will grow at 37° C, the optimal 

temperature is 42° C. A recent survey of growth kinetics of various halophilic 

archaea shows that Hfx. volcanii can withstand a maximum temperature of 49° C, 

where growth was unsustainable above this temperature (Robinson et al. 2005). The 

completed genome project indicates that the Hfx. volcanii DS2 genome is 4.01 

million base pairs long, and contains approximately 4209 predicted genes. The 

genome has a multireplicon structure consisting of a main chromosome of 2.9 Mb 

and four smaller replicons: pHV1, pHV2, pHV3 and pHV4 (Charlebois et al. 1991). 

The continuing interest in halophilic organisms has led to the development of 

biochemical, genetic, genomic and cell biology tools for use in the presence of the 

physiological high salt concentrations of the haloarchaeal cytoplasms. As such, 

halophilic archaea have developed into excellent model organisms for the study of 

archaeal biology. Hfx. volcanii, especially, has some of the best genetic tools 

available, including the first archaeal transformation system (Cline et al. 1989). 

More recently, an efficient gene-knockout system called the “pop-in-pop-out 

method” for making in-frame deletions of genes and to exchange chromosomal 

genes with mutant variants was developed (Bitan-Banin et al. 2003). A number of 

plasmids have been constructed containing antibiotic resistance genes for selection 
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(Lam and Doolittle 1989; Holmes and Dyall-Smith 1990; Holmes et al. 1994). 

These plasmids have been further refined to include integrating and shuttle vectors 

based on 4 different selection markers: pyrE2, leuB, trpA, and hdrB (Allers et al. 

2004). This method allows for the introduction of recombinant DNA fragments into 

the chromosome and the deletion of the native copy by both positive and negative 

selection using designed host strains and plasmids. A complementation system has 

been reported based on designed mutants with an inactivated essential function. This 

leads to the identification of the function of novel, hypothetical proteins able to 

complement the missing function (Levin et al. 2004). A plasmid containing a tightly 

controlled promoter of the tryptophanase gene was recently characterized for Hfx. 

volcanii; this is useful in studies of complementation and depletion of essential gene 

products (Large et al. 2007). A reporter system using the β-galactosidase gene has 

also been described previously for both Hfx. volcanii and Halobacterium salinarum 

(Holmes and Dyall-Smith 2000; Patenge et al. 2000). More recently, Hfx. volcanii 

has been used to search for the additional existence of sRNAs (small non-coding 

RNAs) in archaeal genomes using bioinformatics and Rnomics approaches and the 

availability of both transformation and gene knockout system (Soppa et al. 2009; 

Straub et al. 2009). 

1.5 Halophilic enzymes 

Due to the high intracellular salt concentration accumulated within halophilic 

archaea, all cellular components must be adapted to function under such condition. 

Halophilic enzymes are no exception; the interest in the salt dependence, stability 

and catalytic properties of these enzymes has been a well sought-after area of 

research. Halophilic enzymes display a remarkable instability in low solvent salt 

concentrations, and are usually only stable in solvents of very high salt 

concentrations, under which most proteins from the non-halophilic organisms are 

likely to unfold or precipitate (Eisenberg and Wachtel 1987). Consequently, 

heterologous expression of halophilic proteins in Escherichia coli, such as the Hfx. 

volcanii citrate synthase, often results in soluble but inactive enzymes that require 

reactivation by the addition of high salt. More likely, however, is the formation of 

insoluble aggregates that require re-solubilization through unfolding with a 

chaotropic agent, followed by refolding in high salt concentrations (Connaris et al. 
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1999). Examples of this include the Hfx. volcanii dihydrolipoamide dehydrogenase, 

the NADP-dependent isocitrate dehydrogenase and the Hfx. mediterranei NAD-

glutamate dehydrogenase (Connaris et al. 1999; Camacho et al. 2002; Diaz et al. 

2006). 

Studies on the amino acid composition of halophilic enzymes have shown a higher 

proportion of acidic over basic residues (Lanyi 1974; Rao and Argos 1981; 

Benachenhou and Baldacci 1991). A statistical analysis of over 26 halophilic 

proteins has confirmed the acidic nature of these proteins, showing a reduction of 

lysine residues and an increase in small, hydrophobic ones, i.e. glycine, valine, and 

alanine (Madern et al. 1995). The relationship between acidic residues and salt 

binding was first suggested using a stabilization model of tetrameric malate 

dehydrogenase (MalDH) from Haloarcula marismortui (Zaccai et al. 1989; Bonnete 

et al. 1993). It has been proposed that the excess of acidic residues, predominantly 

located on the enzyme surface, leads to the formation of a hydration shell that 

protects the enzyme from aggregation in its highly saline environment. This is due 

to the superior water-binding capabilities of these acid groups, allowing the protein 

to compete with salt ions for free water at high salt concentrations (Frolow et al. 

1996). This has been demonstrated from various halophilic enzymes such as malate 

dehydrogenase, 2Fe-2S ferrodoxin, dihydrofolate reductase, catalase peroxidase and 

a novel dodecameric flavin binding protein (Dym et al. 1995; Frolow et al. 1996; 

Pieper et al. 1998; Yamada et al. 2002; Bieger et al. 2003). 

A second characteristic of the surface of halophilic enzymes that may contribute to 

their resistance to high salt concentration is the display of a significant reduction of 

hydrophobicity and accumulation of negative charges. This view was first 

demonstrated using a modeled structure of Hfx. volcanii dihydrofolate reductase, 

which showed clustering of acidic residues on the surface of the enzyme (Bohm and 

Jaenicke 1994a; Bohm and Jaenicke 1994b). It was proposed that the electrostatic 

repulsion of the clusters of acidic residues can only be tolerated at high salt 

concentrations. A decrease in salt concentration leads to the destabilization of the 

protein until it is completely unfolded. This, however, can be offset by a decrease in 

the pH of the solution, leading to the protonation of the acidic groups and thus 

reducing the unfavourable electrostatic interactions. A theoretical approach to the 
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study of this pH-dependence of stability has recently been reported (Elcock and 

McCammon 1998). 

1.6 Tolerance to UV radiation 

In their natural habitats, halophilic archaea are exposed to intense sunlight where the 

cells receive substantial doses of ultraviolet (UV) irradiation. Ultraviolet radiation 

induces the formation of thymine dimers within the DNA, blocking replication and 

transcription, thus affecting the viability of the organism (Friedberg et al. 1995). 

Halophilic archaea, however, are superbly adapted to such UV intense environments, 

leading to the suggestion that numerous repair pathways must be in place. The use 

of Halobacterium as a model species has paved the way to the elucidation of some 

evolutionary conserved repair systems that are present in all three domains, as well 

as specialized mechanisms that allow the halophilic archaea to flourish under 

constant UV irradiation. 

UV irradiation causes inducible responses in all organisms known to date. This 

results in an upregulation of gene expression to allow for the repair of DNA lesions. 

The changes in gene expression in reponse to UV damage due to UV and other 

environmental stresses have been collectively termed the SOS response. In bacteria, 

the RecA and LexA gene products coordinate the upregulation of more than 20 

genes, including recA, uvrABC, sulA, umuCD, lexA, and ruvAb (Courcelle et al. 

2001; Quillardet et al. 2003). In eukaryotes, various genes are also upreguated in 

reponse to UV damage; however, no equivalent bacterial SOS response has been 

detected (Cline and Hanawalt 2003). While an earlier report indicated the possible 

presence of an SOS-like response in the hyperthermophilic archaeon Pyrococcus 

(Bouyoub et al. 1995), it has since been recognized that the classical bacterial SOS 

response is absent in archaea . This is demonstrated by Baliga et al., where, with the 

exception of a moderate increase in radA1 mRNA expression, no coordinated change 

in the required repair genes was observed with UV exposure in Halobacterium sp. 

NRC-1 (Baliga et al. 2004). A study by McCready and colleagues also showed that 

neither eukaryotic nor prokaryotic excision repair genes were induced post UV and 

there was a lack of an SOS-like reponse. However, radA1 was shown to be highly 

induced along with numerous other genes involved in homologous recombination 
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(McCready et al. 2005). Furthermore, a core set of genes, including RadA1, was 

shown to be consistently up-regulated after exposure to biologically relevant low 

UV-B doses of UV in Halobacterium sp. NRC-1. Results indicated that in 4 of the 

up-regulated genes, an 11-base pair motif upstream of the TATA box regulator was 

found, suggesting its role as a binding site for a transcriptional regulator involved in 

their response to UV damage (Boubriak et al. 2008). 

In S. solfataricus, genome-wide transcriptional studies have indicated that no genes 

involved in the direct repair of DNA damage were upregulated strongly, again 

suggesting that the typical SOS response is not found in Archaea (Frols et al. 2009). 

In another microarray study with both S. solfataricus and S. acidocaldarius, while 

there was a clear transcriptional response to DNA damage causing the down-

regulation of DNA replication machinery and an up-regulation of the biosynthetic 

enzyme for beta carotene production, no induction of DNA repair proteins were 

observed (Gotz et al. 2007). However, conficting results were observed in Salerno et 

al., where exposure to UV induced transcriptional regulation of potentially NER 

associated genes (Salerno et al. 2003) and recently an active NER system has been 

demonstrated (Dorazi et al. 2007; Romano et al. 2007). Nucleotide excision repair 

(NER) is a light independent repair pathway common to both bacteria and 

eukaryotes for the removal of UV-induced lesions. In addition, bacterial NER gene 

homologs have also been identified in both M. thermautotrophicus and 

Halobacterium sp. NRC-1 where the requirement for the repair genes in removing 

UV induced lesions has been demonstrated (Ogrunc et al. 1998; Crowley et al. 

2006). 

Of all the genes potentially required for DNA repair, only those belonging to the 

rad50/mer11 operon showed slight upregulation due to UV in S. solfataricus (Frols 

et al. 2007; Gotz et al. 2007). These are homologous to eukaryotic and bacterial 

proteins involved in double stranded break (DSB) repair via homologous 

recombination. The suggestion that homologous recombination plays an essential 

role in the UV-induced response has been demonstrated in Halobacterium sp. NRC­

1, where, upon UV irradiation, the radA1 transcript was induced to a high level. 

RadA1, which has been shown to cause severe UV sensitivity in Hfx. volcanii when 

it is knocked out (Woods and Dyall-Smith 1997), is the archaeal homolog of 
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RecA/Rad51 that catalyzes strand invasion and exchange during homologous 

recombination (McCready et al. 2005). 

Ultraviolet radiation induces the formation of dimers, or kinks, within DNA as 

illustrated in Figure 1.4. Of the two major types of lesions, cyclobutane pyrimidine 

dimers (Pyr<>Pyr), or CPDs, arise due to the C-C between two adjacent pyrimidines 

and constitutes the majority of photoproducts formed (80-90%). The second major 

lesions are the pyrimidine – pyrimidone (6-4) photoproducts (Pyr [6-4] pyr), which 

are formed by the bonding of the C6 and C4 positions of two adjacent pyrimidines. 

Figure 1.4: Structures of UV-induced DNA photoproducts. Cyclobutane pyrimidine 

dimers (T<>T) and pyrimidine (6-4) pyrimidone photoproducts (T[6-4]T). 

Reproduced from Sancar (2003). 

Lesions in DNA induced by UV radiation are repaired by two broad pathways: light-

dependent photoreactivation repair or light-independent dark repair (mainly through 

nucleotide excision repair). Among archaea, light-dependent photoreactivation has 

been demonstrated to be most efficient in repairing UV damage. In this process, a 

single, monomeric enzyme, a photolyase, directly photoreverses the UV-induced 

dimer through an electron transfer cycle using visible light as an energy source. This 

mechanism has been observed in both halophilic and hyperthermophilic species. For 

instance, a study on the rates of repair in S. solfataricus shows that 50% of the 

induced dimers were removed within the first 30 minutes with white light exposure, 

where the rate dropped 3 to 5 fold when the light was absent (Dorazi et al. 2007). 

Photoreactivation is especially well-characterized for Halobacterium sp. NRC-1, as 

studies have shown that repair in the light is far more efficient than in the dark 

(McCready et al. 2005). Figure 1.5 illustrates that in the presence of white light, 

Halobacterium can survive a much higher UV dose compared to the other key 

organisms, providing further evidence for the extreme efficiency of the repair 
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system. As the gene encoding the photoreactivatin enzyme is constitutively 

expressed, it is most likely the first line of defence against UV induced DNA 

damages. 

Figure 1.5: Survival curves for various organism with increasing levels of exposure 

to UV-C radiation. Percent survival is plotted vs. UV dose for human fibroblasts, E. 

coli, S. cerevisiae, Halobacterium in the dark or in the light, and Deinococcus 

radiodurans. Reproduced from McCready et al. (2005). 

1.7 Nucleotide excision repair 

In contrast to the light-dependent photoreactivation, excision repair pathways do not 

require light, and are classified into base excision repair (BER), nucleotide excision 

repair (NER) and mismatch repair (Friedberg et al. 1995). For the purpose of this 

discussion, only NER will be described. NER was first identified in E. coli through 

the discovery that UV radiation resulted in the repair synthesis of short stretches of 

DNA, an indication that complete nucleotides were removed and not just the 

damaged base (Pettijohn and Hanawalt 1964; Setlow and Carrier 1964; Howard-

Flanders et al. 1966). Subsequently, the proteins involved in this mechanism were 

purified and characterized through the isolation of UV-sensitive mutants (Sancar et 

al. 1981a; Sancar et al. 1981b; Sancar et al. 1981c). In the bacterial system, the 

uvrA, uvrB, and uvrC proteins constitute the uvrABC nuclease complex which is 
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required for the removal of pyrimidine dimers. The repair process begins by the 

probing of DNA abnormalities by uvrA, followed by the recruitment of the uvrB to 

the damaged region. The urvB forms a tight complex with the DNA at the site of the 

lesion and the uvrA dissociates. The uvrC now binds and starts the incision process 

5’ and 3’ of the damaged site. Lastly, the helicase uvrD, removes the damaged 

oligos and the ligase Polymerase I restores the DNA strand (Sancar and Rupp 1983; 

Vanhouten 1990). 

Humans and yeast provide two of the most well-characterized study models for the 

NER system in eukaryotes, where the Rad and XPS protein complexes were found to 

be involved in repair, respectively (Wood et al. 1988; Wang et al. 1993). Both 

systems utilize a host of proteins for the repair; Table 1.1 illustrates those known to 

date and their functions, demonstrating the complexicity of this mechanism in 

eukaryotes (Prakash and Prakash 2000). 

Table 1.1 Yeast and human nucleotide excision proteins. 

Reproduced from Prakash (2000). 

Whilst gene homologues with the bacterial uvrABC are only present in mesophilic 

archaea (Grogan 2000), most archaeal species possess eukaryotic NER nucleases 

XPF (Rad1) / XPG (Rad2) and helicases XPB (Rad25) / XPD (Rad3). The 

occurrence of the uvrABC repair system in archaea is most likely a reflection of a 

lateral gene transfer event from the bacterial donor (Grogan 2000). However, little is 

known about the archaeal NER system. The damage recognition proteins XPA and 

XPC are absent from archaea, and for several species one or more of the eukaryal 
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NER enzymes are also missing. The published data on the full characterization of 

the NER pathway are limited to M. thermautotrophicus (Ogrunc et al. 1998) and 

Halobacterium sp. NRC-1 (Crowley et al. 2006), where full sets of the uvrABC 

proteins have been identified. In the halophilic archaea, deletion mutants lacking 

functional uvr genes are shown to be hypersensitive to UV and unable to remove 

CPD and (6-4) photoproducts post UV-C irradiation. Recently, two reports have 

confirmed a functional NER system in S. solfataricus, where the removal of 

photoproducts under permanently dark conditions is observed in vivo and in vitro 

(Dorazi et al. 2007; Romano et al. 2007). A complete pathway, however, has yet to 

be characterized. 

1.8 Photoreactivation 

1.8.1 Historical perspective 

Photoreactivation was first discovered by Kelner in 1949, when he found that the 

lethal effects of UV irradiation on Streptomyces griseus were reversed when 

subsequently exposed to visible light (Kelner 1949). The same finding was obtained 

with E. coli where the author suggested that photoreactivation probably occurred in 

many organisms, including those of the higher forms (Kelner 1949). It was not until 

1958 that Rupert and his colleagues finally discovered the enzyme responsible for 

such mechanism using a DNA transformation assay for Haemophilus influenzae. It 

was concluded that E. coli contained a light-activated enzyme that repaired UV-

induced DNA damage, and was named photoreactivating enzyme (PRE), later 

known as photolyase (Rupert et al. 1958). Subsequently, Rupert established a 

reaction mechanism of PRE, showing that the reaction proceeded via the classical 

Michaelis-Menten kinetics and that visible light was absolutely essential for catalysis 

to occur. He also determined some of the fundamental enzymatic parameters of PRE 

using various in vitro studies (Harm and Rupert 1970a; Harm and Rupert 1970b). 

The identification of dimer formation in DNA was demonstrated shortly after the 

discovery of the photolyase, and that these dimers accounted for a large fraction of 

the effects of UV on DNA (Setlow and Setlow 1962; Setlow and Carrier 1964). 

In the mid 1970s, Eker and colleagues attempted to purify photolyase from Baker’s 

yeast and E. coli. While they were able to devise a purification scheme for 
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Streptomyces griseus, the purification quantity was constantly low and insufficient 

to carry out further experiments. Nevertheless, they were able to show that the 

absorption spectrum of the enzyme exhibited a marked absorption band in the region 

of 400 to 460 nm, an indication for the presence of a chromophore as reported earlier 

by Kelner (Kelner 1951; Eker and Fichtinger-Schepman 1975). The work with S. 

griseus revealed the association of a low molecular weight compound bound to the 

native protein, later identified as an 8-hydroxy-5-deazaflavin derivative (8-HDF) 

with an equimolar yield to the photolyase (Eker 1980; Eker et al. 1980; Eker et al. 

1981). It was not until 1984 that Sancar and colleagues were able to purified large 

quantities of photolyase from E. coli and identified it as a flavoprotein containing 

two light-harvesting co-factors, or chromophores (Jorns et al. 1984; Sancar and 

Sancar 1984). By using a strain carrying the photolyase-overproducing plasmid, the 

group was able to develop an extensive purification procedure to purify several 

milligrams of homogeneous protein (Sancar et al. 1984a). Both the E. coli 

photolyase gene and protein sequences were also determined (Sancar et al. 1984b). 

Subsequently, a second chromophore was identified from E. coli and yeast as 5,10­

methenyltetrahydrofolate (MTHF) (Johnson et al. 1988; Wang et al. 1988). 

In the late 1990s, the crystal structures of both E. coli and Anacystis nidulans 

photolyase were finally characterized to atomic resolution, allowing for detailed 

analyses and comparison of the structures and the chromophores (Park et al. 1995; 

Tamada et al. 1997). The amino acid sequences of more than 50 photolyases are 

now known, from organisms which are distributed in all three kingdoms (Sancar 

2003). 

1.8.2 Mechanism of action 

The reaction mechanism of photoreactivation and the role of the two chromophores 

have been studied extensively by Sancar and others using both E. coli and A. 

nidulans as models (Malhotra et al. 1992; Sancar 1994). The present commonly 

accepted model for the steps involved in the enzymatic reaction for CPD photolyases 

is shown in Figure 1.6. In simplistic terms, the enzyme binds to the dimerized DNA 

indepdendent of light, and flips the dimer out of the double helix into the active site 

cavity to make a stable ES complex. The folate molecule, either MTHF or 8-HDF, 
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absorbs a near-UV/blue-light photon, between 300-500nm, and transfers this 

excitation energy to the flavin in its active, reduced form (FADH 
-
). This FADH 

­

donates one electron to the dimer, leading to the destabilization of the C5–C5′ and 

C6–C6′ bonds of the cyclobutane ring and the conversion of the thymine dimer into 

its orginal bases. The formation of the repaired thymine monomers is completed 

with the back transfer of an electron to the FADH
•••• 

radical and restoring the catalytic 

FADH 
-

(Worthington et al. 2003). This hypothetical model was proposed more than 

20 years ago (Sancar et al. 1987), and has since been supported through extensive 

biochemical data, spectroscopic analysis, computer modeling and structural 

determinations. Using femtosecond-resolved fluorescence technology, Sancar and 

colleagues observed the direct transfer of the electron from the excited flavin co­

factor to the dimer, and the back transfer of the electron to the flavin, and concluded 

that the photocycle is completed in a subnanosecond scale with no net change in the 

redox state of the flavin chromophore (Kao et al. 2005). The mechanism of 

photoreaction has also attracted the attention of physicists and chemists, where 

numerous studies, such as the electrochemistry of the flavin cofactor and the 

quantum mechanics and molecular mechanics (QM/MM) of the splitting of the 

cyclobutane ring, have been published (DeRosa et al. 2005; Masson et al. 2009). 
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Figure 1.6: Reaction mechanism of DNA photolyase. The pathway is based on an E. 

coli photolyase. MTHF absorbs a 300-500nm nm photon, transfer the excitation 

energy to FADH 
-
, where the (FADH 

-
)* transfers an electron to Pyr<>Pyr and restores 

the intact DNA. Back electron transfer to the FADH° restores the catalytic FAD to its 

active form. Reproduced from Sancar (2003). 

As the number of photolyase molecules per cell is relatively small, i.e. E. coli 

contains about 10-20 (Harm et al. 1968) molecules of CPD photolyase per cell, while 

yeast contains 75-100 (Yasui and Laskowski 1975), photolyases must be extremely 

efficient in distinguishing CPDs from a large excess of non-dimerized pyrimidine 

doublets. They are structure-specific DNA-binding proteins, meaning that the 

configuration of the DNA phosphodiester back bone at the damage site or the 

structure of the lesion itself determines specificity to the CPDs (Husain et al. 1987). 

A study using atomic force microscopy to visualize the conformation of DNA when 

A. nidulans CPD is bound to damaged DNA shows an average DNA binding angle 

of about 36° (van Noort et al. 1999). This led to the hypothesis that photolyase binds 

CPD by flipping out the lesion from the DNA double helix which is then stabilized 

by hydrophobic and electrostatic interactions (Vande Berg and Sancar 1998). This 

was demonstrated in E. coli, where fluorescent adenine analogues, 2-aminopurine (2­

Ap), or 6MAP, were used to probe the local double helical structure upon binding of 

the substrate to the protein. Results indicated a dramatic change of the local 
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structure around the thymidine lesion when bound to photolyase (Christine et al. 

2002; Yang et al. 2007). In addition, the resolved crystal structure of A. nidulans 

photolyase in complex with a model of the UV-damaged substrate showed that the 

dimer was flipped out of the DNA helix and into the enzyme active site (Mees et al. 

2004). Figure 1.7 illustrates this base flipping phenomenon which has been 

observed for other enzymes as well, including T4 endonuclease V, which has been 

found to induce endonucleolytic cleavage of UV-irradiated DNA in a light-

independent manner (McCullough et al. 1997; Goodsell 2005). 

Figure 1.7: Base Flipping of CPD into the active site of photolyase. The structure of 

the DNA photolyase is shown in dark blue, DNA shown in red and orange, thymine 

dimer shown in magenta, FAD shown in green, and the photoantenna chromophore 

shown in light blue. Reproduced from Goodsell (2005). 

The mechanism for (6-4) photolyase activity is not well understood due to the 

limited structural information on the enzyme; however, protein sequence homology 

to the CPD photolyase has provided a hypothetical model of the mechanism, shown 

in Figure 1.8. The mechanism is similar to that of the CPD photolyase, with a 

notable exception that upon binding to the substrate, the 3′ residue may become 

protonated by two histidine residues within the active site. This then facilitates a 

thermal reaction where the open form of the (6-4) photoproduct converts to the 

oxetane intermediate substrate. What follows is photoinduced electron transfer to 

the oxetane form of the (6-4) photoproduct to restore the two pyrimidines (Kim et al. 

1994; Zhao et al. 1997). However, a recent report on the first crystal structure of a 

Drosophila melanogaster (6-4) photolyase in complex with a (6-4) lesion before 
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and after repair suggests a lack of the formation of the energetically unfavourable 

oxetane intermediate due to the position of and the inability of histidine residues for 

protonation (Maul et al. 2008). 

Figure 1.8: Reaction mechanism of (6-4) photolyase. Upon binding of the enzyme 

to the substrate, the 3′ residue becomes protonated via two histidines. This creates 

an oxetane intermediate that undergoes the same photochemical steps as the ones 

described for CPD photolyase. Reproduced from Sancar (2003). 

1.9 Photolyase and cryptochrome superfamily 

Traditionally, the photolyase/cryptochrome superfamily consists of five major 

subgroups based on sequence homology and known crystal structures. The five 

subgroups are: Class I CPD photolyases, class II CPD photolyases, plant 

cryptochromes, animal cryptochromes and 6-4 photolyases, and ssDNA photolyases 

(CRY-DASH). Recent advances in genomics and metagenomics have led to the 

increase in the number of photolyase/crytochrome family members, and now include 

8 possible major subgroups including the new Class III photolyase, insect Cry1, and 

a bilateral crytochrome group consisting of insect Cry2 and vertebrate Cry (Ozturk et 

al. 2008). The most current phylogenetic analysis (Figure 1.9) revealed a previously 

undescribed prokaryotic group with unknown function, and 5 small divergent groups 

with narrow taxonomic ranges (Lucas-Lledo and Lynch 2009). This is a reflection 
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of the increase in the numbers of gene sequences as well as the growing 

sophistication of techniques used to re-construct evolutionary history. The following 

sections describe the five major subgroups that make up this 

photolyase/cryptochrome superfamily as well as the characterization of some new 

members. 
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Figure 1.9: An unrooted phylogenetic tree of the photolyase/cryptochrome 

superfamily with subfamilies indicated on the right. Note that in this analysis the 

plant cryptochromes and the Class I CPD photolyases have been roughly grouped 

into one subclass, and that the (6-4) photolyase and the animal cryptochromes 

have been classified as the (6-4) photolyase subgroup. The single stranded-DNA 

photolyase refers to the CRY-DASH proteins. Adapted from Lucas-Lledo and Lynch 

(2009). 
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1.9.1 Photolyases 

A photolyase is a monomeric enzyme of 450-550 amino acids, and consists of two 

noncovalently bound chromophores, or co-factors, first of which is FAD, while the 

second can either be MTHF or 8-HDF, depending on the organism. Based on the 

difference in the second light-harvesting chromophore, photolyases have been 

classified into either folate class (MTHF-type) or deazaflavin class (8-HDF-type) 

(Sancar and Sancar 1987). Figure 1.10 shows the near-UV/vis absorption spectra of 

the two chromophores. Photolyases of the deavaflavin class show the same 

absorption spectrum with a peak at 440nm, while those of the folate class display 

absorption maxima at a range between 370nm and 420nm. Diagrams of FADH 
­

(active form of FAD) and the two light-harvesting chromophores are shown in 

Figure 1.11. Work by Sancar and colleagues has defined FAD as the essential 

chromophore for binding to the damaged DNA and for catalysis (Jorns et al. 1987; 

Sancar et al. 1987; Payne and Sancar 1990). The second chromophore, however, is 

not involved in catalysis or binding to the substrate; it has been shown that under 

limiting light, the second chromophore increases the rate of repair 10-100 fold (Jorns 

et al. 1984; Eker et al. 1988; Johnson et al. 1988). The apoenzyme lacking the 8­

HDF chromophore has a very similar structure to that of the holoenzyme, indicating 

that 8-HDF is not essential for the folding of the protein either (Kort et al. 2004). 

Recently, FMN and FAD have been identified as the second chromophore for 

Thermus thermophilius and Sulfolobus tokodaii, respectively (Ueda et al. 2005; 

Fujihashi et al. 2007). 
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Figure 1.10: Absolute absorption spectra of folate and deazaflavin class 

photolyases in the near-UV/vis. Solid line is the absorption spectrum of E. coli 

photolyase (folate class). Dotted line is the absorption spectrum of A. nidulans 

photolyase (deavaflavin class). Reproduced from Sancar and Sancar (1987). 

Figure 1.11: Structures of chromophores. FAD in its active two electron reduced 

form, FADH
. 

Reproduced from Sancar (2003). 

Photolyases are distinguished by different substrate specificities; CPD photolyase 

binds to and repairs CPD lesions in single stranded or double stranded DNA, while 

(6-4) photolyase are specific for (6-4) photoproducts. CPD photolyases are further 

divided into two subclasses. In general, plant and animal CPD photolyases show a 

limited degree of homology to microbial photolyases in terms of amino acid 
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sequence; for this reason, they were divided into class I (microbial) and class II 

(animal) sequence groups. Class II photolyases have been isolated from higher 

organisms including the goldfish, Carssius Auratus, the fruit fly, Drosophila 

melanogaster; the rat kangaroo, Potorous tridactylis; the killerfish, Oryzias latipes 

(Yasuhira and Yasui 1992; Yasui et al. 1994); the archaea Methanobacterium 

thermoautotrophicum (Yasui et al. 1994); the eubacterium Myxococcus Xanthus 

(O'Connor et al. 1996); single celled algae Chlamydomonas (Petersen et al. 1999) 

and Dunaliella salina (Cheng et al. 2007); the plants Arabidopsis thaliana (Ahmad 

et al. 1997), Cucumis sativus (cucumber) (Takahashi et al. 2002) and Oryza sativa 

(rice) (Hirouchi et al. 2003) and the toad, Xenopus laevis (Tanida et al. 2005). This 

classification system, however, has drawbacks in that as more sequences become 

available, more diversity is observed amongst these sequences. For instance, a 

photolyase gene from the white mustard plant Sinapis alba is more closely related to 

the microbial class I than to the higher eukaryote class II photolyases (Batschauer 

1993). 

Of the two types of co-factors, MTHF has a maximum absorbance at 360nm which, 

upon binding to the enzyme, is red-shifted to 384nm. The folate class photolyases 

exhibit maximum catalytic activity at 377-410nm. Apart from E. coli, folate-type 

photolyases have been identified from Salmonella typhimurium (Li and Sancar 

1991), Vibrio cholera (Worthington et al. 2003), the yeast Saccharomyces cerevisiae 

(Johnson et al. 1988), and the fungus Neurospora crassa (Eker et al. 1994). The 

deazaflavin class shows a maximum absorption range between 430nm and 460nm, 

where its absorption maximum of 438nm is also red-shifted to 420nm. Other than A. 

nidulans, the deazaflavin class of photolyases includes Streptomyces griseus (Eker et 

al. 1981), the green alga Scenedesmus acutus (Eker et al. 1988) and Hbt. halobium 

(Iwasa et al. 1988). 

It was previously believed that the effectiveness of the excision repair system in 

removing pyrimidine (6-4) pyrimidone photoproducts in DNA, made the existence 

of a (6-4) photolyase redundant (Sancar and Rupp 1983). The CPD photolyases did 

not repair these types of DNA damage. However, (6-4) photolyases were isolated in 

Drosophila, followed by Xenopus and Arabidopsis (Todo et al. 1993; Kim et al. 

1994; Kim et al. 1996; Nakajima et al. 1998), which catalyzed the photoreversal of 
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pyrimidine–pyrimidone (6-4) photoproducts. Sequence alignments of the 

Drosophila (6-4) photolyases and cryptochromes as well as a human homologue of 

(6-4) photolyase showed high sequence identity to the CPD photolyases, especially 

those in the Class I category which includes most of the microbial enzymes (Todo et 

al. 1996). This suggested structural similarity to the CPD photolyases. 

Subsequently, following the isolation of the X. laevis (6-4) photolyase, it was found 

to bind non-covalently to stoichiometric amount of FAD (Todo et al. 1997), leading 

to a proposed reaction mechanism for (6-4) photolyases similar to that of CPD 

photolyases (Zhao et al. 1997). Reaction mechanism of X. laevis (6-4) photolyase 

was investigated in detail using multiple mutant enzymes, showing the importance of 

two key histidine residues in the formation of the 4-membered ring intermediate in 

the repair process (Hitomi et al. 2001). More recent investigations on the crystal 

structures of the (6-4) photolyase from D. melanogaster and A. thaliana have 

allowed for a more comprehensive analysis on the degree of conservation between 

CPD and a (6-4) photolyases, as well as providing a better picture of the repair 

mechanism (Maul et al. 2008; Hitomi et al. 2009). Whilst the (6-4) photolyase has 

potential binding sites for both MTHF and 8-HDF, the binding site for the latter is 

better conserved, leading to the suggestion that the (6-4) photolyase more likely 

supports a flavin as its co-factor. 

1.9.2 Cryptochromes 

Cryptochromes (CRY) are proteins with high sequence homology to photolyases but 

have no apparent photorepair activity. Together with photolyases, they make up the 

photolyase/cryptochrome superfamily. Cryptochromes were first isolated from 

plants and were shown to mediate blue-light dependent growth and development 

(Ahmad and Cashmore 1993; Guo et al. 1998). Subsequently, cryptochromes were 

isolated from animals, where they regulate the circadian rhythm by light dependent 

and light independent mechanisms (Hsu et al. 1996; Kobayashi et al. 1998; 

Stanewsky et al. 1998; Thresher et al. 1998). These proteins, then, are loosely 

classified into the plant and animal subfamilies where the two are clearly 

distinguished in the phylogenetics tree. Cryptochromes exhibit 25-40% sequence 

identity to photolyases with a higher homology to (6-4) photolyases than to CPD 

photolyases (Thresher et al. 1998). It was later realized that (6-4) photolyases were 
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actually derived from the animal cryptochromes subfamily, clustering the two into 

one subfamily (Todo et al. 1996). While structurally cryptochromes and photolyases 

share a common conserved architecture containing both a FAD and a second folate 

chromophore, MTHF has not been detected in any of the resolved crystal structures 

of cryptochromes to date (Malhotra et al. 1995; Brudler et al. 2003; Brautigam et al. 

2004). 

A novel class within this superfamily emerged recently. Members of this class do 

not exhibit DNA repair activity either in vivo or in vitro and were previously 

classified as cryptochromes. Cry-DASH was first isolated from cyanobacterium 

Synechocystis (Hitomi et al. 2000) and Vibrio cholera (Worthington et al. 2003), 

followed by sequence homologues in Arabidopsis thaliana (Kleine et al. 2003), X. 

laevis and several other species. Based on sequence homologies, these were found to 

be more closely related to animal cryptochromes. To underscore the relationship of 

these cryptochromes from Arabidopsis and Synechocystis to the animal 

cryptochromes first isolated from Drosophila and Humans, this fifth subfamily was 

named CRY-DASH (Brudler et al. 2003). It came as a surprise when a later report 

indicated that these Cry-DASH proteins recognize CPDs within single stranded 

DNA and may contain residual photolyase activity (Daiyasu et al. 2004). This was 

clearly demonstrated with cryptochrome 1 from V. cholera (VcCry1) where it was 

found to be equally efficient in repairing damage in ssDNA as the photolyase 

(VcPhr2) in dsDNA. Sancar and colleagues attributed this phenomenon to lateral 

gene transfer, and suggested renaming these enzymes to ssDNA photolyases (Selby 

and Sancar 2006). 

Members of the Class III subgroup constitute a sister class to plant cryptochromes 

and have been identified in more than 20 bacterial species, raising the possibility that 

these may constitute a new class of bacterial crytochrome whilst functioning as 

photolyases based on the exhibition of photolyase activity by at least four members 

of the group. The isolation and characterization of a Class III photolyase from 

Caulobacter crescentus have shown the enzyme is a bona fide photolyase that 

repairs CPDs and contains the MTHF chromophore (Ozturk et al. 2008). More 

recently, a PtCPF1 protein isolated from a marine diatom has demonstrated both (6­

4) photolyase activity and role as a transcriptional repressor of the circadian clock in 
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a heterologous mammalian cell system. This could lead to a new subgroup within 

the superfamily, raising questions to the functional differentiation between 

photolyases and cryptochromes (Coesel et al. 2009). 

1.9.3 Mammalian photolyases and cryptochromes 

While sequence homologues of CPD photolyases have been identified in mammals, 

no photorepair activity has been observed. In 1974, a paper published in Nature 

described the purification and and characterization of a photolyase from human 

leukocytes (Sutherland 1974), and for more than two decades, the occurrence of 

photoreactivating activity in humans remained a vigorously contested subject. While 

photoreactivation was indeed demonstrated in marsupials (Cook and Regan 1969; 

Krishnan and Painter 1973), resulting in the cloning of the marsupial phr-genes and 

purification of a functional photolyase (Kato et al. 1994; Yasui et al. 1994), the 

original finding of a mammalian photolyase has yet to be replicated. It was 

demonstrated that microinjection of microbial photolyases from A. nidulans and S. 

cerevisiae into human fibroblasts followed by treatments with UV and visible light 

resulted in the successful removal of UV-induced CPDs within the human cells 

(Zwetsloot et al. 1985). After several failed attempts at cloning a human photolyase, 

it was finally determined that some time during evolution, placental mammals lost 

the photolyase gene, the reason for which is still unknown. It has been postulated 

that the loss of the photolyase gene in eukaryotic species may be due to weak natural 

selection, leading to a deleterious increase in genomic mutation rates (Lucas-Lledo 

and Lynch 2009). Finally, mammals, including humans, possess cryptochromes, a 

protein for which the structure and function have been well characterized (Ozturk et 

al. 2007; Tamanini et al. 2007). 

1.10 Photoreactivation in halophilic archaea 

In contrast to NER, photoreactivation is a well characterized mechanism in archaea, 

especially in halophilic species, where the encoding gene has been identified, and the 

gene product has been purified from a hyperthermophilic archaeon (Fujihashi et al. 

2007). Halobacterium is a suitable model organism for the study of 

photoreactivation due to its extremely high tolerance to various stresses, including 

UV irradiation, in their natural habitats. Photoreactivation in halophilic archaea was 

first demonstrated in Halobacterium cutirubrum, where an exposure to visible light 
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after UV irradiation resulted in 100% revival of the strain (Hescox and Carlberg 

1972; Fitt et al. 1983; Sharma et al. 1984; Eker et al. 1991). This was followed by 

findings that a dark repair pathway was absent in halophilic archaea (Grey and Fitt 

1976). However, a study by McCready highlighted the efficiency of the light-

dependent mechanism in the repair of UV-damaged DNA in Halobacterium 

halobium and Haloferax volcanii, as well as less efficient dark repair of both CPDs 

and (6-4) photolyases (McCready 1996). In an earlier study by Takao, a photolyase 

gene isolated from Halobacterium cutirubrum and expressed in E. coli was shown to 

increase the survival of UV irradiated host cells through photoreactivation (Takao et 

al. 1989). This was the first evidence that phr2 encodes a CPD photolyase. 

According to the complete genome sequence of Halobacterium sp. NRC-1, two 

putative photolyase gene homologues, phr1 and phr2, have been identified 

(Dassarma et al. 2001). McCready and Marcello reported the construction of a phr2 

deletion mutant, which was UV irradiated followed by subsequent exposure to 

visible light. The UV survival curve, as shown in Figure 1.12, clearly demonstrates 

the inability of the mutant strains to repair UV-induced damage, leading to a drastic 

decrease in its survival. The wild type strain exposed to visible light retained a high 

level of survival with increasing dose of UV up to 200 J.m
-2

, while the unexposed 

wild type along with both the dark and light incubated mutant strains experienced 

comparable levels of decrease in survival. Through the use of a well characterized 

dot blot immunoassay, it was also determined that while (6-4) photoproducts were 

rapidly removed in the presence of white light for the phr2 deletion strain, CPDs 

lesions remained. This gave strong evidence that Halobacterium possesses a (6-4) 

photolyase, and led to further confirmation that phr2 encoded a functional CPD 

photolyase (McCready and Marcello 2003). 
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Figure 1.12: Survival curves of wild type and phr2 mutant strains with and without 

white light exposure post UV irradiation. Reproduced from McCready and 

Marcello (2003). 

Baliga and colleagues utilized a systems approach to the elucidation of light and dark 

repair in Halobacterium sp. NRC-1 through the use of genetic analysis of both wild 

type and mutant strains in conjunction with a functional genomic approach. The 

group reached the same conclusion that phr2 encodes a photolyse by looking at 

survival rates of both phr1 and phr2 mutants (Baliga et al. 2004). The analysis of 

mRNA changes during light and dark repair indicated the presence of additional 

putative repair mechanisms, as well as the observation of a UV-induced down-

regulation of numerous essential metabolic functions. The other gene homologue, 

phr1, was not found to encode a photolyase and has been suggested to either 

function as a (6-4) photolyase or a light-harvesting cryptochrome. The function of 

phr1 remains elusive today. 

The crystal structure of the first archaeal photolyase was solved from S. tokadaii, 

revealing an overall conserved structure to other known photolyase structures. 

Photoreactivating activity of the purified photolyase was observed by measuring the 

absorption differences between normal thymine and dimerized thymine residues. 

The UV-irradiated DNA was mixed with the purified enzyme and incubated at room 

temperature under a fluorescent lamp. The ratio of recovered thymine concentration 

was calculated from absorption at 265nm at each time point. Figure 1.13 shows the 
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result obtained with the assay, indicating a higher percentage of repaired 

photoproducts for the photolyase-containg sample exposed to white light compared 

to the same sample incubated in dark only, and both light and dark treated non-

photolyase-containing samples (Fujihashi et al. 2007). 

Figure 1.13: Photoreactivating activity of the purified photolyase from S. tokodaii. 

4 different conditions were set up for this experiment, where the x-axis referred to 

incubation time either in light or dark. White light exposed sample containing 

photolyase is represented by open circle, while dark incubated photolyase-

containing sample is represented by closed circles. Non-photolyase-containing 

mixtures in light and dark are indicated by open and closed square, respectively. 

Reproduced from Fujihashi et al. (2007). 

More recently, it was found that the archaeal nucleohistone-like proteins, Sso7d and 

Sac7d are capable of repairing CPDs using an electron transfer process from the 

proteins to the DNA. This has implications in an evolutionary context, where 

nucleoproteins probably evolved to function in UV protection and DNA repair 

before the existence of the more efficient photolyase system, to allow survival in 

primitive Earth where the ozone layer was not present (Tashiro et al. 2006). 
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1.11 Project aim 

While a few studies have indicated an enhancement of UV-survival due to white 

light illumination in Hfx. volcanii, the genomics and functional characterization of 

photoreactivation in this organism remains largely unexplored. The broad aim of 

this study was the identification of putative photolyase-like gene homologues, phr1 

and phr2, in Hfx. volcanii and the over-expression and functional characterization of 

the encoded proteins in vivo and in vitro. This study identifies a novel photolyase 

gene in Hfx. volcanii and provides the first demonstration that over-expression of the 

putative halophilic photolyase, Phr2, enhances tolerance to UV radiation. It also 

demonstrates that the light-harvesting chromophore required for photolyase 

activation in halophilic archaea is not MTHF but the deazaflavin, 8-HDF. To date, 

there have been no studies on the crystal structure of a halophilic photolyase. This 

study also explores the different routes to over-expressing and purifying a putative 

halophilic archaeal photolyase in homologous and heterologous expression systems, 

in an attempt to obtain enough soluble protein to enable crystal structure analysis. 

These objectives are approached by: 

•	 Identification of the putative gene homologues through bioinformatics 

analysis using the known gene sequences from Halobacterium sp. NRC-1 

•	 Sequence alignment analyses and homology modeling of the Hfx. volcanii 

photolyase based on known structures of E. coli and A. nidulans photolyases 

•	 Amplification, cloning and the homologous expression of the putative phr 

gene products in Hfx. volcanii 

•	 Purification of the homologously expressed phr gene products 

•	 Amplification, cloning and the heterlogous expression of the putative phr 

gene products in E. coli 

•	 Purification and re-folding of the heterologously expressed phr gene products 

•	 Assessment of photoreactivation both in vivo and in vitro using three assay 

systems: photorepair assay, cell viability assay, and a dot-blot immunoassay 
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Chapter 2
 

SSttrruuccttuurree ooff aa PPuuttaattiivvee PPhhoottoollyyaassee
 

2.1 Introduction 

The original finding of photoreactivation in 1963 (Setlow et al. 1963), as well as the 

downstream elucidation of the photoreactivation mechanism of the E. coli 

photolyase, as conducted by Sancar and Jorns in the mid 90s (Jorns et al. 1990; 

Chanderkar and Jorns 1991; Sancar 1994), were significant findings which 

contributed immensely to the current understanding of how photolyases work. Since 

then, the biological and physical aspects of photolyases from various organisms in 

the three kingdoms of life have been characterized. Resolving the crystal structures 

of photolyases has been one of the most exciting areas of research as it provides 

important information on the chemistry and geometry of the two cofactors present, 

and allows for further analysis of the energy-transfer process between these two 

cofactors. The first photolyase to be resolved to atomic resolution was from E. coli 

(Park et al. 1995), followed by the structural elucidation from Anacystis nidulans 

(Tamada et al. 1997). In 2001, the X-ray crystal structure of a class I thermostable 

photolyase from Thermus thermophilus (Kato et al. 1997) was resolved (Komori et 

al. 2001). More recently, the first archaeal photolyase structure was determined 

from Sulfolobus tokodaii (Fujihashi et al. 2007). These photolyases all share a 

similar structure consisting of an N-terminal α/β domain and a C-terminal helical 

domain; the two domains are connected by a long interdomain loop that wraps 

around the α/β domain. 

Sequence alignments of all known photolyases showed varying degrees of similarity, 

ranging from 15% to 70% or more sequence identity (Sancar 2000). Interestingly, 

the highest degree of similarity among all photolyases occurs at the C-terminal 

region of 150 amino acids, with around 30% sequence identity. This region was 

confirmed to be the FAD binding domain using both protein chemistry (Malhotra et 

al. 1992) and crystallography (Park et al. 1993). The light-harvesting co-factor, or 

chromophore, is usually at the N-terminal half, which is less conserved in general. 

X-ray crystallography of E. coli photolyase revealed that the light-harvesting 

cofactor is MTHF, bound to the exterior of the cleft between the helical and α/β 

domains and partially protrudes from the enzyme (Park et al. 1995). MTHF, or 
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methenyltetrahydrofolate, accounts for the light harvesting cofactor in the majority 

of photolyases analyzed to date. The A. nidulans photolyase, on the other hand, 

contains 8-hydroxy-5-deazariboflavin (8-HDF) as its second co-factor, and the 

enzyme has sufficient space to contain the co-factor at the interior cleft of the α/β 

domain, essentially burying the 8-HDF to the inside of the cleft (Tamada et al. 

1997). The light-harvesting co-factor of T. thermophilus photolyase was unknown, 

as spectroscopic analysis indicated that the FAD was the only co-factor present when 

the photolyase was expressed in E. coli. However, the crystal structure suggested 

that a large cavity exists inside the cleft between the two domains, and had enough 

space to accommodate an 8-HDF, but not an MTHF at the corresponding position 

(Komori et al. 2001). In 2005, Ueda et al developed a crystallisation method capable 

of retaining the light-harvesting co-factor. Ultraviolet-visible absorption spectra, 

reverse-phase HPLC, and NMR analyses of the chromophores revealed that the 

second co-factor was flavin mononucleotide (FMN). It was also shown that FMN 

increased the light absorption efficiency of the purified protein (Ueda et al. 2005). 

Interestingly, the crystallography data from the archael S. tokodaii photolyase 

revealed that a second FAD is found at the position of the light-harvesting co-factor, 

although its general structure is similar to that of the A. nidulans photolyase 

(Fujihashi et al. 2007). 

The aim of this chapter is to construct a model of the putative Hfx. volcanii 

photolyase based on sequence identity with the other known photolyases described 

above, specifically E. coli and A. nidulans, as these two photolyases contain different 

light-harvesting co-factors. The model will give important speculative information 

on the similarities between the predicted structure from Hfx. volcanii to the ones 

already known, as well as the type of light-harvesting co-factor it most likely 

contains. Blast searches of the putative phr genes from the unfinished Hfx. volcanii 

genome were performed, followed by sequence alignment analyses with known 

photolyase sequences to determine the degree of similarity between them. A 3­

dimensional model of the putative Hfx. volcanii photolyase was presented, and the 

interactions of the surrounding residues with the light-harvesting co-factor were 

examined. 
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2.2 Searching for the putative phr genes 

The sequencing of the Hfx. volcanii genome was incomplete in 2006 at the time this 

bioinformatics exercise was undertaken, complicating the identification of the 

putative phr1 and phr2 gene sequences. The genome sequencing project is now 

complete and publicly released on the UCSC archaeal genome browser; however, 

genome annotation is still incomplete. Identifying putative phr1 and phr2 gene 

sequences in Hfx. volcanii began with the identification of putative phr1 and phr2 

homologues, from the fully annotated genome of Halobacterium sp. NRC-1 

(available at the University of Maryland website http://halo4.umbi.umd.edu/cgi­

bin/haloweb/nrc1.pl). The DNA sequences were then translated using the 

SIXFRAME tool from the Biology Workbench website (http://worbench.sdsc.edu). 

Alternatively, the protein sequences can now be obtained from the GenBank website 

(http://www.ncbi.nlm.nih.gov/protein/15790367?report=genpept). 

Putative phr1 and phr2 gene sequences from Halobacterium were used to blast the 

unfinished genome of Hfx. volcanii (obtained from 

http://zdna2.umbi.umd.edu/~haloweb/hvo.html). These sequences were copied and 

pasted into the Hfx. volcanii browser window, and a BLAST search was initiated 

where all possible alignments were identified. The Hfx. volcanii sequences were 

compiled as contigs of various lengths; the known phr sequences were then aligned 

to the contigs at different positions. A scan through the alignments revealed that the 

best match for phr1 occurred within contig 2975. The complete contig sequence was 

analysed, and a full length nucleic acid sequence for phr1 was determined. The 

sequence alignments for phr2 were slightly more complicated, as the most 

significant matches occurred in contig 2975, 3012 and 3124. A thorough analysis 

revealed that the Hfx. volcanii phr2 was found in both contigs 3012 and 3124, with 

an overlapping region of 15 bases, as determined using the CLUSTAL W alignment 

tool from SDSC Biology Workbench (http://worbench.sdsc.edu). The complete 

phr1 and phr2 sequences were translated into 6 open reading frames using the 

SIXFRAME tool from Biology Workbench (Nucleic Acid Tool > SIXFRAME). All 

generated amino acid sequences were aligned against the known protein sequences 

from Halobacterium sp. NRC-1 to determine the putative Phr1 and Phr2 from Hfx. 

volcanii. 
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It is now much easier to obtain genome information on Hfx. volcanii through the 

UCSC archaeal genome browser (http://archaea.ucsc.edu/). From the individual 

genome webpage for Hfx. volcanii, a “BLAT” search can be conducted by pasting 

the known protein sequences from Halobacterium sp. NRC-1 into the window where 

a search query is generated, shown as either “browser” or “details.” The browser 

link shows various relevant information based on the BLAT search generated. The 

newly annotated gene, HVO_2911, produced the most significant matches to phr2 

from Halobacterium sp. NRC-1. The 3 links on the bottom of the page give the full 

protein and mRNA sequences as well as the genomic sequences near the gene. The 

predicted Phr2 sequence using this method matched that of the one generated using 

the previous method described. It was more difficult in obtaining the Hfx. volcanii 

phr1 seqeunce using this browser, as HVO_2911 again came up as a match to the 

phr1 from Halobacterium sp. NRC-1. To resolve this problem, gene sequences from 

other organisms were used to conduct the blast searches. This meant conducting a 

new search of proteins from the photolyase/crytochrome superfamily and identify 

those sequences that were most similar to the Phr2 from either Hfx. volcanii or 

Halobacterium sp. NRC-1. The cryptochrome 3 (CRY-3) sequence from 

Arabidopsis thaliana was used to produce the significant match to the putative phr1 

as indicated by HVO_2843, sequence which agreed with the one identified earlier. 

Both gene and protein sequences can be found in the Appendix (A1-A4). 

2.3 Sequence alignment analyses 

Sequence alignments of the putative Phr1 and Phr2 proteins from Hfx. volcanii 

against both known and putative photolyase and cryptochrome sequences from other 

organisms were performed to determine the degree of similarity amongst them. The 

degree of similarity was used as a determinant for constructing the hypothetical 

model of the Hfx. volcanii photolyase. Previous findings have indicated that the 

Phr1 protein from Halobacterium sp. NRC-1 did not encode a functional photolyase. 

It has also been postulated that Phr1 may function as a blue light photoreceptor, or 

cryptochrome, a sequence homologue to the photolyase but with no DNA repair 

activity. It would be of interest to see if the Phr1 from Hfx. volcanii shares more 

sequence similarity to cryptochromes than photolyases. Representative members 

from each of the photolyase/cryptochrome superfamily were used for this alignment; 
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all known sequences were obtained from the NCBI protein database except for the 

Sulfolobus species which were obtained from the Archaeal Genome Browser. The 

Phr1 and Phr2 sequences of Halobacterium sp. NRC-1 were obtained from the 

GenBank database, and those from Hfx. volcanii were determined as per Section 2.2. 

The sequences were then inputted, as FASTA format, into the TCoffee program as 

provided by the Swiss Institute of Bioinformatics (http://tcoffee.vital-it.ch/cgi­

bin/Tcoffee/tcoffee_cgi/index.cgi). The completed alignments were then opened 

with GeneDoc, a multiple sequence alignment editor and analyzer program 

(http://www.nrbsc.org/gfx/genedoc/index.html). The program generated a colour 

coded alignment which can be found in the Appendix (A5); the different colours 

were representative of the degree of similarity amongst the aligned residues. The 

red, orange and yellow shading indicated identical, strongly similar, and weakly 

similar residues, respectively. From this alignment, the region of about 150 amino 

acids towards the C-terminal end showed the greatest degree of similarity. This was 

most likely the FAD binding domain, a well conserved region amongst all members 

of the cryptochrome/photolyase superfamily (Sancar 2003). Percentage identity for 

any pair of sequences was calculated and the table for this is presented in the 

Appendix (A6). In terms of sequence identity, Hfx. volcanii Phr2 is most closely 

related to Halobacterium sp. NRC-1 Phr2 (61%) and Phr1 (42%), followed by 

photolyases from A. nidulans (38%), S. griseus (35%), E. coli (33%), and V. cholera 

(31%). It also shares some sequence identity with the three Sulfolobus photolyases 

(28-29%), as well as the 6-4 photolyases (24-25%). The percent identity starts to 

drop off below 22 with comparison to the Class II CPD photolyases, crytochromes 

and CRY-DASH, where it shares the least sequence identity with photolyases from 

D. melanogaster (14%), M. thermoautotrophicum (13%), and P. tridactylis 

photolyase (12%). These results indicate that the Hfx. volcanii Phr2 is most likely a 

Class I CPD photolyase; however, at this point it cannot be certain whether it 

contains the 8-HDF chromophore as it also shares high sequence identity to the 

MTHF-type of Class I CPD photolyases. 

The sequence identity results for Hfx. volcanii Phr1 are very different from that of 

Phr2, as it appears to share the most identity with the CRY-DASH proteins from A. 

thaliana (37%) and V. cholerae (32%), followed by Halobacterium sp. NRC-1 Phr1 
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(28%) and Phr2 (25%), and S. griseus photolyase (26%). It also shares some 

sequence identity between the range of 21 to 24% with the three Sulfolobus 

photolyases, the Class I photolyases, and the 6-4 photolyases. Hfx volcanii Phr1 

shares 11 to 19% sequence identity with members of the Class II CPD photolyase 

and all cryptochromes with the exception of the plant S. alba, with which it shares 

23% identity. Whilst previous studies have suggested that Phr1 may encode a 

cryptochrome based on its high sequence homology to these proteins (Baliga et al. 

2004), it is not the case shown here. The phylogenetic analysis strongly suggest the 

role of Phr1 in Hfx. volcanii as a CRY-DASH protein which has demonstrated 

photoreactivating capability on CPDs within single stranded DNA. 

The dendrogram (Figure 2.1) shows the groupings of the photolyase/cryptochrome 

superfamily, constructed using Clustal X alignment and plotted in Treeview. The 5 

subgroups (CPD Class I photolyases, plant cryptochromes, ssDNA photolyases, 6-4 

photolyase and animal cryptochromes, and Class II CPD photolyases) can be seen as 

distinguished groups, with the exception of the Sulfolobus species which appear to 

form a subgroup of their own. T. thermophilus photolyase and V. cholerae 

cryptochrome also form a group on the bottom. Based on this tree, Hfx. volcanii 

Phr2 is clustered with the Halobacterium NRC-1 photolyases as well as the A. 

nidulans and S. griseus photolyases, suggesting that it may be a HDF-type Class I 

CPD photolyase. The Hfx. volcanii Phr1 is clustered with the two CRY-DASH 

proteins, suggesting its function as a ssDNA photolyase. 
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Class I CPD
�
Photolyase
�
(HDF-type)
�

Plant 

Cryptochrome 

Class I CPD
�
Photolyase
�

(MTHF-type)
�

ssDNA 

photolyase 

6-4 Photolyase & 

Animal 

Cryptochrome 

Class II CPD 

Photolyase 

Figure 2.1: Non-bootstrap analysis of both putative and known photolyases 

From top to bottom: S. griseus photolyase, A. nidulans photolyase, Halobacterium 

sp. NRC-1 Phr1 and Phr2, Hfx. volcanii Phr2, A. thaliana cryptochromes (CRY1 and 

CRY2), S. alba photolyase, E. coli photolyase, V. cholerae photolyase, S. solfataricus 

photolyase (putative), S. acidocadarius photolyase (putative), S. tokadaii 

photolyase, Hfx. volcanii Phr1, A. thaliana CRY-DASH, V. cholerae CRY-DASH, A. 

thaliana 6-4 photolyase, D. manogaster 6-4 photolyases, X. laevis 6-4 photolyase, H. 

sapiens crytochromes (hCRY1 and hCRY2), M. musculus cryptochrome (mouse), M. 

thermoautotrophicum photolyase, D. melanogaster photolyase, P. tridactylis 

photolyase, T. thermophilus photolyase and V. cholerae crytochrome. 
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A sequence alignment comparison of the 4 known crystal structures of photolyases 

and the Hfx. volcanii Phr2 is shown in Figure 2.2. Identical residues are highlighted 

in dark blue, while similar residues are highlighted in light blue. The residues 

interacting with the light harvesting co-factors 8-HDF, MTHF and FAD are coloured 

orange, purple and fluorescent green, respectively. The residues interacting with the 

catalytic FAD are coloured in pink. The yellow residues recognize CPDs, and the 

yellow residues with an orange highlight are the essential binding residues for dimers 

in A. nidulans photolyase. This alignment demonstrates that the FAD region is 

indeed well conserved amongst the 5 sequences compared, and it also shows that the 

Hfx. volcanii Phr2 has more in common with the A. nidulans photolyase in terms of 

possessing the same residues that interacted with the 8-HDF co-factor. These 

residues included arginine, valine, leucine, phenylalanine, aspartic acid and lysine. 

On the other hand, Hfx. volcanii Phr2 and E. coli photolyase did not share any of the 

same associating residues with MTHF. An initial deduction would be that the Hfx. 

volcanii Phr2 is more similar in structure to the A. nidulans photolyase, and that it 

probably contains 8-HDF as its light-harvesting co-factor. 
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Figure 2.2: Sequence alignment analyses of the putative Hfx. volcanii Phr2 and 

known photolyases. From top to bottom: Hfx. volcanii Phr2, A. nidulans 

photolyase, E. coli photolyase, S. tokodaii photolyase and T. thermophilus 

photolyase. Identical and similar residues were highlighted in dark blue and light 

blue, respectively. The orange, purple and fluorescent green residues contacted 

the light harvesting co-factors 8-HDF, MTHF, and FAD, respectively. The catalytic 

FAD was co-ordinated by the pink residues. Yellow residues recognize the thymine 

dimers, and the yellow residues with an orange background indicate the essential 

binding residues for dimers in A. nidulans. 

2.3 Structural modelling 

A hypothetical model of the Hfx. volcanii Phr2 protein was constructed based on the 

known crystal structure of the A. nidulans photolyase as determined by the high 

sequence identity and the similarity of the binding residues between the two 

sequences. All diagrams were constructed using the PyMol program 

(http://pymol.sourceforge.net/). The modelling sequence in the .pdb format was 

provided by Dr. Susan Crennell, University of Bath. Figure 2.3 illustrates a 

complete model of the Hfx. volcanii Phr2 with the catalytic FAD co-factor as well as 

the two probable locations for the 8-HDF or the MTHF light harvesting co-factors. 

The co-factors are shown as the “sticks” structure in the protein. The overall 

structure of the photolyase consists of two domains: an α/β domain in the N-terminal 

region, and a helical domain in the C-terminal region consisting entirely of helixes 

and loops, both of which provide binding sites for either 8-HDF or MTHF, and FAD, 

respectively. This helical structure of the photolyase is similar to other members of 

the photolyase/cryptochrome superfamily. As seen from the model below, the FAD 

co-factor is buried within the centre of the helical domain, possibly making tight 
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associations with the photolyase. This was the case with both E. coli and A. nidulans 

photolyase, where the tightly-bound FAD could only be released after a mild 

denaturation of the protein (Jorns et al. 1990; Payne et al. 1990; Malhotra et al. 

1992). The MTHF co-factor sits in a shallow groove between the α/β and the helical 

domain, whereas the 8-HDF is bound in a crevice formed in the α/β domain, shifted 

closer to the inside of the protein. The protruding location of MTHF as well as its 

ability to form hydrogen bonds with water molecules meant that it may dissociate 

more easily compared to FAD (Park et al. 1995) . This was observed for the E. coli 

photolyase, where after several column purification steps the protein contained 

substroichoimetric (20-30%) folate (Hamm-Alvarez et al. 1989; Hamm-Alvarez et 

al. 1990; Hamm-Alvarez et al. 1990). 

MTHF 

8-HDF 

FAD 

Figure 2.3: Structural Modelling of Hfx. volcanii with the catalytic FAD, and both 8-

HDF and MTHF co-factors in their respective locations within the protein. The 

FAD co-factor was seen at the top of this model in the helical domain. The MTHF 

co-factor was shown to the right of the protein and partially protruding from it. The 

8-HDF co-factor was situated within the α/β domain. Colour coding: Carbon = grey, 

Hydrogen = grey, Nitrogen = blue, Oxygen = red, and Sulphur = yellow 
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An analysis of the interacting side chains with either MTHF or 8-HDF was 

conducted to determine the type of light harvesting co-factor that the Hfx. volcanii 

photolyase most likely contained. Figure 2.4 illustrates superimposed images of 

photolyases from both E. coli (light orange) and Hfx. volcanii (light pink). As 

mentioned earlier, FAD binding residues are highly conserved amongst photolyases. 

It was only useful, then, to compare the MTHF binding residues from both 

structures. Figure 2.5 indicates the MTHF binding region from E. coli, where both 

the co-factor and the associated residues are shown and labelled. In E. coli, His44 

forms a stacking interaction with the pterine ring of MTHF, while the side chains of 

Glu109 form hydrogen bonds with the nitrogens N1 and N3 of the pterdine ring, 

both of which are important interactions for binding the co-factor. Both the side 

chain oxygen and the peptide nitrogen of Asn108 are within hydrogen bonding 

distance with the hydroxyl group of the pterine. The side chain of Lys293 is 

especially important for forming a salt bridge with the Glu moiety of MTHF. A 

further contact occurs between the carbonyl oxygen of Cys292 and the positive 

charge on the five-member ring of MTHF, also found to be important for increasing 

affinity of the enzyme to the co-factor (Park et al. 1995). 
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Figure 2.4: Superimposed images of E. coli and Hfx. volcanii photolyases. E. coli 

shown in light orange and Hfx. volcanii shown in light pink. Carbon = grey, 

Hydrogen = grey, Nitrogen = blue, Oxygen = red, and Sulphur = yellow 

Glu109 

Asn108 

His44 
Cys292 

Lys293 

Figure 2.5: MTHF binding site of E. coli photolyase. A close-up view of the MTHF 

co-factor and the associating side chains. Carbon = grey, Hydrogen = grey, Nitrogen 

= blue, Oxygen = red, and sulphur = yellow. 
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Figure 2.6 below indicates the binding residues for Hfx. volcanii in the same 

positions as the ones described for E. coli. The residues His44, Asn 108, Glu109, 

Cys292 and Lys293 of E. coli were replaced with Ala41, Leu99, Ala100, Val304, 

and Thr305 in Hfx. volcanii in their respective positions. Major differences here 

occurred in the replacement of His44 by Ala41, a non-aromatic and non-polar 

residue. The negatively charged, polar Glu109 was replaced by a non-polar Ala100, 

while the polar Asn108 was replaced by a non-polar Leu99. Figure 2.6 shows a 

superimposed image of the residues from both photolyases, and it clearly 

demonstrates that the orientation of some of the residues is not correct to form 

interactions with MTHF; Thr305 is orientated away from the co-factor, meaning that 

it probably could not form a salt bridge like Lys293. The stacking interaction due to 

His44 is not present, and side chains of Ala100 would not form hydrogen bonds with 

the nitrogen atoms from the pterine ring. In addition, Leu99 cannot form hydrogen 

bonds with MTHF as its side chains do not contain either oxygen or nitrogen. 

Val304, in place of Cys292, forms the only possible van der Waals interaction with 

the MTHF co-factor in this figure. Judging by both sequence and structural 

alignments, it is unlikely that the Hfx. volcanii contains the folate type of light 

harvesting co-factor. 

Ala41 

Ala100 

Leu99 

Val304 

Thr305 

Figure 2.6: Potential MTHF binding site of Hfx. volcanii photolyase. A close-up 

view of the MTHF co-factor and the associating side chains. Carbon = cyan, 

Hydrogen = cyan, Nitrogen = blue, Oxygen = red, and Sulphur = yellow. 
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Figure 2.7: Superimposed images of the MTHF interacting residues from both E. 

coli and Hfx. volcanii photolyases. E. coli residues were shown in grey, and Hfx. 

volcanii residues were shown in cyan. Structure in the middle denoted MTHF co-

factor. 

A comparison of the side chains interacting with 8-HDF from A. nidulans (light 

yellow) and Hfx. volcanii (light pink) was conducted, where Figure 2.8 shows 

superimposed images of both structures including the FAD and the 8-HDF co­

factors. Figure 2.9 illustrates a close-up view of the 8-HDF binding region and the 

residues found to be important for interaction (Tamada et al. 1997). The side chain 

oxygen atoms of Asp101 and Glu103 form hydrogen bonds to the O5’ hydroxyl 

group of the 8-HDF ribityl moiety. The peptide nitrogen atom of Gly106 also forms 

the same interaction. The nitrogen atoms from the Arg109 side chain form salt 

bridges with the hydroxyl groups of the ribityl moiety of 8-HDF; it also forms a 

water-mediated hydrogen bond with the O2 oxygen of the 8-HDF isozalloxazine 

ring. Cys36 and Asp38 form polar interactions with the oxygen and nitrogen atoms 

of the isoalloxazine ring. The side chain of Ile41 is at van der Waals contact 

distance to the isoalloxazine ring. Phe35 and Phe249 form non-covalent, stacking 

interactions while the side chain nitrogen atoms of Arg51 and Lys248 form 

hydrogen bonds with the 8-OH group of the isoalloxazine ring. Other contacting 

residues include Met47, Val52, and Leu55, all of which probably contribute to van 

der Waals interaction with the 8-HDF co-factor (Tamada et al. 1997). Residues 

interacting with 8-HDF are very well conserved in 8-HDF type of photolyases, 

where identical amino acids at positions Phe35, Asp38, Arg109 and Phe249 and 
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similar ones at Ile41, Arg51 and Lys248 are found in both Hbt. halobium and S. 

griseus (Yasui et al. 1994). 

Figure 2.8: Superimposed images of A. nidulans and Hfx. volcanii photolyases. A. 

nidulans shown in light yellow and Hfx. volcanii in link pink. Carbon = grey, 

Hydrogen = grey, Nitrogen = blue, Oxygen = red, and Sulphur = yellow 
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Asp101 

Glu103 Gly106 

Arg109 

Lys248 Phe249 

Arg51 

Phe35 

Leu55 Cys36 

Ile41 
Asp38 

Val52 
Met47 

Figure 2.9: 8-HDF binding site of A. nidulans photolyase. A close-up view of the 8-

HDF co-factor and the associating side chains. Carbon = grey, Hydrogen = grey, 

Nitrogen = blue, Oxygen = red, and sulphur = yellow. 

Figure 2.10 shows the residues from Hfx. volcanii in the same positions as the ones 

described for A. nidulans, while Figure 2.11 is a superimposition of the residues 

from both species. The Hfx. volcanii Phr2 maintains the same aspartic acid residue 

(Asp95) in the same place, meaning that hydrogen bonding could still occur between 

the oxygen atom and the hydroxyl group; however, the replacement of Glu103 by 

Ser97 means that the side chain could no longer form a hydrogen bond with the 

hydroxyl group. The replacement of Gly106 by a structurally similar amino acid 

Ala100 means that the backbone amide nitrogen atom is still able to hydrogen bond 

with the hydroxyl group. The same salt bridge formation with the hydroxyl group 

and the water-mediated hydrogen bond with the isoalloxazine ring still occurs, as the 

Hfx. volcanii photolyase also contains an arginine (Arg103) in the same position as 

the A. nidulans photolyase. Although the replacement of Cys36 with a non-polar 

Val32 means that the polar interaction is absent, Hfx. volcanii photolyase maintains 

the same aspartic acid residue (Asp34) to form such interaction with both oxygen 

and nitrogen atoms of the isoalloxazine ring. Val37 forms van der Waals interaction 

with the isoalloxazine ring in the same way as Ile41. The positions of the 

phenylalanine residues are also conserved in Hfx. volcanii (Phe31 and Phe253), 

making the stacking interaction possible. Both Arg51 and Lys248 from A. nidulans 

are conserved as well in Hfx. volcanii (Arg45 and Lys252) to form hydrogen bonds 

between the side chain nitrogen atoms and the 8-OH group of the isoalloxazine ring. 

Hfx. volcanii photolyase contains Gly42, Val46 and Leu49, all of which are within 

Structure of a Putative Photolyase Page 57
 



  

       

 

             

            

               

             

            

           

   

 

 

              

              

             

 

 

 

            

             

              

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

Chapter 2
 

van der Waals contact distance to the isoalloxazine ring. Looking at the 

superimposed images of both photolyases, the majority of the residue side chains 

from Hfx. volcanii are oriented in the same way as those from A. nidulans, providing 

convincing evidence that the described interactions can occur. Based on the high 

identity and similaritiy of the 8-HDF interacting residues to the A. nidulans 

photolyase, the Hfx. volcanii photolyase probably contains 8-HDF as its second 

chromophore. 

Ser97 

Lys252 Ala100 

Asp95 

Arg103 

Phe253 

Phe31 
Arg45 

Leu49 Val32 

Gly42 
Asp34 

Val37 

Val46 

Figure 2.10: Potential binding site of Hfx. volcanii photolyase. A close-up view of 

the 8-HDF co-factor and the associating side chains. Carbon = cyan, Hydrogen = 

cyan, Nitrogen = blue, Oxygen = red, and Sulphur = yellow. 

Figure 2.11: Superimposed images of the 8-HDF interacting residues from both A. 

nidulans and Hfx. volcanii photolyases. Grey residues were from A. nidulans and 

cyan residues were from Hfx. volcanii. The 8-HDF co-factor was not shown. 
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2.4 Discussion 

Two putative photolyse-like gene homologues, phr1 and phr2, were identified from 

the incomplete genome of Hfx. volcanii based on sequence identities to the known 

phr genes from Halobacterium sp. NRC-1. The dendrogram, consisting of 

representative members of the five major subgroups of the photolyase/cryptochrome 

superfamily, indicated that the Hfx. volcanii Phr2 falls under the class I CPD 

photolyases that are of the 8-HDF type, whereas Phr1 resembles that of the ssDNA 

photolyases. Judging by the sequence alignment analysis of Hfx. volcanii Phr2 with 

the known sequences of photolyase from A. nidulans, E. coli, S. tokodaii and T. 

thermophilus, it was also apparent the residues essential for binding FAD are present 

in the putative sequence of Hfx. volcanii Phr2. In addition, the residues important 

for the binding of 8-HDF appeared to be conserved between photolyases from A. 

nidulans and Hfx. volcanii, whilst the same conservation was not observed between 

E. coli and Hfx. volcanii for the binding of MTHF. As Phr2 is a more likely 

candidate as a photolyase than Phr1, a homology modelling of its structure, based on 

the known and resolved structures of E. coli and A. nidulans, was constructed. A 

close-up view of the residues and the orientation of these residues strongly suggest 

that Hfx. volcanii Phr2 binds 8-HDF and not MTHF. In the following chapters, this 

putative phr2 sequence was amplified and cloned into appropriate vectors for the 

detection of the over-expression of the encoded protein either homologously or 

heterologously for the ultimate aim of purifying the protein. Functional analyses 

using various assays were also conducted for the elucidation of photoreactivating 

activity encoded by phr2 from Hfx. volcanii. 
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HHoommoollooggoouuss EExxpprreessssiioonn iinn HHffxx.. vvoollccaanniiii
 

3.1 Introduction 

Recombinant protein expression in a heterologous strain, such as E. coli, has 

potential advantages over expression in the native organism. Rapid cell growth, high 

biomass levels and well developed molecular tools all contribute to high levels of 

expression of the desired protein. However, halophilic proteins require an 

environment of high ionic strength for their proper folding, activity and stability. 

The usual heterologous host strain E. coli, is a mesophile whose internal salt 

concentration is much lower than that of halophilic organisms. Previous research in 

the group has shown that the yield of E. coli-expressed halophilic enzymes, citrate 

synthase and DHlipDH, were greater than those obtained by purification from the 

native organism; however, these proteins were either soluble yet inactive, or 

insoluble inclusion bodies that required reactivation and refolding of the recombinant 

halophilic proteins (Connaris et al., 1999). 

It is therefore desirable to express halophilic proteins in the native organism where 

the high salt concentration mediates proper folding and function of proteins 

(Eisenberg and Wachtel 1987). A polyethylene glycol (PEG) mediated 

transformation system was previously described and has since been optimized for 

use with various halophilic archaea species (Cline et al. 1995; Dyall-Smith 2008) A 

number of shuttle vectors have been developed which allow for replication in both E. 

coli and Hfx. volcanii due to the inclusion of the origins of replications for both 

species (Holmes and Dyall-Smith 1990; Holmes et al. 1994). There are also two 

types of selection markers for each host either for antibiotic resistance alone or 

antibiotic resistance and nutritional requirement (Allers et al. 2004). 

Two gene homologs, phr1 and phr2, have been identified from the fully annotated 

genome of Halobacterium sp NRC-1, where previous studies have looked at the 

phenotypic expression resulting from knocking out either or both of the genes 

(McCready and Marcello 2003; Baliga et al. 2004). The functional expression of the 

encoded proteins, however, has yet to be conducted. This chapter describes the 

extensive cloning procedure and the homologous expression of phr 1 and phr 2 from 

Hfx. volcanii. 
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3.2 Materials 

3.2.1 Cell culture 

Haloferax volcanii (DSM No. 3757) was obtained from DSMZ the Deutsche 

Sammlung von Mikrooganismen und Zellkulturen GmbH Braunschweig, Germany 

(German collection of Microorganisms and Cell Culture). Yeast extract, peptone 

and NaCl were supplied by Fisher Scientific, Loughborough, UK. Agar, ampicillin, 

carbenicillin, tryptone, polyethylene glycol (PEG, Average MW 600) and thymidine 

were from Sigma-Aldrich, Gillingham, UK. Bacto Yeast Extract, Bacto Casamino 

Acids and Bacto Agar were supplied by BD-Biosciences, Oxford, UK. 

Bacteriological peptone was obtained from Oxoid, Basingstoke, UK. Unless 

specified otherwise, all other reagents were ordered from Sigma-Aldrich, Gillingham, 

UK. 

3.2.2 Molecular biology studies 

Oligonucleotide primers were obtained from MWG-Biotech AG, Germany and 

Bioneer, USA. Taq polymerase, pGEM
®

-T Easy Vector system and JM109 

competent cells were supplied by Promega, Southampton, UK. Restriction enzymes, 

Phusion 
™ 

High Fidelity DNA polymerase, VentR
® 

DNA Polymerase, ThermolPol 

buffer, DMSO, and dam-/dcm- competent E. coli cells were obtained from New 

England Biolabs (NEB). 1 kb DNA ladder and high mass DNA ladder were 

obtained from Invitrogen, Paisley, UK. QIAEX II kit and the QIAprep Miniprep kit 

were provided by Qiagen, GmbH, Germany. Vectors pIL11, pTA233 and 

expression strain Hfx. volcanii H98 were provided by Dr. Thorsten Allers, University 

of Nottingham, UK. dNTPS, Isopropyl-β-D-thiogalactopyranoside (IPTG), and 5­

bromo-4-chloro-3-indlyl-β-D-galactopyranoside (X-gal) were supplied by Sigma-

Aldrich, Gillingham, UK. The protein standard was obtained from BioRad 

Laboratories, USA. 

3.3 Methods 

3.3.1 Strain condition, growth and preparation 

3.3.1.1 Hfx. volcanii growth medium 

Hfx. volcanii were grown in 18% (w/v) salt-water modified growth medium (MGM1) 

consisting of 14.4% (w/v) Nacl, 1.8% (w/v) MgCl2 ⋅6H2O, 2.1% (w/v) MgSO4⋅7H2O, 
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0.42% (w/v) KCl, 0.5% (w/v) peptone and 0.1% (w/v) yeast extract, pH 7.2, at 42 °C 

with shaking at 200 rpm . When required, the medium was solidified by the addition 

of 1.5% (w/v) agar (Dyall-Smith 2008). The plates were poured to a thickness of 5­

8mm (in contrast to the normal 3mm), sealed in air tight containers to avoid dryness 

and salt crystal formation. The plates were placed in a non-shaking incubator at 

42°C for 3 to 5 days for colony formation. Alternatively, the cultures may be left on 

the bench or in the refrigerator in well-sealed glass bottles or flasks (for liquid 

cultures) or on plates sealed in plastic. Using a sterile loop, the cells were inoculated 

into 50ml liquid medium in a 250ml conical flask and placed unto a shaking 

incubator at 37°C (at a recommended 1 to 5 ratio of medium to flask volume). Upon 

an OD650 reading of about 0.9, the cells were pelleted down by centrifuging in 50ml 

tubes at 4000rpm for 15 min and stored at -20°C for later use. Alternatively, the 

cells in liquid medium may be used for preparing glycerol stocks (3.3.1.3). 

3.3.1.2 Genomic DNA extraction 

Genomic DNA extraction for polymerase chain reaction was done by taking the cells 

directly from the plates using a disposable sterile loop and placed into 100µl 

sterilized water in a sterile 1.5ml microfuge tube. The above was done in the 

fumehood to avoid possible contamination of samples. The tubes were vortexed 

slightly, and then centrifuged in a tabletop microcentrifuge at 15,800 x g for 5 min 

(or 13,000 x g for 15 min). The supernatant containing the DNA was removed with 

a pipette and placed into a clean microfuge tube. The samples were stored on ice or 

into the -20°C freezer for later use. Alternatively, the cell pellets in liquid medium 

may be thawed, and using a sterile loop, re-suspended in 100µl sterilized water in a 

0.5ml microfuge tube, then centrifuged at 13,000 x g for 15 min. 

3.3.1.3 Glycerol stocks 

800µl of cells (from liquid culture) were placed into small microfuge tubes and 

200µl of autoclaved glycerol were added. The contents were mixed gently by 

flicking the tubes, followed by snap freezing the tube in an alcohol or dry ice bath. 

These glycerol stocks were stored in the -80°C freezer. 
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3.3.2 Cloning of phr2 and phr1 genes into pGEM
®®®®-T Easy Vector 

3.3.2.1 Oligonucleotide primer design 

Oligonucleotide primers were designed using the putative phr2 sequence identified 

from Hfx. volcanii. The primers shared homology upstream and downstream of the 

phr2 gene sequence. Both the forward and reverse primer incorporated restriction 

sites, NcoI and HindIII, respectively. These restriction sites were selected according 

to the pIL11 expression vector map sequence. To avoid any internal cut sites within 

the gene, i.e., to verify that the NcoI and HindIII sequences do not exist within the 

phr2 gene, the restriction sites were mapped using a mapping program 

(www.restrictionmapper.com). The primers were checked for their melting 

temperatures, GC content, and the existence of hairpin or dimer structures using the 

Primerselect Programme (Primer Premier, version 4.04, Premier Biosoft 

International, Palo Alto, CA, USA). The forward primer had to have 2 base changes 

in order to incorporate the NcoI restriction site. The reverse primer was designed to 

include the HindIII restriction site. A reverse primer was also designed to check for 

the incorporation of the ferredoxin promoter in the phr2-pTA233 construct. The 

primer design for phr1 was done accordingly, where restriction sites XbaI and 

HindIII were used for cloning purposes. There were no base pair changes as XbaI 

did not contain ′ATG′ in its sequence. The phr gene sequences, the flanking 

sequences to the genes as well as the primer sequences can be found in A1 and A2. 

3.3.2.2 Polymerase chain reaction 

The amount of the template Hfx. volcanii genomic DNA and the primers were 100ng 

and 100pmol, respectively. PCR reactions were set up in either 0.2 or 0.5 ml thin 

walled tubes on ice, and the reagents from Table 3.1 were added sequentially starting 

with water. The procedure was performed in the fumehood to minimize 

contamination. A control PCR tube that did not contain template DNA was used to 

detect the sterility of the reaction. The tubes were placed directly in a pre-heated 

Mastercycler thermal cycler (Eppendorf), where temperature cycling was carried out 

under the conditions described in Table 3.2. As the extension time is usually 

determined by the size of the expected product (1 min per kilobase); with Hfx. 

volcanii 3 min was always used. The annealing temperature was always 5°C below 
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the Tm of the forward and reverse primers; in this case they were 74.9°C and 75.3°C, 

respectively. 

Table 3.1: PCR reagents 

Reagents Negative Single primer Single primer Double 

control (Forward) (Reverse) primer 

Autoclaved water 37 37 37 36 

dNTPs 1 1 1 1 

10X thermol 5 5 5 5 

buffer 

DMSO 4 4 4 4 

Forward primer 1 1 − 1 

Reverse primer 1 − 1 1 

Template DNA − 1 1 1 

Vent polymerase 1 1 1 1 

Final volume (µl) 50 50 50 50 

Table 3.2: PCR thermocycling conditions
�

PCR cycle Temperature Time 

conditions 

Step 1 96°C 5 min Initial 

denaturation 

Step 2 96°C 1 min 30 s Denaturation 

Step 3 70°C 1 min 15 s Annealing 

Step 4 72°C 3 min Extension 

*Go to step 2, 

repeat 30 cycles 

Step 5 72°C 10 min Final extension 

Step 6 4°C Hold 

3.3.2.3 Agarose gel extraction 

The PCR products were visualized on a 1% (w/v) agarose gel using 1% TAE buffer. 

Depending on the comb sizes, 10 or 20µl of samples mixed with a 6X dye was 

loaded into the wells. The gel was run at 70V for 1.5 hr, taken out of gel cast and 

visualized on an UV transilluminator. Using a sterile razor, the band containing the 

gene was excised and placed into a 1.5ml microcentrifuge tube. The extraction of 

DNA was performed using a QIAquick Gel Extraction Kit (Qiagen). 5µl of the 

eluted DNA was run on a 1% (w/v) agarose gel along with a high mass ladder to 

estimate the amount of DNA. 
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3.3.2.4 A-tailing of PCR product 

Thermostable VentR
® 

DNA polymerase generated blunt-ended fragments during 

PCR amplification; therefore, the PCR fragment needed to be modified by the 

addition of adenines to both ends before cloning into the pGEM
®

-T vector. The 

reaction was performed in 0.5ml thin walled tube by the addition of 5.6µl of the 

extraction product, 1µl 10 x reaction buffer free of MgCl2, 2mM of MgCl2, 2mM of 

dATP and 5 units of Taq polymerase to a final volume of 10µl. The reactions were 

incubated at 70°C for 30 min. 

3.3.2.5 Ligation into pGEM
®
-T Easy Vector 

The pGEM
®

-T Easy Vector System (Figure 3.1) was used to for the cloning of the 

A-tailed products, following the protocol as outlined in the Promega technical 

manual of pGEM
®

-T and pGEM
®

-T Easy vector Systems. The appropriate amount 

of eluted insert DNA was ligated into 1µl pGEM
®

-T Easy Vector (50ng) in 10-20µl 

of final volume made up with autoclaved MilliQ water (Table 3.3). The 

concentration of extracted DNA was estimated by comparison with the high mass 

ladder on the gel. The amount of extracted DNA to be used in the ligation reaction 

was calculated as below: 

ng of vector (50) × kb size of insert (1.455) × insert: vector molar ratio* = ng of 

insert 

kb size of vector (3) 

*A 3:1 ratio of insert to vector was used when calculating the amount of insert. 
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Start 

Figure 3.1: Circular map of pGEM
®
-T Easy Vector 

Amp
r 

denotes the ampicillin/carbenicillin resistance gene. The T-overhangs are 

indicated in the Lac Z region, which is disrupted upon the insertion of a DNA 

fragment and forms the basis of blue/white screening. f1 ori is the origin of 

replication in E.coli. Inserts can be sequenced using SP6 and T7 promoter primers. 

Reproduced from the Promega pGEM
®
-T and pGEM

®
-T Easy Vector System Manual. 

Table 3.3: Ligation reaction set-up 

Reagents Reaction 1 Reaction 2 (control) 

2X rapid ligation buffer T4 5 5 

ligase 

pGEM-T Easy Vector 1 1 

(50ng) 

DNA (determined amount) − 
Control insert DNA − 1 

T4 DNA ligase (3 Weiss 1 1 

unit/µl) 

Autoclaved MilliQ water (add to final volume) 2 

Final volume (µl) 10-20 10 
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3.3.2.6 Transformation of competent JM 109 E. coli cells 

Following the protocol as outlined in the Promega technical manual, 10µl of the 

ligation reaction was used to transform 50µl of competent JM 109 cells. The LB 

plates containing either 50 µg/ml of carbenicillin or 100 µg/ml of ampicillin were 

made according to the protocol (unused plates were stored in the cold room for up to 

one month). The SOC medium was also made following the protocol manual, with 

the exception of adjusting the pH before autoclaving to avoid contamination. The 

selection plates were warmed prior to plating to allow easier spreading. Each plate 

was spread with 100µl of 100mM IPTG and 20µl of 50mg/ml of X-Gal and left to 

dry. 100µl of transformants were spread unto a plate labeled “dilute.” The rest of 

the cells were centrifuged briefly, and 700µl of the supernatant was removed. The 

pellet was re-suspended again with the remaining supernatant, and 100µl was spread 

unto a plate labeled “concentrate.” The plates were incubated at 37°C overnight to 

allow for blue/white selection. The white colonies were selected and streaked unto a 

master plate. Two or three blue colonies were also selected as controls (non­

transformants). 

3.3.2.7 Purification of plasmid DNA 

5ml of LB medium containing 5µl of 100µg/ml ampicillin (or 5µl of 50µg/ml 

carbenicillin) was inoculated with a single colony, followed by incubation overnight 

in a 37°C shaking incubator at 150 rpm. It is not recommended to extend the 

incubation period for longer than 16 hr (QIAprep Spin Miniprep Kit manual). The 

cells were spun down at 6000 rpm for 8 min at room temperature. The QIAprep 

Spin Miniprep Kit was used to purify the plasmid DNA using the microcentrifuge 

method. The eluted plasmid DNA was visualized on a 1% (w/v) agarose gel for 

analysis. 

3.3.2.8 Sequencing 

Successful transformants were sent for sequencing using the SP6 and T7 primers. 

The samples were sequenced by GeneServices, Cambridge. The sequencing results 

were analyzed using the Chromas Lite program as well as the BioEdit Sequence 

Alignment Editor Software package. 
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3.3.2.9 Single and double digests 

Single and double digests were performed to determine if the insert of the correct 

size is present. Components from Table 2.5 were added to a 1.5ml tube and 

incubated in a 37°C water bath for 4 hr. The reactions were visualized on a 1% (w/v) 

agarose gel alongside a DNA mass ladder to determine the sizes of the bands. 

Table 3.4: Reaction set up for single and double digests 

Reagents Single digest Single digest Double digest 

Plasmid DNA 5 5 5 

Buffer II — 5 5 

Buffer IV 5 — — 

10X BSA 5 5 5 

Enzyme 1 1 — 1.2 

Enzyme 2 — 1 1.2 

Sterile water 35 35 32.6 

Total volume (µl) 50 50 50 

3.3.3 Cloning of phr genes into pIL11 and pTA233 vectors 

3.3.3.1 pIL11 and pTA233 vector 

Both the pIL 11 and the pTA233 vectors were previously supplied on E. coli host 

strains on LB with ampicillin agar slants, where miniprep purification of each 

plasmid was performed as described in Section 3.3.2.7. pIL11 is a replication vector 

that multiplies in E. coli only. It is a 2845bp vector that possesses the Hbt. 

salinarum ferredoxin promoter (fdx promoter) for gene over-expression in Hfx. 

volcanii (Figure 3.2). As pIL11 lacks a Lac Z region, there is no possibility for 

blue/white screening. pTA233 is a shuttle vector that multiplies in both Hfx. volcanii 

and E. coli due to its dual origin of replications. It is a 7429bp vector and works well 

with clones up to 4kb (Figure 3.3). pTA233 vector derived from the pHV2 plasmid 

has a relative low copy number of 6 per cell (Charlebois et al. 1987), which is in 

contrast to the ColE1-based plasmids such as pUC19 with a copy number of over 

100 per cell (Summers 1998). 
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Figure 3.2: Circular map of pIL11 vector. The vector map of pIL11 includes the 

ampicillin/carbenicillin resistance gene (AmpR). This pUC19 based vector contains 

the Ori ColE1 replication origin from E. coli. Fdx promoter represents the ferredoxin 

promoter from Hbt. Salinarum for over expression in Hfx. volcanii. The NcoI site 

(C′CATGG) contains an ATG start codon for cloning of the target gene after the fdx 

promoter. 
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Figure 3.3: Circular map of pTA233 shuttle vector. pTA233 shuttle vector is derived 

from pTA192 vector. The map illustrates the LacZ region to allow for blue/white 

screening. The f1 (+) ori is the single-stranded DNA replication origin of the 

filamentous phage f1. The hdrB thymidine gene is a selectable marker that 

complements ΔhdrB Hfx. volcanii thymidine auxotrophy and is preceded by fdx 

promoter. This plasmid confers ampicillin/carbenicillin resistance gene (AmpR) 

selectable marker followed by the origin of replication (ori) of E. coli. The NcoI-

HindIII pHV2 or contains the origin of replication for Hfx. volcanii. 
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3.3.3.2 Cloning procedure for phr2 

The pIL 11 vector was used by previous lab members for the transformation of the 2­

oxoacid dehydrogenase complex (OADHC) genes. One of the encoding genes, E3, 

was ligated into the pIL11 vector using Xbal and HindIII followed by transformation 

into JM109 competent cells. In this study, E3 was chosen as a negative control for 

the phr genes. After minipreps of the plasmids, the E3 insert along with the 

ferrodoxin promoter upstream of the gene were digested from the pIL11 vector using 

BamHI and HindIII. This fragment was then ligated into respective site within the 

pTA233 shuttle vector, followed by transformation and minipreps. Due to the 

compatibility of the restriction enzymes used, the construct E3-pTA233 was digested 

using NcoI and HindIII to produce the linearized vector fragment without the insert; 

the phr2 gene was then ligated into this linearized pTA233 vector, downstream of 

the already incorporated fdx promoter from pIL11 using the same restriction 

enzymes. This was followed by transformation into JM109 competent cells using 

the same method outlined in Section 3.3.2.6. The plasmids were purified following 

the procedure outlined in Section 3.3.2.7. The cloning procedure of E3 followed by 

phr2 is outlined in Figure 3.4 below. 

Figure 3.4: Schematic diagram of the phr2 cloning procedure. The E3 gene, once 

cloned into the pIL11 vector, was digested using BamHI and HindIII to incorporate 

the ferredoxin promoter (Fdx P), and the entire fragment was ligated into pTA233. 

As the gene of interest has an N-terminal NcoI site, a double digest was performed 

on pTA233 with NcoI and HindIII. The phr2 gene with NcoI and HindIII overhangs, 

was then ligated into the linearized pTA233 vector. 
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3.3.3.3 Cloning procedure for phr1 

The cloning of the phr1 differed from that of phr2 due to the difference in restriction 

enzyme used. The excised phr1 fragment was cloned directly into pIL11, which was 

also digested with the same endonucleases (XbaI and HindIII). The fdx promoter, 

along with phr1 were excised and ligated into the pTA233 vector, followed by 

transformation into JM109 competent cells as outlined in Section 2.3.2.6. The route 

for the phr1 cloning procedure is shown in Figure 3.5 below. 

Figure 3.5: Schematic diagram of the phr1 cloning procedure. The phr1 gene was 

ligated into the digested pIL11 vector with XbaI and HindIII. Along with the fdx 

promoter (Fdx P), phr1 was digested out of pIL11 with BamHI and HindIII, which 

was subsequently ligated into pTA233 using the same restriction enzymes. 

3.3.4 Transformation of competent dam-/dcm- E. coli cells 

Following the High Efficiency Transformation Protocol as outlined in the New 

England Biolabs leaflet, 3µl of the purified plasmid containing either phr2 or phr1 

was added to the dam-/dcm- E. coli cell mixture and placed on ice for 30 min. The 

cells were heat shocked at exactly 42°C for 30 sec and placed on ice for 5 min. 

250µl of SOC medium was added to the mixture, placed in a shaking incubator (180 

rpm) at 37°C for 60 min. 100µl of diluted cell mixture was plated onto ampicillin 

LB plates and incubated at 37°C for one day. Single colonies were inoculated into 

10ml LB containing 10µl carbenicillin, followed by incubation in a 37°C shaking 

incubator (180 rpm). The plasmids were purified following the procedure as 

outlined in Section 2.2.3.7. 
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3.3.5 Growth of Hfx. volcanii H98 expression strain 

The Hfx. volcanii host strain H98 is of (ΔpyrE2 ΔhdrB) genotype and/or phenotype. 

A deletion in both of these genes results in uracil and thymidine auxotrophy in rich 

medium (Hv-YPC). The H98 expression strain was grown in a rich medium (Hv-

YPC) composed of two separate solutions. The first is a 30% salt water (SW) 

solution consisting of 24% (w/v) NaCl, 3% (w/v) MgCl2⋅6H2O, 3.5% (w/v) 

MgSO4⋅7H2O, 0.7% (w/v) KCl, and 20 ml of 1M Tris-HCl, pH 7.5, all dissolved in 

warm water to a final volume of one litre which was filter sterilized. The second 

part of the medium is 10 x YPC consisting of 8.5g yeast extract (Difco), 1.7g 

peptone (Oxoid) and 1.7g Casamino Acids (Difco), all dissolved in distilled water to 

a final volume of 170ml and adjusted to pH 7.5 with 1M KOH. To make up liquid 

Hv-YPC medium, 200ml of 30% salt water was mixed with 33ml of 10X YPC and 

added into a clean 500ml Duran bottle. A final volume of 333ml was made up with 

distilled water. The medium was autoclaved, and both 0.5M CaCl2 and filter 

sterilized thymidine (40µg/ml) at final concentrations were added upon cooling. To 

make solid Hv-YPC medium, 100ml of distilled water and 200ml of 30% salt water 

was mixed with 5.0g of agar. The contents were dissolved in the microwave with 

continuous mixing in between. 30ml of 10X YPC was added to the contents above 

and the solution was autoclaved. After cooling to about 57 °C, 2ml of 0.5M CaCl2 

and filter sterilized thymidine (40µg/ml) were added. The plates were poured thick, 

sealed in plastic and stored in a dark cupboard. 

3.3.6 Transformation of Hfx. volcanii H98 expression strain 

Unmethylated pTA233 with the cloned inserts were transformed into Hfx. volcanii 

H98 expression strain. This transformation protocol was carried out using 

polyethylene glycol (PEG). A freshly inoculated culture (10ml Hv-YPC with 

thymidine) was grown overnight to late log phase at OD650 of approximately 0.8. 

This was harvested at 4,500 x g for 8 min at room temperature. The solutions shown 

in Table 3.5 were prepared in advance for the transformation procedure. 
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Table 3.5: Buffers for transforming H98 strain 

Buffered sterile spheroplasting solution 

NaCl 14.61g 

KCl 0.5g 

Tris-HCl (pH8.5) 12.5ml 

Sucrose 37.5g 

Add distilled water to 250ml 

Unbuffered sterile spheroplasting solution
�
NaCl 5.84g 

KCl 0.2g 

Sucrose 15g 

Add distilled water to 100ml 

Adjust pH to 7.5 with 1M NaOH 

Polyethylene glycol 600 at 60%
�
PEG 600 480µl
�
Unbuffered spheroplasting solution 320µl
�

Sterile spheroplasting dilution solution
�
30% salt water 76ml 

Sucrose 15g 

0.5M CaCl2 0.75ml 

Add distilled water to 100ml 

Sterile regeneration solution
�
30% salt water 150ml 

10x YPC 25ml 

Sucrose 37.5g 

0.5M CaCl2 1.5ml 

Add distilled water to 250ml 

Sterile transformation dilution solution
�
30% salt water 150ml 

Sucrose 37.5g 

CaCl2 1.5ml 

Add distilled water to 250ml 

The pellet was washed in 2ml sterile buffered spheroplasting solution, transferred to 

a 2ml round bottomed tube and pelleted as above. The pellet was then gently re­

suspended in 600µl of buffered spheroplasting solution. For each transformation, 

200µl of cells were transferred to a clean 2ml round bottom tube. 20µl of 0.5M 

EDTA (pH 8.0) was added to the side of the tube, and the contents were mixed by 

inverting, followed by incubation at room temperature for 10 min to let the 
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spheroplasts form. Meanwhile, DNA samples were set up as follows: 10µl dam-

DNA (or 10ul of sterile water as control), 15µl unbuffered spheroplasting solution, 

and 5µl 0.5M EDTA (pH 8.0). After 10 min, the DNA was added to the spheroplasts 

and incubated for 5 min. After 5 min, 250µl of 60% PEG was added to each 

transformation. The tube was shaken horizontally for about 10 times, and left at 

room temperature for 30 min. 1.5ml spheroplast dilution solution was added to the 

tube, inverted to mix, and left at room temperature for 2 min. The cells were 

harvested at 4,500 x g for 8 min at room temperature, and the supernatants removed. 

1ml regeneration solution and 60µg/ml thymidine were added to the pellet, and the 

whole pellet was transferred to a 4ml Bijou tube. The tube was left undisturbed at 

45°C for 1.5-2 hr for regeneration to occur. At the end of the incubation period, the 

pellet was re-suspended by tapping the side of the Bijou, and return to 45°C on 

shaking at 150rpm for 3-4 hr. After incubation, the cells were transferred to a clean 

2ml round bottom tube, and pelleted as before. The supernatant was removed, and 

the pellet was resuspended gently in 1ml transformant dilution solution. 100µl of 

cells was plated onto Hv-YPC plates with and without thymidine using the dilutions 

10
0
, 10

1
, and 10

2 
in transformant dilution solution, and incubated at 45°C and sealed 

in plastic. 

After 5 days when the colonies had grown, the colonies were picked from each 

transformation and placed into 50ml flasks containing 20ml Hv-YPC medium. The 

cells were incubated at 45°C on shaking at 180 rpm. When the OD600 reached higher 

than 1.2, 5ml of the culture was removed for later use, and the rest of the cells were 

harvested and stored in either the -20°C or -80°C freezers as glycerol stocks. 

3.3.7 Analysis of transformants 

5ml of the cell culture was spun down and used to prepare minipreps of plasmid 

DNA as mentioned in Section 3.3.2.7. NcoI, XbaI, and HindIII were used for the 

double digestion of the plasmids to determine if the transformation was successful. 

Cell extracts and cell debris were examined by SDS-PAGE on a 10% (w/v) 

polyacrylamide gel (Laemmli 1970) with standard buffers (Sambrook and Russell 

2001). 
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3.3.7.1 Preparation of cell extracts for SDS-PAGE 

10ml cell culture was inoculated, and 1ml was used to measure the absorbance at 

OD600. The weights of the tubes were also measured. The 1ml was transferred to 

2ml tubes and harvested at 8,000 rpm for 3 min. The supernatants were removed, 

and the cell paste was re-suspended in extracting buffer (0.2g cell paste per 1ml 

buffer). For example, 0.4g of cell paste was re-suspended in 2ml buffer. Using the 

150-W Ultrasonic Disintegrator (MSE Scientific Instruments), the extracts were then 

subjected to three 30s bursts of sonication (amplitude = 14 micron) in an ice bath 

with 60s of cooling between each burst. The cell debris was removed by 

centrifugation at 16,000 x g for 10 min, and the supernatants were poured into clean 

1.5ml tubes. Equal amounts of 2X SDS loading buffer was added to the supernatants 

according to the OD readings taken earlier. The cell debris was re-suspended in 50­

100µl of sterile water, and 10µl of debris was mixed with 10µl of 2X SDS loading 

buffer. The samples were placed in the -20°C for further use. 

3.3.7.2 SDS-PAGE 

10µl of the sample was run on a SDS-PAGE gel alongside the BioRad protein 

marker which contained the following proteins: myosin (Mr 210Kda), β ­

galactosidase (116.3), phosphorylase b (97.4), bovine serum albumin (66.2), 

ovalbumin (45.0), carbonic anhydrase (31.0) and trypsin inhibitor (21.5). The 

protein marker was prepared by diluting 1 in 10 with sterile water, followed by the 

addition of 2X SDS loading buffer in a 1:1 ratio, and 2µl of 5% β mercaptoethanol. 

The mixture was boiled for 3 min at 95°C. The gel was run at 10mA for 2 hr, 

followed by staining in Coomassie Brilliant Blue R250 and de-staining in (700ml 

H20, 200ml Methanol, and 100ml acetic acid) overnight. 

3.4 Results 

3.4.1Cloning of the phr2 and phr1 genes into pGEM
®®®®-T Easy Vector 

3.4.1.1 PCR amplification of the phr genes 

Due to the high GC content of the Hfx. volcanii genome and the repetitive nature of 

the nucleotide sequences, it was difficult to design a set of primers that only 

annealed to the desired sequence. The first set of phr2 primers failed to produce any 
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products and there appeared to be smears in the control. After running a second set 

of gels where no smears were found in the control, it appeared that the problem may 

have been attributed to primer specificity. The next checkpoint was to adjust the 

PCR conditions by increasing the annealing temperature for greater specificity. A 

touchdown PCR was used in which a range of temperatures from 56°C to 64°C were 

tested. This is a method by which non-specific binding is decreased by first setting a 

very high annealing temperature, which at every subsequent cycle, is decreased by 

1°C. As primers bind specifically at a temperature just below their melting 

temperatures, the first sequences amplified would be of greatest primer specificity, 

meaning that it is most likely the sequence of interest. These sequences will still 

bind at lower temperatures, and the non-specific sequences would be bound 

comparatively less by the primers (Don et al. 1991). Although touchdown PCR gave 

a higher yield in the wanted product, these primers were still not specific enough as 

there was still unwanted background. It was decided to re-design a new set of 

primers that included a higher Tm and specificity (Table 3.6). The highlighted 

sequence indicated the NcoI restriction site that incorporated the two base pair 

changes to the phr2 gene sequence. 

Table 3.6: Primer sequences for amplifying phr2 

Primer Sequence 5′′′′-3′′′′ Tm °°°°C 

Hfx F GCGCCCATGGAACTGCACTGGCACCG 74.9
�
Hfx R CCAAGCTTGACCGAGGGCAAAAAACAGCAG 75.3
�

The new primers were blasted against the whole genome to see whether non-specific 

binding occurred. The forward primer did not contain any non-specific binding 

while the reverse primer annealed to two other sequences within the genome, 

although the E values were too large to have significant effects. The annealing 

temperature was increased to 70°C to increase specificity. In this PCR, VentR
®

, Taq, 

and Phusion 
™ 

polymerases were all tested to determine the one that gave the best 

yields. 5µl of the PCR products were visualized on a 1.0% (w/v) agarose gel for 

analysis. VentR
® 

polymerase gave the highest yield in the product of interest, with 

some non specific bands at comparatively lower concentrations. Taq polymerase 

yielded less PCR product in general when compared with VentR
® 

polymerase (Fig 

™ 
3.6a). Phusion polymerase failed to amplify any DNA (Fig 3.6b). The size of the 
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band of interest was calculated to be 1554bp, 99bp larger than the expected phr2 size 

of 1455bp. The remainder of the VentR
® 

amplified PCR products were run on a 

1.0% gel (w/v), and the band of the correct size was carefully excised from the gel 

and purified using the QIAquick Gel Extraction kit and purification method in 

Section 3.3.2.3. As the PCR conditions were optimized for phr2 already, the 

amplification of phr1 was performed with ease. The only change to the 

thermocycling condition is a decrease in annealing temperature to 56°C to 

accommodate the lower Tm of the primers. The PCR fragment produced was clean 

with the expected size; the band was extracted and purified as above (Fig 3.7). The 

primer sequences are shown in Table 3.7. 

Table 3.7: Primer sequences for amplifying phr1 

Primer Sequence 5′′′′-3′′′′ Tm °°°°C 

phr1forward TCTAGAACGATGTCCGAGCCAACTTC 62.5
�
phr1reverse AAGCTTGCATCTAATCGGAGAAATCG 61.7
�

1636bp
�

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Figure 3.6a: Gel electrophoresis analysis of PCR amplified phr2 gene products 

using VentR
® 

and Taq polymerases. Lanes 2 to 7 were amplified using VentR
®
, while 

lanes 8 to 13 were amplified using Taq. From left to right: lane 1, 14-15 = 1 kb DNA 

ladder; 2 = negative control; 3 = HfxR primer only; 4 = HfxF primer only; 5&6 = HfxF 

& HfxR primers; 7 = old primers (forward and reverse); 8 = negative control; 9 = 

HfxR prime only; 10 = HfxF primer only; 11&12= HfxF & HfxR primers; 13 = old 

primers (forward and reverse) 
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1 2 3 4 5 6 

1636bp 

Figure 3.6b: Gel electrophoresis analysis of PCR amplified phr2 gene products 

using Phusion 
™ 

polymerase. From left to right: lane 1 = negative control; 2 = HfxR 

primer only; 3 = HfxF primer only; 4 = HfxF & HfxR with GC buffer; 5 = HfxF & Hfx R 

with HF buffer; 6 = 1 kb DNA ladder 

1636bp 

1 2 3 4 5 6 7 

®
Fig 3.7 Gel electrophoresis analysis of PCR amplified phr1 using VentR Polymerase. 

From left to right: Lane 1 = 1 kb DNA ladder; 2 = blank; 3 = negative control; 4 = 

phr1forward primer only; 5 = phr1reverse primer only; 6&7 = phr1forward and 

phr1reverse primers 
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3.4.1.2 A-tailing, ligation and cloning 

A-tailing was performed on the isolated fragment to ensure that the DNA could be 

ligated into the pGEM
®

-T Easy Vector. The phr2-containing plasmids were then 

transformed into highly competent E. coli cells for blue/white screening. The cells 

were grown on LB ampicillin plates, and 18 white and blue colonies were selected 

and grown in liquid culture overnight. The plasmids from the cells were purified and 

visualized on an agarose gel to determine which plasmids contained the correct insert. 

Plasmids in lanes 2, 3, 4, 5, 8, 9 from Figure 3.8a and lanes 7 and 8 from Figure 3.8b 

appeared to be bigger in size compared to the rest of the plasmids at 3000bp; 

therefore, these plasmids may contain the insert. When checked with the master 

plate, these plasmids correspond to the white colonies on the plate. Plasmids in all 

other lanes were from blue colonies. Before the plasmids were sent for sequencing, 

the results were confirmed again with single and double digests to check for the 

success of transformation (Figure 3.9). Purification of plasmid preps for phr1­

pGEM
®

-T (figure for plasmid preps alone not shown) and restriction digest was 

performed as shown in Figure 3.10. 

1 2 3 4 5 6 7 8 9 10 11 1 2 3 4 5 6 7 8 9 10 11 

3.8a 3.8b 

Figures 3.8a and 3.8b: Gel electrophoresis analysis of plasmids of phr2-pGEM
®
-T 

construct. 3.8a - Lanes from left to right: 1 = 100bp DNA ladder; 2-10 = purified 

plasmids; 11 = 1 kb DNA ladder. 3.8b - Lanes from left to right: 1 = 1 kb DNA ladder; 

2-10 = purified plasmids; 11 = 1 kb DNA ladder 
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3.4.1.3 Restriction digest 

A single digest was performed with HindIII on all potential phr2-containing 

plasmids, and the samples were run on an agarose gel for analysis. The plasmids 

with the correct size were subsequently digested with NcoI to confirm the presence 

of the product at ~1500bp (Figure 3.9). In Figure 3.9, plasmids corresponding to 

lanes 2 to 9 were digested to show a top band at ~3000bp corresponding to the size 

of the vector used, and a lower band at approximately 1500bp, which is most likely 

the phr2 gene. Plasmids in lanes 10 and 11 did not contain an insert; therefore, the 

digest only resulted in pGEM
®

-T vector alone cut with NcoI only, as the HindIII 

restriction site does not exist within the vector sequence. The lower bands at 

~1500bp were excised from the agarose gel and purified. To check for potential 

phr1-containing plasmids, both single and double digests were performed on all 10 

purified plasmids with XbaI and HindIII (Figure 3.10). Plasmids corresponding to 

lanes 10 and 12 (white colonies on plate) contained the vector at ~3000bp and insert 

of the right size at ~1500bp. The 1500bp fragments were excised from the agarose 

gel and purified. 

1 2 3 4 5 6 7 8 9 10 11 12 13 

1636bp 

3054bp 

Figure 3.9: Gel electrophoresis analysis of double digests of all plasmids 

containing the phr2 insert. Lanes from left to right: 1&12= 1kb DNA ladder; 2-9 = 

plasmids digested with HindIII and NcoI; 10&11 = digested plasmids without insert; 

13 = DNA mass ladder 
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1 2 3 4 5 6 7 8 9 10 11 12 13 

1500bp 

3000bp 

Figure 3.10: Gel electrophoresis analysis of double digest of all plasmids 

containing the phr1 insert. Lanes from left to right: 1 = uncut blue colony 

(background control); 2 = positive control (uncut white colony); 3&4 = blue colony 

cut with XbaI and HindIII; 5-12 = white colony cut with XbaI and HindIII; 13 = 1 kb 

DNA ladder 

3.4.1.4 Sequencing 

All 8 clones corresponding to lanes 2 to 9 from Figure 3.9 were shown to contain the 

phr2 gene and these plasmids were sequenced and aligned to the putative phr2 

sequence to check for sequence identity and to determine the best clone for 

subsequent cloning experiments. NcoI was chosen as the restriction site for the 

forward primer because it contains the ATG start codon sequence which ensured that 

the phr2 gene would be present after insertion into the pGEM
®

-T vector. However, 

including this site in the forward primer involved two base pair mismatches on both 

sides of the start codon. This resulted in a second residue change from a serine to an 

alanine. As both residues are uncharged and are of similar sizes, this should not 

affect the subsequent expression of the phr2-encoded protein. All 8 clones contained 

the base pair changes. Sequencing results also revealed that the sequence of clone 1 

(lane 2) was identical to the putative phr2 sequence, with the exception for one base 

pair change resulting in an amino acid change from alanine to a valine. Whilst 

valine has a bigger side chain compared to alanine, both amino acids are 

hydrophobic, non-polar and neutral. This clone was chosen because its sequence 

was very clean compared to the sequences of the other 7 clones which did not have 
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this base pair change. For phr1, sequencing was performed for clones 

corresponding to lanes 10 and 12 (colonies 8 and 10 on plate) from Figure 3.10, both 

of which revealed 100% sequence identity to the putative Hfx. volcanii phr1 

sequence. Clone 8 was chosen for subsequent cloning work. 

3.4.2 Cloning of phr genes into pIL11 and pTA233 vectors 

Both the pIL11 and pTA233 vectors were initially supplied in E. coli host strains on 

LB ampicillin agar slants. Both pIL11 and pTA233 vectors had previously been 

used for the cloning of the dihydrolipoamide dehydrogenase (E3) gene from Hfx. 

volcanii. E3 was digested from pGEM
®

-T using XbaI and HindIII and ligated into 

the pIL11 vector cut with the same enzymes, followed by transformation into JM109 

competent cells where the resulting plasmids were purified. The fdx promoter, along 

with E3, were digested from pIL11 using HindIII and BamHI, where the whole 

fragment was then ligated into the pTA333 vector and transformed into competent 

cells (AL-Mailem 2006). For convenience, the purified plasmid preps containing E3 

were used for the cloning of the phr2 fragment. This was done by a double digest of 

the fdx-E3-pTA233 construct with NcoI and HindIII to remove the E3 fragment, 

leaving the intact fdx promoter in the linearized vector. The phr2 fragment digested 

with the same enzymes was ligated into the linearized pTA233 vector, followed by 

transformation in competent cells and purification of the plasmids. The phr2 gene 

was now preceded by the fdx promoter in pTA233. 

The plasmids were subjected to double digests with NcoI and HindIII to ascertain the 

presence of the phr2 fragment. The digested plasmids were run on a 1% agarose gel 

as shown in Figure 3.11a and 3.11b. Digested plasmids corresponding to lanes 2 to 7 

(clones 1-6) and lanes 10 to 12 (clones 9-11) in Figure 3.11a contained the insert of 

the right size at ~1500bp. The top band (~7000bp) corresponded to the size of the 

pTA233 vector with a size of 7.4kb. In Figure 3.11b, digested plasmids 

corresponding to lanes 2, 3, 6, 8 and 12 (clones 1, 2, 5, 7 and 10) also appeared to 

contain two fragments of the right sizes as well. The undigested plasmids, 

designated the fdx-phr2-pTA233 construct, were stored in the -20°C and as glycerol 

stocks in -80°C freezers for future use. Plasmids corresponding to lanes 2 and 3 

from Figure 3.11a were used for subsequent experiments. 
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3.11a 3.11b 

1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12 

1636bp 

7126bp 

Figure 3.11a and Figure 3.11b: Gel electrophoresis analysis of double digest of fdx-

phr2-pTA233 construct. 3.11a - lanes from left to right: 1 = 1 kb DNA ladder; 2-12 = 

double digested plasmids with HindIII and NcoI. 3.11b - lanes from left to right: 1 = 

1 kb DNA ladder; 2-10, 12 = double digested plasmids with HindIII and NcoI; 11 = 

blank 

The cloning of phr1 followed a more conventional route where it was first digested 

from pGEM
®

-T using XbaI and HindIII and the fragment gel purified. The phr1 

fragment was ligated into the pIL11 vector previously digested with the same 

enzymes. Transformation of the construct into competent cells was performed and 

the plasmids were purified. A double digest using XbaI and HindIII was performed 

to check for successful ligations (Figure 3.12a). All plasmids amplified fragments at 

~1500bp and 2800bp, corresponding to the sizes of phr1 and pIL11, respectively. 

The purified plasmids were also double digested with BamHI (upstream of the fdx 

promoter) and HindIII (to include the fdx promoter with the phr1 gene), and all four 

plasmids contained the insert (Figure 3.12b). This fdx-phr1 fragment was gel 

extracted and purified, and ligated into pTA233 shuttle vector previously digested 

with BamHI and HindIII. Transformation in competent cells was performed, 

followed by purification of the plasmids and a double digest with BamHI and 

HindIII to ascertain the presence of the fdx-phr1 fragment in pTA233. Figure 3.12c 

shows that only 1 plasmid corresponding to lane 4 was successfully digested to 

contain two fragments of the right sizes for phr1 (~1500bp) and pTA233 (~7000bp). 

This plasmid was stored in -20°C and as glycerol stocks in -80°C freezers for 

subsequent transformations. 
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3.12a 3.12b 3.12c 

1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 

1500bp 

3000bp 

1500bp 

7000bp 

Figure 3.12a, 3.12b and 3.12c: Gel electrophoresis analysis of restriction digests 

Figures 3.12a: Double digest of phr1-pIL11 construct with XbaI and HindIII. Lanes 

from left to right: 1 = 1kb DNA ladder; 2&4 = Colony 8, 3&5 = Colony 10 

Figure 3.12b: Double digest of phr1-pIL11 construct with BamHI and HindIII. Lanes 

from left to right: 1 = 1kb DNA ladder; 2&4 = Colony 8; 3&5 = Colony 10 

Figure 3.12c: Double digest of phr1-pTA233 construct with BamHI and HindIII. 

Lanes from left to right: 1 = 1kb DNA ladder; 2&4 = Colony 8; 3&5 = Colony 10 

3.4.2.1 Sequencing 

To ascertain that the fdx promoter was incorporated along with the phr2 gene, 

sequencing was performed on the transformed fdx-phr2-pTA233 construct. Both the 

sequences of the promoter and the phr2 gene were identified from the sequencing 

results obtained, indicating that the cloning was successful. This was not done for 

phr1 as double digests with BamHI and HindIII revealed two bands of the right sizes, 

indicating that the fdx promoter (with an upstream BamHI site) was indeed 

incorporated within the construct. The BamHI site needed to have been 

incorporated into the construct in order for the digest to work. 

3.4.3 Transformation of dam-/dcm- E. coli cells 

The DNA of the clones that were transformed using JM109 E. coli competent cells 

will be methylated, targeting it for degradation upon transformation into Hfx. 

volcanii H98 strain (Holmes et al. 1991). To resolve this problem, the plasmids were 

transformed into a non-methylating (dam-/dcm-) strain for the efficient 

transformation of Hfx. volcanii. The newly unmethylated fdx-phr2-pTA233 

plasmids were subjected to double digest with NcoI and HindIII to determine 
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whether the transformation was successful. Figure 3.13 showed that 6 out of 7 

clones contained the fdx-phr2-pTA233 construct; therefore, clone 1 (lane 2) and 

clone 2 (lane 3) were chosen for the transformation of the H98 native strain. 4 

unmethylated fdx-phr1-pTA233 plasmids were subjected to only a single digest with 

BamHI (Figure 3.13b), which showed that the construct was approximately 9000bp 

in size, corresponding to the size of the whole construct including phr1 (~1500bp) 

and pTA233 (~7500bp). Plasmid 1 in lane 2 was chosen for the transformation of 

the H98 native strain. 

3.13a 3.13b 

1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 

1636bp 

7126bp 

Figure 3.13a and 3.13b: Gel electrophoresis analysis of restriction digests and 

plasmid preps 

Figure 3.13a: Double digest of de-methylated phr2-pTA233 construct (NcoI and 

HindIII) From left to right: Lane 1&9 = 1kb DNA ladder; 2-8 = digested plasmids; 10 

= DNA mass ladder 

Figure 3.13b: Plasmid preps and single digest (BamHI) of de-methylated phr1-

pTA233 construct (arrow indicated 9000bp band of the kb ladder). From left to 

right: Lane 1 = 1kb DNA ladder; 2-5 = plasmid preps; 6-9 = digested plasmids 

3.4.4 Transformation of Hfx. volcanii H98 expression strain 

When the untransformed H98 strain was grown on Hv-YPC media with and without 

thymidine, growth was only observed in media supplemented with thymidine. 

Transformation of the host strain was performed using both the unmethylated fdx­

phr2-pTA233 and fdx-phr1-pTA233 constructs. A negative control (without any 

plasmids) with water was also included. The procedure was straightforward, 

although any rough handling of the spheroplasts would cause cell lysis so care was 
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taken when handling these cells. Also, if the cells lysed it would cause a PEG-NaCl 

precipitation of the DNA where transformation would not be possible (Cline et al. 

1989). Transformed cells were streaked on both thymidine + and thymidine – plates 

and incubated after sealing using parafilm to avoid drying out (typically takes up to 6 

days for colony formation). Visible red-orange colonies were seen just after 4 days 

on all the plates except the control where no colony growth was observed. On the 

thymidine + plates, the colonies were denser compared with the thymidine – plates. 

Single colonies were picked from thymidine – plates and inoculated into liquid Hv-

YPC broth for 24-72 hr until the cells reach an OD600 of greater than 1.2. 1ml of the 

culture was stored as glycerol stocks in the -80°C freezer and the rest was spun down 

for purification of the plasmids. The fdx-phr2-pTA233 plasmids were subjected to 

double digests with NcoI and HindIII and electrophoresed on a 1% agarose gel 

(Figure 3.14). The fdx-phr1-pTA233 plasmids were digested with XbaI and HindIII 

and electrophoresed on a 1% agarose gel as well (Figure 3.15). Double digests 

shown in these figures indicate that transformations had been successful for both fdx­

phr2-pTA233 and fdx-phr1-pTA233. 

1 2 3 4 5 6 7 8 9 10 11 12 

1636bp 

7126bp 

Figures 3.14: Gel electrophoresis analysis of double digest of H98 transformants 

containing fdx-phr2-pTA233 construct. From left to right: lane 1&11 = 1kb DNA 

ladder; 2&3 = clone 1, 10
0
; 4&5-clone 1, 10

1
; 6&7 = clone 2, 10

0
; 8&9 = clone 2, 10

1
; 

10 = undigested plasmid control; 12 = DNA mass ladder 
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1 2 3 4 5 6 
8000bp 

1500bp 

Figures 3.15: Gel electrophoresis analysis of double digest of H98 transformants 

containing fdx-phr1-pTA233 construct. From left to right: lane 1&6 = 2 log kb 

ladder; 2-5 = digested plasmids 

3.4.5 SDS-PAGE analysis of transformants 

Both cell extracts and cell debris were prepared by sonication as per Section 3.3.7.1 

using the Hfx. volcanii H98 strain transformed with pTA233 carrying the phr genes, 

H98 non-transformed strain, and the WT strain. The soluble (cell extracts) and 

insoluble (cell debris) fractions were analyzed by SDS-PAGE along with a sample of 

pure E. coli photolyase (Trevigen). There were no detectable differences in protein 

expression profiles between the transformed strain, untransformed strain and the 

wild type (Figure 3.16). The predicted Mr values for the putative Phr2 and Phr1 

proteins are 54488.8 and 56511.8, respectively. 
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1 2 3 4 5 6 7 8 9 10
�

66.2 kDa 

45kDa 

Figure 3.16: SDS-PAGE analysis of the Hfx. volcanii expressed Phr2 and Phr1 

proteins. This SDS-PAGE showed cell extracts and debris of Hfx. volcanii H98 

transformed with pTA233 carrying phr2 (lanes 2 and 3) and phr1 (lanes 9 and 10), 

untransformed H98 strain (lane 4 and 5), and WT strain (lanes 6 and 7). A pure E. 

coli photolyase (Trevigen) was also run as a benchmark (53669Da). 

Lane 1 2 3 4 5 6 7 8 9 10 

Fraction m s i s i s i EP i s 

m = marker, s = soluble, m = insoluble, EP = E. coli photolyase 

3.5 Discussion 

Previous studies have highlighted the efficiency of the light repair system in 

halophilic archaea, including Hfx. volcanii, in combating the deleterious effects of 

UV on DNA. A study by McCready demonstrated that whilst the UV-induced 

dimers were repaired in the dark, white light illumination and repair of the damaged 

DNA was a much more efficient process in removing these lesions (McCready 1996). 

The genes homologues, phr1 and phr2, were designated as putative photolyase­

encoding genes from Halobacterium sp. NRC-1. McCready and Marcello reported 

the construction of a phr2 deletion mutant which was UV-irradiated followed by 

subsequent exposure to visible light; results indicated the inability of the mutant 

strains to repair UV-induced damage, leading to a drastic decrease in its survival 

compared to the wild type strain (McCready and Marcello 2003). This led to the 

observation that the expression of the phr2-encoded protein was essential for 

photoreactivation to occur. A knock-out analysis of both phr2 and phr1 by Baliga 

and colleagues also showed the lethal effects of a phr2 deletion, leading to the 

deduction that phr2 encodes a functional photolyase (Baliga et al. 2004). No such 
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function, however, was observed for phr1. Nevertheless, the over-expression of the 

phr-encoded proteins for functional analysis has not yet been reported, most likely 

due to the technical difficulties in defining a compatible host for expressing 

halophilic proteins where the salt requirement is higher than the requirement of 

mesophilic proteins. In this chapter, the aim was to express the putative Phr proteins 

in a homologous system where the matching cytoplasmic conditions should 

contribute to the expression and production of soluble and active proteins for the 

functional characterization of both proteins. 

The steady progression in archaeal molecular biology is facilitated by the 

development of tools for genetic analyses. It has been previously shown that archaea 

are insensitive to most antibiotics used in bacterial vector-host systems. It was later 

reported that mevinolin, an inhibitor of eukaryotic 3-hydroxy-3-methylglutaryl 

coenzyme A reductases, strongly inhibited this enzyme in haloarchaeal extracts, 

preventing cell growth in liquid media (Cabrera et al. 1986). A number of shuttle 

vectors have since been constructed since with the discovery of inhibition by 

mevinolin, followed by selection for nutritional requirement as well, for the 

transformation in both Hfx. volcanii and E. coli. 

In this study, the phr genes passed through a number of cloning vectors before it 

reached the shuttle vector used to transform the native H98 strain. pGEM
®

-T Easy 

Vector System was used to enhance the copy numbers of the clones for sequencing 

purposes as well as to ensure that only fragments correctly digested with both 

restriction sites were used for subsequent ligation. The cloning procedure was 

complex due to the number of intermediate vectors used to reach the final 

transformation stage. The phr1-containing clones with the correct sequence ligated 

into the pIL 11 vector to recover the strong fdx promoter; the gene, along with the 

promoter were excised from the vector and inserted into the pTA233 shuttle vector. 

The fdx promoter of the fdx gene encoding the [2Fe-2S] ferredoxin in Hbt. salinarum 

is one of the strongest promoters available and shown to yield large activities even 

during the exponential growth phase in Hfx. volcanii transformants (Pfeifer et al. 

1993). The cloning route for phr2 was simplified as a construct previously used in 

the lab contained the same restriction sites for insertion into pTA233, therefore 

bypassing the pIL cloning step. 
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The fdx-phr2-pTA233 and fdx-phr1-pTA233 constructs were transformed into a 

dam-/dcm- E. coli strain before transformation into the H98 expression strain. 

Methylation is a modification system where the cleavage of DNA by endonucleases 

or restriction enzymes is blocked, thus preventing the destruction of cellular DNA. 

The E. coli chromosomes encode two types of methylases: dam and dcm methylases. 

Whereas the dam methylases recognize the DNA sequence GATC and methylates 

the adenine residue at the N
6 

position (Marinus and Morris 1973), dcm methylases 

recognize DNA sequences CCA/TGG and add methyl groups to the C
5 

position of 

the internal cytosine (May and Hattman 1975). Hfx. volcanii possess a restriction 

system that results in the degradation of these methylated adenine residues. It was 

previously shown that transforming methylated DNA into the native strain resulted 

in a 10
3 

drop in transformation efficiency (Holmes et al. 1991). This obstacle may 

be overcome by passing shuttle vectors through a methyltransferase-deficient strain. 

Unmethylated plasmids, however, are maintained at a lower stability and so routine 

cloning should be carried out (Marinus 1987). The constructs should be transformed 

into a dam+ JM109 strain followed by passage through a methyltransferase deficient 

strain, JM110, just prior to Hfx. volcanii transformation. 

The unmethylated constructs containing the both phr2 and phr1 were transformed 

into Hfx. volcanii H98 strain, where the presence of the insert including the fdx 

promoter in pTA233 was confirmed by double digests of the purified plasmids. 

However, an over-expression of neither Phr2 or Phr1 protein was confirmed by SDS­

PAGE, as there were no detectable differences in protein profiling between the 

soluble or insoluble fractions from the transformed H98 strain, the untransformed 

H98 (no pTA233 vector) and the wild type strains. These results can be explained 

by the low expression level of the recombinant protein, possibly due to the usage of 

the shuttle vector containing a low copy number. Presently to the author’s 

knowledge, there are no published data on an efficient halophilic protein expression 

vector or on the characterization of a homologous halophilic protein expression 

system. A second possibility could be the degradation of the gene products post 

translation, though this is not expected as the proteins were expressed in their native 

environment. 
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Further purification, structural and functional analyses are complicated by the 

insufficient level of expression achieved for the Phr proteins. This suggests that the 

development for a high copy number vector in conjunction with with a tightly 

controlled inducible promoter for controlled expression, such as the tryptophan-

induced (tna) promoter currently used to detect the expression of essential 

chaperonin protein in Hfx. volcanii, would be advantageous for the over-expression 

of halophilic proteins in a native host (Large et al. 2007). Combined with the 

favourable condition of high salt for maintaining protein structure and function, the 

homologous expression system would become a much more sensible choice for 

expressing halophilic proteins. 
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PPuurriiffiiccaattiioonn ooff tthhee PPhhrr22 PPrrootteeiinn
 

4.1 Introduction 

Protein expression using the host organism is advantageous in terms of having a 

compatible cytoplasmic environment where the high salt is a requirement for the 

proper expression and function of proteins. In the previous chapter, homologous 

expression of Hfx. volcanii Phr2 protein was attempted using the native strain in the 

hope of obtaining a soluble, functional protein. Results indicated that it was difficult 

to detect an over expression of the Phr2 protein, an obstacle that was most likely due 

to the low copy number of the vector used during the cloning process. It would not 

be worthwhile to purify the protein while the expression level remained too low for 

detection on an SDS PAGE. To the author’s knowledge, an efficient system of 

halophilic protein expression has not been described to date. The aim of this chapter, 

therefore, was to obtain a soluble protein through the affinity purification of a 

homologously expressed halophilic Phr2 protein from Hfx. volcanii. This involved 

the modification of the pTA233 shuttle vector to include a polyhistidine tag upstream 

of the cloned gene, followed by affinity purification of the tagged protein. This 

chapter describes both the methodology and logic behind the technique, followed by 

purification and mass spectrosocopy results. 

4.2 Materials 

4.2.1 Cell culture 

Please refer to Section 3.2.1 for growth media. 

4.2.2 Molecular biology studies 

Oligonucleotide primers were obtained from MWG-Biotech AG, and eurofins MWG 

GmbH, Germany. Shrimp alkaline phosphatase was supplied by Fermentas Life 

Sciences. GoStar Master Mix was provided by GeneSys, Surrey, UK. The His•Bind 

Resin was purchased from Novagen, USA. Suppliers for all other materials can be 

found in Section 3.3. 
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4.3 Methods 

4.3.1 Construct design 

The construct was made so that an N-terminal His-tag preceded the phr2 gene in a 

pTA233 vector. The phr2-pTA233 construct was made according to the cloning 

procedures outlined in Chapter 3, while the phr2-pET28a construct was made 

according to procedures from Chapter 5, both of which were as illustrated in Figures 

4.1 and 4.2. The phr2 fragment was digested from the phr2-pTA233 construct using 

NcoI and HindIII, where the pTA233 vector alone was purified and the phr2 

fragment was discarded. The phr2-pET28a construct, as shown in Figure 4.2, 

contained an NcoI restriction site upstream of the histidine sequence and the phr2 

gene; the construct was then digested with both NcoI and HindIII, where the his-phr2 

sequence was kept and purified. This fragment was ligated into the pTA233 shuttle 

vector to create a his-phr2-pTA233 construct containing the N-terminal His-tag as 

shown in Figure 4.3. 

pT A 2 3 3 rc phr2 
9024 bp 

lac (pt2) 

lac 

Amp 

Phr2 

Ferredoxin promoter 

BamHI (5988) 

HindIII (7612) 

NcoI (6116) 

XmaI (6047) 

XmaI (8265) 

PstI (3973) 

PstI (6114) 

PstI (8332) 

Figure 4.1: fdx-phr2-pTA233 construct. This fdx-phr2-pTA233 construct is as 

designed in Chapter 3. Restriction digests using NcoI and HindIII were used to 

remove the phr2 gene only from the vector. 
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T7 terminator
 

C-term His.tag 

AvaI (6641) 

HindIII (6626) 

AvaI (6422) NaeI (140) 

Phr2 f1 origin 

NaeI (5763) 

NaeI (5473) KanR 

NaeI (5367) XmaI (1068) 

NaeI (5254) AvaI (1068) 

NdeI (5130) SmaI (1070) 

Thrombin ClaI (1251) 

N-term His.tag 

NcoI (5070) ApaLI (1828) 

T7 promoter 

NaeI (4935) pBR322 origin 

ApaLI (2328) 

ApaLI (4263) 

lacI 

NaeI (3187) 

pE T 2 8 a+ phr2 
6802 bp 

NaeI (3347) 

Figure 4.2: phr2-pET28a construct. This phr2-pET28a construct is as designed in 

Chapter 5. The sequence downstream of the NcoI site, including the His-tag (N-term 

His.tag) and upstream of the HindIII site was extracted from the vector. 
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pT A 2 3 3 rc phr2 (his tag) 
9084 bp 

lac (pt2) 

lac 

Amp 

N terminus His Tag 

Thrombin 

Phr2 

Ferredoxin promoter 

BamHI (5988) 

HindIII (7672) 

NcoI (6116) 

XmaI (6047) 

XmaI (8325) 

PstI (3973) 

PstI (6114) 

PstI (8392) 

Figure 4.3: modified his-phr2-pTA233 construct. This is the proposed modification 

to the pTA233 construct. The his-phr2 sequence digested from Figure 4.2 was 

cloned into the linearized pTA233 vector from Figure 4.1. 

4.3.2 Transformation of his-phr2-pTA233 construct 

The transformation protocol, plasmid prep purification, sequencing and single digest 

procedures can be found in Sections 3.3.2.6 to 3.3.2.9. The transformation of 

competent dam-/dcm- E. coli cells can be found in Section 3.3.4. The H98 strain 

transformation protocol was as followed in Section 3.3.6. 

4.3.3 Colony PCR 

Sterile toothpicks were used to gently swab the colonies grown on nutrient agar 

plates. The toothpicks were suspended into a 0.2 or 0.5µl PCR tube containing 50µl 

of sterile water to transfer the colonies into the tube. The tubes were heated on a 

heat block for 1 min, followed by centrifuging at 13,000 x g for 1 min. 1 to 2 µl was 

used as template for the PCR using the GoStar MasterMix. 
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4.3.4 Preparation of cell extracts for purification 

10ml starter cultures of the transformed strains were set-up overnight in Hv-YPC 

medium, followed by inoculation into larger culture volumes (greater than 200ml) 

and grown for 2 days on shaking at 45°C. After two days, when OD600 reached 

beyond 1.2, the cultures were spun down at 8000 rpm for 15 min. The pellet was re­

suspended in 5ml of extracting buffer (2M NaCl, 50mM Tris HCl pH8.0, and 1mM 

EDTA), followed by sonication of at least five 20s bursts (amplitude = 14 micron) in 

an ice bath with 40s of cooling between each burst depending on the viscosity of the 

re-suspended cultures. The cultures were sometimes diluted further in extracting 

buffer to loosen the pellet more and to make the sonication process easier. The 

sonicated cell extracts were centrifuged at 16,000 x g for 10 min to separate the 

soluble and insoluble fractions. The soluble fraction was filtered through a 0.45µm 

membrane to remove further contaminants. 

4.3.5 Preparation of cell extracts for SDS-PAGE 

Equal amounts of 2X SDS loading buffer was added to the filtered soluble fractions 

according to the OD600 readings taken earlier. The insoluble fraction was re-

solubilized in 8M urea and spun down. 10 to 20µl of re-suspended fraction were 

mixed with an equal volume of 2X SDS loading buffer, again taking into account of 

the viscosity nature of the Hfx. volcanii cultures. The procedure for the analysis of 

transformants and the SDS-PAGE were as followed in Section 3.3.7.1 and 3.3.7.2. 

4.3.6 Column preparation and purification 

The column was prepared under renaturing conditions, i.e. without the addition of 

urea or guanidine HCl. The His•Bind Resin was gently mixed by inversion to re­

suspend the slurry solution. 1ml of slurry was transferred to the gravity flow 

column. When the storage buffer dropped to the top of the column bed, the resin 

was washed 3 times with 5ml of sterile deionized water. The column was charged 

with 3 volumes of 8X (400mM) NiSO4 solution until the resin turned a bright green. 

3 volumes of binding buffer (50mM Tris-HCl, 2M KCl, 20mM imidazole, pH 8.0) 

was added and allowed to drain to the top of the column bed. 1 to 5ml of the 

prepared supernatant was loaded onto the column and allowed to drain through. The 

column was washed with 5 volumes of binding buffer, followed by eluting the bound 
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proteins with 5 volumes of elution buffer (50mM Tris-HCl, 2M KCl, 1M imidazole, 

pH 8.0). 1ml elution fractions were collected for each elution buffer used and were 

stored at 4°C for analysis. The column was washed with 5 volumes of sterile 

deionized water and stored in 20% ethanol. 

4.4 Results 

4.4.1 Construct design 

4.4.1.1 PCR amplification of His-tag from pET vector 

Different methods were sought for the modification to the pTA233 shuttle vector to 

include a His-tag. The first method involved PCR amplification of the His-tag 

sequence using the pET-28a vector as the template. The forward and reverse primers 

were designed to include NcoI restriction sites on both ends of the amplified 

fragment. The PCR would produce a fragment of approximately 50bp. As the phr2 

gene within the fdx-phr2-pTA233 construct was preceded by an NcoI restriction site, 

this meant that a single digest of the construct with NcoI would allow for the direct 

ligation of the amplified fragment with the same recognition sites on both N- and C-

terminal ends. The primer sets used were listed in Table 4.1. The underlined 

sequence indicated the NcoI restriction site. 

Table 4.1: Primers for insertion of the his tag sequence into phr2-pTA233 

Primer Sequence 5′′′′ to 3′′′′ Tm °°°°C 

pet28afwd CCATGGGCAGCAGCCATCATCATCAT 66.4 

pet28arev CATGCCATGGGCTGCCGCGC 67.6 

pet28a_for_prime CACATGCCATGGCATCATCATCATCATCAC 

AGCAGCGGCCTG 

88.8 

pet28a_rev_prime CACATGCCATGGGCTGCCGCGCGGCACCAG 

GCCGCTGCTGTG 

97.5 

Polymerase chain reaction was carried out as described in Section 3.3.2.2, where 5µl 

of each PCR reaction was run on a 1% agarose gel along with 1kb and 100bp DNA 

ladders as described in Section 3.3.2.3. Due to the small size of the PCR fragment 

generated, it was difficult to visualize the fragment on the agarose gel (Data not 

shown). A touchdown PCR was used to try to decrease non-specific background and 

to generate the desired fragment to a greater extent. However, due to the 
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unsuccessful visualization of the PCR products, it was not possible to carry out gel 

extraction of the desired fragment. 0.1% sodium tetrahydroborate buffer was used 

instead of TAE as a running buffer, as it has been shown in previous studies that the 

buffer helps with resolving small fragments on an agarose gel (Brody and Kern 

2004). However, the 50bp fragment was still not observed; therefore, the PCR 

method was later discarded, and further design modifications were sought. 

4.4.1.2 Designing synthetic oligonucleotides 

A second method was utilised where synthetic oligonucleotides were designed for 

the direct insertion of the His-tag sequence into the phr2-pTA233 construct. This 

method involved designing oligonucletides containing both the His-tag and the 

thrombin cleavage site sequences with the appropriate restriction sites on both the N­

and C-terminal ends. Again, NcoI was chosen as the recognition sequence directly 

preceding the start of the gene in the phr2-pTA233 construct. Two oligonucleotides 

were designed to be complementary, and contained overhangs to create “sticky ends” 

for the fragment to ligate into the linearized construct once it had been digested with 

NcoI. The first 4 oligonucleotides in Table 4.2a were used for ligating into the 

construct. The ratio of oligonucleotide to the linearlized phr2-pTA233 vector was 

optimized depending on the dilution factor used for the oligonucleotides; ratios of 

3:1, 8:1 and 10:1 were chosen. Equal amounts of the complementary 

oligonucleotides (5µl of 100pmol/µl) were mixed in a 0.5µl PCR tube, and placed on 

a heat block at 95°C. To anneal the two oligonucleotides, the heat block was then 

turned off and allowed to cool to 60°C. Ligation reactions were set up to a final 

volume of 10µl. Transformation of the ligation reactions were done using JM109 

competent cells, followed by plasmid prep and double digests using NcoI and 

HindIII. Colony PCR using primers hisphr2_fwd and hisphr2_rev (Table 4.2b) were 

performed to check for the success of the ligation by generating a 500bp PCR 

product including the his-tag sequence and part of the phr2 gene sequence (Figures 

4.4a and 4.4b). As only one restriction site was designed on either end of the 

oligonucleotide, re-ligation of the sequence was likely. To resolve this issue, the 

pet28a_for_phos and pet28a_rev_phos primers contained 5′ and 3′ phosphate 

modifications to prevent the re-ligation of the oligonucleotides. The cut pTA233 

vector was also de-phosphoryated to prevent the re-ligation of the linearized 

construct after the single digest. PCR results from Figures 4.4a and 4.4b indicated 
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that PCR had been successful in producing the 500bp fragment. Colonies shown to 

produce the fragment of the right size were set up for overnight cultures, and plasmid 

DNA was purified and its sequence analyzed using the pTA233_forward primer 

(Table 4.2b). However, none of the plasmids contained the His-tag sequence; some 

contained parts of the phr2 gene, while others contained random sequences that 

could not be aligned to the phr2 sequence. After several failed sequencing results, 

this method was finally discarded. 

Table 4.2a: Sequences of oligonucleotides and primers used 

Oligonucleotides Sequence 5′′′′ to 3′′′′ 
pET28-1_for CCATGGCATCATCATCATCATCACAGCGGCCTGGTGCCGCGCG 

GCAGCCCATGG 

pET28-1_rev CCATGGGCTGCCGCGCGGCACCAGGCCGCTGTGATGATGATGA 

TGATGCCATGG 

pET28-2_for CATGGCATCATCATCATCATCACAGCGGCCTGGTGCCGCGCGG 

CAGCCCATG 

pET28-2_rev CATGGGCTGCCGCGCGGCACCAGGCCGCTGTGATGATGATGAT 

GATGCCATG 

pet28a_for_phos CATGGCATCATCATCATCATCACAGCAGCGGCCTGGTGC 

CGCGCGGCAGCC 

pet28a_rev_phos CATGGGCTGCCGCGCGGCACCAGGCCGCTGTGATGATGA 

TGATGATGC 

Table 4.2b: Primers used for colony PCR and sequencing 

Primer Sequence 5′′′′ to 3′′′′ Tm °°°°C 

hisphr2_fwd CATCATCATCATCACAGCGGCCTG 64.4 

hisphr2_rev ATGTCGAACTCTGCGTCGCCGTT 64.2 

pTA233_forward AATGCGGTTCGCGCGTTAATTGG 62.4 
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500bp 

500bp 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

4.5a 

4.5b 

Figure 4.4a & 4.4b: Gel electrophoresis analysis of colony PCR of 30 possible 

transformants. 4.4a – from left to right: lane 1&16 = 1kb and 100bp DNA ladders; 

2-15 = plasmids 1-14. 4.4b – from left to right: lane 1&16 = 1kb and 100bp ladder; 

2-15: plasmids 15-28 

4.4.1.3 Cloning of his-phr2 fragment into pTA233 shuttle vector 

The third method described here involved the cloning of the phr2 gene into a pET28­

a vector to produce an N-terminal his-tagged sequence, followed by a double digest 

of the His-tag along with the gene for insertion into the linearized pTA233 construct. 

This method, although more complex than the two previously described, produced 

the desired modification to the shuttle vector. The phr2-pTA233 construct was 

firstly subjected to a double digest with NcoI and HindIII to remove the phr2 gene, 

whilst still maintaining the fdx promoter cloned from the pIL11 vector. A new PCR 

was initiated to amplify the Hfx. volcanii phr2 gene for insertion into the pET28-a 

vector to produce an N-terminal his-tagged protein, where the forward and reverse 

primers contained restriction sites NdeI and HindIII, respectively. The complete 

phr2-pET28a cloning procedure can be found in the methods section in Chapter 5. 

Within the phr2-pET28a construct, the his-tag sequence was preceded directly by an 
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NcoI restriction site; a double digest was performed with NcoI and HindIII to obtain 

a “his-phr2” fragment, which was subsequently ligated into the linearized pTA233 

shuttle vector, thus completing the modification scheme. Figure 4.5 shows the 

double digest results of both phr2-pTA233 and phr2-pET28a constructs using NcoI 

and HindIII. The linearized pTA233 vector (lane 6) and the his-phr2 fragment (lane 

3) were gel extracted and purified as shown in Figure 4.6. 

1 2 3 4 5 6 

Figure 4.5: Gel electrophoresis analysis of single and double digest of phr2-

pTA233 and phr2-pET28a constructs with NcoI, NdeI and HindIII. From left to 

right: lane 1 = 1kb DNA ladder; 2 = single digest (NcoI) phr2-pET28a; 3 = double 

digest (NcoI and HindIII) phr2-pET28a; 4 = double digest (NcoI and NdeI) phr2-

pET28a; 5 = single digest (HindIII) phr2-pTA233; 6 = double digest (NcoI and HindIII) 

phr2-pTA233 
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Figure 4.6: Gel extraction of the digested pTA233 vector and the digested phr2 

1 2 3 4 5 6 

1636bp 

6108bp 
7126bp 

fragment from phr2-pET28a construct. From left to right: lane 1&2 = purified 

pTA233 vector; 3&4 = purified his-phr2 fragment; 5 = DNA mass ladder; 6 = 1kb 

DNA ladder 

Overnight ligation reactions were set up and transformation into highly competent 

JM109 cells was performed. 21 colonies were picked the next day for culturing over 

night, and all plasmids were purified using QIAprep Spin Miniprep Kit (Qiagen). A 

single digest with NdeI was used to check for successful ligations (Figures 4.7a and 

Figure 4.7b), as the newly modified his-phr2-pTA233 construct would contain the 

NdeI restriction site directly upstream of the phr2 gene, whereas the phr2-pTA233 

construct would not have contained this restriction site. As 17 out of 21 plasmids 

appeared to have been digested with NdeI, a representative 5 plasmids (1, 14 and 18 

corresponding to lane 2 in Figure 4.7a and lanes 3 and 7 from Figure 4.7b) were 

chosen for sequencing. Only plasmids 14 and 18 showed the desired in-frame 

sequences containing the His-tag and the thrombin cleavage sequences upstream of 

the phr2 gene. These two plasmids were used for subsequent transformation into 

competent dam-/dcm- E. coli JM110 cells as described in Section 3.3.4. The newly 

non-methylated his-phr2-pTA233 constructs were then transformed into H98 strain, 

protocol as followed in Section 3.3.6 Double digests with NcoI and HindIII were 

performed for the 5 plasmids transformed in H98 (Figure 4.8). Plasmid 1 (lane 2) 

was chosen due to its higher concentration shown on the 1% agarose gel compared to 

the rest of the plasmids, and was therefore used in the subsequent expression and 

purification experiments. 
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1 2 3 4 5 6 7 8 9 10 11 12 13
�

Figure 4.7a: Gel electrophoresis analysis of digested his-phr2-pTA233 using NdeI
�
From left to right: lane 1 = 1kb DNA ladder; 2-13 = plasmid preps 1 to 12
�

1 2 3 4 5 6 7 8 9 10
�

Figure 4.7b: Gel electrophoresis analysis of digested his-phr2-pTA233 using NdeI
�
From left to right: lane 1 = 1kb DNA ladder; 2-10 = plasmid preps 13-21
�
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1500bp 

8000bp 

1 2 3 4 5 6 

Figure 4.8: Gel electrophoresis of double digest of Hfx. volcanii H98 transformed 

his-phr2-pTA233 constructs. From left to right: lane 1 = kb ladder; 2-6 = plasmids 1 

to 5 

4.4.2 Protein expression and purification 

Protein expression trials were performed for the homologously expressed his-tagged 

Phr2 protein, the homologously expressed non-tagged Phr2 protein, and a non-

transformed H98 strain as a background control. 8µl of each sample was run on a 

12.5% SDS-PAGE. Figure 4.9 shows that the expression profile did not differ much 

between the 3 strains, a result similar to that observed in Chapter 3. A pull down 

purification was then carried out for the His-tagged Phr2 protein using a His•Bind 

resin column charged with Nickel under renaturing conditions. To obtain enough 

proteins for the purification process, cells harvested from a 200ml culture was used 

with an OD600 of about 1.6. 1ml elution fractions were eluted and collected. Figure 

4.10 shows the SDS-PAGE analysis of the purified fractions where 4µl of the eluted 

fractions were ran alongside the soluble and insoluble fractions on a 12.5% gel. 

Looking at this figure, there appeared to be a protein of approximately 56kDa in 

lanes 7 to 10, corresponding to fractions 6 to 9, with the most intense and cleanest 

band shown in fraction 7 (lane 8). This band was gel extracted and sent off for mass 

spectroscopy to confirm the identity of the purified protein. 
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66.2kDa 

1 2 3 4 5 6 7 

Figure 4.9: SDS-PAGE analysis of homologously expressed his tagged Phr2 protein, 

non-tagged Phr2 protein, and non-transformed H98 strain 

Lane 1 2 3 4 5 6 7 

Strain - T (tag) T (tag) T (no tag) T (no tag) NT NT 

Fraction m s i s i s i 

m = marker, T(tag) = his-tagged Phr2, T (no tag) = non-tagged Phr2, Non-trans = 

non-transformed H98, s = soluble, i = insoluble 

1 2 3 4 5 6 7 8 9 10 11 12 13 14
�

Figure 4.10: SDS-PAGE analysis of eluted fractions following purification of the 

homologously expressed His-tagged Phr2 Protein 

Lane 1 2 3 4 5 6 7 

Fraction m 1
st 

2
nd 

3
rd 

4
th 

5
th 

6
th 

Lane 8 9 10 11 12 13 14 

Fraction 7
th 

8
th 

9
th 

10
th 

11
th 

i s 

m = marker, lanes 2-12 = eluted fractions, i = insoluble, s = soluble
�
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4.4.3 Mass spectroscopy of Phr2 protein 

Due to the promising result shown by the SDS-PAGE on the purification of the Phr2 

protein, the band of interest was excised from the gel and used for mass spectroscopy 

analysis along with the single amino acid sequence of the putative Phr2 protein. The 

analysis was conducted by the BMS Mass Spectroscopy and Proteomics Facility, 

University of St. Andrews, UK. The single protein was analysed by in-gel tryptic 

digestion and nanoLC-ESI MS/MS using the QStar Pulsar XL, a quadruple TOF 

instrument. The Mascot search result generated peptide identification in terms of 

probability, and this was compared against two databases: BMS (the facility’s 

internal database) and the MSDB database for possible matches. Search against the 

BMS database did not result in a match to the Phr2 sequence, whereas a search 

against the MSDB database resulted in a match to three hypothetical proteins: 

RnnAC31100 from Haloarcula marismortui, NP22628 from Natronomonas. 

pharaonis, and VNG 2021 from Halobacterium sp. NRC-1. A BLAST analysis 

revealed that the three hypothetical proteins were homologues to the PitA protein 

from Hfx. volcanii. When the PitA protein was inputted into the BMS database, a 

significant match was produced between PitA and the analyzed sample. PitA has no 

sequence similarity to the Phr2 sequence. 

4.5 Discussion 

Soluble expression of the Hfx. volcanii Phr2 protein in the native strain was too low 

to enable purification (Chapter 3). The pTA233 shuttle vector used in the cloning 

process was not designed for expression, but rather as a selection marker system for 

the ability to utilize thymidine as a nutrient source (Allers et al. 2004). A vector 

designed specifically for the homologous expression of Hfx. volcanii proteins has not 

been described to date. An experimental approach was taken to identify a His-tag 

affinity purification method to purify halophilic proteins. While the method would 

not increase the expression levels of the protein, as an expression vector like pET28a 

would, it will provide the means to purify small quantities of Phr2 proteins expressed 

in the native strain. 

Numerous strategies were utilized to modify the pTA233 vector, including PCR 

amplifying the His-tag sequence using the pET vector as the template. This method 
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was discarded as the amplified fragment was too small to be resolved on an agarose 

gel, even up to 2%. Alternative running buffers such as sodium tetrahydroborate, 

used to resolve small PCR fragments at a much higher voltage (over 200V), proved 

to be ineffective in resolving the 50bp fragment. A second method was conducted, 

where oligonucleotides of various lengths (56 to 61bp) containing the his-tag and the 

thrombin cleavage sequences were directly ligated into the linearized phr2-pTA233 

fragment. Colony PCR using the transformed constructs were set up to determine 

whether the ligations had been successful. After numerous attempts, this method 

was also deemed ineffective, owning to the difficulties in ligating a small fragment 

into the vector. 

A third method devised included further cloning steps and ligation of larger 

fragments into the vector. This would overcome both problems found in the 

previous methods: inability to visualize small fragments on an agarose gel and the 

low success rate of ligating small fragments into vectors. The phr2 gene was 

successfully ligated into the pET28a expression vector as described in Chapter 5. 

The gene, along with the N-terminal his tag and thrombin cleavage sequences, was 

digested from the vector. At the same time, the phr2-pTA233 construct was digested 

to remove the phr2 fragment, leaving the linearized pTA233 fragment for the his­

phr2 fragment to ligate into. This method proved to be a success; sequencing 

analysis indicated in-frame insertion of the his-tag, thrombin cleavage site as well as 

the phr2 gene into the pTA233 vector. Purification results indicated that a protein of 

approximately 56kDa was eluted from the column, matching the size of the his-

tagged protein as computed using the ProParam analysis tool from the Expasy 

Proteomics Server (http://www.expasy.ch/tools/protparam.html). 

Mass spectroscopy analysis indicated that the eluted protein was not the expected 

Phr2, but a Hfx. volcanii protein, PitA. This encoded protein has a similar size of 

56kDa, and possesses two domains: an N-terminal chlorite dismutase and an C-

terminal antibiotic biosynthesis monooxygenase (ABM) domain, both on a single 

ORF as predicted by the Pfam database (Bateman et al. 2004). Three haloarchaeal 

proteins homologous to the PitA include the Halobacterium sp. NRC-1 Vng2021 

(Ng et al. 2000), the Haloarcula marismortui RrnAC3100 (Baliga et al. 2004), and 

the Natronomonas pharaonis NP2262A (Falb et al. 2005). All 4 proteins possess a 
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similar domain architecture of two highly conserved regions, as well as a histidine-

rich region predicted to be structurally unstable between the two regions (Bab-Dinitz 

et al. 2006). The purification of PitA instead of Phr2 could reflect different levels of 

expression of the two proteins, with higher levels of PitA expression compared to the 

His-tagged Phr2 protein. Whether PitA with its long string of histidine residues 

binds to the column at a higher affinity remains unknown. A further complication is 

the identical molecular weights of both proteins, suggesting that both proteins may 

have been co-purified, where PitA would out-compete Phr2 due to its higher 

expression level, or possibly, a stronger affinity to nickel binding. The predominant 

protein in this case was PitA as confirmed by mass spectroscopy analysis. The 

MSDB database also revealed that the peptide sequence was a significant match to 

the other three PitA homologues described. 

While sequencing of the construct revealed that the phr2 gene is correctly positioned 

with the His-tag, the low protein expression level of Phr2 remains an obstacle to the 

purification of this protein. This was complicated by the high expression of a native 

protein of a similar size and high binding affinity to the column. A future direction 

for continuing this experiment would be to utilize different tag systems. For 

instance, the use of a strep tag can potentially alleviate the problem of co-binding of 

another protein. Alternatively, a glutathione S-transferase (GST) fusion tag with a 

large size of 26kDa could potentially increase the solubility of the fusion partner, 

hence making purification more efficient (Waugh 2005). Making modifications to 

the homologous system, however, is a time-consuming procedure, where the use of 

different tags can also give rise to unforeseen problems downstream of either the 

cloning or the purification processes. For example, the insertion of larger tags, in 

contrast to the small protein peptide tags, may cause misfolding of the protein where 

there would be no binding site for the column-attached ligand. An alternative 

strategy must be sought for increasing the protein expression of Phr2. As discussed 

in the next chapter, a well-established and efficient system of expressing the target 

protein in an E. coli host was explored, followed by purification attempts of the 

heterologously expressed Phr2 protein. 
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HHeetteerroollooggoouuss EExxpprreessssiioonn iinn EE.. ccoollii
 

5.1 Introduction 

Heterologous expression in E. coli is a highly efficient method of obtaining high 

quantities of recombinant proteins, an advantage over the low level of protein 

expression achieved in a homologous system as demonstrated in Chapter 2. Firstly, 

the growth of E. coli is significantly faster than that of Hfx. volcanii, cutting down 

the time it takes to harvest the cells. Secondly, the understanding of the genetics and 

molecular biology associated with E. coli is more advanced than that of halophilic 

archaea. Thirdly, it has been shown that while expressing halophilic proteins in a 

low salt environment often results in soluble, inactive proteins or inclusion bodies 

that require reactivation and refolding, the protein yield is usually much higher than 

that of expression in the native host (Jolley et al. 1996; Connaris et al. 1999). This 

high yield would allow visualization of the over-expressed proteins, as well as the 

downstream purification and re-folding treatments as required. Also, the addition of 

a high-salt solution to an E. coli extract would be expected to precipitate many of the 

native E. coli proteins whilst leaving the halophilic proteins in a near-native 

environment. Studies with DHlipDH (dihydrolipoamide dehydrogenase) have 

shown that upon the addition of 2M NaCl, the heterologously expressed protein 

almost immediately restores its activity even after storage for 24 hr at 4°C in the 

absence of salt (Jolley et al. 1996). Other cases of the successful soluble expression 

of halophilic proteins using E. coli include the Hbt. salinarum nucleoside 

diphosphate kinase, which, interestingly, was found to maintain its activity and 

stability in the absence of salt even after 1 month storage at -20 °C (Ishibashi et al. 

2001). 

Soluble expression of the Hfx. volcanii photolyase genes proved difficult in native 

species (Chapter 4). This chapter therefore describes the results for expressing the 

Phr2 protein in a heterologous host, E. coli, in order to obtain high quantities of 

soluble, recombinant protein for the detection of enzymatic activity as well as 

attaining structural information on a halophilic photolyase. The E. coli pET 

expression system with the highly inducible promoter T7 was the chosen strategy for 

this study due to previous successes in expressing halophilic proteins, such as citrate 

Heterologous Expression in E. coli Page 110
 



  

 

 

       

 

            

     

 

  

   

       

        

 

    

            

            

             

               

 

  

      

          

             

             

              

                

              

          

                

             

                

             

             

                  

               

                

Chapter 5
 

synthase and malate dehydrogenase, in soluble forms (Cendrin et al. 1993; Connaris 

et al. 1999). 

5.2 Materials 

5.2.1 Cell culture 

Antibiotics kanamycin, chloramphenicol, streptomycin and gentamycin were 

obtained from Sigma Aldrich, Gillingham UK. 

5.2.2 Molecular biology techniques 

The pET28a vector, E. coli BL21 (DE3) and Rosetta™ expression strain was 

supplied by Novagen, USA. ArcticExpress™ was supplied by Stratagene. The 

Centricon concentrators were supplied by Millipore, UK. The suppliers for the rest 

of molecular biology materials were as mentioned in Sections 3.2.2 and 4.2.2. 

5.3 Methods 

5.3.1 Amplification of the phr genes 

Oligonucleotide primers were designed to allow the incorporation of either N-

terminal or C-terminal polyhistidine tag when inserted into a pET-28a vector. The 

method was as described in Section 3.3.1.1 which included the necessary checks for 

the compatibility of restriction sites used as well as for the melting temperatures of 

the primers. Forward primers were designed with either an NdeI or a NheI site as 

neither were present in the phr2 gene sequence; this allowed the incorporation of an 

N-terminal His-tag following insertion into pET-28a using a reverse primer 

containing a HindIII site. To attach a C-terminal His-tag, the stop codon had to be 

removed from the gene and was replaced by random sequences containing a HindIII 

site for insertion into pET-28a. The forward primer contained an NcoI site to bypass 

the His-tag sequence directly downstream of this site in the vector map. 

Subsequently primers were also designed for the expression of the phr1 gene product 

to check for its solubility in E. coli, as well as to serve as an expression control for 

phr2. All primer sequences can be found below in Table 5.1. The melting 

temperatures of any two sets of primers used in one reaction were within 5°C of each 
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other. The vector map and the cloning sequence of the pET-28a-c(+) expression 

vector can be found in Figure 5.1. 

Figure 5.1: Vector map and the cloning/expression region of pET-28a-c(+) 

On the map, the Kan
r 

denotes the kanamycin resistance gene. Ori is the origin of 

replication. The vector contains the multiple cloning sites for the insertion of the 

gene, a T7 promoter (370-386) upstream of the inserted clone between 198-238, a 

T7 transcription start at 369, a His•Tag coding sequence at 270-287, and a LacI 

coding requence. The detailed view of the expression region was used to design 

primers to incorporate either an N- or C-terminal his tag. 
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Table 5.1: Primer sequences for amplifying both phr2 and phr1 

Primer Sequence 5′′′′ to 3′′′′ Tm °°°°C 

HisF1-NdeI GGAATTCGATTCCCATATGGAACTGCACTGG 68.2 

HisF2-NdeI CCCATATGGATTCGCCCATGGAACTGCAC 69.5 

HisF-NheI GGCTAGCCGATTCGCCCATGGAACTG 69.5 

HisR-HindIII AAGCTTAGTCGTCGCGTCGTCGCCGCG 72.6 

Hfx F GCGCCATGGAACTGCACTGGCACCG 74.9 

Hfx R CCAAGCTTGACCGAGGGCAAAAAACAGCAG 75.3 

phr2revHindnonHis AAAAGCTTAGTCGTCGCAAAGTCGTCGCC 69.7 

phr2forNcoIHisC TAATCCATGGAACTGCACTGGCACCGC 70.5 

phr2revHindHisC AAAAGCTTAGTCGTCGCTCAGTCGTCGCC 70.0 

phr1forNdeIHisN GGAATTCCATATGTCCGAGCCAACTTCG 67.5 

phr1forNcoIHisC TAATCCATGGCCGAGCCAACTTCGCTC 68.0 

phr1revHindHisC AAAAGCTTCGCGTGGGGCATATAATCGGA 66.1 

phr1revHindnonHis AAAAGCTTCGCGTGGGGCATCTAATCGGA 72.5 

Polymerase chain reaction was carried out as described in Section 3.3.2.2 with the 

exception that different annealing temperatures were used based on the primer sets 

used. 5µl sample of each PCR reaction was run on a 1% agarose gel as described in 

Section 3.3.2.3. Amplified DNA fragments of the correct size were purified by 

DNA gel extraction using a QIAquick Gel Extraction Spin Kit (Qiagen). The 

purified PCR products were A-tailed using Taq polymerase followed by ligation into 

the pGEM
®

-T Easy vector. 1µl of the ligation reaction was used to transform 50µl 

of highly competent JM109 E. coli cells, where blue/white screening was used to 

select for transformants, followed by inoculation into 10ml LB media containing 

50µg/ml carbenicillin. The cells were spun down and purified using the QIAprep 

Spin Miniprep Kit (Qiagen). Subsequent restriction digests were performed to 

screen for successful transformants, followed by sequencing analysis to check for 

errors within the sequences. Details for the subsequent experimental procedures (A-

tailing, ligation, transformation, purification, sequencing and double digest) can all 

be found in Sections 3.3.2.4 to 3.3.2.9. 

5.3.2 Preparation of competent JM109 E. coli cells 

Frozen stock of JM109 E. coli cells was streaked unto an LB plate and incubated 

overnight at 37°C. A single colony was selected and inoculated into 10ml LB, 
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followed by incubation overnight at 37°C. The 10ml overnight culture was diluted 

into 200ml LB and grown to an OD600 of 0.6. The cells were pelleted at 4000rpm at 

4°C for 10 min using 50ml Falcon tubes. The supernatant was decanted, and the 

cells were re-suspended in 200ml of ice cold 0.1M MgCl2 by gently pipetting with a 

plugged pipette. The re-suspended cells were pelleted at 4000rpm at 4°C for 10 min, 

and the supernatant was decanted. The cells were re-suspended in 100ml of ice cold 

0.1M CaCl2 using 50ml Falcon tubes. The cells were placed on ice for 20 min, 

followed by pelleting at 4000 rpm at 4°C for 10 min. The cells were re-suspended in 

10ml ice cold 0.1M CaCl2 + 15% glycerol, and 100µl was aliquoted into pre-chilled 

sterile microfuge tubes on dry ice. The cells were stored at -80°C. The 

transformation efficiency was not checked as these cells were used for routine 

cloning purposes once the clones with the correct construct sequences were 

determined. 

5.3.3 Protein expression 

5.3.3.1 Preparation of cell extracts for time-course expression trials 

10ml of transformed BL21 E. coli cell culture was incubated at 37°C overnight with 

shaking, then 0.5ml was taken from the culture and inoculated into 10ml LB media 

containing 30µg/ml of kanamycin the next morning. The number of cultures was 

determined by the number of time points and/or IPTG concentration used. The cells 

were grown to an OD600 of 0.4-0.6 and then induced at different IPTG concentrations 

(0.1mM, 0.5mM and 1mM) for mini expression trials. 1ml samples were taken at 

times 0, 2, 4, 6 and 24 hr. Samples were also taken from non-induced cultures as 

controls. The samples were spun down at 4000rpm for 5 min, supernatants were 

removed and the cell pellets were re-suspended in 100µl of extraction buffer (2M 

NaCl, 50mM Tris HCl pH8.0, and 1mM EDTA). Using the 150-W Ultrasonic 

Disintegrator (MSE Scientific Instruments), the extracts were subjected to three 15s 

bursts of sonication (amplitude = 14 micron) in an ice bath with 45s of cooling 

between each burst. The sonicated cell extracts were centrifuged at 16,000 x g for 

10 min to separate the soluble and insoluble fractions. The supernatant (soluble 

fraction) was transferred to a clean 1.5ml microfuge tube; the cell pellet (insoluble 

fraction) was re-suspended in 100µl of sterile water. All samples were mixed with 
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an equal amount of 2X SDS loading buffer, and if needed, stored at -20°C for further 

analysis. 

An alternative method of conducting expression trials was employed where a larger 

inoculation volume of 250ml was used prior to induction. This was to adjust for the 

low concentration of proteins observed when 1ml samples were taken. The culture 

was induced in the same way with the exception that a 10ml sample was taken at 

each time point. The 10ml sample was spun down as described, where the cell pellet 

was re-suspended in 1ml of extracting buffer before sonication. 

5.3.3.2 Preparation of cell extracts for SDS-PAGE 

10µl of samples (5µl fraction and 5µl loading buffer) were placed in the heat block 

for 5 min at 95°C and loaded on a 10% SDS-PAGE alongside BioRad Broad Range 

protein marker. The BioRad protein marker was prepared by diluting 1 in 10 with 

sterile water, followed by the addition of 2X SDS loading buffer in a 1:1 ratio and 

2µl of 5% β mercaptoethanol. The mixture was boiled for 3 min at 95°C. The SDS­

PAGE was run at 200V for 45 min. The gel was stained with Coomassie Blue, 

followed by de-staining overnight (Section 3.3.7.2). 

5.3.3.3 Preparation of cell extracts for re-folding or purification 

A 10ml starter culture, incubated at 37°C on shaking overnight, was added to 250ml 

LB media (not containing any antibiotics) and allowed to grow further until an OD600 

of 0.6-0.8 (approximately 2-3 hr) before induction with 0.5mM IPTG . The culture 

was left in the shaking incubator overnight, and the cells were harvested by spinning 

down at 8000rpm for 20 min. The cell pellet was re-suspended in binding buffer 

(50mM Tris-HCl, 2M KCl, 20mM imidazole, pH 8.0) at a volume of 0.2g/ml, and 

sonicated 3 times at 20s burst in an ice bath with 40s cooling time between each 

burst. The sonicated fraction was spun down at 8000 rpm for 15 min to separate the 

soluble fraction from the pellet. The pellet was washed twice in extraction buffer 

and dissolved in solubilization buffer (50mM Tris-HCl, 2M KCl, 20mM imidazole, 

8M urea, pH 8.0). The volume of solubilization buffer used depended on the 

viscosity of the pellet; generally the same re-suspension volume (0.2g/ml) was used 
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throughout the process. The pellet was mixed by vortexing followed by centrifuging 

at 16,000x g for 10 min. Further removal of insoluble material was done by filtering 

the supernatant through a 0.45 µm membrane prior to re-folding or purification. The 

resulting supernatant was stored at either 4 °C or -20°C for later use. 

For preparing cell extracts to use on the AKTA 
™ 

chromatography system, the cell 

extract was concentrated using Centricon concentrators. The cell extract was poured 

into a concentrator and spun at 4000rpm for 10 min. The waste was poured off, and 

the procedure was repeated twice. 1ml of the final concentrated protein was used on 

the AKTA 
™ 

as per manufacturer’s instructional manual. MOPS buffers were made 

up based on the estimated low pI of the Phr2 protein (Buffer A: 40mM MOPS, 2M 

NaCl and 20mM imidazole, pH 7.5. Buffer B: 40mM MOPS, 2M NaCl and 0.5M 

imidazole, pH7.5). 

5.3.4 Purification 

As purification was performed under denaturing conditions, all buffers used 

contained 8M urea. The His•Bind Resin was gently mixed by inversion to re­

suspend the slurry solution. 1ml of slurry was transferred to the gravity flow column. 

When the storage buffer dropped to the top of the column bed, the resin was washed 

3 times with 5ml of sterile deionized water. The column was charged with 3 

volumes of 8X (400mM) NiSO4 solution until the resin turned a bright green. 3 

volumes of binding buffer (50mM Tris-HCl, 2M KCl, 20mM imidazole, 8M urea, 

pH 8.0) was added and allowed to drain to the top of the column bed. 1 to 5ml of the 

prepared supernatant was loaded unto the column and allowed to drain through. The 

column was washed with 5 volumes of binding buffer, followed by eluting the bound 

proteins with 5 volumes of elution buffer (50mM Tris-HCl, 2M KCl, 1M imidazole, 

8M urea, pH 8.0). 1ml fractions were collected in microfuge tubes and stored at 4°C 

for further analysis. The column was washed with 5 volumes of sterile deionized 

water and stored in 20% ethanol. To re-generate the resin, however, the column was 

washed with 5 volumes of strip buffer (20mM Tris-HCl, 2M KCl, 100mM EDTA, 

pH 8.0), followed by washes with water and 20% ethanol. 
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5.3.5 Re-folding of purified protein 

Various protocols were tested for maximizing the yield of re-folded proteins; step­

wise dialysis was chosen for the least amount of protein loss due to aggregation. The 

purified fraction was first dialyzed in re-naturation buffer containing excess amount 

of FAD (20mM Tris-HCl, 2M KCl, 5mM MgCl2, 2mM EDTA, 0.3mM GSSG, 3mM 

GSH, 1mM DTT and 4M urea) on a stirrer at 4°C overnight to allow for gradual 

buffer exchange and re-folding. The amount of FAD should be at least 10 times in 

excess to the amount of protein used. The following calculation, based on the Beer-

Lambert Law, shows an example for calculating the amount of FAD needed. 

For a 1ml Phr2 protein sample with a measured absorbance of 0.9: 

A = ε C L where A = Absorbance, ε = extinction coefficient, C = concentration, L = 

path length of the sample 

C = A / ε L where ε for Phr2 = 93405M
-1 

cm 
-1 

and length is 1cm 

C = 0.9 / (93405M
-1 

cm 
-1

) (1cm) = 1.0 x 10
-5 

M or 0.01mM 

For FAD: 10 x 0.01 mM = 0.1mM needed 

The addition of 4M urea was to prevent the proteins from aggregating into 

precipitates prematurely. The next day, fresh buffer was used with 2M urea and no 

FAD, and the proteins were allowed to incubate overnight at 4°C on the stirrer. The 

final re-naturation buffer contained only 0.2M urea and 2M KCl, and the proteins 

were then again incubated overnight at 4°C, stirring. Protein concentration was 

determined by absorbance reading on the spectrophotometer at 280nm. 

5.4 Results 

5.4.1 Cloning of phr genes into pGEM®-T Easy Vector 

5.4.4.1 PCR amplification of the phr genes 

The phr2 gene was amplified by PCR using various combinations of primers, which 

allowed the attachment of either N-terminal or C-terminal His-tags following 

expression in pET28a. The gene was successfully amplified from genomic DNA to 

produce fragments flanked by either NdeI or NheI and HindIII for an N-terminal His-

tag attachment. Although a fragment flanked by NcoI and HindIII was produced for 

phr2 C-terminal His-tag attachment, subsequent sequencing revealed that there were 

base changes within the amplified gene, so it was not used for further experiments. 
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Figure 5.2 shows the PCR results obtained for producing phr2 with an N-terminal 

His-tag attachment following expression. (Note: some of the initial PCR and 

expression trials were conducted by project student Richard Suckling). 

Further PCR was performed for phr2 and phr1, this time to produce the genes with 

C-terminal His-tag attachment (C-his phr2, C-his phr1) and no His-tag attachment 

(no-his phr2, no-his phr2), as well as an N-terminal His-tagged phr1 (N-his phr1) 

(Figure 5.3). All PCR reactions were successful, as indicated by the amplified bands 

at ~1500bp for both phr2 and phr1 with gene lengths of 1455bp and 1512bp, 

respectively. 

1 2 3 4 5 6 7 8 9 10 11 

1636bp 

1016bp 

Figure 5.2: gel electrophoresis of PCR amplification of phr2. The phr2 gene was
	
amplified from both genomic DNA and a phr2-pGEM

® 
-T construct. From left to
	

right: lanes 1&11 = 1kb DNA ladder; 2-6 = amplified from genomic DNA; 7-10 =
	
amplified from phr2-pGEM

®
-T construct.
	

Primers: 2 = negative control, 3 & 7 = HisF1–NdeI & HfxR, 4 & 8 = HisF2-NdeI & HfxR,
	
5 & 9 = HisF-NheI & HfxR, 6 & 10 = HfxF & HisR-HindIII.
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1636bp 

1016bp 

1 2 3 4 5 6 7 8 9 10 11 12 13 

Figure 5.3: Gel electrophoresis analysis of PCR of phr2 and phr1. From left to right: 

lanes 1&13 = 1kb DNA ladder, 2 = negative control, 3&4 = no-his phr2, 5&6 = C-his 

phr2, 7&8 = N-his phr1, 9&10 = C-his phr1, 11&12 = no-his phr1 

5.4.4.2 Ligation into pGEM
®®®®-T Easy Vector 

Following gel extraction of the bands, 6µl of each PCR product was modified 

through addition of adenine residues (A-tailed) to allow ligation into pGEM
®

-T. The 

ligation reaction products were transformed into commercial highly competent 

JM109 E. coli cells and plated on LB carbenicillin plates for blue/white screening. 

White colonies from each plate were picked and grown in liquid culture overnight. 

5.4.4.3 Purification of plasmid DNA 

All plasmids were purified using QIAprep Spin Miniprep Kit (Qiagen) and 

visualized on a 1% (w/v) agarose gel stained with ethidium bromide. Results are 

shown in Figures 5.4 and 5.5. For Figure 5.4, the plasmids in lanes 3, 4, 5, 7, 8, 10 

and 11 appeared larger in size than those plasmids in lanes 2, 6 and 9, indicating 

possible successful insertion of phr2 into pGEM
®

-T. In Figure 5.5, all colonies 

except for those pertaining to N-his phr2 (colony 10, 11 and 12) appeared to have 

successful phr2 and phr1 insertions. 
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10000bp 

1 2 3 4 5 6 7 8 9 10 11 12 

Figure 5.4: Gel electrophoresis analysis of purification of plasmids following 

ligation of phr2 into pGEM
®®®®-T. From left to right: lane 1 = 1kb DNA ladder; 2 = 

HisF1-NdeI-G No.1; 3 = HisF1-NdeI-G No.2; 4 = HisF1-NdeI-G No.3; 5 = HisF1-NdeI-G 

No.4; 6 = HisF2-NdeI-G No.5; 7 = HisF2-NdeI No.6; 8 = HisF2-NdeI No.7; 9 = HisF2-

NdeI No.8; 10 = HisF-NheI No.9; 11 = HisF-NheI No.10; 12 = High mass ladder 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
	

Figure 5.5: Gel electrophoresis analysis of purification of plasmids following 

ligation of phr2 and phr1 into pGEM
®®®®-T. From left to right: lane 1 = 1 kb DNA 

ladder; 2-6 = no-his phr2; 7-9 = C-his phr2; 10-12 = N-his phr1; 13-15 = C-his phr1; 

16-18 = no-his phr1 
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5.4.4.4 Double Digest of plasmids 

Restriction digests with NdeI and HindIII, as well as NheI and HindIII, were 

performed for N-his phr2 prior to sequencing, results for which are shown in Figures 

5.6 and 5.7. 

1 2 3 4 5 6 7 8 9 

1636bp 

3054bp 

1016bp 

Figure 5.6: Gel electrophoresis analysis of the digested phr2- pGEM
®®®®-T constructs. 

From left to right: lanes 1&9 = 1kb DNA ladders; 2 = HisF1-NdeI-G No.2; 3 = HisF1-

NdeI-G No.3; 4 = HisF1-NdeI-G No.4; 5 = HisF2-NdeI No.6; 6 = HisF2-NdeI No.7; 7 = 

HisF-NheI No.9; 8 = HisF-NheI No.10 

In Figure 5.6, all of the plasmids except HisF-NheI No. 9 appeared to contain the 

phr2 insert indicated by the two bands of ~1.5kb and ~3kb corresponding to the 

insert and the linearized pGEM
®

-T vector. The digest of HisF-NheI No. 9 produced a 

single band of ~4.5kb, indicating that the plasmid contains the insert but was 

digested by one enzyme only. However, as NheI and HindIII were efficient in 

producing two bands for the other reactions, mutation at one of the sites probably 

occurred. The sequences of the other 6 mini preps were analyzed. 
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3000bp 

1500bp 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 

Figure 5.7: Gel electrophoresis analysis of the digested phr2-pGEM
®®®®-T and phr1-

pGEM
®®®®-T construct. From left to right: lane 3 = 1kb DNA ladder; 1-2, 4, 5-6 = no-his 

phr2; 7-9 = C-his phr2; 10-12 = N-his phr1; 13-15 = C-his phr1; 16-19 = no-his phr 

In Figure 5.7, double digests for plasmids in lanes 10, 11 and 12 corresponding to N-

his phr1 constructs were not successful as only one band at 3kb was produced. This 

indicated that ligation was unsuccessful for N-his phr1, and that the pGEM
®

-T 

vector was cut due to its internal restriction site for NdeI and re-ligation occurred as 

a result of the sticky ends produced by the single digest. A-tailing, ligation and 

transformation was repeated for this PCR reaction; however, ligations were again not 

successful. This led to new amplification reactions for phr1 (Figure 5.8), and all 

bands corresponding to the right size (~1500bp) were excised and purified. A-tailing, 

ligation and transformation were repeated for PCR reactions in lanes 3 to 6 with no 

modifications to the protocols. 
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1500bp 

1 2 3 4 5 6 

Figure 5.8: Gel electrophoresis analysis of new PCR for N-his phr1. From left to 

right: 1 = 1kb DNA marker; 2 = negative control; 3&4 = primers phr1forNdeIHisN 

and phr1HindRev; 5&6 = primers Phr1forNdeIHisN and phr1revHindnonHis 

Post transformation, 8 white colonies were selected and liquid cultures were grown 

overnight. Plasmids were purified using QIAprep Spin Miniprep Kit (Qiagen). 

Double digest was performed using NdeI and HindIII and 5µl of the reactions were 

run and visualized on a 1% (w/v) agarose gel stained with ethidium bromide. In 

Figure 5.9, lanes 2 to 5 showed 3 bands at ~1500bp, ~3kb and ~4.5kb, corresponding 

to the phr1 fragment, the pGEM
®

-T vector and the phr1-pGEM-T construct that was 

only cut with one of the enzymes, respectively. This was most likely due to the 

higher concentration of plasmids in these reactions where the amount of restriction 

enzymes added was not sufficient to digest all plasmids. 
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1 2 3 4 5 6 7 8 9 10 

1500bp 

3000bp 

5000bp 

Figure 5.9: Gel electrophoresis analysis of the digested phr1-pGEM
®®®®-T constructs. 

From left to right: 1&10 = 1kb DNA ladder; 2&3 = PCR reaction 2; 4&5 = PCR 

reaction 3; 6&7 = PCR reaction 4; 8&9 = PCR reaction 5 

5.4.4.5 Sequencing 

The sequences of plasmids corresponding to lanes 2 to 6 and 8 from Figure 5.6 were 

analyzed using the SP6 and T7 primers for pGEM
®

-T, where results revealed that 

the HisF1-NdeI-G No.3 clone (lane3) was mutation free, apart from a base 

substitution within the primer sequence causing a substitution of the second amino 

acid from a glutamine to a glutamate. This mismatch occurred as the primer 

sequence was designed against the already made phr2-pGEM
®

-T construct and not 

against the phr2 genomic sequence from Hfx. volcanii. This approach was taken as 

the gene was to be amplified from this construct initially; however, due to 

unsuccessful cloning it was decided to amplify the gene from genomic DNA. The 

forward primer originally had an NcoI restriction site and was replaced by NdeI for 

the purpose of attaching an N-terminal His-tag. This clone was chosen for 

subsequent cloning steps. Sequencing was performed for the other phr1 and phr2 

constructs where the mutation free clones C1 (C-his phr2), C6 (no-his phr2), C14 

(C-his phr1), C17 (no-his phr1) and Col 1 (N-his phr1) were chosen for ligation into 

pET28a vector. 
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5.4.2 Cloning of phr genes into pET-28a vector 

5.4.2.1 Preparation of pET-28a E. coli expression vector 

The pET-28a vector was transformed into commercial competent JM109 E. coli cells 

as per Section 4.3.2 and plated on LB kanamycin plates. Colonies were picked, 

inoculated into liquid cultures and grown overnight. The plasmids were then 

purified and 10µl of the purified samples of pET-28a plasmid was digested with 

NdeI and HindIII, NheI and HindIII, and NcoI and HindIII for ligation with either 

phr2 or phr1 inserts. Following digestion, the products were treated with shrimp 

alkaline phosphatase (SAP) to prevent re-ligation of the vector. The pET-28a 

digestion products were purified and 2µl of the eluted DNA was run on a 1% (w/v) 

agarose gel to quantify the amount of DNA and to ascertain that the double digests 

had been successful (gel electrophoresis not shown). 

5.4.2.2 Preparation of phr2 and phr1 inserts 

Restriction digests of the phr2-pGEM
®

-T and phr1-pGEM
®

-T constructs were 

repeated using 15 to 20µl of plasmid DNA to ensure ample amounts of the inserts 

was obtained following purification. The digested products were run on a 1% (w/v) 

agarose gel, followed by extraction and purification. 

5.4.2.3 Ligation, purification and double digests 

Ligation reactions were set up as described in Section 2.3.2.5, and incubated at 4°C 

overnight. The reactions were transformed into competent JM109 E. coli cells and 

plated on kanamycin plates for selection. Colonies were picked and grown in liquid 

culture overnight. The N-terminal His-tag phr2-pET-28a clones were then purified 

and visualized on a 1% agarose gel stained with ethidium bromide (Figure 5.10). 

The plasmids were subjected to double digests using the relevant restriction enzymes 

(Figure 5.11). Double digests revealed that all ligations had been successful as two 

bands of ~1.5kb and ~5.4kb was produced, corresponding to the insert and the 

linearized pET-28a vector, respectively. 

The various C-terminal His-tag and non-tag versions of the phr2 and phr1 constructs 

were also ligated into pET-28a followed by transformation, purification of plasmids 
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and double digestion. As shown in Figure 5.12 and Figure 5.13, ligations had been 

successful for all constructs as two bands of the right sizes (insert at ~1500bp and the 

pET28-a vector at ~5000bp) were produced for the majority of the reactions. 

1 2 3 4 5 6 7 8 9 10 11 

10000bp 

Figure 5.10: Gel electrophoresis analysis of purification of plasmid DNA following 

ligation of phr2 inserts into pET-28a. From left to right: lane 1 = 1kb DNA ladder; 2 

= HisF1-NdeI-G3 No.1; 3 = HisF1-NdeI-G3 No.2; 4 = HisF1-NdeI-G3 No.3; 5 = HisF2-

NdeI7 No.1; 6 = HisF2-NdeI7 No.2; 7 = HisF2-NdeI7 No.3; 8 = HisF-NheI10 No.1; 9 = 

HisF-NheI10 No.2; 10 = HisF-NheI10 No.3 

1 2 3 4 5 6 7 8 9 10 11 

5090bp 

1636bp 

Figure 5.11 Gel electrophoresis analysis of the digested phr2-pET-28a constructs 

From left to right: lane 1&11 = 1kb DNA ladder; 2 = HisF1-NdeI-G3 No.1; 3 = HisF1-

NdeI-G3 No.2; 4 = HisF1-NdeI-G3 No.3; 5 = HisF2-NdeI7 No.1; 6 = HisF2-NdeI7 No.2; 

7 = HisF2-NdeI7 No.3; 8 = HisF-NheI10 No.1; 9 = HisF-NheI10 No.2; 10 = HisF-NheI10 

No. 3 
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Figure 5.12: Gel electrophoresis analysis of the digested phr2-pET-28a and phr1-

pET-28a constructs (C-terminal his tag and non-tagged constructs). Two colonies 

from each set of construct were selected and designated “a” or “b.” The number 

referred to the plate number. From left to right: lanes 1&10 = 1kb DNA ladder; 2&3 

= C-his phr2, 2 = C1a, 3 = C1b; 4&5 = no-his phr2, 4= C6a, 5 = C6b; 6&7 = C-his phr1, 

6 = C14a, 7 = C14b; 8&9 = no-his phr1, 8 = C17a, 9 = C17b 

1 2 3 4 5 6 7 8 9 10 

1500bp 

3000bp 

5000bp 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

1500bp 

3000bp 

6000bp 

Figure 5.13: Gel electrophoresis analysis of the digested phr1-pET-28a constructs 

(N terminal his tag construct). From left to right: lane 1 = 1kb DNA ladder; 2-15 = 

14 different plasmid preps used for restriction digest with NdeI and HindIII 
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5.4.2.4 Sequencing 

Sequencing was performed for all constructs to ensure that the phr inserts were in-

frame with either the N- or C-terminal His-tag sequence so to allow proper 

expression of both the gene and the tag. This was performed with T7 promoter, 

where the clones with the in-frame sequences were selected and used for protein 

expression trials. 

5.4.3 Protein expression 

Initial small-scale expression trials were conducted using the phr2-pET-28a 

construct. Following transformation of the construct into BL21 (DE3) cells, the 

soluble and the insoluble fractions were prepared post induction of protein 

expression by IPTG. Different IPTG concentrations (0.5mM and 1mM) were used 

to assess quantitatively the differences in recombinant protein expression using 

visualization on a SDS-PAGE. It was determined that at 1mM [IPTG], both the 

desired recombinant protein and the overall protein concentration were higher. 

Samples were also taken from non-induced cells as a control. The induction 

temperature was decreased from 37˚C to 30˚C to enhance the amount of soluble 

proteins produced, allowing more time for protein folding (Connaris et al. 1999). 

Samples were taken at times 0, 2, 4, 6 and 24 hr post-induction, and the cells were 

harvested for preparation of the soluble and insoluble fractions. Samples were run 

on a 12.5% SDS-PAGE gel, and proteins were stained with Coomassie Blue (Figure 

5.14). 
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1 2 3 4 5 6 7 8 9 10 11 12 

66.2 kDa 

Figure 5.14: Protein expression analysis of N terminal His tagged Phr2 protein. 4µl 

of each sample (soluble and insoluble fractions) was run on a 12.5% SDS-PAGE gel 

and stained with Coomassie Blue. 

Lane 1 2 3 4 5 6 7 8 9 10 11 12 

Fraction m s i s i s i s i s i m 

Time (hrs) - 0 0 2 2 4 4 6 6 24 24 -

m = marker; s = soluble fraction; i = insoluble fraction 

In Figure 5.14, a band corresponded to a protein of ~60kDa was more intense than 

other bands at all time points in both the soluble and the insoluble fractions. The 

protein was estimated, using the Expasy ProtParam Tool 

(http://www.expasy.ch/tools/protparam.html), to have a molecular weight of 56318.7 

Da, including the His-tag sequence. This band was most likely the recombinant over 

expressed His-tagged Phr2 protein. However, it did not appear that the Phr2 protein 

was more soluble after the decrease in temperature, as a large proportion of the 

protein was insoluble as seen, for example, in the 24 hr induced cultures. 

Nevertheless, there appeared to be sufficient amount of soluble Phr2 protein present 

in the sample taken at 24 hr to allow purification. A 250ml culture of transformed 

BL21 (DE3) cells was induced with 1mM IPTG and incubated at 30°C for 16 hr. 

The cells were spun down at 6000 rpm for 15 min and lysed in 10ml of extracting 

buffer. The soluble fraction was run through a His•Bind gravity flow resin column, 

charged with Nickel, for purification of the soluble His-tagged Phr2 protein. 1ml 
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fractions were eluted and collected in separate tubes. Figure 5.15 shows the SDS 

PAGE of the purification results obtained. 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
	

66.2 kDa 

Figure 5.15: Analysis of eluted fractions following purification of over-expressed 

His-tagged Phr2 Protein. 4µl of each 1ml eluted fraction was run alongside the 

soluble cell extract, and the washed elutant, on a 12.5% SDS-PAGE gel and stained 

with Coomassie Blue. 

Lane 1 2 3 4 5 6 7 8 

Fraction m Cell 

extract 

(soluble) 

Wash 

elutant 

1
st 

2
nd 

3
rd 

4
th 

5
th 

Lane 9 10 11 12 13 14 15 -

Fraction 6
th 

7
th 

8
th 

9
th 

10
th 

11
th 

12
th 

-
m = marker; lanes 4 to 15 = eluted 1ml fractions 

From Figure 5.15, there appeared to be a protein of approximately 60kDa in lane 5 

corresponding to the 2
nd 

1ml eluted fraction. However, the Phr2 protein 

concentration remained low as indicated by the lack of an over-expressed protein in 

the soluble cell extract seen in lane 2. To try to increase the quantity of protein, 

10ml cultures of transformed BL21 (DE3) cells were induced with 1mM IPTG and 

incubated at 6 and 25 hr to replicate the previous over-expression. A 250ml culture 

using the Overnight Express™ Autoinduction system was also set up as a comparison. 

All fractions were run on a 12.5% SDS-PAGE as shown in Figure 5.16. 
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1 2 3 4 5 6 7 8 9 10
	

Figure 5.16: Protein expression analysis of His tagged Phr2 Protein. 4µl of each 

sample (soluble and insoluble fractions) was run on a 12.5% SDS-PAGE gel and 

stained with Coomassie Blue. 

Lane 1 2 3 4 5 6 7 8 9 10 

Fraction m s i s i s i s i m 

Culture volume 

(ml) 

- 250 250 250 250 6 6 6 6 -

Media - LB LB OE OE LB LB LB LB -

Time (hrs) - 16 16 16 16 6 6 24 24 -

m = marker; s = soluble; I = insoluble; OE = Overnight Express™ Autoinduction 

Media 

As seen in Figure 5.16, the majority of the over-expressed Phr2 protein was 

insoluble in samples from all cultures. The over-expressed protein seemed more 

soluble at small volumes, as seen in the 6ml LB cultures induced at 6 and 24 hr. To 

purify the over-expressed protein at such small volumes would be a slow and 

inefficient process. Expression trials continued with varying growth temperatures, 

culture volumes and expression host strains. The AKTA™ purifier system was used 

to determine whether purification efficiency would increase. A 250ml culture of 

transformed BL21 (DE3) cells was incubated at 30°C overnight using the Overnight 

Express™ Autoinduction system. The cell extracts were prepared and a run was set 

up using a 1ml HiTrap™ chelating HP column. The fractions corresponding to the 

peak observed in the elution profile were run on a 10% SDS-PAGE. As shown in 

Figure 5.17, only a faint band was observed in the eluted fractions, and no protein 

over-expression was observed in the soluble cell extracts. It was therefore not 

Heterologous Expression in E. coli Page 131
 



  

 

 

       

 

 

              

   

 

 

 

 

           

               

               

  

              

              

                   

  

 

            

             

             

              

               

        

 

 

 

 

 

 

 

 

                                                                        

Chapter 5
 

feasible to purify the protein on the AKTA™ until better soluble expression could be 

achieved. 

1 2 3 4 5 6 7 8 9 10 11 12 13
	

Figure 5.17: SDS-PAGE analysis of eluted fractions using the AKTA™™™™ purifier 

system. 4µl of each 1ml eluted fraction was run alongside the soluble cell extract, 

and the washed elutant, on a 10% SDS-PAGE gel and stained with Coomassie Blue. 

Lane 1 2 3 4 5 6 7 8 9 10 11 12 13 

Fraction m ft ft w 1
st 

2
nd 

3
rd 

4
th 

5
th 

6
th 

s s i 

m = marker; ft = flow through; w = wash; lanes 5-10 = eluted fractions; s = soluble, i 

= insoluble 

The induction trial was repeated using 25ml cultures of transformed BL21 (DE3) 

cells induced with 1mM IPTG incubated at 30°C, where 5ml sample volume was 

taken at each time point from both induced (Figure 5.18) and non-induced (Figure 

5.19) cultures. Figure 5.18 clearly indicates that the protein was indeed expressed at 

1mM IPTG but was largely insoluble even at 2 hr induction, and that basal induction 

levels were low as shown in Figure 5.19. 
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1 2 3 4 5 6 7 8 9 10 11
	

Figure 5.18: Protein expression analysis of N-terminal his tagged Phr2 protein. 4µl 

of each sample (soluble and insoluble fractions) was run on a 10% SDS-PAGE gel 

and stained with Coomassie Blue. 

Lane 1 2 3 4 5 6 7 8 9 10 11 

Fraction m i s i s i s i s i s 

Time (hrs) - 0 0 2 2 4 4 6 6 24 24 

m = marker; i = insoluble; s = soluble
	

1 2 3 4 5 6 7 8 9 10 11
	

Figure 5.19: Protein expression analysis of N-terminal his tagged Phr2 protein. 4µl 

of each sample (soluble and insoluble fractions) was run on a 10% SDS-PAGE gel 

and stained with Coomassie Blue. 

Lane 1 2 3 4 5 6 7 8 9 10 11 

Fraction m i s i s i s i s i s 

Time (hrs) - 0 0 2 2 4 4 6 6 24 24 

m = marker, i = insoluble, s = soluble
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Due to the formation of inclusion bodies using BL21(DE3), a different host strain 

Rosetta™, was trialled. The expression of proteins from thermophilic archaea, such 

as Sulfolobus solfataricus and Thermoplasma acidophilum can sometimes be 

difficult due to the differences in codon usage between E. coli and archaea (Wakagi 

et al. 1998; Kim and Lee 2006). Rosetta™, a BL21 host strain derivative designed 

to overcome the rare codon usage problem (Novy et al. 2001), was used to conduct 

expression trials at two different IPTG concentrations (1mM and 0.5mM) at 15°C. 

The original Rosetta strains supply tRNAs for the codons AGG and AGA (arginine), 

AUA (isoleucine), CUA (leucine), CCC (proline), and GGA (glycine) on a 

compatible chloramphenicol-resistant plasmid, pRARE. A scan of the Hfx. volcanii 

Phr2 nucleotide sequence indicated that whilst only a few rare codons were present 

and no tandem repeats of arginine were found, proline coded by CCC was abundant. 

The N-terminal His-tagged phr2-pET28a construct was transformed into the 

Rosetta 
™ 

strain and the colonies were selected based on their antibiotic resistance to 

kanamycin and chloramphenicol (Figures 5.20 and 5.21). The conditions for 

expression in the Rosetta 
™ 

strain were the same as for BL21 (DE3), found in 

Sections 5.3.3. 

Heterologous Expression in E. coli Page 134
 



  

 

 

       

 

 

 

                                       

 

 

 

             

               

               

       

 

            

            

              

          

 

 

 

 

            

               

               

       

 

            

            

             

         

                                       

                                    

Chapter 5
 

1 2 3 4 5 6 7 8 9 10 11
	

Figure 5.20: Protein expression analysis of his tagged Phr2 protein using Rosetta™™™™. 

Transformed Rosetta™ cells were induced with 1mM IPTG and incubated at 15°C. 

4µl of each sample (soluble and insoluble fractions) was run on a 10% SDS-PAGE gel 

and stained with Coomassie Blue. 

Lane 1 2 3 4 5 6 7 8 9 10 11 

Fraction m i i i i i s s s s s 

Time (hrs) - 0 2 4 6 24 0 2 4 6 24 

m = marker, i = insoluble, s = soluble
	

1 2 3 4 5 6 7 8 9 10 11
	

Figure 5.21: Protein expression analysis of his tagged Phr2 protein using Rosetta™™™™. 

Transformed Rosetta™ cells were induced with 0.5mM IPTG and incubated at 15°C. 

4µl of each sample (soluble and insoluble fractions) was run on a 10% SDS-PAGE gel 

and stained with Coomassie Blue. 

Lane 1 2 3 4 5 6 7 8 9 10 11 

Fraction m i i i i i s s s s s 

Time (hrs) - 0 2 4 6 24 0 2 4 6 24 

m = marker; i = insoluble; s = soluble
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Figures 5.20 and 5.21 demonstrate the insolubility of the His-tagged Phr2 protein 

using Rosetta cells. However, reducing the temperature to 15°C slightly enhanced 

solubility at 0.5mM IPTG as shown in lane 11 from Figure 5.21. Therefore, a new 

strain, ArcticExpress™, was trialled for expressing the Phr2 protein at 12°C. These E. 

coli cells contain cold-adapted chaperonins, cpn60 and cpn10, derived from an 

Antarctic isolate, Oleispira Antarctica, known to facilitate proper protein folding by 

binding to and stabilizing unfolded or partially fold proteins. Cpn60 and cpn10 

enhance the cell’s ability to grow at low temperatures and allow for proper soluble 

expression of recombinant proteins (Ferrer et al. 2004). The N-terminal His-tagged 

phr2-pET28a construct was transformed into ArcticExpress™ with selection based 

on kanamycin, streptomycin and gentamycin resistance. The expression trial was set 

up according to the manufacturer’s manual with both 0.5mM and 1mM [IPTG], and 

4µl samples of soluble and insoluble fractions were loaded onto a 10% SDS-PAGE 

(Figures 5.22 and 5.23) 

1 2 3 4 5 6 7 8 9 10 11
	

Figure 5.22: Protein expression analysis of his-tagged Phr2 protein using 

ArcticExpress™™™™. Transformed ArcticExpress™ cells were induced with 0.5mM IPTG. 

4µl of each sample (soluble and insoluble fractions) was run on a 10% SDS-PAGE gel 

and stained with Coomassie Blue. 

Lane 1 2 3 4 5 6 7 8 9 10 11 

Fraction m i i i i i s s s s s 

Time (hrs) - 0 2 4 6 24 0 2 4 6 24 

m = marker; i = insoluble; s = soluble
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1 2 3 4 5 6 7 8 9 10 11
	

Figure 5.23: Protein expression analysis of his-tagged Phr2 protein using 

ArcticExpress™™™™. Transformed ArcticExpress™ cells were induced with 1mM IPTG. 

4µl of each sample (soluble and insoluble fractions) was run on a 10% SDS-PAGE gel 

and stained with Coomassie Blue. 

Lane 1 2 3 4 5 6 7 8 9 10 11 

Fraction m i i i i i s s s s s 

Time (hrs) - 0 2 4 6 24 0 2 4 6 24 

m = marker; i = insoluble; s = soluble 

Figures 5.22 and 5.23 both show that the overall protein expression levels using 

ArcticExpress™ were much lower compared to expression in BL21 (DE3). However, 

the Phr2 protein, although mostly insoluble, appeared to be partially soluble at 24 hr 

(lane 11 in both figures). This was surprising, as previous expression trials have not 

shown a soluble Phr2 protein at 24 hr. A 250ml culture of the transformed 

ArcticExpress™ cells was induced with 0.5mM IPTG and incubated at 12°C for 24 

hr. The soluble and insoluble fractions were prepared and the cell extracts were 

purified using the His•Bind column as described in Section 5.3.4. 5µl of the eluted 

fractions were run on a 10% SDS PAGE (Figure 5.24). 

Heterologous Expression in E. coli Page 137
 



  

 

 

       

 

                                                
 

 

 

            

             

        

 

          

          

                  

 

              

            

           

                

            

   

 

           

            

              

              

           

             

        

 

 

 

                                          

Chapter 5
 

1 2 3 4 5 6 7 8 9
	

Figure 5.24: Analysis of eluted fractions following purification of cells grown in 

ArcticExpress™™™™. 4µl of each sample (soluble and insoluble fractions) was run on a 

10% SDS-PAGE gel and stained with Coomassie Blue. 

Lane 1 2 3 4 5 6 7 8 9 

Fraction m ft wash 1st 2nd 3rd 4th s i 

m = marker; ft = flow through; lanes 4 -7 = eluted fractions; s =soluble; i = insoluble 

Figure 5.24 shows that the protein band at approximately 60kDa was not eluted with 

an increasing concentration of imidazole, indicating that the soluble protein was, in 

fact, the Cpn60 protein, constitutively expressed from the pACYC-based plasmid. 

This explained why a band was observed in the 24 hr soluble fraction, as this Cpn60 

is typically detected in SDS-PAGE analysis of ArcticExpress cell lysates at 56,900 

Da. 

Expression trials were conducted for the non-tagged phr2-pet-28a construct to assess 

whether the polyhistidine tag interfered with protein folding and structure. The C-

terminal tagged construct was also used to assess whether the location of the tag 

played a potential role in protein insolubility. In parallel, expression trials for the 

three phr1-pet-28a constructs were performed to assess the solubility of this 

halophilic protein in a mesophilic expression host. All cells were induced with 

0.5mM IPTG and incubated at 25°C. 
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1 2 3 4 5 6 7 8 9 10 11 12
	

Figure 5.25: Protein expression analysis of non-tagged Phr2 Protein. 4µl of each 

sample (soluble and insoluble fractions) was run on a 10% SDS-PAGE gel and 

stained with Coomassie Blue. 

Lane 1 2 3 4 5 6 7 8 9 10 11 12 

Fraction m s s s s s i i i i i m 

Time (hrs) - 0 2 4 6 24 0 2 4 6 24 -

m = marker; s = soluble; i = insoluble
	

1 2 3 4 5 6 7 8 9 10 11 12
	

Figure 5.26: Protein expression analysis of C-terminal his tagged Phr2 protein. 4µl 

of each sample (soluble and insoluble fractions) was run on a 10% SDS-PAGE gel 

and stained with Coomassie Blue. 

Lane 1 2 3 4 5 6 7 8 9 10 11 12 

Fraction m s s s s s i i i i i m 

Time (hrs) - 0 2 4 6 24 0 2 4 6 24 -

m = marker; s = soluble; i = insoluble
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1 2 3 4 5 6 7 8 9 10 11 12
	

Figure 5.27: Protein expression analysis of non-tagged Phr1 protein. 4µl of each 

sample (soluble and insoluble fractions) was run on a 10% SDS-PAGE gel and 

stained with Coomassie Blue. 

Lane 1 2 3 4 5 6 7 8 9 10 11 12 

Fraction m s s s s s i i i i i m 

Time (hrs) - 0 2 4 6 24 0 2 4 6 24 -

m = marker; s = soluble; i = insoluble
	

1 2 3 4 5 6 7 8 9 10 11 12
	

Figure 5.28: Protein expression analysis of C-terminal his tagged Phr1 protein. 4µl 

of each sample (soluble and insoluble fractions) was run on a 10% SDS-PAGE gel 

and stained with Coomassie Blue. 

Lane 1 2 3 4 5 6 7 8 9 10 11 12 

Fraction m s s s s s i i i i i m 

Time (hrs) - 0 2 4 6 24 0 2 4 6 24 -

m = marker; s = soluble; i = insoluble
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1 2 3 4 5 6 7 8 9 10 11 12
	

Figure 5.29: Protein expression analysis of N-terminal his tagged Phr1 protein. 4µl 

of each sample (soluble and insoluble fractions) was run on a 10% SDS-PAGE gel 

and stained with Coomassie Blue. 

Lane 1 2 3 4 5 6 7 8 9 10 11 12 

Fraction m s s s s s i i i i i m 

Time (hrs) - 0 2 4 6 24 0 2 4 6 24 -

m = marker; s = soluble; i = insoluble 

It was evident from Figures 5.25 and 5.26 that protein solubility of Phr2 did not 

improve either when the His-tag was absent, or with a change in tag orientation. It 

was also evident from the insolubility of the Phr1 protein in Figures 5.27 to 5.29 that 

expression of halophilic proteins typically resulted in the formation of inclusion 

bodies when using a mesophilic expression host such as E. coli irrespective of the 

orientation of the His-tag. 

5.4.4 Purification and Refolding 

The large quantity of inclusion bodies formed was advantageous and desirable for 

the re-naturation or re-folding of the Phr2 protein. The inclusion bodies were first 

re-solubilized in 8M urea, followed by purification on the Ni charged column prior 

to re-naturation to increase the purity of the elutant. Due to the high concentration of 

the expressed protein in the insoluble fractions, the Phr2 protein often eluted in the 

unbound fractions before the addition of imidazole (Figure 5.30). This meant that the 

unbound fractions can be purified again to extract more Phr2 protein. 

Heterologous Expression in E. coli Page 141
 



  

 

 

       

 

 
 

 

 

          

                

                 

         

 

         

         

           

 

               

               

             

           

 

 

           

              

             

            

              

                

              

             

              

                               

Chapter 5
 

1 2 3 4 5 6 7 8
	

Figure 5.30: Purification of N-terminal His-tagged Phr2 (denaturing condition). 

3ml of the insoluble fraction was purified on a Nickel column. 4µl of each sample 

was run on a 10% SDS-PAGE gel and stained with Coomassie Blue. Lanes 4 to 7 

indicate increasing imidazole concentration up to 100mM. 

Lane 1 2 3 4 5 6 7 8 

Fraction m ft wash 1
st 

2
nd 

3
rd 

4
th 

cw 

m = marker; ft = flow through; cw = column wash 

Figure 5.30 shows that the protein of the expected size was eluted in every fraction, 

most likely due to the high concentration of the expressed protein. This also showed 

that the amount of protein eluted was proportional to the concentration of imidazole 

used; therefore, subsequent batches of proteins were eluted with 100mM imidazole 

only. 

Several re-folding protocols were consulted and tested to determine the best 

conditions to avoid protein loss due to precipitation. First trial involved dialysing an 

undiluted preparation of purified protein at room temperature on a stirrer using a 

buffer containing 4M NaCl, 1µM FAD and 5mM Triton-X; this resulted in 

precipitation after 5 hr on the stirrer. The concentration of protein was then 

decreased to 0.2 to 0.5mg/ml for the rest of the re-folding trials. Direct dilution was 

sought as an alternative to dialysis, where 2ml of the purified fraction was diluted 

20-fold in re-naturation buffer, followed by dialysis to remove all components in the 

buffer except for 2M KCl. The presence of imidazole in the buffer, however, 
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interfered with the measurement of protein concentration, making the assessment of 

protein loss difficult. Step-wise dialysis was determined to be the most efficient 

method for maintaining a constant concentration of protein throughout the re-folding 

process. It was experimentally determined that the protein stayed in solution down 

to 0.2M urea, as precipitation occurred when urea was completely removed from the 

buffer. The presence of FAD was also problematic as it was not observed in any of 

the re-folded proteins. FAD has a characteristic absorption spectrum at 3 

wavelengths: 378nm, 450nm and 467nm. Previous work on E. coli photolyase has 

shown that the FAD and the apoenzyme existed at a 1:1 stoichiometric ratio when 

purified (Sancar 2003). However, the re-natured protein did not appear to contain 

any FAD, as no peaks were detected in its respective spectra. 

To check for the integrity of the re-folded protein, a 1ml protein sample was used to 

perform circular dichroism (CD) spectroscopy, courtesy of the Department of 

Chemistry, Queen Mary, University of London. CD can be used to determine 

whether a protein is folded and contains secondary structures in the far-UV spectral 

region (190-250nm). The chromophore at these wavelengths is the peptide bond 

which gives rise to a signal when it is in a folded environment (Whitmore and 

Wallace 2008). The CD scan as shown in Figure 5.31 demonstrates that the re­

folded protein has secondary structure, with a higher percentage of α helixes to β 

sheets. The large peak shown was likely due to the high background of the salt-

containing buffer used. 
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Figure 5.31: CD spectra of the re-folded Phr2 protein. Sample “s” indicated the 

protein used for the run. This signal is an average of the entire molecular 

population comprising of α-helix, β-sheet, and random coil structures. 

5.5 Discussion 

This section described the results of expressing the Hfx. volcanii Phr2 protein in a 

heterologous expression host, E. coli, in order to obtain high quantities of soluble, 

recombinant protein for the detection of enzymatic activity as well as attaining 

structural information on a halophilic photolyase. Successful heterologous 

expression of halophilic proteins has been shown to be a difficult task; in the cases of 

malate dehydrogenase from Haloarcula marismortui (Cendrin et al. 1993), 

dihydrofolate reductase from Hfx. volcanii (Blecher et al. 1993), HMG-CoA 

reductase from Hfx. volcanii (Bischoff and Rodwell 1997), citrate synthase and 

DHlipDH from Hfx. volcanii (Connaris et al. 1999) and signal peptidase from Hfx. 

volcanii (Fine et al. 2006), all proteins produced were either soluble yet inactive, or 

insoluble inclusion bodies that required further activation by salt or re-naturation, 

respectively. Successful cases of active and soluble expression of halophlic proteins 

from E. coli, such as the glycolic pathway enzyme glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) from Hbt. salinarum (Ha et al. 2007), are few and far 

between. Nevertheless, the yields of heterologously expressed proteins from E. coli 
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were, in many cases, higher than those expressed from the native organism (Connaris 

et al. 1999), as demonstrated by the low yield of homologously expressed Phr2 

shown in Chapter 2. The high yield of recombinant proteins produced would allow 

for easier purification and downstream applications such as functional assays and 

structural analysis. 

Both phr1 and phr2 were PCR amplified and cloned into appropriate intermediate 

vectors before the insertion into an expression vector. The gene sequences were 

checked for errors and the inserts with the correct sequences were ligated into pET­

28a. The clones were transformed into BL21 (DE3) to look for the expression of the 

Phr proteins and to conduct initial small-scale expression trials. SDS-PAGE 

revealed that for small-scale expression the Phr2 protein appeared soluble; first time 

attempt to purify the protein showed that a much higher concentration of soluble 

protein was required for purification. It was found, however, that the protein became 

insoluble when a larger culture volume was induced. This was tested on numerous 

occasions using different combinations of temperature, induction time and IPTG 

concentrations. All trials showed consistently that the protein remained insoluble. 

A C-terminal His-tagged phr2-pET28-a construct as well as a non-tagged phr2 ­

pET28a construct were also made to assess whether this affinity tag interfered with 

protein solubility, as previous research has shown that an N-terminal His-tag 

interfered with the solubility of an intracellular binding protein expressed in E. coli 

where the resulting protein was largely insoluble and unstable. However, removal of 

the tag during re-folding resulted in a soluble protein exhibiting desired folding 

characteristics and which was therefore purified (Ramage et al. 2002). SDS-PAGE 

showed that the Phr2 protein was, again, largely insoluble irrespective of the location 

or presence of the tag. Attempts at purifying the insignificant amount of soluble 

protein proved unsuccessful. The phr2-pET28a construct was transformed into 

Rosetta™ and ArcticExpress™ strains to see whether a change in host strain could 

increase the solubility of the Phr2 protein. Neither strain resulted in an increase in 

protein solubility. The large quantity of insoluble protein was subjected to re-folding 

treatments to re-gain formation of the protein native structure. 
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The formation of inclusion bodies, or insoluble aggregates, is a result of the 

accumulation of folding intermediates rather than the native or unfolded 

polypeptides. It occurs when the rate of translation exceeds the rate of folding of the 

nascent polypeptide to the native conformation (Kane and Hartley 1988; De 

Bernardez-Clark and Georgiou 1991). The routine use of strong promoters and high 

inducer concentrations often lead to an excess of product yield compared to the total 

cellular protein. Under these conditions, the rate of protein aggregation exceeds 

proper folding where folding modulators cannot interact with the protein quick 

enough. Nevertheless, this inactive protein in the form of inclusion bodies offers 

several advantages to proteins of soluble form, such as a high degree of purity in the 

target protein, as well as the resistance to proteolytic degradation compared to the 

soluble fractions. Furthermore, the halophilic proteins can be selectively purified 

from the contaminating host protein due to the high salinity of the purifying buffer, 

thus retaining the near native environment of these halophilic proteins. Lastly, these 

inclusion bodies can be re-solubilized and the activity of the protein can be re-gained 

through established methods of re-folding (Tsumoto et al. 2003). 

The inclusion bodies obtained from the expression of Hfx. volcanii Phr2 were first 

solubilized, followed by purification on a Ni affinity column, as numerous reports 

have shown that higher refolding yields were achieved when the re-solubilized 

inclusion body proteins are purified prior to refolding treatments (Tran-Moseman et 

al. 1999). The purified fractions were then transferred into low denaturant 

conditions to allow for formation of the native structure. The first technique used 

was dialysis, where the change from the denaturing to the native buffer conditions 

was gradual. The protein was dialysed against buffers of decreased denaturant 

concentrations to allow formation of native structure. This, however, caused 

aggregation just after 5 hr. In dialysis, it has been found that aggregation occurred 

often due to the increased number of folding intermediates (Gu et al. 2002). To 

avoid this problem, direct dilution was utilized, where the protein in the strong 

denaturant condition was diluted into a refolding buffer in a drop-wise fashion. 

Although aggregation did not occur, it was difficult to measure protein concentration 

due to the presence of imidazole which affected true protein read on the 

spectrophotometer. Imidazole absorbs UV radiation at 280nm, meaning that a 
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sample measured at 280nm shows an increase in absorbance above the background, 

over estimating the concentration of protein. The same problem occurred when 

Bradford assays were used, as the presence of urea interfered with protein reading, 

which again gave a high background reading (Bradford 1976; van Kley and Hale 

1977). The BCA protein determination method was not suitable as the presence of 

disulfide reducing agents, including DTT, interferes with the assay by artificially 

increasing the colour intensity, therefore giving an inaccurate protein read (Brown et 

al. 1989). 

Step-wise dialysis was finally determined as the most accurate method for 

quantification of protein post re-folding, as the final buffer contained only salt and a 

low amount of urea, neither of which affected the protein quantification methods 

used. In this dialysis system, descending concentration of denaturant was used 

where the unfolded protein sample was slowly brought to equilibrium with the buffer 

at each stage of dialysis (Tsumoto et al. 2003). The protein sample was first 

dialyzed against the renaturation buffer containing an excess amount of FAD as 

described in Section 4.3.5, overnight at 4°C. The next day the protein was 

transferred to fresh buffer containing 2M urea and 2M KCl, again incubated 

overnight at 4°C. Finally, the protein was transferred to a solution containing 0.2M 

urea and 2M KCl, as it was experimentally determined that below 0.2M urea 

aggregation occurred. This was not surprising, as it has been shown that low 

residual concentrations of denaturant improved refolding yields by suppressing 

aggregation (De Bernardez Clark et al. 1999). Overall, step wise dialysis proved to 

be a good system for re-folding the Phr2 protein where minimal loss of protein 

occurred, and that protein remained in solution after re-folding. While the CD 

spectrum suggested that the Phr2 protein had secondary structures, it cannot predict 

whether it was folded correctly. As FAD was not incorporated into the protein, it 

was a likely indication that the residues important for binding the chromophore may 

not have been in the right orientation. 

Although it was not possible to obtain a soluble Phr2 protein at this stage, the mass 

production of inclusion bodies offered high purity and quantity as opposed to 

expression from a homologous strain where no distinct over-expression of Phr2 
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protein was detectable. This also proved that the soluble expression of halophilic 

proteins in E. coli was difficult to achieve, where the low ionic strength internal 

environment possibly prevented the correct folding of halophilic enzymes. Given 

the time constraint, it was not feasible to look into other approaches to overcome this 

insolubility problem. One such approach would be to fuse an aggregation-prone 

polypeptide to a highly soluble partner such as the maltose-binding protein (MBP) 

(Pryor and Leiting 1997), glutathione s-transferase (GST) (Nygren et al. 1994), and 

thioredoxin (TRX) (LaVallie et al. 1993), all of which have been shown to promote 

the proper folding of the attached protein into its biologically active conformation. 

The GST fusion tag has been used successfully with an acetyltransferase protein, 

Vgn0487h, from Hbt. Salinarum, where enough fusion proteins were observed in the 

soluble fraction for a pull-down purification of the protein (Choi et al. 2005). 

Regardless of the insolubility problem, the re-natured protein was shown to contain 

secondary structure, an indication that the protein was folded to give such 

conformation. The information that is lacking pertains to whether this protein is 

properly folded in its native form, and whether it exhibits desired activity. In the 

next chapter, an immunoassay set up to test the activity of the re-folded protein is 

described. 
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FFuunnccttiioonnaall CChhaarraacctteerriizzaattiioonn ooff PPhhrr22
 

6.1 Introduction 

Repair of UV-induced pyrimidine dimers is dependent on a highly efficient light-

dependent photoreactivation mechanism, where haloarchaea are known to be highly 

tolerant to UV in their natural habitats containing visible light (Hescox and Carlberg 

1972; Fitt et al. 1983; McCready 1996; McCready and Marcello 2003). In Hfx. 

volcanii, the mechanisms underlying its high tolerance to UV remain unknown. 

Genome analysis of a model haloarchaeon, Halobacterium sp. NRC-1, has identified 

two putative photolyase homologues, phr1 and phr2, and deletion mutant analysis 

revealed that only phr2 was required for UV-induced DNA repair during recovery in 

visible light, suggesting that phr2 encoded a functional photolyase (McCready and 

Marcello 2003; Baliga et al. 2004). In addition to the light dependent 

photoreactivation, Halobacterium sp. NRC-1 also possesses homologs of the 

bacterial uvrA, uvrB and uvrC genes, shown to be required for the removal of UV 

damage in the absence of photoreactivating light. For many years, it was thought 

that Halobacterium does not possess a dark repair system as demonstrated by Grey 

and Fitt, where no viable cells were found in UV irradiated cultures of Hbt. 

cutirubrum photoreactivating light with no exposure to photoreactivating light (Grey 

and Fitt 1976). However, in a more recent study by McCready et al., deletion 

mutants lacking functional uvrA, uvrB or uvrC genes, as well as a uvrA uvrC double 

mutant, were sensitive to UV and unable to remove CPD or 6-4 photoproducts from 

their DNA post UV irradiation in the absence of photoreactivating light. Upon 

incubation with visible light, however, the sensitivity was attenuated, placing an 

emphasis on the highly efficient photoreactivation in Halobacterium. Interestingly, 

these deletion mutants are substantially less UV sensitive than excision repair 

mutants of E. coli or yeast, suggesting for the existence of multiple tolerance 

mechanisms within the genome (Crowley et al. 2006). Hfx. volcanii has also been 

shown to excise UV lesions; however, this remains a largely uncharacterized repair 

process (McCready 1996). 

Results from the current study have identified novel photolyase-like genes, phr1 and 

phr2, for the first time in Hfx. volcanii. Predicted structural analysis of the Phr2 

Functional Characterization of Phr2 Page 149
 



  

 

 

      

 

          

            

             

             

           

           

            

                 

            

              

             

             

              

               

         

 

  

   

           

          

            

           

            

          

    

 

     

          

            

            

      

 

Chapter 6
 

protein suggests that, unlike bacterial photolyases, halophilic photolyases use 8-HDF 

as its light-harvesting cofactor (Chapter 2). Homologous expression of the Phr2 

protein in the native Haloferax strain were too low (Chapter 3) and heterologous 

expression in E. coli showed that the expressed protein was mostly insoluble and 

required re-folding treatments (Chapters 4 and 5). However, for both the 

homologously and heterologously expressed Phr2 proteins, activity was not assessed. 

This chapter demonstrates the functional activity of the expressed Phr1 and Phr2 

proteins using both in vivo and in vitro assays. An in vivo UV survival assay was 

developed to assess the photosensitivity of the homologous expression strains to UV 

and the repair by the expressed proteins upon exposure to white light illumination. 

This assay allowed for clear visual qualitative evidence of photorepair. In vitro 

assays included a) the cell viability assay used to quantify survival post UV 

irradiation by the measurement of the release of ATP and b) an antibody-based assay 

optimized for use with the Phr2, Phr1 and E3 overexpression strains as well as the 

re-folded Phr2 protein prepared in Chapter 5. 

6.2 Materials 

6.2.1 Cell culture 

Yeast extract, peptone and NaCl were supplied by Fisher Scientific, Loughborough, 

UK. Agar, ampicillin, carbenicillin, tryptone, polyethylene glycol (PEG, Average 

MW 600) and thymidine were from Sigma-Aldrich, Gillingham, UK. Bacto Yeast 

Extract, Bacto Casamino Acids and Bacto Agar were supplied by BD-Biosciences, 

Oxford, UK. Bacteriological peptone was obtained from Oxoid, Basingstoke, UK. 

Unless specified otherwise, all other reagents were ordered from Sigma-Aldrich, 

Gillingham, UK. 

6.2.2 UV survival assay 

UVILite Ultraviolet Filtered Lamps (wavelength: 254nm, intensity at 15cm µW/cm
2
: 

710) were purchase from VWR Jencons. Fluorescent lamps (white light source) 

were obtained from Philips (15W; emission: 400-700nm). UV output was measured 

using a Latarjet radiometer. 
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6.2.3 Cell viability assay 

Components for the BacTiter-Glo Microbial Cell Viability Assay were obtained 

from Promega. 

6.2.4 Immunoassay 

Primary anti-thymine dimer mouse monoclonal antibody (clone KTM53) was 

purchased from Kamiya Biomedical Company, USA. Peroxidase conjugated anti-

mouse antibody was obtained from Sigma-Aldrich, Gillingham, UK. E. coli 

photolyase was obtained from Trevigen, USA. Nitrocellulose membrane (0.2µm) 

and herring sperm DNA (degraded) were also obtained from Sigma-Aldrich, 

Gillingham, UK. The x-ray film was obtained from Fuji, Japan. 

6.3 Methods 

6.3.1 UV survival assay 

Cells were grown in HV-YPC for 3 days until an OD600 greater than 1.2, and 50µl of 

the cultures were streaked unto HV-YPC agar plates. The plates were incubated for 

3 hr at 42°C, followed by exposure to a germicidal UV lamp (emitting mainly at 

254nm) placed at a distance of 30 cm above the plates for up to 5 min at a UV output 

of 1.15 J/m
2
/s in the dark. A piece of glass sheet wrapped with foil was used to 

cover the plates to allow different times of exposure to UV. Following UV exposure 

half of the plates were exposed to a white light source (fluorescent lamp 15W; 

emission: 400-700nm) for 30 min, after which all plates were wrapped in foil and 

incubated at 42°C for up to 3 days. 

6.3.2 Cell viability assay 

The BacTiter-Glo Microbial Cell Viability Assay was used to determine the number 

of viable cells by a culture-based quantitation of the amount of ATP released. Both 

the BacTiter-Glo Buffer and the lyophilized BacTiter-Glo Substrate were 

equilibrated to room temperature before use, followed by mixing the two reagents 

together to reconstitute the lyophilized enzyme/substrate mixture. The reagents were 

then again left at room temperature for 15 min before use. Two homologous 

expression strains were used for this assay: Phr2 and E3, where 10ml cultures of 

Functional Characterization of Phr2 Page 151
 



  

 

 

      

 

               

              

              

                

                

              

                  

               

             

             

 

    

            

           

                

              

              

              

           

              

             

         

 

   

             

            

 

  

              

              

              

               

Chapter 6
 

each strain were grown for 3 days, followed by a 100-fold dilution in the same 

growth media. Liquid cultures were prepared as described in Section 2.3.6. 100µl 

of the diluted cultures were dispensed into two white Greiner 96-F bottom plates. 

The plates were UV irradiated for up to 4 min (UV output 1.15 J/m
2
/s), after which 

the “light” designated plate was exposed to a white light source for 30 min and the 

“dark” designated plate was wrapped in foil and left at room temperature for the 

same amount of time. Both plates were then incubated in the dark at 45°C for 18 hr. 

In the darkroom, 40µl of the incubate cultures was aliquoted into a new opaque 96 

well plate, followed by the addition of an equal volume of the re-constituted 

substrate mixture into each well to allow for ATP bioluminiescence detection. 

6.3.2.1 Detection of luminescence 

The plates were then read on the Fluostar Omega Multifunctional Microplate Reader 

(BMG labtech) to record luminescence using the emission filter 480-10 (No.1A) 

with a gain setting at 3600. The measurement interval time was set at 0.24s and the 

reading was performed at room temperature. The plates were covered in foil prior the 

actual read to avoid exposure to light. Each experimental condition had 8 replicates 

for each strain and the values represent the means from 3 independent experiments. 

Values were normalized to 100% against un-irradiated controls independently for the 

dark and the light conditions. The variations in values within and between each trial 

were taken into consideration when collating all 3 data sets together and generating 

the results represented in a graphic form. 

6.3.2.2 Statistical analysis 

Data presented as means ± SEM of 4 independent cultures. Statistical significance 

was determined using two-way ANOVA (post hoc: Bonferroni post test). 

6.3.3 Immunoassay 

Herring sperm DNA was dissolved at 5mg/ml in sterile deionized water and left to 

dissolve overnight at 4°C. The DNA solution was further diluted to 0.050mg/ml or 

0.025mg/ml and 50µl was dispensed into wells of a white, opaque 96-well plate. 

The plate containing DNA was UV-irradiated up to 3 min (UV output 1.15 J/m
2
/s) in 
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the dark. 3µl of the irradiated DNA was dispensed unto a 0.20µm nitrocellulose 

membrane. The membrane was left to dry at room temperature for one hr, followed 

by neutralizing in 2X SSC (0.03M Sodium Citrate, 0.3M NaCl, 0.1mM EDTA pH 

7.00. The membrane was baked in the oven at 80°C for 150 min to fix the DNA 

onto the membrane; it was then stored at 4°C in TBS-T (10mM Tris-HCl pH 8.0, 

0.1% Tween-20, 200mM NaCl) for further use. 

The dried membranes were incubated with either the purified and re-natured Phr2 

protein or prepared lysates from H98 Phr2 and Phr1 expression strains. The lysates 

were prepared by harvesting the cells at 8000rpm for 15 min, and re-suspending the 

pellet in 5ml extracting buffer (2M NaCl, 50mM Tris HCl pH8.0, and 1mM EDTA). 

The re-suspension was sonicated at 5 20s bursts (amplitude = 14 micron) in an ice 

bath with 40s cooling in between each burst. 200µg of the re-natured Phr2 protein 

was made up to 2ml in the same storage buffer it was in. 2ml of prepared lysates of 

both Phr2 and Phr1 transformed strains were used where the concentration factor not 

taken into consideration, as it was not feasible to measure protein concentration as 

stated in Chapter 3. Membranes were incubated either in the dark or under a white 

light source for 2 hr with the membranes covered to avoid desiccation. Membranes 

were also incubated in water as a control. Post incubation, the membranes were 

rinsed with TBS-T buffer twice, followed by blocking in 10% milk/TBS-T for 1 hr at 

room temperature. The membranes were then incubated with the mouse monoclonal 

antibody raised against thymine dimers, diluted 1:500 in 5% milk/TBS-T, for 1 hr. 

Following a 4 x 10 min wash in TBS-T buffer , the membranes were incubated with 

a peroxidase-conjugated anti-mouse antibody, diluted 1:4000, for 1 hr. The 

membranes were again washed 4 x 10 min in TBS-T before overlaying the 

chemiluminescent HRP substrate (detection agent) on top, DNA side up, for 5 min. 

The UV-damaged DNA was detected using anti-CPD monoclonal antibody, which 

was bound to the secondary peroxidase-conjugated antibody. The peroxide 

catalyzed the oxidation of luminal, where once oxidized, the luminal emitted light as 

it decayed to its ground state. The amount of DNA damage recognized by the anti-

CPD monoclonal antibody was proportional to the intensity of each dot. With 

increasing levels of UV-irradiation (at a constant DNA concentration), more damage 

would be induced; hence, the dots became progressively darker. The 
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chemiluminescence detection protocol was performed according to the 

manufacturer’s instructions. To evaluate antibody binding, the blots were first 

transferred to an x-ray film and developed using Optimax X-Ray Film Processor 

(Xograph Imaging System) in the dark room. 

6.3.3.1 Quantitation of dimers 

To quantitate the amount of dimers present, a dot blot analysis tool from LabWorks 

was used to calculate the integrated optical density (IOD) of each dot. The IOD is a 

measure of the summation of the grey levels of all pixels in any single dot. The 

intensity of the dot was proportional to the amount of damage present in that 

particular dot. Time zero dots were designated the background dots, and all other 

IOD values obtained from the rest of the dots were normalized against the pooled 

background value. 

6.3.3.2 Statistical analysis 

Data presented as means ± SEM of 4 groups (culture or protein) from 3 independent 

experiments (unless otherwise stated). Statistical significance was determined using 

two-way ANOVA (post hoc: Bonferroni post test). 

6.4 Results 

6.4.1 UV survival assay 

Light and dark DNA repair activities were assessed for both Phr2 and Phr1 proteins 

expressed in the homologous H98 strain. The negative control was an over-

expressing strain for the E3 gene, which encodes dihydrolipoamide dehydrogenase, 

an enzyme involved in central metabolism and with no known function in 

photoreactivation. The His-Phr2 strain was used to assess the effect of the His-tag 

on the function of the Phr2 protein. 50µl of each culture was sufficient to produce a 

longitudinal strip when streaked on a plate, as seen in Figure 6.1. This assay was 

optimized to produce clear and visible results to demonstrate each strain’s ability to 

carry out DNA repair and grow after exposure to UV-C at a UV dose of 1.15 J/m
2
/s. 

The plates were then given 30 min of white light exposure to activate the photolyase, 

after which all plates were incubated at 45°C in the dark for 3 days. The length of 
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the strip corresponded to increasing UV exposure from the top to the bottom of the 

plate; this was used as an indication of cell survival. 

The Phr2 expression strain was resistant to UV up to a UV dose of 138 J/m
2
, 

whereas for the Phr1 expression strain resistance was seen up to only 69 J/m
2 

(Figure 

6.1a). In Figure 6.1b, the E3 and the Phr1 expression strains were comparable to 

each other, maintaining the same level of UV resistance up to 69 J/m
2
. In Figure 

6.1c, the His-Phr2 expression strain was seen to be more UV resistant compared (UV 

dose 207 J/m
2
) to the E3 expression strain (69 J/m

2
). In Figure 6.1d, no difference 

was observed between the Phr2 and His-Phr2 expression strains; both strains were 

equally resistant to UV up to a UV dose of 207 J/m
2
. This provided an indication 

that the presence of the His-tag did not interfere with the Phr2 protein function. 

Figures 6.1a and 6.1c clearly demonstrated that the Phr2 expression strain, in the 

presence of white light post UV irradiation, resulted in the strain’s superior 

resiliency to UV over both the control E3 and the Phr1 expression strains. Looking at 

6.1b, it was also apparent that Phr1 had the same UV sensitivity as the control strain. 

Identical plates incubated in the absence of white light showed that all expression 

strains were equally resistant to UV up to a UV dose of 69 J/m
2 

(Figures 6.2 a-d), an 

indication that the dark repair mechanism was maintained at the same rate of 

efficiency for every strain regardless of the protein expressed. This also 

demonstrated that white light was a crucial factor in the enhanced survival of the 

strain expressing the Phr2 protein, as this strain was more UV resistant when 

incubated in the presence of white light. The images shown in Figures 6.1 and 6.2 

are representative of 3 independent sets of experiments done on separate batches of 

Hfx. volcanii cultures. 

J/m
�
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Phr2 Phr1 6.1a 

0 
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UV dose 
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�
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Figure 6.1a to 6.1e: Survival of Haloferax overexpression strains exposed to UV 

followed by white light. The UV doses were as indicated on the legend, with a UV 

output at 1.15 J/m
2
/s and exposure up to 5 min. The strains were grown for 3 days, 

where 50µl of the cultures were streaked onto the plates vertically down the centre 

of each plate. The plates were UV-irradiated and exposed to white light for 30 min. 

These results were visualized after 3 days of incubation in the dark at 45 °C. 6.1a: 

Phr2 vs. Phr1; 6.1b: E3 vs. Phr1; 6.1c: E3 vs. His-Phr2; 6.1d: Phr2 vs His-Phr2 
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Figure 6.2a to 6.2e: Survival of Haloferax overexpression strains exposed to UV 

and no white light. The UV doses were as indicated on the legend, with a UV 

output at 1.15 J/m
2
/s and exposure up to 5 min. The strains were grown for 3 days, 

where 50µl of the cultures were streaked onto the plates vertically down the centre 

of each plate. The plates were UV-irradiated and kept in the dark immediately post 

UV exposure. These results were visualized after 3 days of incubation in the dark at 

45 °C. 6.2a: Phr2 vs. Phr1, 6.2b: E3 vs. Phr1, 6.2c: E3 vs. His-Phr2, 6.2d: Phr2 vs. 

His-Phr2 
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6.4.2 Cell viability assay 

The BacTiter-Glo assay system was utilized for a quantitative analysis of the effects 

of white-light-induced survival of cells exposed to UV. Firefly luciferase, purified 

from Photuris pennsylvanica, was used in this system because of its stability in ATP 

assays. The results were presented as % ATP release through RLU (relative 

luminescence units) by the cells; thus, cell viability can be interpreted as a 

correlation of the measured ATP levels. 

Three major observations can be made with regard to Figure 6.3 showing % ATP 

release of each strain at various UV exposure times. Firstly, the “light” Phr2 

expression strain resulted in the highest overall % ATP levels throughout the 

experiment, correlating to a higher % survival for cells of this strain. A post test 

comparing the means of ± SEM for the “light” Phr2 and “light” E3 indicated that a 

significant difference was observed at a UV dose of 276 J/m
2 

(P < 0.001). The post 

test has also indicated that the differences between “light” Phr2 and “dark” Phr2 

were significant at all UV doses (P < 0.001). 

The second trend observed is the gradual decrease in % ATP levels for the “light” 

E3, “dark” E3 and “dark” Phr2 strains with increasing UV exposure, correlating to 

decreased cell viabilities. A post test comparing the means of ± SEM for these three 

groups indicated that no significant differences occurred between the “light” E3 and 

the “dark” E3 strains at all UV doses. Also, no significant differences were found 

for the “dark” E3 and “dark” Phr2 strains at all UV doses (P < 0.001) with an 

exception at a UV dose of 207 J/m
2
, where the “dark” E3 strain experienced a slight 

increase in % ATP. 

The third observation gathered from Figure 6.3 is that a prolonged UV exposure is 

required to reach a median LD50 (dose required for a decrease in survival of half of 

the tested population). At a UV dose of 345 J/m
2
, % ATP for light E3, dark Phr2 

and dark E3 were 80.77, 73.92, 77.18, respectively, indicating a decrease in cell 

viability between 20 to 27%, approximately half of what is needed to reach the 

desired LD50. 
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% ATP released from each expression strain with and without
�
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�
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Figure 6.3: % ATP released for Phr2 and E3 expression strains. % ATP was plotted 

against increasing UV doses (UV output 1.15 J/m
2
/s) under both light and dark 

conditions. Phr2 and E3 expression strains were grown for 3 days, followed by a 

100-fold dilution in media. The diluted cultures were dispensed into two white 

plates, followed by UV irradiation. Half of the plates were exposed to a white light 

source for 30 min and other half were kept in the dark. Both plates were then 

incubated in the dark at 45° C for 18 hr. 40μl of the incubate cultures was 

aliquoted into a new opaque 96 well plate, followed by the addition of an equal 

volume of the re-constituted substrate mixture into each well for luminescence 

detection. Values are presented as means ± SEM from 4 independent cultures, 

where each group contained 24 replicates per condition. *Statistical significance at 

P < 0.001 compared with the “light” E3 and dark “Phr2.” 
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6.4.3 Immunoassay 

The dot blot immunoassay was used to measure the repair of total photoproducts 

induced in DNA by short-wave ultraviolet light. This method was adapted from the 

one previously described by McCready (McCready 1999) with modifications based 

on the method described by Storey (Giampieri and Storey 2004). In this assay, 

herring sperm DNA solution was subjected to treatments with UV irradiation and 

white light, followed by hybridization onto a membrane and allowed to air dry, 

followed by neutralization in 2X SSC and baking at 80°C to fix DNA unto the 

membrane. It was crucial, firstly, to determine the type of membrane to be used for 

the hybridization of DNA. Nylon membranes Hybond-N+ and Nybond-N, as well as 

nitrocellulose membranes from both Sigma and VWR were tested; the nitrocellulose 

membrane from Sigma, by far, allowed for the best hybridization of DNA and so 

was chosen for the rest of the experiments. The second adjustment to the assay was 

determining the amount of DNA to be fixed unto the nitrocellulose membrane. 

Serial dilutions of herring sperm DNA at 5mg/ml were performed in a 96 well plate 

followed by UV irradiating the plate for up to a UV dose of 345 J/m
2
. 3µl of the 

irradiated DNA was blotted unto the membrane, where the rest of the experiment 

was carried out as outlined in Section 6.3.3. The scanned x-ray film was as shown in 

Figure 6.4. 

DNA concentration (mg/ml) 
UV dose (J/m

2
) 

5 0.5 0.25 0.1 0.05 0.025 0.01 0.005 

0 

69 

138 

207 

276 

345 

Figure 6.4: Effect of UV exposure on CPD lesions in DNA . The immuno-dot blot of 

varying DNA concentrations exposed to UV. Rows indicate DNA concentrations 

(5mg/ml stock). Column indicates the increase in UV dose in J/m
2
. The figure is a 

representative image and its corresponding quantitative graph is shown in Fig 6.5. 
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Amount of Damage Expressed as IOD Induced by UV at
 
Various DNA Concentrations
 

0 100 200 300 400 
0 

100 

200 

300 

400 

500 

600 
0.005mg/ml 

0.01mg/ml 

0.025mg/ml 

0.05mg/ml 

0.1mg/ml 

0.25mg/ml 

0.5mg/ml 

5mg/ml 
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D

 

UV dose J/m2 

Figure 6.5: Effect of UV exposure on CPD lesions in increasing concentrations of 

DNA concentrations. The graph represents the quantitation of the immuno-dot blot 

data shown in Figure 6.4. IOD values (Relative units) were calculated against 

controls (water alone). Figure legend indicates increasing DNA concentrations. 

As shown in Figure 6.4, DNA concentrations at 0.05mg/ml and 0.025mg/ml gave 

clear, incremental amounts of intensity proportional to the increasing UV dose. The 

quantitation for this dot blot is shown in Figure 6.5, where the amount of damage 

(expressed as IOD) induced by UV was plotted for each DNA concentration used. 

These two DNA concentrations were chosen as starting points for optimizing the 

amount of photolyase needed to produce visible repair on the membrane. The E. coli 

photolyase was used for the optimization experiments. The UV irradiated DNA 

solution was blotted unto the membranes and prepared as described in Section 6.3.3. 

The membranes were either soaked in 2ml of a diluted stock of pure E. coli 

photolyase at 1ng/µl, or 2ml lysate produced from a 3-day grown culture of the 

homologously expressed Phr2 strain as described in Chapter 3. Control blots were 

incubated with water only. The blots were either illuminated with a white light 

source or incubated in the dark for 2 hr, followed by rinsing the membranes in TBS­

T to remove any residual photolyase. The anti-thymine dimer antibody reacted 
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specifically with CPDs and not (6-4) photoproducts; therefore, the decrease in 

intensity of the dots was an indication of repair of CPDs only. The developed blots 

are as shown in Figure 6.6. 

UV dose Control 1ml 2ml Control 1ml 2ml 
(J/m

2
) 

0 

69 

138 

207 

0 

0 

58 

323 

0 

10 

253 

340 

24 

214 

383 

454 

40 

271 

433 

449 

0 

43 

310 

402 

0 

4 

167 

358 

Figure 6.6: Dot blot showing repair of dimers using the E. coli photolyase (left) and 

the Phr2 overexpression strain (right). For E. coli, 1 and 2ml solutions containing 

1ng/µl of photolyase was used. 1 and 2ml of whole cells of the Phr2 overexpression 

strain were used. Numbers inset represent IOD values for each dot. 

The finished blots as shown in Figure 6.6 demonstrate that both the E. coli and Hfx. 

volcanii Phr2 photolyase were capable of CPD repair as indicated by the decreased 

intensity of the incubated blots compared to the control blots. Repair was efficient 

up to a UV dose of 138 J/m
2
, when the decrease in intensity was more pronounced 

for the Phr2 expression strain. This provided a first indication that the Phr2 

expression strain may be more efficient in removing UV-induced DNA dimers. The 

DNA concentration was adjusted to 0.025mg/ml for the rest of the immunoassay 

experiments. 

Following the successful demonstration that E. coli photolyase and the 

homologously expressed Phr2 strain were both capable of repairing UV-induced 

DNA damages using this immunoassay, the re-folded Phr2 protein, as described in 

Chapter 5, was used in this experiment. The blots were also incubated in the dark to 

assess differences between light and dark repair. Figure 6.7 shows a graphical 

comparison of IOD vs. UV exposure time between E. coli photolyase, the re-folded 
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Phr2 protein and the Phr2 expression strain, where 3 replicates were performed for 

each. As shown, the control (water only) strain showed an increasing level of 

intensity as UV exposure increased; this served as a baseline of comparison for the 

amount of DNA damage at each UV exposure time. The trend for the re-folded 

protein did not differ from that of the control, whereas the trend for E. coli 

photolyase differed as the IOD values were consistently lower at a UV dose of 69 

J/m
2
. The trend for the Phr2 expression strain differed to a greater extent than E. coli 

photolyase, as the IOD values remained the lowest throughout the experiment. The 

re-folded Phr2 protein did not appear to repair DNA dimers as the increase in IOD 

remained very high from 0 to 207 J/m
2
, whereas repair was observed for both the E. 

coli photolyase and the Phr2 expression strain. A two-way ANOVA test indicated 

that the source of variation from UV exposure was considered to be an extremely 

significant factor and accounted for a large proportion of the total variation. The 

interaction factor which showed how significant the interaction was between group 

(E. coli photolyase, re-folded Phr2, Phr2 expression, and control) and UV exposure, 

was also found to be significant; this was due to the increasing differences in IOD 

between the Phr2 expression strain and the other groups with an increasing UV 

exposure. A post test was use to compare each pair of groups for each UV exposure 

time, indicating that the means of ±SEM for the Phr2 strain were significantly 

different compared to the control and re-folded Phr2 UV doses of 138 and 207 J/m
2 

(P < 0.001), and the E. coli photolyase at 207 J/m
2 

(P < 0.01). This suggested that 

while the E. coli photolyase also removed dimers, it was not as efficient as the Phr2 

expression strain. No significant differences were found between the means of the 

control, the re-folded Phr2 and the E. coli photolyase. A visual inspection of the 

developed blots shown can be seen in Figure 6.8, showing the differences in the 

intensity of the dots for each strain at various UV doses. The dots were fainter for 

the Phr2 expression strain with light exposure (lanes 3-6), implicating the lower 

amount of dimers present. 
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Amount of Unrepaired Dimers Expressed as IOD with White
�
Light Illumination
�

0 50 100 150 200 250 
0 

100 

200 

300 

400 

UV dose (J/m2) 

IO
D

 

E. coli photolyase Phr2 expression strain 

Control Re-folded Phr2 protein 

Figure 6.7: Comparison of the repair of thymine dimers with time for E. coli 

photolyase, Phr2 expression strain and the re-folded Phr2 protein. Control strain 

was incubated with water only. All IODs were normalized against the background 

value at t = 0 min. UV irradiated herring sperm DNA was blotted onto membrane 

(UV output 1.15 J/m
2
/s), followed by incubation with mouse monoclonal antibody 

raised against thymine dimers, diluted 1:500 in 5% milk/TBS-T, for 1 hr. Following a 

4 x 10min wash in TBS-T buffer, membrane was incubated with a peroxidase-

conjugated anti-mouse antibody, diluted 1:4000, for 1 hr, washed 4 x 10min in TBS-

T before overlaying the chemiluminescent HRP substrate on top, DNA side up, for 5 

min. To evaluate antibody binding, the blots were transferred to an x-ray film and 

developed, followed by using LabWorks to quantitate damage. Values are 

presented as means ± SEM from 4 independent groups, each containing 3 

replicates. *Statistical significance at P < 0.001 (compared to the control and the 

re-folded Phr2). 
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E. coli Photolyase
�

1 2 3 4 5 6UV 

0 

1 

2 

3 

0 

304 

399 

372 

0 

150 

363 

414 

5 6 10 0 

167 

245 

251 

189 

302 

400 

76 

334 

361 

95 

199 

218 

1 – light water control 

2 – dark water control 

3 – dark (40ng) 

4 – dark (100ng) 

5 – light (40ng) 

6 – light (100ng) 

Phr2 Expression Strain 

UV 1 2 3 4 5 6 

1 – light water control 

2 – dark water control 

3 – dark (40ng) 

4 – dark (100ng) 

5 – light (40ng) 

6 – light (100ng) 

Re-folded Phr2 Protein 

UV 1 2 3 4 5 6 

1 – light water control 

2 – dark water control 

3 – dark (40ng) 

4 – dark (100ng) 

5 – light (40ng) 

6 – light (100ng) 
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0 0 0 0 0 0 
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317 
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2 

56 

299 

7 

44 
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17 

47 
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19 
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3 

0 

293 
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349 

0 

219 
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0 

119 

345 

414 

0 

187 

362 

394 

0 

333 

384 

407 

3 

302 

391 

390 

Figure 6.8: Representative dot blots showing the detection of thymine dimers 

with time. UV irradiated herring sperm DNA was blotted onto membrane (UV 

output 1.15 J/m
2
/s), followed by incubation with mouse monoclonal antibody 

raised against thymine dimers, diluted 1:500 in 5% milk/TBS-T, for 1 hr. Following a 

4 x 10min wash in TBS-T buffer, membrane was incubated with a peroxidase-

conjugated anti-mouse antibody, diluted 1:4000, for 1 hr, washed 4 x 10min in TBS-

T before overlaying the chemiluminescent HRP substrate on top, DNA side up, for 5 

min. To evaluate antibody binding, the blots were transferred to an x-ray film and 

developed, followed by using LabWorks to quantitate damage. Numbers inset 

represent IOD values for each dot. 
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Figure 6.9 shows the results obtained when 3 expression strains were used: Phr2, 

Phr1 and E3. IOD values for the Phr2 strain were again low compared to the control 

strain from at UV doses from 69 to 138 J/m
2
. The IOD values for the Phr1 strain 

were consistently high and comparable to the control values. The extent of repair 

from the E3 strain was not as pronounced as the Phr2 strain, which showed obvious 

superiority in the removal of dimers as indicated by the lowest IOD values obtained. 

As this experiment was only performed once, no statistical analysis was carried out. 

Amount of Unrepaired Dimers Expressed as IOD with White
�
Light Illumination
�

0 50 100 150 200 250 
0 

100 

200 

300 

400 

UV dose (J/m2) 

IO
D

 

Phr2 expression strain Phr1 expression strain 
Control E3 expression strain 

Figure 6.9: Comparison of repair of thymine dimers with time for the Phr2, Phr1 

and E3 expression strains. Control strain was incubated with water only. All IODs 

were normalized against the background value at t = 0 min. UV irradiated herring 

sperm DNA was blotted onto membrane (UV output at 1.15 J/m
2
/s), followed by 

incubation with mouse monoclonal antibody raised against thymine dimers, diluted 

1:500 in 5% milk/TBS-T, for 1 hr. Following a 4 x 10min wash in TBS-T buffer, 

membrane was incubated with a peroxidase-conjugated anti-mouse antibody, 

diluted 1:4000, for 1 hr, washed 4 x 10min in TBS-T before overlaying the 

chemiluminescent HRP substrate on top, DNA side up, for 5 min. The 

chemiluminescent HRP substrate was used as the detection agent. To evaluate 

antibody binding, the blots were transferred to an x-ray film and developed, 

followed by using LabWorks to quantitate damage. 
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6.5 Discussion 

Numerous in vitro assays are available for the detection of photolyase activity from 

purified enzymes. One of the simpler methods is the change in absorption at 265nm 

between intact DNA and dimerized thymine residues (Kato et al. 1997) as 

demonstrated for the purified T. thermophilus (Fujihashi et al. 2007) and the S. 

tokodaii photolyases (Kato et al. 1997). However, the sensitivity of this assay is 

directly correlated with the purity of the enzyme, making it unsuitable for measuring 

activity of the Hfx. volcanii, Phr2 protein. Another in vitro method is by the use 

restriction enzymes assay by which the fraction of molecules of DNA cleaved by 

endonucleases is an indication of the photoreactivating activity of photolyase (Dutta 

et al. 1993). This method has been modified for use with the Trevigen
® 

protocol for 

assessing the efficiency of E. coli photolyases in repairing supercoiled plasmid DNA 

irradiated with UV (http://www.trevigen.com/dnadamage/ecoliphotolyase.php) . In 

this protocol, the repair is measured as a loss in conversion of the supercoiled 

plasmids to relaxed, open circle form post treatment with a CPD-specific 

endonuclease T4-PDG. However, the production of a pure enzyme is again crucial 

as contaminanting nucleases can affect the results. Other assays described, such as 

the high-performance liquid chromatography methods used for E. coli photolyase 

(Nakayama et al. 2004) again requires the use of a pure, soluble protein. In order to 

carry out functional analysis of the Hfx. volcanii Phr2 protein, assays were chosen 

for reproducibility without the requirement for a pure protein. 

In Chapter 3, results indicated that while the homologous protein expression of Phr2 

was low, the transformation of the construct carrying the cloned phr2 gene into the 

H98 strain had been successful. For this reason, an in vivo assay was developed to 

look for the demonstration that the strain carrying the phr2 gene was more UV 

resistant following exposure to white light, hence providing evidence that phr2 

encodes a photolyase. The UV survival assay was optimized to allow for ease of use 

and reproducibility. Results indicated that the Phr2 expression strain, upon exposure 

to white light, was more resistant to UV irradiation compared to either the Phr1 or 

the E3 expression strains. When the 3 strains were incubated with white light, there 

was an enhancement of survival for the Phr2 expression strain up to a UV dose of 

207 J/m
2
, whereas under the same conditions the Phr1 or the E3 expression strains 
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were only resistant up to 69 J/m
2
. This strongly demonstrated that photorepair was a 

crucial factor in the strain expressing the Phr2 protein. In the dark, similar levels of 

repair was observed for all the strains, suggesting a less efficient dark repair system. 

The superiority of survival for the Phr2 strain illuminated with white light was 

observed with repeated trials, giving these qualitative data credibility and ease of 

replication. These data were complemented by the cell viability experiments using 

an ATP assay, which allowed for quantitative analysis of survival. The Phr2 

expression strain, exposed to white light following UV exposure, resulted in higher 

% ATP levels, thus correlating to an enhancement of survival compared to the Phr2 

expression strain not illuminated with white light. White light enhancement of 

survival was not observed for the E3 expression strain. The Phr2 and E3 expression 

strains experienced decreases in cell numbers when incubated in the dark throughout 

the experiment. % ATP for the Phr2 expression strain exposed to white light 

decreased after a UV dose of 276 J/m
2
, showing some consistency with the UV 

survival assay where colony formation ceased after a UV dose of 207 J/m
2
. Due to 

time constraints, the ATP assay for the Phr1 expression strain was not conducted. 

To account for the fact that % ATP levels were sometimes above 100% for this 

assay, factors such as environmental stresses may be taken into consideration. Any 

changes in media used or temperature may have impeded cell growth prior to the 

commencement of the experiment. But more importantly, white light illumination 

may have offered a form of stress relief for the cells undergoing changes in their 

environment. The presence of over-expressed Phr2 proteins may have contributed to 

this protective mechanism induced by white light. To further investigate this link 

between stress-protection and the Phr2 protein, growth curves experiments may be 

conducted to determine whether the presence of white light and Phr2 together causes 

higher cell growth under various environmental stresses. 

Results from the heterologous expression of Phr2 in Chapter 5 demonstrated the 

difficulty in obtaining a soluble protein. The insolubility of Phr2 meant that re­

folding treatments were required, with no guarantee that the protein would re-gain 

the correct structure as protein misfolding is a common phenomenon. CD 

Functional Characterization of Phr2 Page 168
 



  

 

 

      

 

            

            

              

           

            

                  

               

               

              

           

 

            

             

              

            

            

            

               

              

              

            

              

            

              

             

               

              

                

             

             

 

               

             

Chapter 6
 

spectroscopy showed that the re-folded Phr2 was highly helical, a feature shared 

amongst many members of the photolyase/crytochrome superfamily. The use of the 

immunoassay offered means of testing the activity of the re-folded protein. The dot 

blot immunoassay, adapted from that of McCready, measured repair of DNA 

photoproducts, and was sensitive enough to measure repair of damage induced by 

low doses of UV-C. It has been used to measure repair in human cells, yeasts and a 

variety of other organisms (McCready 1999). The DNA used for the assay does not 

have to be intact and is easy to prepare; this is different from fluorescence methods 

where high integrity of DNA is required (Kundu et al. 2002) and complicated and 

time-consuming preparation of the dimer substrates is often necessary. 

The assay was first optimized with the commercially prepared E. coli photolyase, 

which provided positive findings that light repair of DNA dimers was more efficient 

than dark repair, providing evidence that the assay was working properly. The assay 

continued with the re-folded Phr2 protein to establish its activity, therefore, its 

correctly folded form. Results demonstrated that the re-folded protein had no 

function in photorepair, which was most likely due to misfolding during renaturation 

where the protein did not have the appropriate residues in the right positions to bind 

the FAD molecule. A second co-factor was also absent, as no respective spectrum 

was observed for either MTHF or 8-HDF. This was not surprising, however, as 

homology modeling of photolyase from Hfx. volcanii has predicted for the presence 

of a 8-HDF molecule which E. coli does not produce. Nevertheless, confident and 

convincing results were gathered for the Phr2 expression strain, where repair was 

superior compared to the E. coli photolyse, Phr1 and the E3 expression strains when 

white light illumination was present. The Phr2 expression strain produced the lowest 

IOD values, translating to the most efficient repair of DNA dimers. The IOD values 

for the Phr1 expression were three fold higher than those of the Phr2 expression 

strain when the UV dose was increased beyond 138 J/m
2
. This correlates well to the 

light repair findings from the UV survival assay, where colony formation for the 

Phr1 expression strain ceased after a UV dose of 69 J/m
2
. 

Due to the way that the assay was conducted, it was not possible to construct 

survival curves for each strain. As a refinement to the immunoassay, the UV-
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irradiated blots containing the damaged DNA can be illuminated with white light for 

an extended amount of time to look at the time-dependant activity of photolyase. 

The % lesions remaining can then be quantified over different periods of white light 

exposure time post UV irradiation and provide a baseline value (white light exposure 

at time 0) for comparison. 

Overall, all three assays produced convincing results that complemented each other 

very well. They firstly demonstrated the general trend that white light illumination 

enhanced survival of UV irradiated cells. More importantly, the assays confirmed 

that the over-expression of the Phr2 protein led to improved survival of cells in the 

presence of white light. This correlates well with previous studies where it was 

shown that DNA repair was compromised by knocking out the phr2 gene. From 

these assays, it was also demonstrated that the over-expression of Phr1 did not 

produce the same level of enhancement in strain survival. These results clearly 

demonstrate that the phr2 gene encodes a functional photolyase, a function lacking 

for the phr1 gene product. 
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GGeenneerraall DDiissccuussssiioonn
 

The ultimate aim of this PhD project was the identification and functional 

characterisation of novel photolyase-like genes in the model halophilic archaeon, 

Hfx. volcanii. This study conclusively demonstrates that the novel phr2 gene 

identified in Hfx. volcanii encodes a functional CPD photolyase, whereas the phr1 

gene is not involved in CPD photorepair. Attempts at obtaining sufficiently large and 

pure levels of the protein products of these two genes proved unsuccessful, 

preventing the structural analyses of halophilic photolyases. All the approaches used 

in this project were directed at creating a logical and sensible flow of experiments to 

determine the novel genes responsible for photoreactivation in Hfx. volcanii. 

7.1 Bioinformatics and structure modelling 

The overall objective of this study was to obtain initial evidence for the presence of a 

gene encoding photolyase in Hfx volcanii, and to gather preliminary sequence and 

structural data on this putative enzyme. The putative gene homologs, phr1 and phr2 

were identified from the then unfinished and un-annotated genome of Hfx. volcanii 

using the known sequences from Halobacterium sp. NRC-1. However, the contig 

arrangement of the genomic sequences resulted in the distribution of the phr2 gene 

sequence on two separate contigs with a 15 base pair overlap. These putative 

transcripts were translated to protein sequences. Based on sequence alignments to 

representative members of the photolyases/cryptochrome superfamily from all three 

domains, a high degree of sequence similarity at the C-terminal region of about 150 

amino acids was shown. This is consistent with previous findings of a well 

conserved FAD domain towards the C-terminal region in all photolyases and 

cryptochromes analyzed to date (Sancar 2003). In terms of sequence identity, Hfx. 

volcanii Phr2 was most closely related to Phr2 and Phr1 from Halobacterium sp. 

NRC-1; but this was not surprising as they are both species of the Halobacteriaceae 

family, where one would expect to find close similarities in their genomes. 

Compared to the corresponding sequences from E. coli and A. nidulans, Hfx volcanii 

Phr2 resembled a deazaflavin type photolyase where 8-HDF occupies the light-

harvesting chromophore position. Homology modelling, based on the structure of A. 

nidulans photolyase, was used to create a hypothetical photolyase structure from 
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Hfx. volcanii. A close examination of the interacting residues with the light 

harvesting chromophore revealed the major conserved residues in Hfx. volcanii that 

bound 8-HDF, again suggesting the presence of a deavaflavin type photolyase for 

Hfx. volcanii. Meanwhile, Hfx. volcanii Phr1 appears to resemble the 

ssDNAphotolyases, which were previously believed to be crytochromes based on 

sequence similarity to these blue-light photoreceptors. 

7.2 Homologous expression and purification of Phr proteins 

The homologous expression of halophilic proteins was attempted in their native 

environment to help protein folding into their correct and functional conformations 

as well as undergoing any post-translational modifications. However, limited results 

were obtained using this system, which could be ascribed to several factors outlined 

below. 

In this study, the polymerase chain reaction (PCR) was used to amplify the phr 

genes, followed by the cloning of these genes into intermediate vectors, pGEM-T 

and pIL11, where the latter was used to recover the fdx promoter prior to the cloning 

of the fdx-phr constructs into the E coli/Hfx. volcanii shuttle vector, pTA233. The 

de-methylated constructs, generated by the transformation into dam-/dcm- E. coli 

strain, were finally transformed into the native Haloferax H98 strain for expression. 

The expression yield was low, most likely due to the low copy number of the shuttle 

vector used in this experiment. 

The lack of inducible promoters and suitable expression vectors, coupled with an 

incomplete knowledge of the intracellular biochemistry and the genetics of these 

organisms reduced the chance of success in obtaining high expression levels of the 

target proteins. With the absence of an efficient system for the expression of 

halophilic proteins, downstream applications such as purification and functional 

characterization were severely hindered. A strategy was employed to obtain as much 

soluble protein as possible by modification of the shuttle vector to include a 

polyhistidine tag for affinity purification. Numerous methods were tried and tested, 

eventually leading to one that produced a soluble protein of the right size and of high 
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purity as visualized on SDS-PAGE. Mass spectroscopy analysis, however, did not 

correlate with the expected finding, as the identity of the bound protein was not Phr2 

but rather a native protein shown to contain a long string of histidine residues within 

its sequence. This suggested that the level of Phr2 expression was extremely low 

and not in sufficient quantity to be purified. In hindsight, this may not have been a 

surprise finding, as previous studies on photolyase from yeast and algae have 

indicated low levels of expression in vivo, leading to unsuccessful purification of the 

proteins for functional or structural analyses (Beukers et al. 2008). This is also true 

in E. coli and yeast, where the number of photolyase molecules is found to be 

between 20-30, and 75-100, respectively (Harm et al. 1968; Yasui and Laskowski 

1975). This is, however, compensated by the extreme efficiency of these enzymes 

for the removal of DNA damage. This is demonstrated by the improved in vivo 

photorepair efficiency of the homologous Phr2 overexpression strain in all three 

assays used. 

7.3 Heterologous expression and re-folding 

The advantage of a heterologous expression system for any protein is largely due to 

the extremely well characterized bacterial expression systems utilizing E. coli as a 

host strain. The rapid growth, high cell densities, well-known and developed 

genetics and transformation techniques, and the availability of a large number of 

commercial expression vectors with inducible promoters that offer tightly controlled 

expression to high levels are some of the benefits of such system. With this in mind, 

heterologous expression of the phr genes was conducted utilizing the widely popular 

pET system. Previous studies within the lab have demonstrated high yields of 

heterlogously expressed proteins compared to expression in the native halophilic 

organism (Jolley et al. 1996; Connaris et al. 1999). The problems of expressing 

halophilic proteins in a mesophilic environment include the incorrect post­

translational changes and misfolding of the protein resulting in an inactive enzyme. 

Most likely, however, is the formation of insoluble aggregates that require either 

reactivation or re-folding. This could create a large amount of work in identifying 

the correct conditions under which the protein will fold properly. 
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In this current study, the Phr proteins were heterologously expressed in E. coli using 

the pET system, whereby the phr genes were cloned into the high copy number 

vector with an inducible T7 promoter. Despite numerous changes in growth 

conditions and temperatures, concentrations of inducer, and host strains, the highly 

expressed proteins remained as insoluble aggregates. To obtain a more homogenous 

population of proteins, affinity purification was performed under denaturing 

conditions. The purified fraction was solubilised in 8M urea followed by treatments 

with various re-folding buffers, eventually yielding a Phr2 protein of high purity as 

seen in SDS-PAGE analyses. Circular dichroism spectroscopy revealed the presence 

of secondary structures with a high ratio of α-helixes. The protein, however, did 

not appear to bind FAD as indicated by the absence of the expected absorption 

spectrum of flavin. 

7.5 Functional analysis 

This final study is of great significance because it demonstrates conclusively that the 

novel phr2 gene in Hfx. volcanii encodes a functional CPD photolyase, whereas the 

phr1 gene is not involved in CPD photorepair. The lack of pure soluble proteins 

indirectly affected and, possibly, limited the types of assays that could be performed. 

However, it also allowed for a more basic approach to assessing activity while 

circumventing those that were deemed incompatible. An in vivo UV survival assay 

was developed to assess the photosensitivity of the homologously expressed strains 

carrying the Phr2 protein upon exposure to UV followed by white light. This assay 

produced clear and visual qualitative evidence of photorepair, where the Phr2 

overexpression strain was shown to be more UV resistant in the presence of white 

light. The data were complemented by a cell viability assay to quantify the number 

of surviving cells post UV irradiation using ATP release as an endpoint. This assay 

strongly demonstrated that photoreactivation-coupled repair played a bigger role in 

survival compared to dark repair in the Phr2 overexpression strain as indicated by 

the greater amount of ATP released by live cells. For the in vitro analysis of protein 

function, an antibody-based assay was opitmized for use with the Phr2, Phr1 and E3 

overexpression strains as well as the re-folded Phr2 protein. Results demonstrated 

that, unlike the overexpression strains, the re-folded protein had no activity in 

photorepair, which was most likely due to misfolding during renaturation preventing 
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binding to the FAD molecule. As E. coli does not synthesize 8-HDF, it also meant 

that the photoantenna chromophore was missing, thereby reducing the efficiency of 

photoreactivation. Nevertheless, results were compelling for the Phr2 expression 

strain, where repair was superior compared to both the Phr1 and the E3 expression 

strains when white light illumination was present. Overall, the results gathered from 

the three assays complemented one another, clearly demonstrating that the phr2 gene 

encoded a functional photolyase, a function that was lacking for the phr1 gene 

product. 

7.6 Future work 

Whilst the goal of achieving evidence for the function of the encoded Phr2 protein 

has been demonstrated, there remains obvious extensions and improvements to this 

Ph.D. project. For one, the attainment of the crystal structure of photolyase from 

Hfx. volcanii would be the first of its kind, providing new revelation to what is 

currently known of these enzymes from halophilic archaea. It is probable that the 

different features of halophilic photolyases may provide answers to the extreme 

efficiency of these enzymes compared to mesophilic ones. On a broader scale, it 

would be useful to analyze the structural data in parallel with the current 

phylogenomics of the photolyase/cryptochrome superfamily to determine the 

evolutionary history of these enzymes within the archaeal domain. 

Obtaining a crystal structure requires the production of a soluble, functional protein. 

This was not achieved in this project due to numerous reasons, including an 

insufficient levels of homologous expression of halophilic proteins and the high 

likelihood of producing inactive and insoluble proteins in mesophilic hosts. With 

more time, it would have been worthwhile to try a different tag system for the 

purification of the homologously expressed protein. Isoelectric point focusing can 

be applied afterwards to separate different species within a sample to allow for the 

purification of the target protein, provided that the pI of these proteins are different 

enough to do so. In addition to the tag strategy, the tightly controlled tna promoter 

may prove to be useful for the over-expression of proteins that often result in the 

formation of inclusion bodies (Large et al. 2007). This can be done by growing cells 
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to a high density in media without tryptophan, followed by using induction with 

tryptophan late in exponential phase to allow higher production of the target protein 

(Large et al. 2007). With the heterologous expression system, many components can 

be further fine-tuned to produce soluble proteins, such as changes in host strains and 

vectors used. Once a soluble protein is achieved, various assays can then be applied 

to elucidate the function, such as the one applied to S. tokodaii looking at the 

difference in absorption spectra of the repaired and unrepaired DNA. In addition, 

spectroelectrochemical titration studies can be applied to the protein to determine the 

redox transitions of FAD, thus providing further evidence that the encoded protein is 

a functional photolyase containing the reduced FAD in its active form and not an 

oxidized FAD like the structurally similar crytochromes (Balland et al. 2009). 

Other areas of expansion would include the creation of deletion mutants in phr2 and 

phr1 in Hfx. volcanii and observe the differences in survival of wild type and mutant 

strains to complement previous data gathered from studies with Halobacterium sp. 

NRC-1. From a health-related aspect, the expression of an archaeal photolyase in a 

mammalian system carries with it an implication for human skin health, as placental 

mammals have been shown not to contain this enzyme. The transgenic mouse has 

proved to be a useful model for the analysis of the relative contribution of CPDs and 

(6-4) photoproducts to the detrimental effects of UV light. These mice were 

generated to ubiquitously express CPD photolyase, (6-4) photolyase, or both, to 

assess light-dependent repair of the different photoproducts in the skin. Results 

revealed an enhancement of repair of photoproducts in the dermis and epidermis for 

the transgenic mice, leading to superior survival when treated with visible light post 

UV irradiation. The CPD photolyse-expressing mice also exhibited better survival 

than those expressing (6-4) photolyase; this further adds to the finding that CPDs are 

the principal cause of nonmelanoma cancer and that photolyases can be used as very 

effective tools in combating skin cancer (Schul et al. 2002; Jans et al. 2005). 

To conclude, further investigation on the optimization of the expression procedure of 

the Phr proteins is required, as this would allow for several downstream applications 

as discussed above, but most importantly, for the structural elucidation of the first 

halophilic photolyase. 
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A1. Hfx. volcanii phr2 gene, flanking sequences and primer sequences (5′′′′ - 3′′′′) 

agcgattaagtgcagtcgaacgagccggtcggccgatttttcggcccgtcggcgtccgactgccgcta
 

GCGCCCATGGAACTGCACTGGCACCG
 

cattcacatagccgccgtcctgaggcgcgcacATGCAACTGCACTGGCACCGCCGGGACCTGCGCGTC
 

GCGGACAACCGCGGCCTCGCGACGGCCGCGGAGGCGGGCCCCGTCGCCCCGCTTTTCGTCTTCGATCG
 

GGACGTGCTCGACCACGCCGGCGCGCCCCGCGTCAGGTACTTACTCGACGCGCTCGCCGAACTCCGCG
 

GCGCGTACCAAGAGCGCGGGAGCGACCTGCTCGTCGCCCGCGGCGACCCCCGGACGGTCGTGCCGGCG
 

GTGGCGGCGGCGTTCGACGCCGAGCGGGCCGTGTGGGGTATCGACTACTCCGGACTCGCCCGCGAGCG
 

CGACGCCGACGTGCGGCTCGCCCTCGACGACGCCGGCGTCGCCCGCGAGCCGGTCCACGACGCCATCT
 

TCCACCCGCCGGGGAGCATCACGACAAACGCGGGCGACACCTACTCCGTCTACACCTACTTCTGGAAG
 

AAGTGGCGCGACCGCGACAAACCCGACCCCTATCCGGAACCGGACGCCGACGACCTCGTCGACGCCGC
 

CACGCTCGAATCCGCGGCCGAAGACCTCACCAACGGCGACGCAGAGTTCGACATCGCCGTCGGCGGCC
 

TCCCGACCATCTCGGACCTCGGCTTCGAGGAGCCGTCGGCATCGGTCCAGCCGGCGGGGACCGAGGCG
 

GCCCGCGAGCGCCTCTCGGCGTTCTGCGCGGACGCCATCTACCGCTACGCCGACGACCGCGACTACCC
 

GACGCGGGACGCCACGTCGCGGCTCTCGACGGACCTCAAGTTCGGGACCATCGGCATCCGCGAGGTGT
 

ACGCGGCGACCGCCGCGGCCCGCGAGGGCGTCGGCGGCGAGAGAGACGAGTCGGTCGAGGAGTTCCAG
 

TCGCAGTTGGCGTGGCGGGAGTTCTACGCCCACGTCCTCCGAGGGCATCCGAACGTCGTCACGGAGAA
 

CTACAAGGAGTACGAGGAGGACATCGCGTGGCGCGACGACGACGAGGAACTCGCGGCGTGGAAGGCGG
 

GCGAAACCGGCTACCCCATCGTCGACGCCGGGATGCGACAGCTCCGCGAGGAGGCGTACATGCACAAC
 

CGCGTCCGGATGATCGTCGCGTCGTTCCTCACGAAGGACCTGCTGTGCGACTGGCGACACGGCTACGC
 

GCACTTCCGCGAGCACCTCGCGGACCACGACACCGCAAACGACAACGGCGGCTGGCAGTGGGCCGCCT
 

CGACGGGGACCGATGCCCAGCCGTACTTCCGCATCTTCAACCCGATGACGCAGGGCGAGCGCTACGAC
 

CCCGACGGCGAGTACATCAAGCGGTACGTCCCCGAGCTCTCGGACGTGACGGCCAACACCATCCACGA
 

GTGGCACGAGCTGACCGACCTCGAACGCGAGCGGCTCGCGCCCGACTACCCGGAGCCCATCGTGGACC
 

ACGCCGAGCGCCGCGAGCGCGCGATTTCGATGTTCGAGGCCGCCCGCGGCGACGACTGAgcgacgact
 

GACGACAAAAAACGGGAGCCAGTTCGAACC
 

Gaccccgcctgctgttttttgccctcggtcgccgcggcacgaacgactttggcctcgggacccgattc
 

cgagttcatgcacgtcgctatca
 

The phr2 gene sequence is shown in upper case, with ATG start codon and TGA stop 

codon in bold. Sequences in lower case are flanking sequences to the gene, 100 bp 

upstream and downstream of phr2. Forward primer and the corresponding 

nucleotide sequences are shown in red, with the NcoI restriction site in bold. 

Reverse primer and the corresponding nucleotide sequences are shown in blue, with 

the HindIII restriction site in bold. 

A2. Hfx. volcanii phr1 gene, flanking sequences and primer sequences (5′′′′ - 3′′′′) 

Gagacacggtcgcggtccgtcctattccacccgccccgattccatcagccccgaatccgccgttcgac
 

TCTAGAACGATGTCCGAGCCAACTTC
 

tcaagtcacccccatcctaagcgccgccgacgATGTCCGAGCCAACTTCGCTCGCGTGGTTCCGCCGC
 

GACCACCGTCTGCACGACAACGCGGCGTTCGCGGCCGCCTGCGACGCCGACCGCGTGGTTCCCGTCTA
 

CTGCGTGGACCCGCGCGAGTACGGCGACCGACCGTTCGGCGGCCCCGACTCCTTCGACTTCGAGAAGA
 

CCGGCGCGCACCGCGCCCGCTTCCGCCTCGAATCGCTGGCCGACCTGCGGGCGTCGCTCCGCGACCGC
 

GGAAGCGACCTCGTCGTCCGCGAGGGTCGCCCCGAGTCCGTCCTCCCCGAGGTGGCCGCCGCCGTCGA
 

CGCCGACTTCGTGACGGTCCACACGCGCCCGACACCCGAGGAGTCGCGCGTCGAATCGGCGGTCGAAA
 

CGGAACTTCGAGACGGCGGCGTCGAACTCCGGCGCTTCTGGGGGCACACGCTCACCCACCTCGACGGC
 

CTCCCGATGGCGCTTTCCGACCTCCCGGACACGTACACGACGTTTCGGAAGGCGGTCGAATTGGCCGC
 

CGAAGACGCCGGGACGGGCGATGCAGCAGCCGGCGACGAGCACGCGAGCGACGGCGACCCCGGCGGCC
 

GCGACCCGCTTCCCGAACCGACCGTCCCGCCGCTTCCCGACGACGCGCCCGACGCGGGCGACCTCCCC
 

GCGGTCTCGGACCTCGTCGGAACCGCGGACGCGAACGCCGACCGCGCTCCCGACGACCGCGGCGTCCT
 

CCCCTTCGACGGCGGCGAGACGGCCGCGCTCGACCGCGTTGAGTCGTACATCTGGGCGGGCGACCACC
 

TCCGCGAGTACAAGGAGGCGCGGAACGGGCTGCTCGGAGCCGACTACTCCTCGAAGTTCTCGCCGTGG
 

CTGAACGAGGGCTGTCTCTCGCCGCGGTACGTCAAGGCCGAGGTGGACCGCTACGAGGACCGCCGAGT
 

CGAAAACGACTCGACGTACTGGCTCGTATTCGAACTCCGCTGGCGCGACTTCTTCCAGTTCCAGTTCG
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CCAAACACGGGAGCGACTGCTTCCACCGCGAGGGCATCCGCGAACGGACCGATATCGACTGGCGACGC
 

GACGACGCGCAGTTCGAGCGCTGGGCGGCGGGGAAAACTGGTATCCCCTTCGTCGACGCGAACATGCG
 

AGAACTGAACGCGACGGGTTACATGTCGAACCGCGGGCGGCAGAACGCGGCGTCGTTCCTCGCCAACG
 

ACCTCAGACTGGACTGGCGACGCGGCGCGGCCTACTTCGAGACGCGACTCGTCGACTACGACCCCGCG
 

TCGAACTACGGCAACTGGGCCTACATCGCGGGCGTCGGCAACGACTCGCGGGAGCGCTCGTTCGACGT
 

GCGCTGGCAGGCGAACCGCTACGACGAGGACGCCGAGTACGTGAAAACGTGGCTCCCCGAACTCGACG
 

CGTTACCCGCCGAATACGCTCACGAACCGTGGAAACTGAGCGGGGCCGAACAGGCGTCCTACGGCGTC
 

GCTAAAGAGGCTAATCTACGTTCGAA
 
GAGTTGGGCGTGGACTACCCCGAACCGATGGTCGATTTCTCCGATTAGatgccccacgcgtcgtcggt
 

ctcgccgccgacacgggccacggcgaccgcgagaaccgtcacgagcgcgaacccgatgaacgcgagtc
 

ggggaatcgtca
 

The phr1 gene sequence is shown in upper case, with ATG start codon and TGA stop 

codon in bold. Sequences in lower case are flanking sequences to the gene, 100 bp 

upstream and downstream of phr1. Forward primer and the corresponding 

nucleotide sequences are shown in red, with the XbaI restriction site in bold. 

Reverse primer and the corresponding nucleotide sequences are shown in blue, with 

the HindIII restriction site in bold. 

A3. Phr2 protein sequence 

MQLHWHRRDLRVADNRGLATAAEAGPVAPLFVFDRDVLDHAGAPRVRYLLDALAELRGAYQERGSDLL
 

VARGDPRTVVPAVAAAFDAERAVWGIDYSGLARERDADVRLALDDAGVAREPVHDAIFHPPGSITTNA
 

GDTYSVYTYFWKKWRDRDKPDPYPEPDADDLVDAATLESAAEDLTNGDAEFDIAVGGLPTISDLGFEE
 

PSASVQPAGTEAARERLSAFCADAIYRYADDRDYPTRDATSRLSTDLKFGTIGIREVYAATAAAREGV
 

GGERDESVEEFQSQLAWREFYAHVLRGHPNVVTENYKEYEEDIAWRDDDEELAAWKAGETGYPIVDAG
 

MRQLREEAYMHNRVRMIVASFLTKDLLCDWRHGYAHFREHLADHDTANDNGGWQWAASTGTDAQPYFR
 

IFNPMTQGERYDPDGEYIKRYVPELSDVTANTIHEWHELTDLERERLAPDYPEPIVDHAERRERAISM
 

FEAARGDD
 

A4. Phr1 protein sequence 

MSEPTSLAWFRRDHRLHDNAAFAAACDADRVVPVYCVDPREYGDRPFGGPDSFDFEKTGAHRARFRLE
 

SLADLRASLRDRGSDLVVREGRPESVLPEVAAAVDADFVTVHTRPTPEESRVESAVETELRDGGVELR
 

RFWGHTLTHLDGLPMALSDLPDTYTTFRKAVELAAEDAGTGDAAAGDEHASDGDPGGRDPLPEPTVPP
 

LPDDAPDAGDLPAVSDLVGTADANADRAPDDRGVLPFDGGETAALDRVESYIWAGDHLREYKEARNGL
 

LGADYSSKFSPWLNEGCLSPRYVKAEVDRYEDRRVENDSTYWLVFELRWRDFFQFQFAKHGSDCFHRE
 

GIRERTDIDWRRDDAQFERWAAGKTGIPFVDANMRELNATGYMSNRGRQNAASFLANDLRLDWRRGAA
 

YFETRLVDYDPASNYGNWAYIAGVGNDSRERSFDVRWQANRYDEDAEYVKTWLPELDALPAEYAHEPW
 

KLSGAEQASYGVELGVDYPEPMVDFSD
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A5. Sequence alignment of the Hfx. volcanii putative Phr2 and Phr1 proteins 

with representative members from the different subclasses of the 

photolyase/crytochrome superfamily 
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A6. Table of % identities
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