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Abstract 
The regulation of gene expression is the fundamental system employed by cells and 

organisms to respond to changes in their surroundings. To further understand the origins 

and nature of the processes underlying gene regulatory systems, the stress response in the 

thermophilic archaeon, Thermococcus zilligii, was examined. Microorganisms respond to 

stress by triggering physiological and morphological changes, which are largely brought 

about by adaptive changes in gene expression. The use of a thermophilic archaeon in this 

research is significant, since this group of organisms is widely regarded to resemble 

ancient life more closely than other extant life on Earth. Moreover, since the informational 

processing systems· in archaea are thought to be closely related to those of the eukaryal 

nucleus, the study of the archaeal stress-response may further the understanding of the 

evolutionary relationship between the Archaea and the Eucarya. The stress response of T. 

zilligii was examined by analysing the total cytoplasmic protein complements from 

cultures ranging from mid-log to late stationary phase. Using N-terminal sequencing and 

BLASTP searches, homologues of four low molecular weight proteins that varied in level 

were identified in the genome sequences of members of the closely related genus, 

Pyrococcus. The genes originated from four distinct families, which were named srb, src, 

srd and sre. 

The srb family represents an essentially undescribed group of genes (COGI433), that 

occurs primarily amongst members of the Euryarchaeota. Due to the sporadic distribution 

of srb genes amongst extant life, the srb genes are suggested to have undergone horizontal 

transfer across large phylogenetic distances on several occasions. A sequence homologous 

to srb family members was identified as part of a hypothetical ORF in Clostridium 

perfringens, which encodes a protein that consists of a fusion of a transcriptional regulator 

belonging to the ArsR family and an SRB homologue. Several srb genes were found to 

occur as part of putative operons, the majority of which included genes homologous to the 

MinD family of P-loop ATPases. 

The src family encodes the highly conserved SaclOb family of DNA-binding proteins 

(COGI581). src genes occur exclusively amongst archaeal genomes, but were absent in 

Halobacterium sp. NRC-1, Methanopyrus kandleri, Methanosarcina mazei and M. 

acetivorans. The consensus secondary structure of the SRC proteins consists of a relatively 
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long a-helix flanked by two small P-strands, followed by a second a-helix, and then three 

further P-strands. 

The srd family encodes proteins that are homologous to the C-terminal half of members of 

the Lrp/AsnC family of transcriptional regulators (COG1522). It is suggested here that the 

SRD family forms a logical subgroup that is structurally, and presumably functionally, 

distinct to the other members of the Lrp/AsnC family. srd genes occur in all non­

methanogenic archaea and in some bacteria. It is suggested that the srd family originated in 

the archaeal lineage and was later transferred to members of the Bacteria. The srd genes 

often appear as part of operon-like arrangements, which seem to be unrelated to one 

another, and consequently it is suggested that the SRD proteins are involved in a relatively 

generic function, such as transcriptional regulation. 

The sre family represents an undescribed group of highly conserved genes (COG1698) that 

occur exclusively amongst archaeal genomes. One sre gene was found in every archaeal 

genome sequenced to date, except for Pyrobaculum aerophilum and Halobacterium sp; 

NRC-1. Comparison of the SRE and 16S rRNA distance trees suggests that the sre genes 

were not prone to horizontal transfer. The secondary structure predicted from the SRE 

sequences consists of four large helical regions separated by short coiled regions. 

Recombinant proteins encoded by the srbPabl, srbPab2, srdPab2 and srePab genes 

cloned from Pyrococcus abyssi were produced in Escherichia coli and purified. An 

examination of the predicted quaternary associations of the recombinant proteins revealed 

that each of the proteins, with the exception rSRBPab2, formed multimeric structures. 

rSRBPabl formed dimer-sized multimers that occurred at 80°C, but not at room 

temperature. rSRDPab2 formed dimer-sized molecules that occurred preferentially at 80°C 

and in the presence of DNA. rSREPab formed structures that were consistent in size with 

those predicted for dimers and tetramers. Neither rSRBPabl, rSRDPab2 or rSREPab 

bound to DNA in the conditions examined. 
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Preface 
Life on Earth is thought to have started evolving approximately 4 billion years ago, about 

500 million years after the Earth was formed (Ernst 1983; Walter 1983). Since the 

discovery of ribozymes (Guerrier-Takada et al. 1983), RNA molecules capable of 

catalysing chemical reactions, the most widely held view is that life evolved from an RNA 

world (Gilbert 1986; Joyce 1989). The resulting primitive RNA-based life forms are 

hypothesised to have given rise to DNA-based life (Benner and Ellington 1987; Benner et 

al. 1989), which ultimately lead to the inception of the last universal common ancestor 

(LUCA) of all life on Earth today (Woese 1987; Woese 1998). 

The oldest morphological evidence for life on Earth dates back approximately 3.5 billion 

years (Schopf and Packer 1987; Schopf 1993). These remarkably preserved microfossils 

indicate the existence of microbial life, particularly cyanobacteria, that are thought to have 

already been widespread by this time (Schopf et al. 2002). The cyanobacteria, with their 

capacity to harness the energy of the sun to produce organic matter and oxygen, were 

responsible for the critical changes in the Earth's atmosphere that set the stage for the 

evolution of a tremendous diversity of new life-forms (Mojzsis et al. 1996; Brocks et al. 

1999). However, prior to the emergence of the cyanobacteria, methanogenic 

microorganisms or methanogens, are also thought to have played an important role in 

modifying the Earth's atmosphere to allow life to proliferate (Kasting and Siefert 2002). It 

is believed that the production of methane by methanogens caused a greenhouse effect on 

the primitive Earth that was required to prevent the oceans of the dimly lit planet from 

freezing, and consequently maintain an environment in which life could further evolve 

(Kasting and Siefert 2002). 

Today, life on Earth is divided into three primary domains, the Bacteria, the Eucarya, and 

the Archaea (Woese et al. 1990). The realisation that all known extant organisms can be 

organised into these three distinct groups, originated from the examination of the small 

subunit (16S) ribosomal RNA (rRNA) sequences (Woese and Olsen 1986; Woese 1987). 

The comparison of the 16S rRNA sequences provided a systematic approach to 

determining the phylogenetic relationship between all living organisms, and created an 

entirely new perspective on the universal ancestor (Woese 1987). However, the rooting of 

the universal tree of life, that is determining the nature and order in which the bifurcations 
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of the three domains occurred, remains a matter of considerable controversy and 

speculation (Forterre and Philippe 1999; Lopez-Garcia et al. 1999; Caetano-Anolles 2002; 

Cavalier-Smith 2002). Similarly, the characteristics of the universal common ancestor 

itself are also a subject of continued debate (Doolittle 2000), such as whether it was DNA­

or RNA-based (Poole et al. 1998; Forterre 2001), mesophilic, thermophilic or 

hyperthermophilic (Penny and Poole 1999; Glansdorff 2000; Moulton et al. 2000; Brochier 

and Philippe 2002), and how complex it was compared to microorganisms today (Forterre 

and Philippe 1999; Kyrpides et al. 1999; Woese 2000; Castresana 2001; Woese 2002). 

Since the proposition of the three-domain classification of life on Earth, considerable 

physiological, biochemical, and genetic evidence has continued to accumulate that support 

the distinctiveness of the three groups (Olsen and Woese 1996; Fitz-Gibbon and House 

1999; Snel et al. 1999; Graham et al. 2000). From a molecular viewpoint, one of the most 

interesting findings concerning the characteristics of the three groups, was the realisation 

that the transcriptional apparatus of the Eucarya and the Archaea are closely related and 

distinct to that in the Bacteria (Zillig et al. 1979; Langer et al. 1995; Thomm 1996; Soppa 

1999). Moreover, the fundamental proteins involved in chromosomal organisation in the 

Eucarya, histones, were also found to occur and exhibit a similar role in members of a 

major subgroup of the Archaea, the Euryarchaeota (Sandman et al. 1990; Pereira et al. 

1997). These discoveries have reignited speculations concerning the evolutionary 

relationship between the Eucarya and the Archaea, and the origins of the eukaryal nucleus 

(Lake and Rivera 1994; Martin and Muller 1998; Sandman and Reeve 1998; Horiike et al. 

2001; Hartman and Fedorov 2002). 

The fundamental determinant in the regulation of gene expression relates to the controlled 

interaction of the transcriptional machinery with the DNA and its associated chromosomal 

proteins (Urnov and Wolffe 2001; Wolffe 2001 ). The regulation of gene expression is the 

central process that governs cellular differentiation in multicellular organisms, and 

consequently its understanding is important to numerous areas of biology and medicine. 

The availability of an homologous, though considerably simplified, transcriptional 

machinery and chromosomal architecture in some Archaea provides a unique opportunity 

to not only appreciate the functional essence of these systems, but also exploit them as a 

simplified model in understanding these complex structures and processes (Olsen and 

Woese 1997). 
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Although microorganisms usually do not undergo cellular differentiation like multicellular 

eukaryotes, they do undergo physiological and morphological changes in response to 

changes in the environment, such as osmolarity, pH, temperature and nutrient availability 

(Csonka 1989; Kolter et al. 1993; Mager and De Kruijff 1995). Much like eukaryotes, 

microorganisms coordinate the appropriate response required for the conditions through a 

diverse range of molecular machineries that ultimately regulate protein levels (Kolter et al. 

1993; Emerson 2002). These processes can act upon virtually every stage in the process of 

protein production, including the transcriptional and translational efficiency, as well as 

RNA and protein turnover. In either microorganisms or multicellular eukaryotes, control at 

the transcriptional level can occur through a variety of different mechanisms, including 

modification of RNA polymerase (Hengge-Aronis 2002), chemical modification of 

eukaryal histones (Berger 2002), DNA methylation (Lewin 1999a; Attwood et al. 2002), 

and regulatory protein binding (Lewin 1999b ). 

Another perhaps more subtle mechanism for controlling gene expression is via the 

modification of the DNA topology itself (Wang and Syvanen 1992). Due to the double 

helical structure of DNA (Watson and Crick 1953), when its ends are unable to freely 

rotate, such as in a circular molecule or a chromosomal domain, any factor that either coils 

the DNA or alters its twist will introduce tension into the molecule that will be manifested 

as changes in the overall twist and writhe (Crick 1976; Bates and Maxwell 1993). Various 

intracellular factors can affect the topology of DNA, such as proteins that bend, wrap or 

otherwise contort DNA (Drlica and Rouviere-Yaniv 1987; Kornberg and Lorch 1992); 

topoisomerases, which are a special class of enzymes that can twist or untwist DNA by 

temporarily cutting one or both strands of DNA (Champoux 2001; Wang 2002); and the 

transcription process itself (Wang and Lynch 1993). Changes in DNA topology can also be 

brought about by a number of environmental parameters, such as temperature, pH and 

osmolarity (Depew and Wang 1975; Drlica 1992; Duguet 1993; Dorman 1996; Lopez­

Garcia and Forterre 1999). In general, changes in DNA topology can affect gene 

expression in two distinct ways: (1) changes in twist can alter the presentation of a DNA 

regulatory sequence element; and (2) changes in writhe can alter the relative proximity of 

remote regulatory DNA sequence elements. 

Despite the many similarities between the archaeal and eukaryal transcriptional machinery, 

the Archaea possess some regulatory factors that are also found in Bacteria (Bell and 

Jackson 1998; Aravind and Koonin 1999; Kyrpides and Ouzounis 1999) and a number of 
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other major DNA-binding proteins that are unique to certain archaeal families (Dijk and 

Reinhardt 1986; Chartier et al. 1988; Choli et al. 1988; Searcy et al. 1998). How these 

different machineries interact with the common archaeal transcriptional machinery is 

presently unknown, however, several groups are investigating these processes (Voorhorst 

et al. 1999; Bell et al. 2001; Thomsen et al. 2001). Moreover, since many families of the 

Archaea have only been recently discovered, the very presence of other regulatory proteins 

has not been investigated at all. 

The objective of this thesis is to identify new families of regulatory and DNA architectural 

proteins in Archaea, particularly in those species which also contain archaeal histones. By 

obtaining a greater appreciation of the actual factors involved in the regulation of gene 

expression in Archaea, it is hoped that this research will broaden the landscape for the 

study of their eukaryal-like nucleoid systems. Ultimately, armed with sufficient 

biochemical and molecular evidence concerning the fundamental processes that drive 

extant life, it may be possible to recreate a model of some of the key events and processes 

that paved our most distant evolutionary past. 
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CHAPTER ONE 

Identification of Low Molecular 
Weight Stress Response Proteins 

in Thermococcus zilligii 

Summary 

The microbial stress-response has been extensively studied in bacteria, and many 

stress-response proteins have been characterised. Although most of these proteins are 

widespread amongst members of the bacterial domain, few homologues have been 

identified in the complete genome sequences of members of the Archaea. 

Consequently, little is known about how archaea regulate gene expression. To identify 

potential regulatory proteins in members of the Archaea, the total cytoplasmic 

protein complements from cultures of varying age were compared from the 

thermophilic archaeon, Thermococcus zilligii. A total of 13 proteins were detected to 

vary in level with changing growth-phase. The N-terminal sequences of four different 

low-molecular weight proteins, named SRBTzi, SRCTzi, SRDTzi and SRETzi, which 

changed significantly in level with growth-phase, were determined. Using BLASTP 

searches at GenBank, homologues of the proteins were identified in the complete 

genome sequences of other members of the Thermococcales and other archaea. 

SRETzi was found to belong to an undescribed, highly conserved family of proteins 

found, exclusively, in many archaeal genomes. SRBTzi belonged to an undescribed 

protein family that occurs in most archaeal genomes, as well as in the bacterial 

genomes, Thermotoga maritima and Clostridium acetobutylicum. SRCTzi was 

identified as a member of the SaclOb family, which is a highly conserved family of 

archaeal-specific DNA-binding proteins. Finally, SRDTzi belonged to a group of 

hypothetical undescribed proteins, mostly archaeal in origin, that possess significant 

sequence homology to the C-terminal region of the leucine-responsive regulatory 

proteins (Lrps). 
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1.1 Introduction 
In their natural environment, microorganisms must endure multiple stresses, including 

changes in temperature, osmolarity and nutrient availability (Kolter et al. 1993). 

Microorganisms respond to such stresses by undergoing adaptive changes in gene 

expression, which result in the subsequent physiological and morphological differentiation 

of the cells (Hengge-Aronis 1996b). 

The regulation of gene expression has been studied extensively amongst members of the 

Bacteria, and many proteins involved in regulatory systems and chromosomal organisation 

have been identified. The induction and repression of transcription of particular genes with 

changing growth phase has been attributed to the effects of RNA polymerase sigma factors 

(Hengge-Aronis 1996a), DNA- and RNA-binding proteins (Hengge-Aronis 2002), and 

environmental factors that affect DNA topology (Drlica 1992; Lopez-Garcia and Forterre 

1997; 1999). Although various sigma factors and many DNA- and RNA-binding proteins 

are relatively ubiquitous in members of the Bacteria, the majority have no homologues in 

the archaeal genomes sequenced so far. This is most likely due to the considerable 

differences in the basal transcriptional apparatus of bacteria compared to archaea. Indeed, 

the transcriptional apparatus in archaea has been suggested to more closely resemble that 

of eukaryotes (Langer et al. 1995; Leigh 1999). Archaea feature TATA box-like promoter 

sequences, transcription factors including TATA binding protein, TFIIB and TFIIS, and 

RNA polymerases similar to eukaryotes (Rowlands et al. 1994; Soppa 1999). 

In any cell, whether it be archaeal, bacterial or eukaryal, the DNA must be extremely well­

compacted in order to fit within it. Indeed, it has been calculated that for Escherichia coli 

to fit its genome inside its cell, the volume of the DNA must be compacted by about 1000-

fold (Schmid 1990). With the continuing advancement in the understanding of the 

regulation of gene expression, it is perhaps not surprising that it has become increasingly 

apparent that an organism's DNA-packaging system is also intimately involved with its 

transcriptional regulatory systems (D'Ari et al. 1993; Loewen and Hengge-Aronis 1994; 

McGovern et al. 1994; Pereira et al. 1997; Wolffe 2001). DNA-packaging systems can 

influence the regulation of gene expression in a number of different ways, including; (a) 

changing the topological state of the DNA such that the presentation of recognition 

sequences to regulatory proteins is altered; (b) modulating the architecture of the DNA to 

effectively localise remote regulatory sequence elements; (c) directly obscuring or limiting 

accessibility to regulatory sequences by regulatory proteins; or (d) positively mediating the 
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interaction of regulatory proteins to enhance transcription (Drlica 1992; Kornberg and 

Lorch 1992; Wang and Syvanen 1992; Wang and Lynch 1993). Consequently, the study of 

abundant DNA-binding proteins is an important aspect in understanding and modelling the 

regulation of transcriptional control systems. A number of major DNA-binding proteins, 

which are thought to be involved in chromosomal organisation in some manner, have been 

identified amongst members of both the Archaea and the Bacteria. 

To date, the major groups of DNA-binding proteins that have been implicated in 

chromosomal organisation in various members of both the Archaea and the Bacteria are 

the HU, H-NS, FIS, Ops, Lrp, Sac7, SaclOb, MCl, Hra, and archaeal histone families. A 

brief summary of each of these families of DNA-binding proteins follows. 

HU. The HU (heat-unstable nucleoid protein) and closely-related IHF (integration host 

factor) proteins are ubiquitous amongst members of the Bacteria, and to date, the only 

archaeal genomes found to contain genes encoding HU are those from members of the 

Thermoplasmales. HU occurs as both a homodimer or heterodimer (encoded by hupA and 

hupB), with a molecular weight of approximately 20 k.Da, and binds RNA or DNA (single­

or double-stranded) with little or no sequence specificity (Bonnefoy and Rouviere-Yaniv 

1991). There are an estimated 60,000 copies of HU per E. coli cell, and approximately one 

dimer of HU per 200 bp of DNA (Hayat and Mancarella 1995). Like eukaryal histones, 

HU preferentially binds negatively supercoiled DNA, and in the presence of topoisomerase 

I, HU is able to introduce negative supercoils in relaxed plasmid DNA (Le Hegarat et al. 

1993). Furthermore, HU condenses DNA and forms nucleosome-like particles, consisting 

of 8-10 dimers of HU and 275 bp of DNA (Broyles and Pettijohn 1986). In addition to 

compacting DNA, HU also participates in several other molecular events, such as the 

initiation of DNA replication (Dixon and Kornberg 1984; Bahloul et al. 2001), translation 

(Balandina et al. 2001), transcriptional regulation (Aki and Adhya 1997), transposition 

(Lavoie and Chaconas 1993), and recombination (Kamashev and Rouviere-Yaniv 2000). 

H-NS. The H-NS (histone-like nucleoid-structuring) proteins, and their closely related 

homologues, the StpA family, are neutral DNA-binding proteins with a molecular mass of 

approximately 15 k.Da. Genes encoding H-NS have been identified in all sequenced 

genomes of enterobacteria, as well as some other members of the Proteobacteria, such as 

Xylella fastidiosa and Vibrio cholorae. H-NS proteins bind double stranded DNA in a 

relatively non-specific fashion, showing only a preference for intrinsically curved DNA 

regions (Hulton et al. 1990). Although H-NS does not wrap DNA, H-NS binding does 
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result in significant compaction of DNA and may be involved indirectly in the control of 

DNA topology (Owen-Hughes et al. 1992). In E. coli, the overproduction of H-NS results 

in the strong compaction of the chromosomal DNA, affects the transcription of many 

genes, and is detrimental to cell growth (McGovern et al. 1994). Mutation of the gene 

encoding H-NS, hns, is also detrimental for cell growth, and affects the production of 

many proteins (Bertin et al. 1990). Recent findings suggest that H-NS and StpA stimulate 

the expression of stringently regulated genes by their effect on local DNA topology 

(Johansson et al. 2000). 

FIS. FIS (factor for inversion stimulation) is a nucleoid-associated protein dimer, with a 

molecular weight of about 24 kDa, which occurs at a frequency dependent on the growth 

phase of the cell, ranging from 25,000 molecules per cell in stationary-phase to 100,000 in 

log-phase (Ali Azam et al. 1999). In exponentially growing E. coli, FIS is thought to be the 

most abundant nucleoid-associated protein (Ishihama 1999). FIS regulates recombination 

and replication and is involved in both enhancing and inhibiting gene expression (Xu and 

Johnson 1995). Moreover, FIS has been implicated in coupling DNA topology with the 

physiological changes that occur in stationary phase (Schneider et al. 1999). FIS binds 

DNA with a relatively low sequence specificity, and upon binding results in significant 

bending and deformation of the DNA (Pan et al. 1996). Beyond the effect of FIS 

interaction with specific promoters and regulatory elements, FIS is suggested to influence 

global DNA architecture by its controlled stabilisation of writhe, which results in the 

formation of particular loops and branching in DNA that in tum influences gene expression 

(Muskhelishvili and Travers 1997; Schneider et al. 2001). 

Dps. Dps (DNA-binding protein from starved cells) was initially identified as a starvation­

inducible DNA-binding protein, with a molecular mass of approximately 19 kDa, in E.coli 

(Almiron et al. 1992). Genes encoding Ops have since been identified in virtually every 

bacterial genome, as well as the archaeal genome of Halobacterium sp. NRC-1. In E.coli, 

Ops levels steadily accumulate from 6000 molecules per cell in log-phase to approximately 

200,000 molecules per cell in stationary phase (after 48 h growth), making it the most 

abundant DNA-binding protein in the cell (Ali Azam et al. 1999). Ops has been shown to 

co-crystallise with DNA, to form a highly compacted structure that is able to protect the 

DNA from various environmental assaults (Grant et al. 1998; Wolf et al. 1999). Apart 

from compacting DNA in stationary phase, Ops has also been shown to provide a direct 
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role in protection of DNA against the toxic and mutagenic effects of oxidative damage in 

metabolically active cells (Martinez and Kolter 1997). 

Lrp. Lrp (leucine-responsive regulatory protein) is a small basic protein composed of two 

identical 19 kDa subunits, which was initially discovered for its role in the regulation of 

several leucine-regulated genes (Lin et al. 1990). Lrp is now regarded as a global 

transcription factor that has been found to regulate, positively or negatively, at least 75 

genes in E. coli (Calvo and Matthews 1994; Newman and Lin 1995). In E. coli, expression 

of the lrp gene is up to four-fold higher in minimal media compared to rich media, and 

consequently Lrp is considered a positive factor for transcription enhancement of genes 

that are induced in starvation conditions (Ali Azam et al. 1999). Furthermore, the relatively 

high cellular abundance of Lrp, approximately 3000 molecules per cell, together with 

evidence that Lrp binding facilitates the formation of higher-order nucleoprotein 

complexes (Wang and Calvo 1993), leads to the suggestion that Lrp also plays a role in 

chromosomal organisation (D'Ari et al. 1993). Genes encoding Lrp are widely distributed 

in extant life, and occur in all sequenced archaeal genomes, and the majority of sequenced 

bacterial genomes. Since the Lrp family is the only group of DNA-binding proteins to have 

widespread occurrence in both the Archaea and the Bacteria, the interaction of the Lrp 

proteins with the eukaryal-like transcription apparatus in archaea, is currently a subject of 

considerable interest (Napoli et al. 1999; Bell and Jackson 2000; Brinkman et al. 2000). 

Sac7 and SaclOb. First identified in Sulfolobus acidocaldarius, the Sac proteins consist of 

a group of low molecular-weight DNA-binding proteins, named according to their size and 

basicity as SaclOa, SaclOb, Sac8a, Sac8b, Sac7a, Sac7b, Sac7c, Sac7d and Sac7e (Dijk 

and Reinhardt 1986; Grote et al. 1986; Choli et al. 1988). The most abundant, and best­

characterised, of these is the Sac? family, which make up almost 5% of the total 

cytoplasmic proteins in members of the Sulfolobus genus. Sac7d has been shown to create 

sharp kinks in DNA on binding in the minor groove, and can constrain negative supercoils 

in DNA (Mai et al. 1998; Robinson et al. 1998; Napoli et al. 2002). The SaclOb family, 

which are unrelated to the Sac? proteins, are also highly abundant and make up almost 4% 

of the total cytoplasmic protein. Using electron microscopy, SaclOb has been shown to 

bind DNA and form regular, though non-compacted, structures (Lurz et al. 1986). 

However, SShlOb from Sulfolobus shibatae, an orthologue of SaclOb, has been 

demonstrated to constrain DNA in negative supercoils in a temperature-dependent fashion 

(Xue et al. 2000). SaclOb homologues have been identified in every archaeal genome 
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sequenced to date, and have so far not been found in any bacterial genomes (Forterre et al. 

1999). However, the Sac7 proteins have so far only been found within the Sulfolobus 

genus. The impact that these proteins have on the stress-response and the regulation of 

gene expression in members of the Sulfolobus genus is unknown. 

MCl. MCl (methanogen chromosomal protein 1) is the major chromosomal protein 

present in various species of Methanosarcina (Chartier et al. 1988; Imbert et al. 1990), and 

apart from the three sequenced genomes of .the Methanosarcinales, is only present in the 

genome of Halobacterium sp. NRC-1 (Ng et al. 2000). MCI binds relatively non­

specifically to double-stranded DNA as a monomer (molecular weight of approximately 11 

kDa) and protects DNA against thermal denaturation (Imbert et al. 1990). Moreover, MCI 

facilitates DNA-bending which brings distal regions of the chromosome into close contact, 

which suggests possible roles in transcription and recombination (Cam et al. 1999). 

Additionally, the bends and topological changes introduced into the DNA by MCI binding 

results in significant compaction of the DNA, although no nucleosome-like structures have 

been observed (Toulme et al. 1995). 

HTa. The HTa protein family, first identified in the archaeon Thennoplasma acidophilum 

(DeLange et al. 1981), and to date only found in the three genomes of the 

Thermoplasmales, are a group of nucleoid-associated DNA-binding proteins that form 

nucleosome-like structures (Searcy 1986). HTa has a molecular weight of approximately 

10 kDa, and associates to form a tetrameric form, which has been indicated to wrap about 

40 bp of DNA (Searcy 1986). As well as its role in compacting DNA, HTa is also 

suggested to protect DNA from the thermal (59°C) and acidic (pH optima of 1-2) 

environments, to which the Thermoplasmales are adapted (Searcy 1986). Although HTa 

was originally suggested to be distantly related to the eukaryal histones H2A, H3 and the 

bacterial HU (Searcy 1986), recent comparisons using the available sequence data for these 

proteins indicates that the similarity between these sequences is not statistically significant 

and that the HTa family of DNA-binding proteins forms a distinct family (Dinger, 

unpublished result). 

Archaeal histones. Amongst the Euryarchaeota, the most commonly occurring DNA­

binding proteins are the archaeal histones, which have primary sequence and structural 

similarity to the eukaryal histone-fold domain (Sandman et al. 1990; Arents and 

Moudrianakis 1995; Starich et al. 1996). Genes encoding archaeal histones occur in every 

euryarchaeal genome sequenced to date, with the exception of the genomes belonging to 
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members of the Thermoplasmales (Dinger, unpublished results). Archaeal histones have 

been shown to wrap DNA toroidally into structures that resemble those formed by the 

histone (H3 + H4)2 tetramer at the centre of the eukaryal nucleosome, and consequently, 

are thought to resemble the archetypal ancestor of the eukaryal nucleosome core histones 

(Musgrave et al. 1991; Pereira et al. 1997). Like their eukaryal counterparts (Hamiche et 

al. 1996; Hamiche and Richard-Foy 1998), archaeal nucleosomes are also able to constrain 

DNA· in both positive and negative supercoils (Musgrave et al. 2000). In a salt 

environment that resembles in vivo conditions, archaeal nucleosomes constrain DNA in 

negative supercoils, but in low salt conditions the tetramer is suspected to alter its 

conformation, and cause DNA to be constrained in positive supercoils (Musgrave et al. 

2000). Furthermore, the observation that the DNA affinity of nucleosomes composed of 

different histone monomers is sequence-dependent, has lead to the suggestion that the 

specific assembly of archaeal histone-DNA complexes could be localized and used to 

regulate gene expression (Marc et al. 2002). 

Previous investigations in our laboratory have revealed that the histones in the sulfur­

metabolising thermophilic archaeon, Thermococcus zilligii (Klages 1991; Klages and 

Morgan 1994), are expressed and degraded in a growth phase-dependent fashion (Baillie 

1994; Dinger 1998). Using antibodies that bound specifically to archaeal histones, it was 

shown that the levels of histones in T. zilligii, which constitute approximately 5% of the 

total soluble protein in exponentially growing cells, dramatically decreased as the cells 

entered stationary phase and were undetectable by late stationary phase. This surprising 

observation supported the notion that archaeal histones are involved in more than just 

DNA compaction. Moreover, in light of the accumulation of Dps in the stationary-phase of 

many bacteria, the hypothesis was raised that a replacement DNA-binding protein to 

organise and compact the DNA in stationary phase may also occur in archaea. 

In order to identify potential regulatory or chromosomal-organising proteins in archaea, the 

total protein complements of T. zilligii were examined at various stages of growth by SDS­

p AGE. Since the majority of known chromosomal organisation proteins in both archaea 

and bacteria are less than 20 kDa in mass, abundant low-molecular weight proteins were 

targeted for further examination. N-terminal sequence analysis in conjunction with existing 

genome data was then used to identify the putative candidates. 

In this chapter, the identity of several low molecular-weight proteins that vary in response 

to growth-phase, are determined. Two of the identified proteins are found to exhibit 
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significant similarity with DNA-binding proteins characterised previously in other 

microorganisms. Two further proteins that belong to hitherto undescribed protein families 

are also identified. 

Some of the results from this chapter were published as part of a paper in Molecular 

Microbiology (Dinger et al. 2000) (Appendix A) and presented at the Thermophiles '98 

conference in Brest, France (Appendix D). 

1.2 Materials and Methods 

1.2.1 Culturing of Thermococcus zilligii 

(i) Media Preparation 

Media for Thermococcus zilligii cells was prepared as described (Klages and Morgan 

1994). T zilligii growth medium contains 8.6 mM (1.5 g/L) K2HP04, 1.5 mM (0.3 g/L) 

MgClz·6H20, 42.8 mM (2.5 g/L) NaCl, 4.4 mM (0.5 g/L) sodium thioglycolate, 0.8% (w/v) 

trypticase peptone (Difeo), 0.001 % (w/v) resazurin, 0.1 % (v/v) Wolin's vitamin solution 

(Wolin et al. 1963), 0.5% (v/v) Zeikus' trace elements solution (Zeikus et al. 1979) and 

0.2% (w/v) sulfur (sterilised by baking at 100°C for at least two days). The total required 

volume of growth medium, without trace elements, vitamins and sulfur, was prepared in 

deionised water (>18 MQ resistance), then divided into 850 mL aliquots in 1.0 L Schott 

bottles. Also, 100 mL was added to a 150 mL serum bottle containing 0.2 g sulfur and 

sealed with a rubber septum and metal cap. The bottles were then autoclaved for 20 min at 

121 °C, with loosened screw caps. After cooling to approximately 80°C, 1.7 g sulfur was 

added to each of the 1.0 L bottles, which were then sealed with rubber stoppers adapted 

with a rubber septum. Using a 5 mL syringe, with an 18-gauge hypodermic needle, 4.25 

mL Zeikus' trace elements solution and 0.85 mL Wolin's vitamin solution were injected 

into the bottles. To the serum bottle, 500 µL trace elements and 100 µL vitamin solution 

were similarly added. To make the bottles anaerobic, the headspace was flushed with 0.2 

µm filtered nitrogen gas for approximately five minutes or until the resazurin indicator 

turned fully yellow. The bottles were kept in a 75°C incubator, until inoculated (usually 

within an hour). 
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(ii) Culture inoculation and growth 

The final inoculum was prepared in two steps. First, 100 µL of T. zilligii stock culture 

(obtained from the Thermophile Research Unit, The University of Waikato) was 

introduced aseptically into an anaerobically sealed Hungate tube containing 10 mL of T. 

zilligii growth medium. The cells were left to grow for 24 h, then examined by oil­

immersion phase-contrast microscopy (Olympus BH-2) at lOOOx magnification, to confirm 

that the culture was pure (i.e. no obvious contaminating species) and that it was in its log 

phase as indicated by a high proportion of dividing cells. The 150 mL serum bottle was 

inoculated with 2 mL of the log phase culture and incubated overnight at 75°C. The culture 

was examined to ensure it was in its log phase and its optical density measured at 650 nm. 

Each of the 1.0 L bottles containing 850 mL growth medium, were inoculated with 7 .0 mL 

of the log phase culture and incubated at 75°C. 

(iii) Measurement of cell concentration 

Cell concentration was estimated by absorbance spectrophotometry. These measurements 

were converted to cell number by multiplying them by a conversion factor empirically 

determined by cell counting (as described below). 

Cell densities were measured at least twice daily. Before removing a sample for 

measurement, the bottles were degassed (i.e. excess pressure created by hydrogen sulfide 

production was released) in a fume cupboard by inserting an 18-gauge hypodermic needle 

through the rubber septum. With a 2.5 mL syringe fitted with an 18-gauge hypodermic 

needle, 1.1 mL of culture was extracted and added to a 2 mL plastic cuvette, taking care to 

avoid bubbles forming. The absorbance was measured at 650 nm using a Shimadzu UV-

250 spectrometer, with deionised water as the blank. 

Cell counting was performed according to described methods (Koch 1994). A 250 µL 

aliquot of culture was transferred to a 1.5 mL Eppendorf tube. If the concentration was 

estimated to be greater than 3 x 108 cells per mL (equivalent to an absorbance of 

approximately 0.2) then the sample was diluted appropriately with a solution containing 

0.05% (v/v) formaldehyde and 0.001 % (w/v) sodium dodecyl sulfate (SDS; pH adjusted to 

7.4 by addition of solid K2HP04). An equal volume of 0.1 M hydrochloric acid was then 

added to this suspension. After gentle mixing, 3 µL of the diluted sample was placed on an 

A 70 Helber (Hawksley) counting chamber (50 x 50 x 20 µm well dimensions or 0.05 nL 
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TOPOLOGY SENSING: TRACKING 
MEDIATE CONFORMATIONAL CHANGES 

FIG. 8. Temperature sensing via a salt-induced conformational change of the DNA in archaeal nucleosomes. A 
model is presented to propose that archaeal nucleosome conformational changes could modulate the topological 
changes that occur in DNA as a result of a change in intracellular salt concentrations induced by a change in tem­
perature of the environment, or another physical parameter that would influence the topology of genomic DNA. 
Archaeal nucleosomes, depicted as hatched circles labeled ( +) or (-), can wrap the DNA in positive and negative 
toroidal supercoils, respectively. An increase in temperature, salt, or both would cause archaeal nucleosomes to 
"flip" from a positive toroidal supercoil to a negative toroidal supercoil, and vice versa. An increase in temperature 
would therefore result in the free DNA more positively supercoiled, a response similar to that effected by the topo­
isomerase RG. 

phase cells we have shown that there are con­
trasting transcription patterns of the histone par­
alogues in T. zilligii and P. abyssi. We previously 
reported that the histone proteins were rapidly 
depleted from cells in the stationary phase in T. 
zilligii and that the level of the htz1 gene transcript 
was decreased as cells entered the stationary 
phase and was not able to be detected by north­
ern hybridization using stationary-phase cells 
(Dinger et al., 2000). In this study we show that, 
in contrast with the similar stationary-phase in­
duction of expression of the srb genes, the histone 
genes (hpa1 and hpa2) are not transcribed in such 
an obvious stationary phase-repressed manner in 
P. abyssi as was shown for htz1 and htz2 (Zhang, 
2001). Consistent with this result, the levels of the 
sre gene transcript, which may encode a histone 
replacement protein, is likewise n'1t stationary 
phase-induced in P. abyssi. From these results we 
conclude that the nucleiod and hence the topol­
ogy of genomic DNA is dynamic in the Archaea. 
Therefore the mechanisms for genome packaging 
should be considered along with the function of 

topoisomerases in discussing the role that the 
physical and genetic stability of the genome plays 
in cellular life and the evolution of that life. We 
also conclude that the systems induced to allow 
Archaea to survive stationary phase show signif­
icant diversity given that T. zilligii and P. abyssi 
are members of the same archaeal family. This 
should promote a wider examination of these 
mechanisms, particularly since the recently de­
scribed archaeal symbiont NanoArchaeaum equi­
tans, whose 16S rRNA sequence suggests it be­
longs to a new phylum, are found associated 
predominantly with stationary-phase cells (Hu­
ber et al., 2002). 

ABBREVIATIONS 

MOPS, sodium 3-(N-morpholino)propanesul­
fonic acid; PCR, polymerase chain reaction; RG, 
reverse gyrase; SASP, small acid-soluble spore 
protein; SSC, saline-sodium citrate. 
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EFFECTS OF STATIONARY PHASE IN THE THERMOPHILIC ARCHAEON 
THERMOCOCCUS ZILL/GIi ON GLOBAL PROTEIN PATTERNS AND 

EXPRESSION OF HISTONES 

Marcel DINGER, David MUSGRAVE. 
Department of Biological Sciences, The University of Waikato, Hamilton, New Zealand. 

A feature common to all known microorganisms from each of the three domains of life, is 
their ability to respond to stress conditions, such as nutrient deprivation, by differentiating 
into a specialised state to maximise their survival chances (1). This division of the growth 
cycle in microorganisms, referred to as the stationary phase, is an essential component of 
their "feast and famine" lifestyle in the environment, when they are typically exposed to 
nutrients relatively briefly and have to endure long periods in extremely limiting conditions 
(1). Although, the stationary phase response has been studied extensively in members of 
the Bacteria and the Eucarya, practically no investigation has been undertaken in members 
of the Archaea. Histones have been identified in several members of the Archaea. These 
archaeal histones have primary sequences similar to the eukaryal histone fold domain, and 
are thought to resemble the archetypal ancestor of the eukaryal nucleosome core histones 
(2). There is preliminary evidence that the synthesis of the archaeal histones is dependent 
on growth phase. The overall level and the proportion of individual monomers changes 
with the onset of stationary phase (3). Moreover, recent studies have indicated that 
archaeal histones do not associate with certain sequences and it was suggested that histones 
may regulate the level of gene expression (2). Given the fundamental regulatory and 
packaging role of the histones in Eucarya and evidence that both the mode of interaction 
with DNA and the potential specificity of packaging of archaeal histones can vary, an 
investigation into the effects of growth phase on global protein patterns and the expression 
of histones, in the thermophilic archaeon, Thermococcus zilligii, was begun. In this paper, 
total cellular protein extracts were isolated from T. zilligii cultures at various stages of 
growth from mid-logarithmic to late-stationary phase, then analysed and compared. The 
levels of the HTz protein and the htzl transcript were examined. 

Keywords: Archaea, Stationary phase, Archaeal histones. 
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IN SEARCH OF NEW REGULATORY PROTEINS FOR THE CONTROL OF 
GENE EXPRESSION IN ARCHAEA 

Marcel Dinger and David Musgrave. 
Department of Biological Sciences, The University of Waikato, Hamilton, New Zealand. 

In their natural environment, microorganisms must endure multiple stresses, including 
changes in temperature, osmolarity and nutrient availability. Microorganisms respond to 
these stresses by undergoing adaptive changes in gene expression, resulting in the 
consequent physiological and morphological differentiation of the cells. One mechanism 
for the sometimes global changes in gene expression invoked by stress is through 
alterations in the topology of the organism's genome. The DNA topology may be mediated 
directly by the environmental stimuli itself, or indirectly via changes in the levels or 
activity of DNA remodelling proteins. 

Recently, we have found that the levels of histones in the thermophilic archaeon 
Thermococcus zilligii dramatically decreased as cells entered stationary phase and could 
not be detected by late stationary phase. In addition, several other proteins increased in 
level as the cultures aged. Due to the important role that histones play in the compaction of 
DNA, it was suggested that some of these proteins may takeover the role of DNA 
compaction in the stationary phase and influence gene expression. Here we present the 
sequence analysis, phylogenetic distribution, and preliminary characterisation of three 
novel stationary phase-induced proteins. 
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UNDERSTANDING STRESS: THE IDENTIFICATION OF NOVEL 
STATIONARY-PHASE PROTEINS IN ARCHAEA 

Marcel Dinger and David Musgrave. 
Department of Biological Sciences, The University of Waikato, Hamilton, New Zealand. 

In their natural environment, microorganisms must endure multiple stresses, including 
changes in temperature, osmolarity and nutrient availability. Microorganisms respond to 
these stresses by undergoing adaptive changes in gene expression, resulting in 
physiological and morphological differentiation of the cells. 

To further understand the microbial stress-response, we examined the stationary-phase 
response in the thermophilic archaeon, Thermococcus zilligii. Thermophilic Archaea are 
considered to have characteristics that are most similar to the earliest forms of life on 
Earth. A deeper understanding of these archetypal stress-response systems will provide 
insights into the evolution of these complex regulatory systems, and the survival 
mechanisms of microorganisms in the environment. 

Here we report the identification, partial characterisation and possible functions of three 
novel proteins whose synthesis was induced in stationary-phase. Orthologues of the 
corresponding genes for these proteins were present in many other phylogenetically 
disparate species. Elucidating the role of these hitherto unstudied proteins is likely to be 
very important to the understanding of the microbial stress-response. 
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UNRAVELLING REGULATION: USING GENOME SEQUENCES TO 
UNDERSTAND THE ORIGINS OF GENE EXPRESSION CONTROL SYSTEMS 

Marcel Dinger and David Musgrave. 
Department of Biological Sciences, The University of Waikato, Hamilton, New Zealand. 

The discovery that a relatively coherent phylogeny of all life on Earth can be constructed 
using ribosomal RNA sequences has stimulated renewed interest in the origins of life's 
most fundamental processes. The availability of numerous complete microbial genome 
sequences has now made it feasible to interpolate our molecular history and better 
understand the key events and processes that drove our evolutionary past. 

One of the fundamental processes that is critical to all life on Earth today is the regulation 
of gene expression. In higher organisms, the control of gene expression provides the basis 
for multicellularity. In microorganisms, the regulation of gene expression allows the cell to 
respond to changes in its environment, such as nutrient availability, toxin levels, 
temperature or osmolarity. Since any living system is constantly undergoing change, the 
development of gene expression controls systems must have been critical for the evolution 
of increasingly sophisticated life forms. 

To broaden the understanding of the origins of gene expression control systems, we have 
identified three novel stress-response proteins in the thermophilic archaeon, Thermococcus 
zilligii. Using the available genome sequences, we have identified homologues of these 
proteins in other organisms. By utilising a variety of computational approaches we have 
constructed a dossier on each of these gene families and provide suggestions for their 
ancestry and possible roles in the control of gene expression. 
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