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ABSTRACT 
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The third domain of life, Archaea is one of the three main evolutionary lineages 
together with the Bacteria and the Eukarya domains. The archaea are, despite their 
prokaryotic cell organisation, more closely related to eukaryotes than to bacteria in 
terms of the informational pathways (DNA replication, transcription and translation). 
Organisms from the archaeal hyperthermophilic genus Sulfolobus thrive in a hot 
(80°C), acidic (pH 2-4) and sulphur-rich environment. 
 In my thesis, I have used a variety of different approaches to study the Sulfolobus 
cell cycle. After dilution of a stationary phase cell culture with fresh medium, 
synchronous cell cycle progression was obtained. From the synchronised cell culture 
experiment we could conclude that the major cell cycle events (nucleoid segregation, 
cell division and chromosome replication) were tightly coupled to each other and to 
cellular mass increase.  

Inhibitors of the elongation stage of chromosome replication, and of cell division, 
as well as drugs arresting the cell cycle in the post-replicative phase, were found from 
an in vivo screening of a wide range of antibiotics. The cell cycle was found to be 
regulated such that the previous cell cycle step had to be successfully accomplished 
before the next one could initiate, except for DNA replication which could occur 
without an intervening cell division event. 
 The replication pattern of Sulfolobus solfataricus chromosome was analysed using 
a marker frequency analysis. From the results, we were able to determine that a single 
origin is utilized in vivo, that the replication directionality is bidirectional, and also an 
approximate location of the replication origin within the genome. 
 Intracellular virus production in vivo of SIRV2 (Sulfolobus islandicus rod-shaped 
virus2) in Sulfolobus islandicus was also analysed. The effects on the host cell were 
determined, including loss of cell viability, inhibited initiation of replication at virus 
infection and DNA degradation and loss of cell integrity at the time of virus release. 
Also, for the first time intracellular virus DNA was visualized with flow cytometry. 
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Archaea 

The three domains of life 
 
The existence of organisms too small for the eye to see had long been 
imagined, but was not confirmed until the first sufficiently powerful 
microscope, was built by Leeuwenhoek in 1674. The era of microbiology had 
begun, but did not really become important until the late nineteenth century 
when microbial experiments were used to answer two fundamental questions; 
how life was generated, and what were the causes of contagious diseases.  
 If we move forward in time to the early twentieth century, the discovery of 
new bacterial species and their proper classification led to important changes. 
At this time, all living organisms were divided into two domains of life: 
prokaryotes and eukaryotes. All prokaryotes were classified as bacteria, on the 
basis of physiological and cytological characterisations, but with the 
development of molecular tools for taxonomy, the uniqueness of archaea 
among the prokaryotes was recognised, and a third domain in the tree of life 
was established by Woese and Fox in 1977 (Fig. 1). They constructed the first 
molecular phylogenetic tree based on sequence characterisation of small-
subunit (SSU) ribosomal RNA (rRNA) comparisons.  
 
 
Archaeal diversity 
 
Nearly all extremophilic prokaryotic organisms were found to belong to the 
Archaea domain. These organisms were extreme in their choice of living 
conditions, such as optimal growth in saturated solution of NaCl, or at 
temperatures from around 0°C to above 100°C and at pH values from close to 
0 to around 10.  
 With the availability of sequence-based techniques which can by-pass the 
cultivation step, it became evident that archaeal species are commonly found 
in all sorts of environments (Pace, 1997). Archaeal SSU rRNA genes have 
been detected in open marine waters (DeLong, 1992; Fuhrman et al., 1992) in 
lakes and marsh sediments (Hershberger et al., 1996; MacGregor et al., 1997; 
Schleper et al., 1997) as well as in soil (Bintrim et al., 1997) 
 The strong interest these organisms has evoked during the past 20 years 
has led to studies that have broadened our understanding of the diversity of 
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life, and supported the division of the prokaryotic domain into Archaea and 
Bacteria. Cellular and molecular data (Table 1 and 2) that confirm the 
classification of Archaea as a unique domain include the structures of their 
RNA polymerases, a cell wall without peptidoglycan (Schäfer, 1996), and 
plasma membranes containing di- and tetra ether-lipids (Reeve, 1999). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Phylogenetic tree based on SSU rRNA sequence data. The tree was 
adapted from Mikael Thollesson. 
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Archaeal genomes 
 
The first published sequence of an archaeal genome, that of 
Methanocaldococcus jannaschii (Methanococcus jannaschii), revealed not 
only a mixture of genes homologous to both bacteria and eukaryotes, but also 
a large set of unique genes (Bult et al., 1996). This pattern remains valid after 
16 completely sequenced archaeal genomes (http://www.tigr.org/tdb/mdb/md 
bcomplete.html; http://wit.integratedgenomics.com/GOLD/). Generally, 
archaea as a group are considered to share protein sequences, as well as 
mechanistic and regulatory properties, of the metabolic pathways with 
bacteria, and the characteristics of the informational pathways, such as 
replication, transcription and translation with eukaryotes (Olsen and Woese, 
1997). 
 Large-scale genomic comparisons are possible today with the archaeal 
sequence information, and the increasing amount of data from crystallised 
proteins. Together, these data will increase our understanding of similarities 
and differences at the nucleotide level as well as in structure. The advantage 
of thermophilic proteins being easier to purify (by heat treatment) and 
crystallise, has drastically improved the knowledge of archaeal proteins 
(Vieille and Zeikus, 2001). Recently, it has been shown that even if proteins 
do not show sequence homology they can have structural similarities and thus 
be related. One example is the sliding clamp protein, the β-subunit of DNA 
PolIII from bacteria, and PCNA from eukaryotes and archaea (Kong et al., 
1992; Krishna et al., 1994; Gulbis et al., 1996; Matsumiya et al., 2001), and 
another example is the Smc proteins from eukaryotes, archaea and gram 
positive bacteria and MukB proteins from gram negative bacteria (Melby et 
al., 1998; Van den Ent et al., 1999; Löwe et al., 2001; Soppa, 2001). 
 Since archaeal cells display a mosaic structure in genome content and cell 
structure (Table 1 and 2), they have generated a great interest in evolutionary 
studies. The thermophilic trait in all deeply branching organisms in the 
phylogenetic tree is believed by many scientists to have been retained from 
the last universal ancestor (LUCA) (Woese, 1987; Wächtershäuser, 1988; 
Pace, 1991; Stetter, 1996). However, different opinions on the placement of 
the root of the phylogenetic tree do exist (Pace, 1991; Forterre, 1996; Stetter, 
1999). Archaeal cells are also used as eukaryotic model systems since they 
have similar, but less complex, machineries for the replication, transcription 
and translation processes. Also, the proteins involved in these functional 
aspects have sequence homology with eukaryotic counterparts, but the protein 
complexes usually contain fewer subunits.  
 There are specific features that in general can be said to be archaeal, e.g. 
ether-linked lipids in the cell membrane instead of ester-linked ones and the 
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ability to produce methane. The Archaea domain consists of a vast number of 
different organisms, with different demands on living conditions, cell 
morphology, energy and carbon sources, genome size, chromosome number, 
different gene sets and the list just continues… 
 
 
Table 1. Major cellular features within the three domains of life 

Cellular features Archaea Bacteria Eukarya 

Cell Unicellular Unicellular Unicellular/Multicellular 

Cell wall Various 
No murein 

Various 
Murein 

Various 
No murein 

Membrane lipids Ether linked Ester linked Ester linked 

Organelles Absent Absent Present 

Introns (in protein 
coding genes) 

Rare Absent Present 

Operons Present Present Rare 

Eukaryotic-type 
cytoskeleton 

Absent Absent 
 

Present 

 
 
Archaeal subdomains  
 
There are four subdomains within archaea; Crenarchaeota, Euryarchaeota, 
Korarchaeota and Nanoarchaeota (Huber et al., 2002). Most thoroughly 
investigated so far are the crenarchaeal and euryarchaeal species. The 
Euryarchaeota branch contains organisms which are halophiles, methanogens, 
thermophiles, barophiles and mesophiles. The Crenarchaeota branch consists 
of hyperthermophiles, acidophiles, psychrophiles and mesophilic species, but 
it is only possible to cultivate members of the former groups. The 
Korarchaeota, which branches deep in the archaeal tree, has so far only been 
detected with sequenced-based techniques applied on environmental samples. 
The first species of the Nanoarchaeota branch, Nanoarchaeum equitans was 
reported in 2002 by Huber and colleagues, as the first symbiotic organism 
within the Archaea domain (Huber et al., 2002).  
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(Hyper)thermophilic properties 
 
Thermophiles grow optimally at temperatures between 60°C and 80°C, and 
hyperthermophiles between 80°C and 110°C (Huber et al., 2000). The natural 
environments for (hyper)thermophiles include solfataric fields, oil reservoirs, 
shallow and deep-sea hot sediments and hydrothermal vents located as far as 
4000 m below sea level. Species thriving at these high temperatures are 
represented within the Crenarchaeota, Euryarchaeota and Korarchaeota, and 
they always constitute the shortest and deepest lineages in these branches (Fig. 
1). Only a few bacterial organisms are found, belonging to the two bacterial 
lineages Thermotogales and Aquificales, that can grow at temperatures up to 
95°C. No eukaryotes have been found to live at temperatures above 65°C 
(Huber et al., 1992). 
 The upper temperature limit for any organism found so far is 113°C, for 
Pyrolobus fumarii that lives in marine volcanic areas (Blöchl et al., 1997). 
Whether this is the maximum temperature for life depends on e.g. DNA 
stability, protein stability and activity (further discussed below). Also, the 
proton permeability of the cytoplasmic membrane has been claimed to be a 
major factor that determines the maximum growth temperature (Van de 
Vossenberg et al., 1998).  
 
 
Thermostability of cell envelope, proteins and DNA 
 
In order to adapt to life in harsh environments, archaeal organisms have 
evolved special features for membrane, protein and DNA stability. The 
composition of the cytoplasmic membrane depends on the surrounding 
temperature, such that an increase in temperature leads to a transition from di-
ether to tetra-ether lipids to sustain the fluidity of the membrane (Sprott et al., 
1991). The membrane ether lipids are highly temperature resistant and cannot 
be easily degraded (Van de Vossenberg et al., 1998). 
 (Hyper)thermophilic organisms also have to protect proteins and DNA 
against thermal denaturation. The difference between thermophilic and 
mesophilic enzymes are the temperature range in which they are stable and 
active. They are otherwise highly similar in their three-dimensional structures, 
catalytic mechanisms and sequence (Vieille and Zeikus, 2001, and references 
therein). However, there are a few suggested stabilising mechanisms, 
including increased hydrophobic interactions, ion pairing and salt bridges 
(Karshikoff and Ladenstein, 2001).  
 DNA stability is one of the most important factors for all organisms to 
ensure a safe passage of genomic information to the progeny. 
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Hyperthermophiles in general do not have a higher GC content in their 
genomic DNA. Sulfolobus, Pyrococcus and Methanococcus organisms have a 
GC content of 31-38% (Grogan, 1998), although their SSU RNAs show a 
higher GC content (63-68%). Instead, other mechanisms have been suggested 
to secure DNA stability, e.g. high intracellular salt concentrations to protect 
DNA against depurination, and high polyamine (positively charged organic 
compounds) concentration to stabilise the DNA (Friedman et al., 1989; 
Adams et al., 1993; Marguet and Forterre, 1998).  
 There are also systems to control an appropriate DNA geometry, such as 
DNA-binding proteins and topoisomerases. Reverse gyrase is the only known 
topoisomerase that introduces positive supercoils into DNA (Kikuchi and 
Asai, 1984), and the only exclusively unique protein common in all 
hyperthermophiles, both archaea and bacteria (Forterre, 2002). This indicates 
a key role in the stabilisation of DNA at high temperature (Lopez-Garcia and 
Forterre, 1999; Forterre, 2002). 
 The DNA of mesophilic archaea is negatively supercoiled; only archaeal 
hyperthermophiles lacking gyrase have positively supercoiled to relaxed 
circular DNA (Lopez-Garcia, 1999). The bacterial hyperthermophiles that 
have both reverse gyrase and gyrase contain negatively supercoiled DNA. 
 Many chromosomal proteins are small basic and abundant proteins with 
DNA binding affinity, widespread in all organisms. Histone proteins, 
abundant within the euryarchaeal branch, belong to this group of architectural 
proteins. Within the crenarchaeal branch, no true histone proteins have been 
found. Instead, there are three classes of DNA-binding proteins with 
molecular weights of 7, 8 and 10 kDa that are believed to protect the DNA 
against denaturation (Lopez-Garcia et al., 1998). The combination of reverse 
gyrase and DNA-binding proteins appears to generate the correct DNA 
topology for stabilisation at high temperatures, and to locally ensure active 
DNA for transcription and replication (Lopez-Garcia and Forterre, 1999). 
 
 
Thermoacidophiles 
 
Thermoacidophiles are so far only found within the archaeal domain of life 
(Van de Vossenberg et al., 1998). The habitat of these organisms is hot acid, 
which for most organisms is a hostile environment. The cells require 
protection against the large chemical proton gradient between the interior of 
the cell, with a pH around 5.5 for Sulfolobus, to the exterior pH of 2-3 
(Grogan, 2000). To counteract this pH gradient, the membrane potential is 
inversed, i.e. positive inside. Moreover, thermophilic and acidophilic 
organisms possess membrane-spanning tetra-ether lipids that form a rigid 
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monolayer membrane which is nearly impermeable to ions and protons, an 
important property for maintaining the proton gradient.  
 
 
Archaeal genome organisation 
 
The genome of an archaeon is generally a single circular chromosome ranging 
from 0.5 to 6 Mb in size, similar to that of bacterial genomes. The smallest 
genome (0.5 Mb) of any archaeon found so far belongs to N. equitans, an 
archaeal symbiont growing attached to the surface of a new species of 
Ignicoccus (Huber et al., 2002).  
 Some archaeal species contain multiple replicons, some of which are 
considered to be large plasmids. Halobacterium NRC-1 contains two large 
replicons, pNRC200 and pNRC100, of 350 kb and 200 kb, respectively (Ng et 
al., 2000), and other halophiles are also known to possess large replicons. 
Also, a wide variety of other genetic elements such as viruses (further 
discussed below), transposons, insertion sequence elements and plasmids are 
present (Zillig et al., 1996; Prangishvili et al., 1998; Brügger et al., 2002).  
 Both archaea and bacteria lack nuclear membranes; instead their 
chromosomes are organised into folded structures designated as nucleoids 
(Sandman et al., 2001). Most genomic DNA in vivo is in complex with 
proteins, presumably to prevent denaturation and aggregation (Sandman et al., 
1998). 
 Most chromosomal DNA-binding proteins, such as eukaryal histones, 
bacterial HU, archaeal histones, and the 7 and 10 kDa proteins of Sulfolobus, 
are capable of constraining DNA in supercoils, a property consistent with the 
proposed roles of these proteins in chromosomal organisation (Drlica, 1987, 
Lopez-Garcia et al., 1998; Mai et al., 1998; Sandman et al., 1998; Xue et al., 
2000). Histones, belonging to one family of architectural chromosomal 
proteins, exist in most organisms within Eukarya, as well as within 
Euryarchaeota (absent from Thermoplasma, Ruepp et al., 2000), but not 
within Crenarchaeota. Archaeal histones share their primary sequences, the 
histone folds and tertiary structures, in common with eukaryal nucleosome 
core histones, and bear no sequence or structural resemblance to bacterial 
histone-like proteins such as HU (Starich et al., 1996). Binding of archaeal 
histones can introduce either positive or negative supercoiling into circular 
DNA (Sandman et al., 1994).  
 For Sulfolobus, the existence of DNA binding proteins of three different 
classes, in the molecular weight of ~7, 8 and 10 kDa has been reported. The 
proteins belong to the most abundant proteins within the Sulfolobus cell. The 
genes for the 10 kDa proteins have been found in most sequenced archaeal 

http://jb.asm.org/cgi/content/full/182/14/3929
http://jb.asm.org/cgi/content/full/182/14/3929


16 Karin Hjort 

genomes so far and also in some eukaryotes, but the 7 kDa proteins seem to 
be exclusive for Sulfolobus (She et al., 2001). The 7 kDa protein is known to 
introduce negative supercoils into relaxed, positively and negatively 
supercoiled circular DNA (Lopez-Garcia et al., 1998; Mai et al., 1998; Napoli 
et al., 2002). The 7 kDa protein Sso7d from Sulfolobus solfataricus, has a 
strong binding affinity for dsDNA, and upon binding it protects DNA from 
denaturation (Baumann et al., 1994).  
 
 
Transcription 
 
The archaea possess a mixture of an eukaryotic basal transcription machinery 
with a bacterial-like regulatory mechanism (Soppa, 1999; Bell and Jackson, 
2001). Archaeal genes are sometimes organised into co-transcribed units, 
producing polycistronic mRNAs like bacterial operons (Tolstrup et al., 2000), 
predominantly in genes involved in metabolic pathways.  
 The archaeal RNA polymerase (RNAP) has a subunit composition which 
is much more complex than that of bacteria (α2ββ´). The RNAP contains 10-
14 subunits, which are homologous to eukaryotic counterparts. The RNAP is 
unable to efficiently recognise promoter sequences on its own. Two additional 
transcription factors are needed: the TATA-box binding protein (TBP) and 
transcription factor B (TFB) (Hausner et al., 1996; Qureshi et al., 1997). 
These two proteins are homologues of eukaryotic TBP and transcription factor 
IIB (TFIIB), respectively.  
 The archaeal promoter structure also resembles the eukaryotic version. It 
contains a TATA-box located about 30 bp upstream of the transcription 
initiation site, and a TFIIB–responsive element (BRE) immediately upstream 
of the TATA-box, important for the promoter strength (Reiter et al., 1990; 
Hain et al., 1992; Palmer and Daniels, 1995). The BRE sequence is also 
known to orient the assembly of the transcription pre-initiation complex. 
 The regulators of transcription are generally bacterial-like (Kyrpides and 
Ouzounis, 1999; Aravind and Koonin, 1999). However, a more general 
regulation of transcription has been reported for S. solfataricus. This is 
generated through the modulation of chromatin, by the interaction of the Sir2 
protein with Sso10b (Alba), which leads to deacetylation of Sso10b followed 
by transcriptional repression (Bell et al., 2002; Wardleworth et al., 2002). The 
Sir2 protein is known to deacetylate histones in yeast in vitro (Moazed, 2001). 
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Translation 
 
The translation machinery contains universally distributed features, such as 
the strong conservation of the primary and secondary rRNA structure among 
all organisms (Dennis, 1997; Olsen and Woese, 1997). The majority of the 
ribosomal proteins, and most of the elongation factors, the tRNAs, and the 
aminoacyl-tRNA synthetases are also universally distributed (Ouzounis and 
Kyrpides, 1996). The archaeal ribosome composition resembles that of 
bacteria with subunits of 30S and 50S; the size of the rRNAs are also in the 
same range as those of bacteria; 16S, 23S and 5S rRNA. The mRNA has no 
long poly-A tails or methylated 5´ caps (Bell and Jackson, 1998), similar to 
bacteria. Many euryarchaeal mRNA also possesses another bacterial feature, a 
region similar to a Shine-Dalgarno sequence located 3-10 nucleotides 
upstream of the start codon AUG. GUG and UUG are also utilised as start 
codons (Dennis, 1997). Crenarchaeal mRNAs (A. pernix and Pyrobaculum 
aerophylum) are usually leaderless (Slupska et al., 2001; Fitz-Gibbon et al., 
2002). In S. solfataricus mRNAs, Shine-Dalgarno sequences are only present 
upstream of genes within operons, and not in the leader region of the first 
gene in an operon, or in single genes (Tolstrup et al., 2000). The stability of 
archaeal mRNAs are in the same range as those of yeast, which are considered 
to have stable mRNA as compared to bacteria (Bini et al., 2002). The archaeal 
translation initiation involves factors that are homologous to initiation factors 
(elFs) in eukaryotes (Bell and Jackson, 1998). 
 Some archaeal genomes contain a limited amount of introns, 
predominantly in tRNA or rRNA genes (Belford and Weiner, 1997; Lykke-
Andersen et al., 1997). An intron within a protein coding gene, and its in vivo 
mechanism of splicing, has recently been reported within crenarchaea 
(Watanabe et al., 2002). 
 
 
Cell cycle 
 
The cell cycle can briefly be described as the fate of a cell from birth (after 
division), through the duplication of its genetic material (replication) until the 
cell divides, and gives rise to new identical offsprings (Fig. 2). The three 
major events of the cell cycle are DNA replication, genome segregation and 
cell division.  
 The cell cycle is divided into three different periods for prokaryotes: the 
pre-replicative (B), replicative (C) and post-replicative (D) stages; in 
eukaryotes these periods are called G1, S and G2, with an additional period for 
mitosis (M) and cytokinesis. The archaeal cell cycle has, as for the 
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informational pathways e.g. transcription and translation, most features in 
common with eukaryotes (Bernander, 1998; 2000). The present knowledge of 
the archaeal cell cycle machinery and its regulation has mostly been generated 
from studies on Sulfolobus cells (discussed below). 
 
 

Elongation of 
replication 

Cell growth 

B (G1)

C (S) 

D  
(G2 mitosis 

Cytokinesis)

Initiation of 
cell division 

Termination of 
replication and 
decatenation of 
chromosomes 

Initiation of 
replication

Genome 
segregation 

 
 
Fig. 2. Prokaryotic cell cycle. 
 
 
DNA replication 
 
An overview of DNA Replication 
The purpose of the DNA replication process is to make as correct as possible 
a copy of the genome. The archaeal replication machinery and its regulation 
share many features with those of eukaryotes, both regarding functional 
aspects and in protein sequence similarities (Table 2; reviewed by Edgell and 
Doolittle, 1997; Bernander, 1998; Ishino and Cann, 1998; Bernander, 2000; 
Kelman, 2000; MacNeill, 2001).  

The chromosomal replication is initiated at a specific sequence called the 
origin of replication, where proteins bind and locally unwind the duplex DNA 
(fig. 3). The opening of the double helix makes it possible for the helicase to 
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melt the double helix, and provide access to single strand binding proteins 
(SSB; replication protein A, RPA), primase, polymerase etc. for correct 
assembly of the replisome(s)  

The replicases are rapid and highly processive DNA synthesis machines 
consisting of multiple proteins. There is a continuous synthesis of the leading 
strand of DNA, but for the lagging strand, the replication is discontinuous, 
due to the antiparallel nature of the DNA duplex and the constraint in 
movement of the polymerase in only one direction. The lagging strand DNA 
synthesis requires re-initiation of replication by short RNA primers 
synthesised by a primase. The RNA primer-template junction is recognised by 
the clamp loader which assembles the sliding clamp, a ring shaped protein 
around the primer. The sliding clamp, which confers speed and high 
processivity to the DNA synthesis, binds to the DNA polymerase, and the 
replication begins. The replicative polymerase has been shown to replicate the 
leading and lagging strand simultaneously (Kim et al., 1996; Yuzhakov et al., 
1996; Burgers et al., 1998; Gerik et al., 1998; Zuo et al., 2000). 
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Fig. 3. The archaeal replication machinery. Rfc (replication factor C, clamp 
loader); Rpa (replication protein A, single strand binding protein); Pcna 
(proliferating cell nuclear antigen, sliding clamp); Mcm (mini-chromosome 
maintenance, replicative helicase). 
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Origin 
DNA replication is generally initiated from a fixed position in the 
chromosome, called the origin of replication. A single origin of replication is 
most commonly seen among archaea. However, Halobacterium NRC-1 has 
been suggested to contain two origins of replication according to GC-skew 
analysis (Kennedy et al., 2001). The skew analysis can predict origin and 
termination regions based on strand-specific biases in nucleotide, oligomer or 
codon frequencies between leading and lagging strand (Grigoriev, 1998; 
McLean et al., 1998; Mrázek and Karlin, 1998; Salzberg et al., 1998). The 
origin and terminus regions are assigned to locations where these biases 
change abruptly. 

With GC-skew analysis the number of origins and their approximate 
localisation on the physical chromosomal map have been predicted for several 
fully sequenced Archaea (http://www.unil.ch/comparativegenometrics/phylo_ 
tree.html). The origin region in Pyrococcus species was initially mapped by 
skew analysis (Lopez et al., 1999), and later shown to be the first replicated 
region in vivo in Pyrococcus abyssi (Myllykallio et al., 2000; Matsunaga et 
al., 2001). 
 
 
DNA polymerase(s) 
Most organisms contain more than one DNA polymerase, that is used for 
different purposes, e.g., replication, repair and recombination. All examined 
euryarchaea have one, and the crenarchaea two or more, family B DNA 
polymerases, which is probably the replicative polymerase, at least in 
crenarchaea (Kelman, 2000; Kähler and Antranikian, 2000). A family D DNA 
polymerase was initially identified in Pyrococcus furiosus, and has since been 
found exclusively within euryarchaea (Uemori et al., 1997; Ishino and Cann, 
1998). The most recently found DNA polymerase is a member of family Y 
(DinB/UmuCRev1/Rad30 superfamily) in S. solfataricus (Goodman and 
Tippin, 2000; Ohmori et al., 2001). Members of this family can bypass 
lesions on DNA in bacteria and eukaryotes (Johnsson et al., 1999), and in 
archaea the polymerase is known to be stimulated by Pcna (Grúz et al., 2001) 

http://www.unil.ch/comparativegenometrics/phylo
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Table 2. Replication proteins in the three domains of life. 
Archaea Function Bacteria Eukarya 

Crenarchaea Euryarchaea 

Number of 
origins Single Multiple  Single 

(P. abyssi) 
Origin 

recognition DnaA ORC Cdc6/Orc1 

Helicase 
loader DnaC CDC6 Cdc6/Orc1 

Unwinding 
helicase DnaB MCM Mcm 

Single strand 
binding 
protein 

Ssb RPA Ssb  Rpa  

Main 
replicative 

polymerase 

Polymerase 
III 

Family C 

Polymerase δ and 
ε 

Family B 
Family B Family B 

Family D 

Sliding 
clamp 

DnaN 
β subunit PCNA Pcna 

Clamp 
loader γ complex RFC Rfc 

Primase DnaG 
(primase) 

Initiation 
polymerase 

(subunit of pol α) 
Eukaryotic-like  

Removal of 
RNA primer Polymerase I FEN-1, RNaseH Fen-1, RNaseH  

 
 
Orc/Cdc6 
The origin recognition complex subunit 1 (ORC1) and the cell division cycle 
protein 6 (CDC6) in eukaryotes are paralogous proteins. ORC is believed to 
be the first protein complex to bind to the origins, followed by the CDC6 
protein which recruits the MCM helicase (Fig.3).  

It is not yet understood if the archaeal Cdc6/Orc1 has the same function as 
the eukaryotic CDC6, or ORC, or both. For those genomes with more than 
one cdc6/orc1 gene, the proteins might perform different functions 
corresponding to eukaryotic ORC1 or CDC6. The different proteins might 
alternatively be utilized in different processes, such as replication, repair and 
recombination. For those archaeal genomes with only one cdc6/orc1 gene, the 
protein might have a dual function as both ORC and CDC6. It has been shown 
that Cdc6/Orc1 in P. abyssi binds to the origin region in exponentially 
growing cells, and stays bound even when the cells stop replicating 
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(Matsunaga et al., 2001). Eukaryotic CDC6 does not stay bound to the origin 
region in non-replicating cells, but the ORC does. 
 
 
The helicase, Mcm 
The helicase opens up the DNA double helix to generate ssDNA for the 
replicase to be able to begin replicating. The minichromosome maintenance 
(MCM) proteins belong to a family of six polypeptides in eukaryotes. Their 
function during the initiation and elongation phase of replication has not yet 
been completely revealed. A complex of MCM4, 6 and 7 has been shown to 
have helicase activity both in humans (Ishimi, 1997) and in 
Schizosaccharomyces pombe (Lee and Hurwitz, 2000).  
 All archaeal genomes sequenced have been found to contain at least one 
MCM homologue, and M. jannaschii has as many as four. Pyrococcus also 
contains a homologue of the eukaryotic Dna2 helicase (Robb et al., 2001; 
Kawarabayasi et al., 1998). The M. thermoautotrophicum Mcm protein was 
demonstrated to possess DNA-dependent ATPase and helicase activity 
(Kelman et al., 1999; Chong, 2000). Also, the Mcm protein in P. abyssi has 
been reported to be associated to the origin region during exponential growth, 
but not in non-replicating cells (Matsunaga et al., 2001). 
 
 
Pcna, the DNA sliding clamp 
To ensure high processivity of DNA replication, a ring-shaped clamp 
encircles the DNA and subsequently binds to the polymerase, which tethers 
the polymerase to the DNA (Fig. 3). The proliferating cell nuclear antigen 
(PCNA) is a universal feature present in all three domains of life, either as 
PCNA in Eukarya and Archaea, or as the β subunit (dnaN) of DNA Pol III 
holoenzyme in Bacteria. In eukaryotes, the sliding clamp is known to interact 
with different proteins involved in cell cycle control and DNA repair (Kelman 
and Hurwitz, 1998).  
 All completely sequenced archaeal genomes contain homologues of 
PCNA, but no homologue of the β subunit of pol III holoenzyme has been 
found. In euryarchaea, only one Pcna protein is present, but in crenarchaea 
multiple Pcna have been identified. Recent reports demonstrate the capacity 
of Pcna to stimulate DNA polymerisation in S. solfataricus, M. 
thermoautothrophicum, Thermococcus fumicolans, P. furiosus and 
Aeropyrum pernix (Cann et al., 1999; De Felice et al., 1999; Henneke et al., 
2000; Kelman and Hurwitz, 2000; Grúz et al., 2001; Daimond et al., 2002).  
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Replication factor C, Rfc 
The clamp loader recognises the 3´ terminus of an RNA primer-template 
junction, binds to it, and opens up the PCNA so the DNA strand can be 
encircled (Fig. 3; Kelman, 2000). In bacterial organisms, the clamp-loading 
function is governed by the γ-complex of the PolIII DNA polymerase.  
 In archaea, the clamp loader is a homologue of the eukaryotic RFC protein 
and all sequenced archaea contain at least two Rfc homologues (large and 
small subunit). The P. furiosus, S. solfataricus and M. thermoautotrophicum 
Rfc have been shown to stimulate Pcna-dependent DNA synthesis (Kelman 
and Hurwitz, 2000; Pisani et al., 2000; Cann et al., 2001) 
 
 
Single strand binding protein, Rpa/SSB 
The replication protein A (RPA) in eukaryotes, and the single strand binding 
(SSB) protein in bacteria, removes secondary structures from single stranded 
DNA (ssDNA) that otherwise would interfere with the polymerase movement 
(Kelman, 2000). SSB also coats ssDNA to protect the DNA from attacks by 
nucleases and chemical modifications (Fig. 3).  

Several sequenced euryarchaeal genomes contain one RPA homologue, 
except Archaeoglobus fulgidus which contains two (Klenk et al., 1997). The 
euryarchaeal Rpa protein has similar properties as the eukaryotic RPA 
complex, with high affinity for ssDNA and similar length of the binding site 
on DNA (Kelly et al., 1998). This was shown with M. jannaschii Rpa which 
covers 20 bp, as compared to the eukaryotic RPA that covers 30 bp. The 
function of Rpa in archaea is not fully understood, but experiments with M. 
thermoautotrophicum Rpa show an inhibition of the polymerase activity, 
instead of stimulation like bacterial or eukaryal single strand binding proteins 
(Kelman et al., 1999). The inhibition was released after addition of Pcna and 
Rfc, suggesting a regulation to ensure that only the polymerase-clamp 
complex is active. Within the crenarchaeal branch, no RPA homologue has 
been found so far. Instead, an SSB homologue in S. solfataricus has been 
reported (Wadsworth et al., 2001; Haseltine et al., 2002). The S. solfataricus 
SSB does not cover more than 5 nt and does not contain a zinc-finger domain, 
as euryarchaeal Rpa. 
 
 
Topoisomerases 
When the replication machinery proceeds, positive supercoiling is produced in 
front of the replicase and negative supercoiling behind (Kelman and 
O’Donnell, 1994; Wang, 1996). To change the degree of supercoiling, 
topoisomerases can relax or introduce positive or negative supercoils into 
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DNA, by changing the number of topological links between the two DNA 
strands. The topoisomerase introduces a single or double strand break in the 
phospho-sugar back bone (type I and type II, respectively), translocates one or 
two DNA strands through the break(s), and subsequently reseals the 
phosphodiester bonds.  

Archaea contain both type I and II topoisomerases. Reverse gyrase (above) 
found in all hyperthermophiles, and TopoV (Slesarev et al., 1994; Kozyavkin 
et al., 1994) found so far only in Methanopyrus kandleri, belong to type I. 
TopoV can relax both positive and negative supercoils. Type II 
topoisomerases are represented by TopoVI, which relaxes both positive and 
negative supercoiling, first found in Sulfolobus (Bergerat et al., 1997), now 
known to be present in most archaeal genomes. Homologues of the bacterial 
DNA gyrase (topo II), a DNA topoisomerase introducing negative supercoils 
into DNA, are also present within Euryarchaeota (Methanosarcina, 
Thermoplasma, A. fulgidus and Halobacterium NRC-1)  
 
 
Primase 
The primase protein is used for both leading and lagging strand initiation in 
bacteria and eukaryotes (Fig. 3). The DNA polymerase needs a pre-existing 3´ 
hydroxyl group for initiation, which the primase does not. In eukaryotes, a 
combined RNA (8-12 nucleotides long) and DNA primer (about 30 
nucleotides long) is synthesised, but for bacteria only an RNA primer is made 
(Liu et al., 2001).  

All available sequenced archaeal genomes have been shown to contain a 
homologue of the eukaryotic primase, the p48 subunit (Bocquier et al., 2001). 
There are two experimentally characterised archaeal primases so far; one in 
M. jannaschii has been shown to synthesise oligoribonucleotides in vitro 
(Desogus et al., 1999), and the P. furiosus Pfup41 preferentially utilises 
deoxyribonucleotides for the synthesis of up to several kb long primers 
(Bocquier et al., 2001). The Pfup41 is probably regulated by Pfup46 and can 
under these conditions both make RNA and DNA primers. It has therefore not 
been resolved whether an RNA or/and DNA primer is used for initiation of 
DNA synthesis (Liu et al., 2001). 
 
 
Okazaki fragment 
Okazaki fragments consist of an RNA primer and the DNA generated by 
DNA polymerase δ (eukaryotes) or DNA polymerase III (prokaryotes) 
utilising the RNA primer as start position on the lagging strand (Fig. 3). The 
fragment is made from the end of the first RNA primer to the beginning of the 
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adjacent DNA fragment. The length of Okazaki fragments varies from several 
hundred for eukaryotes to 2000 bp for bacteria (Kelman, 2000). The archaeal 
fragments are estimated to be in the same range as the eukaryotic counterparts 
(personal communication, H. Myllykallio). The archaeal proteins involved in 
maturation of Okazaki fragments are homologues to eukaryotic DNA ligase, 
Flap endonuclease (FEN-1) and RNaseH (Hosfield, 1998a; 1998b; Shen et al., 
1998; Lai et al., 2000). RNaseH degrades the RNA primer, Flap endonuclease 
(FEN-1) cuts the flaps between two Okazaki fragments, and finally DNA 
ligase ligates the two DNA ends, generating a continuous DNA strand. 
 
 
Genome segregation 
 
Topoisomerases 
To be able to distribute one complete copy of the genome to both daughter 
cells before dividing, the two copies need to be resolved and segregated. The 
topology of DNA is an important factor for segregation of genomes.  

The two fully replicated copies of a circular genome may end up either as 
a circular dimer or as interlocked catenates after replication is finished. 
Changes in the geometry of the DNA by supercoiling is a driving force for 
DNA unlinking and chromosome partitioning needed, to decrease the risk of 
two chromosomes getting entangled (Dasgupta et al., 2000; Holmes and 
Cozzarelli, 2000). The supercoiling of the DNA is introduced and maintained 
by topoisomerases, and a mutant E. coli strain defective in topoisomerase II 
(gyrase) generated anucleate cells and cells with guillotined DNA (Norris et 
al., 1986). These problems are solved through the help of Top IV, which has a 
decatenating activity (Levine et al., 1998) and/or through site-specific 
recombination at the dif site with the help of XerCD recombinases (Sciochetti 
and Piggot, 2000). Topo VI from S. shibatae exhibits a strong decatenase 
activity and might perform a similar function as Topo IV within archaea 
(Bergerat et al., 1997). XerD-like recombinases have been identified in both 
eury- and crenarchaea. 
 
 
DNA binding proteins  
DNA binding proteins are responsible for compaction of DNA. The S. 
acidocaldarius protein Sac7d intercalates into the minor groove (Robinson et 
al., 1998), and thereby induces negative supercoiling (Lopez-Garcia et al., 
1998). The Sso7d protein from S. solfataricus can compact both positively 
supercoiled DNA and relaxed DNA molecules (Napoli et al., 2001). The 
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Sso10b (Alba) protein has been reported to bind to dsDNA, and modulates 
chromatin structure through deacetylation by Sir2 (Bell et al., 2002). 
 
 
Smc proteins 
The structural maintenance of chromosomes (SMC) proteins bind to DNA 
and pull it tighter together, leading to a more condensed DNA structure. 
Proteins from the Smc family are present in all three domains of life. The Smc 
proteins from eukaryotes are the most thoroughly studied, and a few 
biochemical and genetic characterisations have been performed in bacterial 
species, e.g. Bacillus subtilis and Caulobacter crescentus. The Smc proteins 
from both species were found to be needed for proper chromosome 
partitioning (Britton et al., 1998; Moriya et al., 1998; Jensen and Shapiro, 
1999; Graumann, 2001) and the B. subtilis protein was shown to be important 
for the segregation of replication termini, but not origin regions (Graumann, 
2000).  
 Archaeal Smc homologues have been detected in all sequenced, and most 
partially sequenced, genomes within the Euryarchaeota domain, but not in the 
four sequenced crenarchaeal genomes (S. solfataricus, S. tokodaii, 
Pyrobaculum aerophilum and A. pernix; Soppa, 2001). However, there are 
members of the Clusters of Orthologous Groups of Proteins (COGs) 
COG0419 that display structural, and some sequence, resemblance with Smc 
proteins. All members of COG0419 are probably involved in replication and 
repair within Sulfolobus. Other members of COG0419 are present in all 
sequenced archaeal genomes (Soppa, 2001). The first open reading frame 
(ORF) similar to an Smc protein within Sulfolobus was reported in S. 
acidocaldarius (Elie et al., 1997). Also, ORF SSO2249 in the sequenced 
genome of S. solfataricus is a member of COG0419 and predicted as an Smc-
like protein (She et al., 2001).  
 
 
Other possible factors for genome segregation 
The ScpA and ScpB proteins of B. subtilis have been shown to participate in 
chromatin organisation together with Smc proteins. Smc and Scp have been 
demonstrated to interact with each other, and scp mutants were shown to be 
affected in genome segregation and nucleoid structure (Soppa et al., 2002). 
The ScpA and ScpB proteins are widespread among euryarchaea, similar to 
Smc proteins. 
 Replicon partitioning could also be affected by short tandem repeats 
similar to bacterial plasmid partition (par) systems. Such repeats are known to 
exist in both archaeal and bacterial chromosomes (Mojica et al., 1995; 2000). 
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The archaeal plasmid pNOB8 contains six copies of 24-bp repeats and 
putative members of the ParA and ParB families of bacterial partition 
proteins. Deletions of these genes resulted in a plasmid which was not stably 
maintained (She et al., 1998). 

The Rio1p protein serine kinase in S. cerevisiae has been shown to be 
essential for yeast viability. Cells deprived of the protein are affected in cell 
cycle progression and genome segregation (Angermayr et al., 2002). The 
protein is highly conserved from archaea to human and are present in both 
eury- and crenarchaea. A role in archaeal chromosome segregation was 
suggested by the authors (Angermayr et al., 2002).  
 
 
Cell division 
 
Organisms within the Euryarchaeota branch have a common similar set of 
proteins for cell division as that of most bacteria (Bernander, 2000; Margolin, 
2000). The major bacterial cell division protein FtsZ forms a ring at mid-cell 
position, at the time of cell division, followed by constriction of the cell and 
subsequent division. The FtsZ ring has been visualised in Haloferax volcanii 
and Haloferax mediterrani (Wang and Lutkenhaus, 1996; Bernander et al., 
2000) with antisera against FtsZ. The Min system, represented by the 
minCDE genes in gram-negative bacteria are site-determination proteins for 
the FtsZ ring. In members of the Euryarchaeota, only the presence of the 
minD gene has been reported (Bult et al., 1996; Klenk et al., 1997; Smith et 
al., 1997). Neither FtsZ nor MinD proteins are known to exist within the 
Crenarchaeota branch. The only reported mode of cell division within the 
Crenarchaeota is so-called “snapping division” for Thermoproteus tenax. The 
rod-shaped cells were observed to snap in two in the middle, after a short 
period of vibration (Horn et al., 1999). 
 
 
The shape-determination protein MreB 
The MreB protein, structurally homologoue to actin (van den Ent et al., 2001) 
in eukaryotes has been described as a shape-determination protein in B. 
subtilis. The MreB protein together with the Mbl protein, are known to form 
intracellular filaments in B. subtilis (Jones et al., 2001). Archaeal ORFs with 
sequence homology to the bacillus mreB gene have been found in three 
archaeal organism: A. fulgidus, Methanopyrus kandleri and M. 
thermoautotrophicum. Only two of these are rod-shaped: Methanopyrus 
kandleri and M. thermoautotrophicum. 
 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6T39-3V5J61M-D&_user=651519&_coverDate=11%2F05%2F1998&_alid=55341283&_rdoc=1&_fmt=full&_orig=search&_qd=1&_cdi=4941&_sort=d&_acct=C000035158&_version=1&_urlVersion=0&_userid=651519&md5=b4411486b403101d5946c50d30ef6c07
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6T39-3V5J61M-D&_user=651519&_coverDate=11%2F05%2F1998&_alid=55341283&_rdoc=1&_fmt=full&_orig=search&_qd=1&_cdi=4941&_sort=d&_acct=C000035158&_version=1&_urlVersion=0&_userid=651519&md5=b4411486b403101d5946c50d30ef6c07
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6T39-3V5J61M-D&_user=651519&_coverDate=11%2F05%2F1998&_alid=55341283&_rdoc=1&_fmt=full&_orig=search&_qd=1&_cdi=4941&_sort=d&_acct=C000035158&_version=1&_urlVersion=0&_userid=651519&md5=b4411486b403101d5946c50d30ef6c07
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6T39-3V5J61M-D&_user=651519&_coverDate=11%2F05%2F1998&_alid=55341283&_rdoc=1&_fmt=full&_orig=search&_qd=1&_cdi=4941&_sort=d&_acct=C000035158&_version=1&_urlVersion=0&_userid=651519&md5=b4411486b403101d5946c50d30ef6c07
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The eukaryotic cell division protein Pelota  
A homologue (pelA) of the eukaryotic Pelota protein required for meotic cell 
division in S. cerevisiae and Drosophila melanogaster has been sequenced 
and cloned from S. solfataricus (Ragan et al., 1996). Homologues of the S. 
solfataricus pelA gene are found within all fully sequenced archaeal genomes. 
To my knowledge, no functional studies of this gene within any organism 
form the archaeal domain has been reported. 
 
 
Archaeal viruses  
 
Archaeal viruses are divided into euryarchaeal and crenarchaeal classes, 
according to their host organisms. There is a clear difference in morphology 
between the two groups, such that most euryarchaeal viruses resemble head-
and-tail bacteriophages, while crenarchaeal viruses are more diverse in shape, 
and occur as rods, filaments or spindles. Only dsDNA virus genomes, either 
circular or linear, have been found. Both lytic (cell lysis) and temperate 
archaeal viruses exist. The temperate viruses can switch from lytic growth to 
lysogeny (stable co-existence with the host).  
 Relatively few (around 100) archaeal viruses have been described, and to 
my knowledge, only six have been fully sequenced. Within the Bacteria 
domain there are around 5000 different bacteriophages described (Hendrix et 
al., 1999), and around 60 completely sequenced phage genomes (Brüssow and 
Desiere, 2001).  
 
 
Archaeal virus genomes 
Three completely sequenced euryarchaeal virus genomes have been 
published, of which two are haloarchaeal (HF2 from Halorubrum coriense; 
Tang et al., 2002 and ФCh1 from Natrialba magadii; Klein et al., 2002) and 
the other is from a methanogen (psiM2 from M. thermoautotrophicum 
Marburg; Pfister et al., 1998).  
 All known crenarchaeal viruses belong to four families: Rudiviridae, 
Fuselloviridae, Lipothrixviridae, and Guttaviridae (Zillig et al., 1998). 
Sulfolobus is the host for a large variety of viruses from all four families. 
Three crenarchaeal viruses, SSV1 from S. shibatae (Palm et al., 1991), and 
SIRV1 and SIRV2 from S. islandicus (Peng et al., 2001) have been fully 
sequenced. 
 The annotated ORFs within archaeal virus genomes are few, and comprise 
mostly ORFs encoding structural proteins. Several genes encoding 
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functionally related proteins have been found to be organised into 
transcriptional units in SSV1 and ФH (Gropp et al., 1989; Palm et al., 1991). 
 
 
Sulfolobus viruses 
The SIRV1 and SIRV2 viruses belong to the Rudiviridae family, which is 
unique for Sulfolobus (Peng et al., 2001; Prangishvili et al., 2001). Their 
genomes resemble those of eukaryal viruses such as pox and chlorella more 
than bacteriophages, both in structural aspects such as covalently closed DNA 
ends and inverted terminal repeats (ITRs), and in sequence similarity. The 
SIRV2 virus has been sequenced, and contains a linear dsDNA genome of 
35.5 kb with a single DNA-binding protein forming a tube-like structure.  
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Sulfolobus 

Physiology of Sulfolobus cells 
 
Organisms from the genus Sulfolobus belong to the Crenarchaeota branch 
within the Archaea domain. Their natural surroundings are usually geothermal 
areas, rich in sulphur, with a low pH (2-3) and a temperature around 80°C.  
 The morphology of the cells is lobed spheres of diameters ranging from 
0.2 to 2 µm (Fig. 4), with flagella for movement. The Sulfolobus cell envelope 
is constituted of a cytoplasmic membrane combined with an S-layer as cell 
wall. The S-layer is the most common type of cell wall among archaeal 
organisms, and is also widely distributed among bacteria (Sleytr, 1975; 1978; 
1988). It is composed of proteins and glycoproteins representing the simplest 
biological cell wall developed during evolution (Schuster and Sleytr, 2000). 
 Sulfolobus grows aerobically either as an autolithotroph with CO2 as 
carbon source and thiosulphate for the generation of energy, or as a 
heteroorganotroph with e.g. tryptone, sugars or yeast extract as carbon and 
energy sources. The large pH gradient between the inside and the outside of 
the cell is exploited to generate energy via ATP synthase (She et al., 2001). 
Under laboratory growth conditions the carbon and energy source is usually 
tryptone, which gives a generation time of around 4 hrs for S. acidocaldarius, 
and approximately 6 hrs for S. solfataricus. 
 
 
Sulfolobus genomes 
 
Organisms from the Sulfolobus genus are the most extensively studied within 
the Crenarchaeota branch (Fig.1; She et al., 2001), partly due to the 
convenience of its aerobic life style and the ability to grow both in liquid and 
on solid media. It is also a good model organism for research on mechanisms 
which have features shared with eukaryotes, such as DNA replication, 
transcription and translation. 
 So far, two Sulfolobus genomes, S. solfataricus (She et al., 2001) and S. 
tokodaii (Kawarabayasi et al., 2001), have been fully sequenced and 
published, and a third genome, S. acidocaldarius, is nearly completed. The S. 
solfataricus genome with a GC content of 36% (Sensen et al., 1998) contains 
close to 3.0 Mb of DNA on a single circular chromosome, encoding 3032 
potential protein coding regions (She et al., 2001). One-third of the genes 
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have no detectable homologues in other sequenced genomes from all three 
domains of life (around 100 genomes sequenced), 40% are archaea-specific 
and only 12% and 2.3% are shared exclusively with bacteria and eukaryotes, 
respectively. The S. solfataricus genome has the largest number of IS 
(insertion) elements (around 10% of the total genome) within any archaea 
found so far, which makes the genome dynamic and increases the risk of 
rearrangements during cultivation (She et al., 2001). Several 
extrachromosomal elements have been found, including plasmids and viruses 
from 4 different families (above). 
 The S. tokodaii genome with a GC content of 33% is slightly smaller than 
that of S. solfataricus, around 2.7 Mb, and contains 2826 potential protein 
coding regions (Kawarabayasi et al., 2001). No extrachromosomal units are 
known to exist, and there are fewer IS elements. 
 

A B

 
Fig. 4. Exponentially growing S. acidocaldarius cells A. Phase contrast 
illumination B. Nucleoid visualisation with DAPI (4΄,6-diamidino-2-
phenylindole) stained DNA. Bar equal to 2 µm. 
 
 
Sulfolobus cell cycle 
 
Sulfolobus species are the most commonly used archaea for cell cycle studies, 
and also often used as model organisms for crenarchaea in general. Most of 
the knowledge about the regulation and co-ordination of the Sulfolobus cell 
cycle has been generated in our laboratory (Bernander, 1998; 2000).  
 Sulfolobus cells have between one and two genome equivalents of DNA 
during exponential growth, and in stationary phase the cells all end up with 
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two fully replicated genomes (Fig. 5; Bernander and Poplawski, 1997). The 
lengths of the cell cycle periods have been determined in both S. solfataricus 
and S. acidocaldarius. The estimated B period did not exceed 5%, and usually 
it was less then 3% of the total generation time in both strains. The C and D 
period in S. solfataricus were estimated to 37% and 60% respectively. For S. 
acidocaldarius some variation in the relative lengths of the periods were 
detected, and the C period lasted between 26 and 40% and the D period 
between 58 and 72% of the doubling time (Fig. 6). 
 The nucleoid structure of both exponentially growing and stationary phase 
cells has been analysed using specific DNA binding stains (Poplawski and 
Bernander, 1997). The nucleoids of both S. solfataricus and S. acidocaldarius 
exponentially growing cells are highly structured and do not appear to fill the 
entire cell. In stationary phase cells, a larger part of the cell is occupied by 
DNA and the nucleoid appears less structured (Fig. 4B). 
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Sulfolobus cell cycle studies 

 
The possibility to be part of a new field that is rapidly emerging was and is a 
tempting opportunity. My work within the archaea field has given me a broad 
knowledge of life in extreme environments, insight into evolutionary aspects, 
as well as a deeper understanding of the cell cycle machinery and regulation 
in all three domains of life.  
 When I started as a Ph. D.-student the work on the archaeal cell cycle had 
mostly been focused on replication. In our lab, the cell cycle studies on 
coordination and regulation had just begun, and the early results were 
generated from analysis of Sulfolobus cells. Determination of the relative 
lengths of the cell cycle periods during exponential growth and in stationary 
phase cells had been performed (Bernander and Poplawski, 1997). 
 
 
Sulfolobus cell cycle regulation (paper I and II) 
 
My first project, dilution experiments of exponentially growing and stationary 
phase cell cultures into fresh medium (Paper I), was initiated as a search for 
insight into Sulfolobus cell cycle regulation. The lengths of the cell cycle 
periods were already known and I wanted to confirm previous data with the 
use of a different method (Bernander and Poplawski, 1997). I also wanted to 
study how cells behaved during changes of conditions, such as dilutions of 
cell cultures with fresh medium, and lowered temperature, to be able to 
improve protocols for physiological experiments and methods involving 
transient treatment at low temperature.  
 My second project was to study the interactions of antibiotics with targets 
of the main cell cycle processes; DNA replication, genome segregation and 
cell division (paper II). Antibiotic treatments inhibiting a cell cycle step 
generate a possibility to study the coordination with downstream cell cycle 
events. I also wanted to find out which antibiotic targets were present in 
Sulfolobus, and compare with bacteria and eukaryotic organisms.  
 The results presented in paper I and II were obtained from experiments 
with S. acidocaldarius DSM 639 and to some extent also S. solfataricus DSM 
1617, and partly with S. shibatae B12. The methods used were a combination 
of optical density measurements (OD), flow cytometry analysis (Fig. 5), 
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phase-fluorescence microscopy and viability assays measuring colony 
forming units (cfu). 
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Fig. 5. Schematic picture of the flow cytometry instrument, and DNA content 
and cell size distributions of S. acidocaldarius during transition from 
exponential to stationary phase.  
 
 
Introduction to flow cytometry 
 
Most of the results on the Sulfolobus cell cycle were generated by the use of 
flow cytometry (Fig. 5; Bryte HS flow cytometer; Bio-Rad). The method has 
been used for determination of the lengths of the cell cycle periods and their 
regulation for both prokaryotic and eukaryotic organisms (Skarstad et al., 
1995a; 1995b). This tool has the great advantage of providing a distribution of 
different parameters within a cell population, through measurements of both 
cell size and DNA content at the same time for each cell in a sample. 
 Samples of cells were rapidly fixed in ice-cold ethanol. The DNA was 
stained with a combination of mithramycin A (a fluorescent DNA-specific 
dye) and ethidium bromide (EtBr), to enhance the fluorescence yield. The 
analysis is conducted with a water jet passing over a cover slip placed in front 
of a filter block that selects the correct wavelength from a mercury arc lamp to 
make mithramycin A fluoresce. Since the fluorescence parameter is directly 
proportional to the DNA content (Bernander et al., 2001), an estimation of the 
amount of DNA can be made for each cell. The amount of scattered light 
nearly corresponds to cell size, although the cell shape composition has some 
influence. The fluorescence and light scatter parameters are plotted in two 
separate graphs against cell number, reflecting the DNA content and cell sizes 
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of the entire population (Fig. 5). It is also possible to plot a graph with a 
combination of the two parameters. 
 For genome size comparisons between different species, GC content has to 
be taken in account, since the DNA-binding stain mithramycin A 
preferentially binds to GC-rich DNA (Chakrabarti et al., 2000-2001). 
 
 
Dilution of exponentially growing cell cultures (paper I) 
 
Three Sulfolobus species (S. acidocaldarius, S. solfataricus and S. shibatae) 
were used. S. acidocaldarius cells stopped growing 30 min after a 2- to 10-
fold dilution of an exponentially growing cell culture with pre-heated fresh 
medium. The inhibition of cell growth continued for an additional 60 min and 
was associated with the disappearance of cells in the pre-replicative phase (B 
period), and also a decrease of cells in the replicative phase (C period). This 
indicated a block in cell division, while initiation and elongation of replication 
continued. After this transient block in cell division, the cells started to divide 
again and resumed their normal growth rate and cell cycle pattern. 
 The block in cell division was avoided when the cells were diluted with 
conditioned medium, from an exponentially growing culture from which the 
cells had been removed. This approach led to an unchanged amount of cells in 
the B, C and D period, and a logarithmic increase in optical density during the 
experiment. Dilution could cause disturbance of the cell culture due to 
changes in medium composition, including pH and concentrations of energy 
and carbon sources. With the use of conditioned medium, large changes in 
these parameters could be avoided. 
 
 
Dilution of stationary phase cells 
 
I wanted to study how cells pass from stationary phase into exponential 
growth. This experiment generated more information about the cell cycle than 
I had first anticipated, since the cells became synchronized after the dilution 
of a stationary phase cell culture.  
 Sulfolobus cells in stationary phase are smaller in size compared to 
exponentially growing cells, and contain 2 fully replicated genomes 
(Bernander and Poplawski, 1997). This is in contrast to E. coli, which divides 
without initiating replication as it approaches stationary phase, and ends up 
with fewer chromosome equivalent than in exponential phase. The number of 
chromosomes depends on the medium (poor or rich; Åkerlund et al., 1995). 
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A cell culture in stationary phase was diluted 5- to 10-fold into pre-warmed 
fresh medium. A continual increase in cell size was observed for the first 4 hrs 
after the dilution, associated with an OD increase. During this time no cell 
division was observed. After an additional 30 min, the first evidence of cell 
division was apparent as a peak in the flow cytometry corresponding to cells 
containing one genome equivalent of DNA. The dividing cell population 
increased for the next 3.5 hrs, and at the same time the largest cells in the cell 
population decreased in number. This also coincided with observations of 
dividing cells in the microscope. During the 4 hrs of cell growth, the cells also 
segregated their genomes, in order to provide each offspring with a copy of 
the genome. The time point for segregation of genomes was analysed in the 
microscope by counting cells with two segregated nucleoids. An increase was 
first seen after 3.5 hr, or 30 min before cell division was observed.  
 The average time point for initiation of replication in this experiment was 
not absolutely clear, since there might be an overlap between the 1- and 2-
genome peaks in the DNA content distribution in the flow cytometry. 
Replication initiation was estimated to occur no later than 30-40 minutes after 
cell division, and probably even earlier. 
 The data provided information about the regulation of the Sulfolobus cell 
cycle (Fig. 6); the cells first increased in size until they reached the 
appropriate cellular mass for genome segregation to proceed. The presence of 
a period separating DNA replication from genome segregation made us 
suggest that a G2-like period exists, similar to that of eukaryotic organisms 
(Fig. 6). When the two genomes were separated into different cell halves, the 
cell could divide, rapidly followed by initiation of replication.  
 The preferential state for Sulfolobus cells is to contain two genome 
equivalents during most of the life cycle, and also in stationary phase. This 
might be a way to safeguard the DNA in the harsh environment they live in, 
by enabling the cells to use one genome as a template for recombination 
during repair.  
 
 
Synchronous cell cultures 
 
Through the dilution of a stationary phase culture, part of the cell population 
entered each cell cycle step, i.e. cell division, genome segregation and DNA 
replication, in synchrony. Around 30% of the cell population divided during 
30 min (1/8 of the generation time of S. acidocaldarius). There was also a 
higher number (around 30%) of cells containing one genome equivalent of 
DNA after dilution, as compared to an exponentially growing cell culture 
(around 5%). Thus, a significant population of cells divided and initiated 
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DNA replication in synchrony, enhancing the possibility to study cell division 
and initiation of DNA replication in vivo and in vitro. This might make 
analyses of protein binding to the origin region, and the recruitment of 
subsequent proteins, easier to perform. The increased number of dividing cells 
could provide a possibility to study the division process, by microscopy with 
fluorescently labelled proteins that potentially are involved in cell division. A 
third possibility could be studies of cell-cycle regulated proteins with the use 
of microarrays. 
 
 
Transient temperature shift-experiments 
 
Exponentially growing cell cultures of S. acidocaldarius, S. shibatae and S. 
solfataricus were transiently transferred to room temperature (around 24°C) 
or ice-water baths. During the period of lowered temperature (6-8 hrs), no 
changes in cell size, cell growth or cell cycle patterns were observed. This 
was probably due to the inactivation of proteins involved in elongation of 
replication and cell wall synthesis the Sulfolobus growth temperature (79°C).  
 The transient shift to room temperature did not cause the cells any major 
visible problems, and they appeared to continue growing from the point at 
which they were stopped after return to high temperature. However, the ice-
water treatment caused a drastic decrease of cell viability, according to colony 
forming unit determinations. This was not detected in flow cytometry during 
the time of lowered temperature. Instead, DNA degradation was observed 
some time after the return to normal growth temperature. The delayed 
response to the treatments might be due to an inhibition of the metabolism, 
cell growth and replication at the lowered temperature. Upon return to normal 
temperature, either on plates or in liquid medium, DNA degradation took 
place as a result of the problems during lowered temperature. 
 These differences in DNA degradation and cell survival between room 
temperature and ice-water treatment are useful for development of methods in 
which the physical conditions of the cells are important; for example in 
transformation protocols, by avoiding ice-water incubations, or for short-term 
storage of cells. 
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Antibiotics (paper II) 
 
Antibiotics are not only used to kill germs, and make you well enough to 
return to work. Together with other drugs, they are extensively used as an 
analytical tool to study biological mechanisms such as transcription, 
translation, and cell cycle regulation, both in bacteria and eukaryotes. By the 
appropriate use of antibiotics a specific process can be inhibited, and effects 
on downstream events in the cell cycle can be investigated.  
 Antibiotics are also used to generate synchronous cell cultures. Additions 
of antibiotics can arrest a cell population at specific cell cycle stages; drug 
removal from such an arrested culture might then lead to a population of cells 
progressing in synchrony through the different cell cycle stages. Synchronous 
cell cultures are a powerful tool in the study of cell cycle-specific events, such 
as changes in both specific and global patterns of transcription and translation.  
 The antibiotic sensitivity pattern of archaea is different from that of other 
organisms, due to their combination of bacterial, eukaryal and unique targets 
(Böck and Kandler, 1985). Also, the extreme growth conditions of some 
archaeal organisms complicate the use of certain antibiotics, and the 
evaluation of their effects.  
 
 
Antibiotic additions 
 
In my selection of antibiotics to be used in the analysis of the Sulfolobus cell 
cycle, I employed two different approaches; the first was to look for 
antibiotics which had known effects on cell cycle mechanisms in either 
bacteria, eukaryotes or both (Table 3). The second was to find antibiotics 
which had affected growth or in vitro assays of archaeal organisms (Böck and 
Kandler, 1985; Sioud et al., 1987; Possot et al., 1988), preferentially 
Sulfolobus (Cammarano et al., 1985; Grogan, 1989; Bergerat et al., 1994; 
Aagaard et al., 1996). I tested the effects of 20 different antibiotics and drugs 
(Table 3) on cell growth, cell size and cell cycle patterns, using flow 
cytometry (Fig. 5) and phase- and epifluorescence microscopy as major tools. 
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Table 3. Antibiotics, their effects and possible targets in S. acidocaldarius 
Antibiotic Target Effects on S. acidocaldarius 

Actinomycin D Transcription 
Replication 

Blocked elongation of DNA replication  
and inhibited transcription 

Anisomycin Translation No effect 

Aphidicolin Replication Unclear effect 

Benzyl alcohol Unknown Runout phenotype 

Cytochalasin B Actin Genome segregation / cell division 

Cytochalasin D Actin Genome segregation / cell division 

Coumermycin A Topoisomerases Unclear effect  

Daunomycin Topoisomerases Genome segregation  

Distamycin A Transcription  
Replication 

Runout phenotype 

Geneticin G418 Translation No effect 

Hygromycin B Translation No effect 

Nalidixic acid Topoisomerases Runout phenotype / genome segregation 

Neomycin Translation No effect 

Nocodazol Microtubules No effect 

Novobiocin Topoisomerases Reduced replication rate  

Paromomycin Translation No effect 

Podophyllotoxin Microtubules No effect 

Puromycin Translation Unclear effect 

Tetracyclin Translation Chromosome replication, cell division 

Tunicamycin N-acetyl 
glucosamine 
transfer 

Cell division, protein glycosylation 

 
 
Inhibition of replication elongation leads to a block in cell division  
 
After addition of actinomycin D, a rapid and complete cessation of cell 
growth occurred, and no increase in either OD or cell size was observed. The 
DNA content distributions showed a slight decrease in the proportion of cells 
in the pre-replicative and replicative periods during the first 30 min after drug 
addition. However, this decrease did not continue, and no additional changes 
in the cell cycle were seen until about 5 hrs after drug addition, at which time 
DNA degradation occurred.  
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Thus, ongoing rounds of replication progressed for a short period of time after 
drug addition and then were arrested. No resumption of DNA synthesis was 
observed. This indicates a block in elongation of chromosome replication, 
which in turn inhibited genome segregation and cell division. Actinomycin D 
binds strongly to DNA duplexes and thereby interferes with replication and 
transcription (Robinson et al., 2001; Bini et al., 2002). The intercalating 
binding of actinomycin D to DNA duplex hinders the DNA polymerase 
activity in a general fashion. On the other hand, RNA polymerase is 
specifically inhibited by the actinomycin-DNA complex, which fits into the 
active site of RNA polymerase. The block in replication elongation was 
probably combined with an inhibition in transcription and translation, which 
resulted in a general cessation of cellular growth.  
 
 
Reduced replication rate 
 
The addition of novobiocin had a very strong, concentration-dependent, effect 
on S. acidocaldarius cells. At 1 µg/ml, no increase in cellular size was 
observed and only a small decrease in growth rate was detected. However, a 
dramatic change in the cell cycle pattern was seen, such that at 2 hrs after drug 
addition, the relative number of cells in the replication stage of the cell cycle 
increased dramatically.  

At 3 µg/ml of novobiocin, the growth rate was significantly reduced and 
the cellular size increased during the incubation. In parallel, cells in the pre-
replicative and replicative periods slowly decreased, but complete runout was 
not obtained. 

At the low concentration of novobiocin, the cells were able to continue to 
progress through the cell cycle and divide in the presence of the drug. 
Replication fork movement was slowed down, but not totally inhibited. At the 
higher novobiocin concentration, the ongoing rounds of replication progressed 
even slower, and eventually stalled in part of the population. The block in 
DNA replication inhibited cell division and no new rounds of replication were 
initiated.  

The targets for novobiocin in bacteria and eukaryotes are topoisomerases, 
which introduce or relax DNA supercoiling. The topoisomerases are involved 
in DNA compaction, DNA replication and decatenation of interlocked 
chromosomes after termination of replication (Osheroff, 1998). Our 
experiments showed that chromosome replication was slowed down or 
arrested, followed by a block in cell division. The growth of the cells was not 
inhibited by novobiocin, as seen with actinomycin D addition. This suggests 
that the crenarchaeal target for novobiocin was specifically the elongation 
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stage of replication. Similar effects of novobiocin have also been 
demonstrated for E. coli (Khodursky et al., 2000), and a recent report showed 
that novobiocin had no effect on S. solfataricus transcription in vitro (Bini et 
al., 2002). Both reverse gyrase (Mirambeau et al., 1984) and Topo VI 
(Bergerat et al., 1994) have been reported to be insensitive to novobiocin. At 
the moment there is only one more known topoisomerase, topoisomerase I 
(Top 1A homologue) that might be the target. However, an unknown 
topoisomerase or a different target cannot be excluded.  
 
 
Inhibition of genome segregation leads to a block in cell division 
 
Addition of daunomycin resulted in a significantly increased cell size and a 
reduced growth rate. Flow cytometry analysis, performed in parallel, showed 
disappearance of cells in the pre-replicative and replicative stages, and the 
exclusive presence of cells with a DNA content of two genome equivalents. 
The nucleoid structure was also affected, such that scattered fluorescence foci 
were observed within the cells, probably due to dispersed chromosomal DNA. 

The growth rate reduction in combination with increased cell size 
indicated that cell division was inhibited in the presence of daunomycin. This 
was also supported by microscopy observations, in which no dividing cells 
could be detected. The decrease of cells in the pre-replicative and replicative 
phase showed that ongoing rounds of replication continued to termination 
(replication runout), while no new rounds were initiated. 

We also found that synchronous cell cycle progression could be induced 
by drug removal similar to dilutions of stationary phase cell cultures (paper I) 
and treatment with a translation inhibitor GC7 (hypusination inhibitor N1-
guanyl-1,7-diaminoheptane; Jansson et al., 2000) 

Daunomycin is known to inhibit topoisomerases in eukaryotic cells and 
has been shown to induce DNA damage in yeast, predominantly in the G2 
phase (Osheroff, 1998; Potter et al., 2002, and references therein), generating 
cell cycle arrest. The S. acidocaldarius cells were inhibited at the same cell 
cycle phase as eukaryotic cells probably due to problems with genome 
segregation. The block in genome segregation was supported by the observed 
nucleoid structure, such that scattered fluorescence foci were present within 
the cells, instead of the one or two distinct florescent foci observed in 
exponentially growing cultures (Poplawski and Bernander, 1997) 

Topo VI has been suggested to promote chromosome decatenation after 
termination of replication in archaea (Bergerat et al., 1994), and could thus be 
a possible target. Topo VI has also been shown to be sensitive to daunomycin 
in in vitro assays (Bergerat et al., 1994).  
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Other topoisomerases such as reverse gyrase and topoisomerase I could also 
be possible targets. Reverse gyrase is present in S. acidocaldarius, and most 
probably also topoisomerase I, since it is present in most fully sequenced 
archaea (Champoux, 2001), and in both sequenced Sulfolobus species (She et 
al., 2001, SSO0907; Kawarabayasi et al., 2001, ST1216). The interference 
with genome segregation could by caused by inhibition of one of the 
mentioned topoisomerases, leading to less condensed chromosomes. The 
inhibition of chromosome segregation is likely to result in block of cell 
division, as well as of initiation of new rounds of replication. This type of 
regulation resembles check point mechanisms in eukaryotes (Murray and 
Hunt, 1993), and the SOS system in bacteria (Walker, 1996). 
 
 
Chromosomal re-replication after cell division inhibition  
 
Low concentrations of tunicamycin resulted in a gradual increase in cell size 
and a decreased growth rate. Cells in the pre-replicative and replicative 
periods gradually decreased in proportion, and had almost disappeared after 
incubation for 6 hrs. At the same time, a novel peak corresponding to 4 
chromosome equivalents emerged, and increased in size. These cells 
corresponded to the largest cells in the population. In parallel, cells with 
segregated nucleoids were observed in the microscope at all time points 
during the experiment. This showed that while the cell division was inhibited, 
part of the cell population could still continue to grow, segregate genomes, 
and initiate new rounds of chromosome replication. Thus, re-replication of 
both chromosomes took place, despite the inhibition of cell division. Previous 
studies have revealed a thermo-sensitive S. acidocaldarius mutant, DG134, 
with a similar phenotype (Bernander et al., 2000). The DG134 mutant was 
able to re-replicate the chromosome at non-permissive temperature despite 
inhibition of cell division. As in the case with tunicamycin inhibition, the 
mutant was suggested to be able to segregate the genomes despite the block in 
cell division.  

Tunicamycin is an inhibitor of the N-acetylglucosamine transfer reaction 
in the dolichol pathway in eukaryotic cells, preventing protein glycosylation 
(Lehle and Tanner, 1976), and of peptidoglycan synthesis in bacteria 
(Bettinger and Young, 1975). Bacitracin, which also inhibits the dolichol 
pathway, has been demonstrated to prevent S. acidocaldarius growth (Meyer 
and Schäfer, 1992), and tunicamycin treatments resulted in a reduction in the 
relative amount of glycosylated membrane proteins (Grogan, 1996). The most 
likely target for tunicamycin is the glycosylation of cell envelope proteins, 
interfering with the synthesis of cell wall material during the cell division 
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process, resulting in inhibition of the division. Chromosome replication and 
segregation were, however, allowed to proceed. This might be due to that 
inhibition of cell division, leads to enlarged cells and no immediate loss of 
DNA. If the cells divide during the block in DNA replication or genome 
segregation, anucleated cells or cells containing guillotined DNA will be 
generated after cell division. In the short run, the anucleate or guillotine 
phenotype is probably more lethal to the cells than the presence of multiple 
genomes. For all cases of inhibition (of genome segregation, DNA replication, 
or cell division) of the cell cycle studied in this report, the DNA in the S. 
acidocaldarius cells was eventually degraded but usually the cells seemed to 
keep their integrity intact. 
 
 
The minimal DNA replication rate in vivo 
 
The minimal rate of replication fork movement has been estimated in vivo to 
>250 bp/s (paper II). The estimation was generated from runout kinetics of 
chromosome replication during antibiotic treatments. The replication rate is 
probably closer to 210 bp/s, since the size of the S. acidocaldarius 
chromosome (2.7 Mb) was based on the published estimation from Kondo et 
al. (1993). This article presented a physical map of the S. acidocaldarius 7 
chromosome, but further studies have resulted in a re-classification of the 
organism as S. tokodaii (Kawarabayasi et al., 2001). An S. acidocaldarius 
genome size of 2.3 Mb (Grogan et al., 2001; our own calculations) is 
probably more accurate.  
 An S. acidocaldarius replication rate of ≈210 bp/s is similar to the 
published rate for P. abyssi (330 bp/s; Myllykallio et al., 2000). The archaeal 
replication rate is slower than the >800 bp/s for E. coli, but in the same range 
as that of Caulobacter crescentus (350 bp/s; Dingwall and Shapiro, 1989). 
The archaeal replication rate is, on the other hand, faster than what has been 
determined for several eukaryotes (40 bp/s for S. cerevisiae and 35 bp/s for 
mouse; Stillman, 1996). 
 
 
Summary of Sulfolobus cell cycle regulation (papers I and II) 
 
The major cell cycle events, chromosome replication, nucleoid segregation 
and cell division are coupled to cellular mass increase (Fig. 6). The replication 
is rapidly initiated after cell division is completed. There is a G2 period within 
the Sulfolobus cell cycle, similar that in the eukaryotic cell cycle. During this 
period, cells increase in size until they reach the desired mass or size for 
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segregating the genomes, followed by division. Downstream cell cycle 
processes are dependent of replication and segregation to proceed without 
interference. On the other hand, re-replication can take place after a block in 
cell division.  
 Synchronous cell cycle progression in S. acidocaldarius could be 
generated by daunomycin treatment, and even more conveniently by dilution 
of stationary phase cell cultures into fresh medium. Since there is more than 
one method available for generating synchronous cell cultures, the specific 
influence of medium or drug addition can be investigated. 
 After dilution of an exponential cell culture, the cell population needs to go 
through a couple of generations before the start of any experiments. Also, any 
experiments in which the physical condition of the cells is important should 
not include prolonged incubation below room temperature.  
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Fig. 6. The S. acidocaldarius cell cycle.  
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S. solfataricus replication pattern (paper III) 
 
In addition to a preliminary mapping of the location of the replication origin 
to the region around the cdc6-1 and cdc6-2 genes, the results of the marker 
frequency analysis (MFA) were also used to suggest the use of a single origin 
of replication in vivo, and a bi-directional mode of replication. 
 
 
Introduction to marker frequency 
 
The marker frequency analysis (MFA) is based on measurements of gene 
dosage around the replicating chromosome in exponentially growing cultures, 
producing a gradient from the origin to the terminus (Neidhardt et al., 1990). 
This method was originally developed for analysis of the E. coli chromosomal 
replication pattern (Bird et al., 1972), and recently applied to analysis of  the 
replication of the two archaea, A. fulgidus and M. jannaschii (Maisnier-Patin 
et al., 2002). 
 PCR-amplified and radioactively labelled DNA fragments (probes) from 
positions regularly spaced around the chromosomes were generated. 
Chromosomal DNA from exponentially growing and stationary phase cell 
cultures were extracted and cut with restriction endonucleases. The probes 
and the restriction endonucleases were chosen such that bands of different 
sizes (from 1 to 10 kb) were obtained after hybridisation. The chromosomal 
DNA was loaded onto agarose gels, electrophoresed and subsequently 
transferred to nylon membranes by Southern blot transfer. The labelled PCR 
products were pooled and hybridised to the filter, and the radioactivity in each 
band was quantified using a PhosphorImager (Molecular Dynamics). The 
amount of radioactivity obtained from exponentially growing cells was 
normalised against that from stationary phase cells, in which the relative 
abundance of all markers should be equal, and plotted against the map 
positions of the markers. 
 From the plot of the ratio between gene dosages in the two different cell 
cultures, exponential and stationary phase, an estimation of the location of the 
replication origin can be made. Also, the directionality of replication and 
numbers of origins utilised in vivo can be determined. 
 
 
Bi-directional replication 
 
The shape of the graph obtained from the gene dosage distribution across the 
chromosome demonstrated gradual slope from a peak at the replication origin. 
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A nearly symmetric gradient in both directions suggests bi-directional 
replication initiated from a single origin. So far, only bi-directional 
chromosome replication has been reported within any studied organisms. 
There are, however, viruses and plasmids that are known to replicate their 
DNA uni directionally. 
 For prokaryotic genomes, the most common organisation comprises a 
single origin from which replication is initiated. Eukaryotic genomes, on the 
other hand, exhibit multiple sites of initiation for a single round of replication. 
At least one archaeal organism (Halobacterium NRC-1), has been suggested 
to initiate replication from more than one origin (Kennedy et al., 2001). 
According to GC-skew analysis, which has been performed on several of the 
fully sequenced archaeal genomes, a single origin with bi-directional 
replication has been suggested for a majority of the genomes tested. 
(http://www.unil.ch/comparativegenometrics/phylo_tree.html).  
 
 

ig. 7. A circular map of the S. solfataricus genome with the 11 probes 

of the map. 

 
F
indicated as boxes in different grey shadings, on top of a schematic drawing 
of a filter with hybridised probes. A replication bubble is indicated with the 
origin region in the middle. The right panel shows a graph symbolising the 
gene dosage plotted against marker positions on the physical map, from an 
exponentially grown cell culture normalised against a stationary phase 
culture. The peak corresponding to the highest gene dosage coincides with the 
origin region, and the gradually falling gene dosage on both sides indicates 
bi-directional replication, finishing at the terminus region in the opposite side 

http://www.unil.ch/comparativegenometrics/phylo_tree.html
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Organisation/location of S. solfataricus origin  
 
From the results of the MFA, our preliminary data suggest an origin region to 

e located in the region encompassing the cdc6-1 (SSO0257) gene. In 

IRV2 interaction with Sulfolobus islandicus (paper IV) 

h 
s hyperthermophilic host S. islandicus. Changes in cell growth were 

b
prokaryotes, genes involved in initiation of replication are often located in 
close proximity to the origin region, e.g. dnaA in bacteria (Moriya et al., 
1999) and cdc6 in archaea (Myllykallio et al., 2000). Other genes involved in 
replication are also usually located around the origin. In P. abyssi, the dna2 
helicase (PAB0067), the RadB protein involved in replication and repair 
(PAB2270), the clamp loader large and small subunits rfcL (PAB0069) and 
rfcS (PAB0068), and the DNA polymerase genes dp1 (PAB2266) and dp2 
(PAB2404) are all located close to the origin (Myllykallio et al., 2000). In 
Sulfolobus, the cdc6-1 gene has two other replication genes in the vincinity, 
radA (SSO0250) involved in replication and repair, and the DNA polB dpo3 
(SSO0081) gene. The gene order in this region around the cdc6-1 gene in S. 
solfataricus and the protein (ST0471) in S. tokodaii is conserved. There is 
also an intergenic sequences of 1100 bp in length immediately adjacent to the 
cdc6-1 gene in S. solfataricus and its homologue in S. tokodaii. The predicted 
origin region in P. abyssi contain an intergenic region upstream the cdc6 gene 
in the same range (≈ 800 nt).  
 
 
S
 
We performed an in vivo study of the archaeal SIRV2 virus interacting wit
it
analysed by following optical density and colony forming units. Cell cycle 
progression and DNA degradation of the host chromosomes were analysed 
with flow cytometry. The genome size of S. islandicus and the relative length 
of the cell cycle periods were determined with flow cytometry. Also, for the 
first time intracellular virus DNA was visualised by flow cytometry.  
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Fig. 8. A simulation with ModFit software of a DNA content distribution from 
an exponentially grown S. islandicus cell culture indicating the B, C and D 
periods of the cell cycle. 
 
 
Introduction to ModFit and WinFlow software 
 
The ModFit and WinFlow softwares are designed for estimations of the 
lengths of the cell cycle periods in bacteria and eukaryotes. DNA content 
distributions of exponentially growing cell cultures obtained by flow 
cytometry are used for the simulations (Fig. 8). The WinFlow program 
requires determination of the standard deviations for the genome peaks, which 
ModFit does not. Both programs require knowledge about the position of the 
genome peaks corresponding to 1 and 2 chromosomes. The calculations of the 
length of the B, C and D periods were obtained by finding the best fit between 
the experimental data and the simulations generated by the programs. 
 
 
S. islandicus genome size and cell cycle  
 
The genome sizes of S. solfataricus and S. acidocaldarius have previously 
been determined by genome sequencing (She et al., 2001) and flow 
cytometry, respectively (Grogan et al., 2001; our calculations). Both strains 
were used as references for determination of the S. islandicus genome size, 
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and for estimations of the relative lengths of the cell cycle periods.  
 The GC content of the chromosomal DNA is similar in S. solfataricus 
(37%, She et al., 2001), S. acidocaldarius (37%, Grogan et al., 1990), S. 
tokodaii (33%; Kawarabayasi et al., 2001) and S. shibatae (35%, Grogan et 
al., 1990). Thus, we assumed that the GC content in S. islandicus is similar 
and does not affect the genome size estimation. The genome size of S. 
islandicus was estimated to be smaller than that of S. solfataricus (3.0 Mb) 
and similar to that of S. acidocaldarius (2.3 Mb).  
 The cell cycle periods were calculated from simulations generated by 
WinFlow and ModFit software. The S. islandicus B period was estimated to 
around 3%, the C period to 20-28% and the D period to around 72% of the 
total generation time. The cell cycle patterns are very similar among all 
analysed Sulfolobus strains (S. acidocaldarius, S. solfataricus, S. shibatae and 
S. islandicus) with a short pre-replicative period around 5% or less of the 
generation time, a C-period of 20-40%, and a D period of 60-75%.  
 The euryarchaeon A. fulgidus also has a similar cell cycle pattern 
(Maisnier-Patin et al., 2002). However, stationary phase A. fulgidus cells 
contain a single genome equivalent, as compared to the two genome 
equivalents in Sulfolobus species. M. jannaschii, on the other hand, does not 
display this type of cell cycle organisation (Malandrin et al., 1999). Instead, it 
contains 10-15 copies of the genome during exponential growth and 1-5 in 
stationary phase. Cell cycle features from additional archaeal organisms have 
to be analysed before it can be established whether the Sulfolobus cell cycle 
characteristics are typical for crenarchaea. 
 
 
Virus infection experiments  
 
S. islandicus was infected with SIRV2 at a multiplicity of infection (m.o.i.) of 
10. Cell growth, cell size, DNA content and effects on the host cell cycle were 
analysed with flow cytometry, counting of colony forming units (cfu) and 
optical density (OD) measurements. An exponentially growing culture of S. 
islandicus was grown in parallel as control.  
 
 
Virus infection 
Cell growth and viability (OD and cfu) were drastically affected already 1 hr 
after virus infection, such that only 10% of the cell population could form 
colonies, and only a slow increase in OD was detected, for the first 7 hrs. 

Effects on the host cell cycle were apparent within 2 hrs after virus 
infection, detected as a decrease in the population of cells containing <2 
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chromosome equivalents (cells in the B and C periods). There was also a 
slight increase in cells with degraded DNA. No change in the cell size 
distribution was observed during the first 10 hrs after infection. 
 The first intracellular virus DNA was detected 2 hrs after infection, when 
cells with a DNA content of more than two chromosomes started to appear. 
The maximum amount of virus DNA was reached about 5 hrs after the 
infection. The cells that contained the highest amount of DNA harboured 
about 3 genome equivalents of DNA, and the average DNA content per 
infected cell was around 2.5 genome equivalents. The uninfected culture 
contained 2 genome equivalents of DNA at most. 
 The decreased number of colonies formed on plates, and the slow increase 
in OD, might be due to problems with replication initiation, as indicated from 
the decreased B and C period populations during the first hrs after infection. 
The decreased amount of cells in the pre-replicative and replicative phase 
indicated that the cells were able to continue elongation of replication after the 
virus infection. The virus is known to infect S. islandicus cells already 14 min 
after addition at a m.o.i of 3, and viable virus particles could be detected 2.5 
hrs after infection, with plaque assays of released intracellular viruses 
(Prangishvili et al., 1999). Since we could visualise viral DNA regardless of 
the presence of functional virus particles, we were able to detect virus DNA 
already at 2 hrs after infection. 
 The amount of extra DNA in the cells varied, from none in non-infected 
cells, to 2.9 Mb in cells infected with SIRV2; this corresponds to about 80 
viral genome equivalents of DNA. The average amount of virus DNA in the 
infected cell population was around 1 Mb, or nearly equal to 30 virus 
genomes. The growth conditions (poor or rich medium) of the host cells 
influenced the amount of intracellular virus DNA, such that in rich medium 
(yeast extract and sucrose) the extra DNA was as much as 3.9 Mb in some 
cells, or around 110 copies of the virus. The average amount of virus DNA 
was around 1.8 Mb, or nearly 50 copies of the virus genome. These 
calculations fit previous estimations of 30 virus particles per cell (grown in 
poor medium) in plaque assays detecting the amount of infective viruses 
released (Prangishvili et al., 1999). The increased amount of virus DNA 
present in the cells grown in rich medium, could be due to the increased 
amount of energy and carbon source in the rich medium, providing more 
building blocks for virus production. 
 
 
Virus release 
The slow increase in OD for 7 hrs and the nearly constant cfu values from the 
1 hr time point, until 8 hrs post infection, support the possibility that initiation 
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of replication could not proceed. An increasing amount of intracellular virus 
DNA, reaching a maximum around 5 hrs, was followed by a slow decrease, 
until nearly no extra DNA was detected around 28 hrs post infection. The 
majority of virus particles were probably released from the cells starting from 
around 8 hrs until 12 hrs after infection, supported by the decrease in 
intracellular virus DNA, and a previous report showing virus release 
beginning around 6 hr after infection (Prangishvili et al., 1999). Virus release 
is probably followed by cell death as indicated by decreasing OD, a drastic 
drop in cell viability between 8 and 12 hrs, a massive DNA degradation, and a 
very low light scatter. The virus release might cause a loss of cell integrity, 
allowing the surrounding media (pH 2) to enter the cell interior (around pH 6) 
leading to DNA degradation. Probably, most of the viruses were released 
during less than 4 hrs, which is less than a third of a generation time (15 hrs). 
The presence of virus DNA during an additional 16 hrs might be due to a 
small population of cells, non-infected at the first virus addition, but 
subsequently infected by virus released from infected cells. Also, extra DNA 
can only be detected in cells in which DNA degradation has not began. Thus, 
a smaller population of cells is studied after the DNA degradation had begun. 
 
 
Survivors from the infection 
A small increase in OD and in the number of cells that were able to form 
colonies, was observed at 28 hrs after infection. Less then 1% of the initial 
cell population was present at this time. This might have been cells that were 
not infected, resistant or survivors of the infection. S. islandicus cells cannot 
be re-infected with the same virus, indicating that a SIRV2 infection generates 
immune cells (Prangishvili et al., 1999). The immunity against virus is 
probably connected to intracellular virus DNA. SIRV2 lacks an envelope, and 
contains only proteins attached to the DNA. Thus, the low pH and high 
temperature might be detrimental in the long run, leading to decreased 
amounts of virus. 
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Future projects 

Presently, we are trying to establish a more precise origin region for the 
initiation of replication by the means of microarrays. In the microarrays, every 
single ORF in the total genome will act as a marker, and this has previously 
been used for E. coli and Saccharomyces cervisiae (Khodursky et al., 2000; 
Raghuraman et al., 2001).  
 The possible origin region could also be tested by the help of a mini-
chromosome construction, with the suggested origin region ligated to a 
selectable marker. After transformation of the construct into Sulfolobus cells, 
it might be possible to conclude if the minichromosome utilized the inserted 
origin for replication, and thereby survived in the cell culture. After total 
DNA preparation, followed by restriction enzyme digestion and hybridization 
with specific probes for the minichromosome, the state of the 
minichromosome could be determined, such as inserted into the chromosome 
or as an extra-chromosomal unit.  
 
 
The use of microarrays to increase the knowledge about virus interactions 
with hyperthermophilic hosts is also an interesting project. A change of host 
system from S. islandicus to S. solfataricus would have to be done, since the 
S. islandicus genome has not been sequenced. Also, addition of virus ORFs to 
the S. solfataricus microarrays is quite easily performed, since the SSV1 virus 
has been sequenced (Palm et al., 1991). This will give more information about 
virus effects on host transcription during infection, about virus release, and 
also about early and late transcription patterns of the virus upon infection. 
 
 
Interesting studies of the major cell cycle events (DNA replication, genome 
segregation and cell division) can be initiated, when a transformable vector 
for complementation studies is available. Such a vector in combination with 
the existant S. acidocaldarius ts-mutants can generate a system for 
complementation studies. The ts-mutants have previously been characterised 
with flow cytometry (Bernander et al., 2000): this, in combination with 
complementation studies, generates a great potential for information about the 
cell cycle. Particularly interesting is the possibility to get insight into the 
unknown mechanisms of cell division in crenarchaea. 
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