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1. Summary 
 
Archaea is one of three domains of life, where the other two are the Bacteria and the Eukarya. 
These unicellular microorganisms, previously believed to be odd bacteria living in extreme 
environments, were first identified in the mid 1970’s. Molecular techniques using 16S rRNA 
sequences recognised archaea to be so unique that the prokaryotes had to be divided into two 
groups, giving the newly discovered organisms their own domain. They have an information 
machinery in which many of the proteins are homologs to eukaryal proteins, this despite the fact 
that archaea are prokaryotes. This fact makes it interesting to use the archaea, which can serve as 
simple model organisms, for studying complex eukaryal processes. The hyperthermophilic 
Sulfolobus acidocaldarius has been used widely for cell cycle studies since it is easy to synchronize 
and cultivate. Expression studies done on S. acidocaldarius using microarrays have identified a 
number of interesting genes shown to differ in expression during the cell cycle. Two of these genes 
are transcription factors, possibly regulating genes in the cellular processes of genome segregation 
and cell division.  
 
Formaldehyde can be used to form cross-links between DNA and protein. If combined with 
microarray technology and immunoprecipitation using specific antibodies for a transcription factor, 
it is possible to identify in vivo binding sites over a whole genome. In this project I used peptide-
specific antibodies against an Mn-dependent regulator and a transcription factor B (TfB) for 
enrichment of their DNA binding sites. A whole-genome microarray for S. acidocaldarius was used 
to analyse the possible binding sites. One of the goals was to try out the method and adapt it for 
archaea, which was successful. The second was to identify in vivo binding sites, which was less 
successful. The immunoprecipitation resulted in low DNA concentration and gave low signal 
strength upon analysing the microarray data. My conclusion is that the antibodies had low affinity 
for its antigen and therefore could not successfully enrich the transcription factor, which bound the 
DNA binding site. For a future study, I would use anti-protein instead of anti-peptide antibodies and 
add an amplification step after the immunoprecipitation to increase the DNA yield. 
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2. Introduction 

2.1 Archaea, the third domain of life 

The Archaea domain is one of the three main evolutionary lineages of life on Earth, together with 
the Bacteria and the Eukarya (Woese and Fox, 1977). Archaea is a monophyletic group of 
prokaryotes, unicellular, just as bacteria. What is special about them is that even though they are 
prokaryotes they have an information-machinery just like of the eukaryotes.  
 
Prokaryotes were previously all classified as bacteria, on the basis of physiological and cytological 
characterizations. Archaea were not recognised as a separate group until Carl Woese and co-
workers, who first exploited partial 16S rRNA sequences, studied the phylogenetic structure of the 
prokaryotic domain (Woese and Fox, 1977). The use of molecular tools revolutionized taxonomy, 
and Woese’s studies constituted a major breakthrough in classifying prokaryotes. The uniqueness of 
archaea among the prokaryotes resulted in a new phylogenetic tree, divided in three domains 
(Woese et al., 1990). Similar trees have been obtained with other universal molecular markers 
resulting in the same division.  
 

Fig. 1  
A simplified SSU rRNA model of the three domains, the Bacteria, the Eukarya and the Archaea, which represents the 
division of all life. The last universal common ancestor (LUCA) is the starting point and root of this model. 
 Archaeal sequences have been found in environmental samples from all thinkable habitats, representing new and 
previously uncultured archaea from the divisions, Crenarchaeota and Euryarchaeota. 
 
 

2.2 Diversity and phylogeny of Archaea 
 

2.2.1 Extreme habitats 
The first archaeon to be isolated, Sulfolobus acidocaldarius, was sampled from the Norris Geyser 
Basin, a hot pool in Yellowstone National Park in 1966 (Brock, 1967).  
After the recognition of Archaea they have been found, as bacteria, in all type of habitats, hot or 
cold. Archaeal extremophiles however thrive in habitats with high salt concentrations, high 
temperatures and low or high pH, generally a hostile condition for life. Archaea have been found in 
deep sea fumaroles, salt- mines and deserts and in acidic or alkaline environments all over the world 
(Robertson et al., 2005). 
 
The most thermophilic organisms on Earth are found among the archaea, some even at temperatures 
above boiling point. One strain of Pyrodictum has been demonstrated to grow at temperatures as 
high as 121°C (Kashefi and Lovley, 2003). Other extremophiles are found at sub-freezing 
temperatures. Nevertheless, the largest proportion and the highest diversity of archaea have been 
found in cold environments (0-10 °C) such as deep oceans, soils and arctic ice (Cavicchioli, 2006). 
 

 Bacteria

 Uncultured Crenarchaeota

 Cultured Crenarchaeota

 Uncultured Euryarchaeota

 Cultured Euryarchaeota

 Eukaryota

Archaea  LUCA 
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2.2.2 Other habitats 
Since the mid-1980s, new archaeal sequences have been identified from environmental samples by 
culture-independent analysis of rRNA, using domain-specific oligonucleotide probes (Pace et. al., 
1985). The result of these studies has changed the view on microbial ecology by revealing new 
habitats like forest soils, lakes and sediments, coastal and deep waters down to 3000 m in the 
Atlantic and Pacific oceans (Rajagopal et al., 1998). Other interesting findings are, as symbiont in a 
marine sponge (Preston et al., 1996) and inside human intestine (Lepp et al., 2004). Based on these 
findings, the roll of archaea has changed, from odd peculiarities living in extreme habitats to 
important members of their respective ecosystem and contributors to the Earths geochemical cycles.  
 
 
2.2.3 Phylogeny 
The archaeal domain can be divided into the phyla of the Euryarchaeota, the Crenarchaeota, the 
Nanoarchaeota and the Korarchaeota, not yet recognised taxonomically (Madigan et al., 2006, pp. 
447). Beside the recognised phyla there are uncultivated archaea that differ in rRNA sequence and 
are hard to place on the Archaea phylogenetic tree. Korarchaeota comprises the largest group of 
deep-branching unclassified archaea and have been found in several thermal environments 
(Auchtung et al., 2006; Barns et al., 1994). 
 

 
 
 
Fig. 2 Phylogenetic tree of the domain Archaea based on 16S ribosomal RNA gene sequence comparison. The major 
phyla are the Euryarchaeota, the Crenarchaeota, the Nanoarchaeota and the discussed Korarchaeota, here marked in 
bold letters. The two large branches represent the division between the major phyla, the Euryarchaeota and 
Crenarchaeota, here in bold letters and highlighted in green. Sulfolobus, here highlighted in red, belong to the 
Crenarchaeota branch of the tree, together with many other hyperthermoacidophiles. 
 
 
The Crenarchaeota is known for its sulphur and acid loving hyperthermophiles, mostly from 
volcanic terrestrial and marine environments with temperatures up to 100 ˚C. Most of these archaea 
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metabolise sulphur in one way or another e.g. the aerobic oxidation of H2S and H2 to sulphuric acid, 
making the habitats mildly to extremely acidic. Sulfolobus organisms can grow both as 
autolithotrophs, with sulphur compounds as energy source and CO2 as carbon source, and as 
heteroorganotrophs, with sugars, tryptone or yeast extracts as energy and carbon sources. 
 
Less recognised is a group of marine Crenarchaeota also called cold dwelling crenarchaeotes. They 
were first identified from community samplings of ribosomal RNA genes in non-thermal 
environments. Marine Crenarchaeota have now been found in marine waters and sediments world 
wide and are recognized as a dominating fraction of plankton in oceans (Fuhrman et al., 1992; 
DeLong et al., 2006; Leininger et al., 2006; Lipp et al., 2008). 
 
The Euryarchaea is a physiological diverse group of Archaea. This group contains extremely 
halophilic archaea, thermophiles and methane-producing archaea. The metabolism of methanogens 
to produce methane is a unique and complex pathway, only possible under strict anaerobic 
conditions (Madigan et al., 2006, pp. 453-455). Another reaction that has been observed in archaea is 
the oxidation of methane coupled to denitrification, in the absence of oxygen. This is only possible 
through syntrophy between one or several microorganisms, archaea or bacteria (Raghoebarsin et al., 
2006).  
 
Certain species of extremely halophilic archaea are capable of light mediated synthesis of ATP. 
Under oxygen-limiting conditions these archaea synthesize a membrane protein called 
“bacteriorhodopsin”, which uses solar energy to create a proton motive force to obtain energy 
(Madigan et al., 2006, pp. 448-452). Marine metagenomic studies have revealed rhodopsin 
proteins called “proteorhodopsins” also in planktonic marine  bacteria. The proteorhodopsins 
are widespread and diverse, and they do also share structural similarities with archaeal 
bacteriorhodopsins. The discovery has challenged the view of how energy enters marine ecosystems 
(Fuhrman et al., 2008). 
 
The Nanoarchaeota include of Nanoarchaeum equitans and represents a whole new kingdom.  
N. equitans has gotten much attention for its unusual rRNA sequence, which places it close to the 
root of the Archaeal phylogenetic tree (Forterre et al., 2009). This fascinating hyperthermophile is 
found at submarine vents, recognized by its parasitic relationship with its host Ignicoccus hospitalis. 
It is the smallest living organism known today, with a diameter of only 400 nm. N. equitans also 
harbours the smallest archaeal genome, only 0.5 Mb (Huber et al., 2002).  
 
 

2.3 Why study archaeal organisms? 
 

2.3.1 A model organism 
Despite the fact that archaea and bacteria both are prokaryotes, archaeal proteins involved in 
replication, recombination, transcription and translation are more similar to eukaryotic proteins, 
many of them being direct homologs (Bernander, 2003). The archaeal replication machinery 
represents a core version of the eukaryal one (Bell and Dutta, 2002; Bernander, 2000; Kelman and 
Kelman, 2003). This similarity makes it possible to use archaea in understanding the more complex 
processes in the eukaryal information system. The similarities of these two domains suggest that the 
Archaea and the Eukarya have shared a common linage of evolution before separating and forming 
the domains they constitute today.  
 
 
2.3.2 The last common universal ancestor 
Hyperthermophiles are represented in both of the prokaryotic domains, the Bacteria and the 
Archaea. They are defined by an optimal growth temperature above 80 °C (Madigan et al., 2006, 
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pp. 155-157). Hyperthermophiles are found near the root of rRNA phylogenetic trees. It has been 
suggested that the last universal common ancestor (LUCA) was a hyperthermophile (Woese, 1987; 
Pace, 1997). Since most of the hyperthermophilic organisms today belong to the domain Archaea, it 
is of great interest to study the archaea regarding the divergence of the three domains. 
 
 
2.3.3 Life on other planets? 
Extremophiles are organisms that thrive in environments previously thought to be inhabitable, 
under conditions of high radiation, heat, and pressure or freezing temperatures (Saffary et al. 2002; 
Ferreira et al. 1999). Since their discovery, there has been an increasing interest in astro- or 
exobiology in the search for extraterrestrial life, also the possibility of panspermia (the transport of 
life to one planet from another) (Rothschild and Mancinelli, 2001).  
 
 
2.3.4 Industrial importance 
The study of the Archaea would be beneficial also for industrial purposes, since the archaeal 
extremophiles withstand harsh conditions, they can be screened for useful proteins that are stable at 
high salt concentration or high temperature. An existing example is the Pfu DNA polymerase from 
Pyrococcus furiosus, a hyperthermophile inhabiting deep sea-thermal vents. This polymerase is 
used in the polymerase chain reaction (PCR), due to its stability at high temperature (Lundberg et 
al., 1991). 
 
 

2.4 Physical adaptation of thermoacidophiles  

Organisms categorised as acidophiles have their pH optima between 0-5.5. Thermophiles are a 
group of organisms that have their growth optima between 60 °C and 80 °C, while 
hyperthermophiles have even higher optima, between 80 °C and 110 °C (Huber et al. 2002).  
 
To survive such hostile environment, thermoacidophiles have evolved many adaptations and special 
features for membrane, protein and DNA stability. The most critical factor is the stability of the 
cytoplasmic membrane. A high concentration of hydrogen ions is required for membrane stability. If 
the pH would to change to neutral, the cell would lyse. In contrast to the bacterial and the 
eukaryotic fatty acid membranes, the archaeal membranes are made up by diether and tetra ether 
lipids. The lipids are chemically unique. Instead of ester linkage between the fatty acids to the 
glycerol, archaea have ether linkage. They also lack fatty acids and have instead side chains of 
repeating isoprene units. Four covalently bond isoprene units can form a lipid monolayer, instead of 
the common bi-layer. Lipid monolayers are very resistant and not surprisingly widespread among 
hyperthermophilic archaea (Madigan et al., 2006, pp. 468-470). 
 
 

2.5 Sulfolobus acidocaldarius 
 

2.5.1 Growth conditions 
S. acidocaldarius is an aerobic hyperthermoacidophile. The strain DMS639, isolated from 
Yellowstone National Park, has been used for many studies on archaeal and crenarchaeal biology 
(Chen et al., 2005). It grows optimally at 80 °C and pH 2 to 3 under strict aerobic conditions, 
preferably on complex organic substrates, including yeast extract, tryptone, casamino acids and a 
limited number of sugars. Also, if no other energy source is available, oxidation of hydrogen 
sulphide, tetrathionate and hydrogen gas is possible (Chen et al., 2005). 
 
The cells of S. acidocaldarius are round shaped with size ranging from 0.8 to 1.0 µm in diameter. 
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The  single chromosome consists of 2,225,959 bp (37% G C) with 2,292 protein encoding
genes; 305 are unique in S. acidocaldarius and 866 are specific to the Sulfolobus genus 
(Chen et al., 2005). Due to the fact that the genus Sulfolobus is aerobic, the culturing of the 
organisms in laboratories is relatively simple. This has led to a wide use of S. acidocaldarius for 
experimental purposes, for example to elucidate the cell cycle mechanisms (Jansson et al., 2000; 
Bernander and Poplawski, 1997). 
 
 
2.5.2 Replication, transcription and cell cycle 
All cells, whether they are eukaryotic, archaeal or bacterial, replicate their DNA. This is a 
fundamentally conserved process in all three domains as well as a vital function for all cellular life. 
Cells undergo chromosome replication, genome segregation and cell division, the key processes of 
the cell cycle.  
 
 
2.5.3 Replication 
DNA replication can be divided into three different stages, initiation, elongation and termination. 
Proteins that bind to the replication origins on the chromosome, locally unwind the DNA duplex 
and recruit the replication apparatus. DNA elongation follows and terminates where the two 
replication forks meet on the Sulfolobus circular chromosome. The next phase that follows is 
genome segregation, which is further followed by the division of the cell (Madigan et al., 2006, pp. 
180-186). For replication to start, there has to be a replication origin and a factor that binds to it. 
Origins in archaea are AT rich with inverted repeat elements and are flanked by a gene encoding the 
archaeal homolog of the replication origin, the recognition protein Cdc6. This protein is a part of a 
large initiation complex, the origin recognition complex (ORC), which recognizes the origins and 
directs the replication machinery starting with Cdc6 to the correct locations in the chromosome.  
S. acidocaldarius has been shown to contain three synchronously initiated replication origins on the 
chromosome, two of the origins being adjacent to a cdc6 gene (Lundgren et al., 2004). There are 
three paralogs of Cdc6: Cdc6-1, Cdc6-2 and Cdc6-3, all related to both Orc1 (subunit of ORC) and 
Cdc6 in eukaryotes (Robinson et al., 2004). The expression of these three proteins has been found 
to oscillate in a similar matter as cyclins do in the eukaryotic cell cycle regulation, suggesting yet 
another feature that could prove to be eukaryotic-like (Robinson et al., 2004).  
 
 
2.5.4 Transcription 
The archaeal basal transcription machinery resembles the eukaryal RNA polymerase II apparatus. 
For archaeal RNA polymerase to recognise promoter sequences two additional factors are required, 
the TATA-box binding protein (Tbp) and transcription factor B (TfB), homologs to eukaryal TBP 
and TFIIB respectively. A highly conserved region important for promoter strength is BRE (TfB 
responsive element). It has been suggested that its key role is to direct the pre-initiation complex of 
transcription (Bell and Jackson, 2001). 
 
Given the eukaryotic like nature of the basal transcription machinery, it would be no surprise to find 
gene regulators related to eukaryal regulators. Intriguingly, however, the majority of candidate 
transcription regulators are homologous to bacterial activators and repressors, with only a few 
candidate regulators that resemble eukaryotic gene specific transcription factors (Bell and Jackson, 
2001). Archaeal regulators have been characterized to some extent. Most of the characterized 
regulators belong to the Lrp/Asn C family (leucine responsive regulatory protein). S. solfataricus 
has been used in regulatory studies in vitro, such as for the regulator Lrs14, from a homolog to Lrp. 
It binds to its own promoter region auto-repressing its own transcription. In another study the 
sulfolobus regulator, ss-LrpB was found to bind cooperatively to three conserved targets in its own 
control region (Peeters et al., 2004). In yet another in vitro study in S. solfataricus, a radiation repair 
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protein (RadA) was characterized, the RadA paralogue sso0777. It is DNA damage inducible and is 
positively regulated by the Sta1 protein. Also in this chase, there is a presence of three motifs, 
which are absolutely essential for Sta1 DNA binding (Abella et al., 2007). However, little is known 
about archeal transcriptional regulation and co-factor requirements in vivo, including the target 
genes of regulators (Bell and Jackson, 2001). 
 
 
2.5.5 The Sulfolobus cell cycle 
The cell cycle of S. acidocaldarius is divided into the following cell cycle stages: pre-replicative 
(G1), replicative (S), post-replicative (G2), mitosis (M) and cytokinesis (D). Most of the cell growth 
occurs during the S-stage, represented by the exponential growth phase. After this active stage the 
cells enter G2. The cell cycle of the genus Sulfolobus has an unusually long G2 period, much like 
eukaryotic cells, which dominates the cell cycle. The arrest at the entry into stationary growth phase 
occurs in early G2. During this stage the cells contain two identical chromosomes (Hjort and 
Bernander, 1999).  
 
Cell cycle specific gene expression has a central role in eukaryotes, with different classes of cyclins 
being up and down regulated in different phases of the cell cycle. The synchronization of  
S. acidocaldarius cultures has been important for cell cycle studies. A microarray based whole 
genome investigation of gene expression in S. acidocaldarius by Lundgren and Bernander (2007), 
identified many genes whose expression oscillates during the cell cycle. This led to the 
identification of genes that are activated specifically when the cells go into 1) M, mitosis; 2) D, cell 
division; 3) S, replication and 4) G2, the post-replicative phase. A few of these genes represent 
transcription factors (TFs), candidate regulators of the cell cycle. During the same investigation, 
two genes were identified to code for a Mn-dependent regulator and a transcription factor B (TfB) 
paralogue. The expression of these two TFs  started early in the cell cycle, at about 30 min, which 
indicates a possible involvement in regulating genes in the two following phases, mitosis at 60 min 
and cell division at 70 min.  
 

2.6 What is microarray technology? 

Modern molecular biology has adapted robotic technology and achieved high spotting densities of 
DNA printed on glass slides, microarrays or chips (Shalon et al., 1996). This technique was 
developed as a tool to measure relative gene expression in organisms from a large numbers of genes 
at a given time. Microarray technology is based on Southern and Northern blot techniques, the 
detection of RNA and DNA species by hybridization on a solid support (Southern, 1975, Alwine et 
al., 1977, 1979). These approaches provided the basis for microarray hybridization with 
fluorescently labelled cDNA (Lucchini et al., 2001). On an array, genes are represented by probes to 
which the samples are hybridized. The attached probes can represent open reading frames (ORFs) 
of either PCR amplified cDNA, gene specific tags (GSTs), pre-synthesised oligonucleotides or 
libraries such as shotgun libraries. 
 
The samples to be hybridized are prepared as DNA or RNA, one sample and one reference that are 
differentially labeled. Labeling is performed with fluorescent dye, usually cyanine (Cy3 and Cy5), 
which has been synthesized with reactive groups on either one or both of the nitrogen side chains so 
that they can be chemically linked to nucleic acids (Ernst et al., 1989). For example, a sample and 
its reference can be two cultures representing different stages of a cell cycle. The RNA from the 
cultures is used to produce cDNA with reverse transcriptase, incorporating dye into the cDNA. Both 
samples are mixed together and hybridized to printed probes on a microarray platform of choice. 
Hybridization is detected by scanning the microarray with two lasers, one at wavelength 635 nm 
(Cy5) and the other at 532 nm (Cy3). The lasers excite the dye to emit light, which is measured by a 
detector.  
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The large amount of data that is extracted from a microarray requires substantial processing for 
analysis. The data processing consists of basically two steps: data clean-up and data mining. In the 
first step, the spots have to be assigned an identity, low quality spots or spots affected by non-
specific signal such as dust, are removed. A background subtraction is performed of the Cy5/Cy3 
ratios, by subtracting the median of the background intensity from the mean of the foreground 
intensity (Hess et al., 2001). In order to make the intensity signals comparable, the data are 
normalized, to remove systematic errors generated form e.g. varying sample input, dye, spatial 
differences over the arrays, print tip group effects from the chip manufacturing process and so on. 
The second step is data mining; it is the analysis of the processed data. Now, the data can be used to 
find e.g. characteristic expression patterns or grouping of genes (clustering) with similar behavior 
(Lucchini et al., 2001). 
 

2.7 The use of microarrays  

Being a genome-wide approach, microarrays have come to be very useful for functional and 
comparative genomics. A microarray produces a “transcript profile” or a “signature” for a particular 
organism under certain conditions. The utility of chip assays extends to the study of translational 
initiation (Kuhn et al. 2001) and DNA binding proteins (Ren et al., 2000). As more and more 
genomes become fully sequenced, they can now be used to produce microarrays of different sorts. 
These can be used further, for instance, to screen microbial communities (Wu et al., 2006), or to 
compare differences in expression caused by stress responses (Ye et al., 2000). The uses of 
microarrays also include protein based microarrays. Such arrays can be used for example for 
diagnosing purposes upon viral outbreaks, when fast and accurate results are needed (Zhu et al., 
2006). Microarrays produce huge amounts of data, which have to be analyzed. Good analytical and 
statistical tools are needed for data mining the data that is produced (Lucchini et al., 2001). The 
application of microarrays is only limited by the user’s own imagination.  
 
 
2.7.1 The study of DNA binding proteins using microarray technology 
ChIP-chip is short for chromatin immunoprecipitation (ChIP) combined with microarray (chip) 
technology (Fig. 3). ChIP technology alone is a ubiquitous tool for mapping genomes. The basic 
method involves treating living cells with formaldehyde, which fixes proteins to their DNA 
substrates inside the cell. The chromosomes are then extracted and fragmented by physical shearing 
or enzymatic digestion to desirable sizes, depending on the required resolution (Buck and Lieb, 
2004). Fragments with the protein of interest are selectively enriched in one of the following ways: 
ChIP with a protein-specific antibody (Ren et al, 2000; Buck and Lieb, 2004), ChIP of tagged 
protein, using an antibody, specific for the tag, or affinity purification using a tag not requiring an 
antibody, such as tandem affinity purification (TAP) (Puig et al., 2001). Sepharose or magnetic 
beads can be used for ChIP, which helps with the collection and washing of TF-DNA complex. 
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Fig. 3 Flow chart showing the ChIP-chip technique. 
Cell cultures are treated with formaldehyde and sonicated for lysis and random shearing of DNA. Fragments with 
bound proteins are immunoprecipitated with specific antibodies. Beads, here protein A-Sepharose beads, are used to 
collect the antibody-protein-DNA complexes. The cross-links are reversed with heat treatment and residual protein, 
degraded by proteinase before the DNA is purified. Next step is to label DNA with fluorescent colour, Cy3 or Cy5 along 
with a reference DNA-sample. Subsequently, the two samples are mixed, hybridized to a microarray and scanned with 
lasers for data extraction. 
 
 
Subsequently, cross-links are reversed before the DNA is purified. The purified DNA fragments are 
then assayed by a large variety of molecular methods such as Southern blot, PCR or more recent, 
microarrays (Orlando and Paro, 1993). 
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Whole genome microarrays coupled to ChIP can reveal the whole spectrum of binding sites of DNA 
binding proteins, such as histones or transcription factors (Buck and Lieb, 2004). Purified ChIP-
DNA is labelled and hybridized to an array platform of choice. ChIP-chip has proven to be an 
efficient method to map protein-DNA binding in vivo. Experiments done on Sacchoromyces 
cerevisiae have revealed the complex dynamics of transcription factor binding and chromatin 
organization (Ren et al., 2000; Iyer et al., 2001). Binding sites for several well-studied yeast 
transcription factors have been located, including several transcription factors required for cell cycle 
progression (Simon et al., 2001). ChIP-chip has been used for studies in Escherichia coli and the 
human genome, to map binding sites for transcription factors related to metabolic disease (Rhada-
Iglesias et al., 2005). To date, there is a lack of published ChIP-chip data on archaea. 
Microorganisms such as archaea have the advantage, compared to larger genomes, that whole 
genomes can be printed on one single microarray. 
 

2.8 Aims of this project 

My degree project was an extension of Lundgren and Bernanders work. My aim was to identify the 
binding sites of two transcription factors, TfB and an Mn-dependent regulator (Mn-DR), and the 
genes they regulate, in the archaea S. acidocaldarius. My project had two challenges, first adapting 
the ChIP-chip technique for studying a hyperthermophilic archaeon, second using a microarray 
platform designed originally for expression analysis of S. acidocaldarius and applying it for 
transcription factor studies. 
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3. Results 

3.1 Microarray platform 

The microarrays I used for my project were available from a previous study (Lundgren and 
Bernander, 2007). These microarrays were designed as dual-whole-genome arrays especially for 
expression studies in S. acidocaldarius and S. solfataricus, containing PCR probes in the size range 
of 100-800 nucleotides, most of them being 350-450 nucleotides long. Each printed probe 
representing a gene or a sequence somewhere along the gene.  
 
An optimally designed microarray platform for my project would be a tiled whole-genome array 
made out of PCR probes representing promoter sequences upstream of the open reading frames 
(ORFs), the possible binding sites of regulators. To compensate for the fact that the PCR probes lay 
too far downstream, using existing arrays, my challenge was to create long fragments of chromatin. 
I approximated the required chromatin length to about 2 kb instead of the usual  
1 kb to be sure to include the TF binding sites upstream of the PCR probes (Fig. 4). 
 

 
Fig. 4 Upstream promoter elements and possible binding site of a transcription factor (TF) in the archaeon S. 
acidocaldarius. The numbering refers to transcription start site (INR)(+1), TFIIB-responsive element (BRE), RNA 
polymerase II binding site (TATA box). The PCR probe is a sequence chosen from somewhere along the open reading 
frame (ORF) to represent a gene on the microarray.  

 

3.2 Hypothesis 

My hypothesis was this: the antibodies designed to identify the two transcription factors would bind 
the TFs and selectively enrich the target sequences. Using two very sensitive methods, that include 
antibodies and microarray technology, I expected results even though no amplification was to be 
performed on the target DNA. 
 
 

3.3 Fixating and sonicating chromatin to 2 kb 

Formaldehyde was used on S. acidocaldarius cultures, to covalently bind proteins on the chromatin 
template in vivo. Sonication was the obvious choice for cell disintegration. Chemical or enzymatic 
lysis would have caused damage to the proteins that were to be studied. Shearing of chromatin to 
sizes of about 2 kb was done mechanically with sonication, executed at different amplitude and 
duration to get the correct size fragments. This was done on cultures with and without formaldehyde 
treatment. Before I could extract the DNA from the fixed cell lysate the cross-linked proteins were 
removed, using proteinase K and heat treatment. It was followed by DNA extraction and finally gel 
electrophoresis. The first sonication treatment was too effective, fragmenting the chromatin to sizes 
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around 500 bp and smaller (Fig. 5).  
 
 

  
 
Fig. 5 Sonicated DNA from S. acidocaldarius cultures, which had been fixated with 1% formaldehyde, sonicated at  
22.5 kHz. 1) 3 x 20 s at 10 W, 2) 3 x 10 s at 20 W, 3) 2 x 20 s at 20 W and 4) negative control. Lanes 5-8 are duplicates 
of 1-4. M, is a 1 kb ladder. 
 
 
 

 
 
Fig. 6 Sonicated DNA from S. acidocaldarius cultures, which had been fixated with 1% formaldehyde. Sonication was 
performed at 10 W and 22.5 kHz. Lane 1) 1s, 2) 5 s, 3) 10 s, 4) 15 s, 5) 20 s, 6) 25 s, 7) 30 s, 8) 35 s, 9) 40 s, 10) 45 s 
and 11) 50 s.  
 
 
Several attempts were made to obtain longer fragments. I had to reduce the time of sonication to 1-
35 seconds (Fig. 6). The most suitable sonication treatment was estimated to be around  
15-30 s, at 10 W (Fig.6; lane 4-7). Compared to the other treatments, the majority of the chromatin 
then was found around 2000 bp. Longer sonication resulted in shorter chromatin fragments, 1500 
bp and shorter (Fig. 6; lanes 10, 11 and 12.). The time of sonication I chose to continue with was 15 
s. After sonication, the next step was to expose the lysate to peptide-specific antibodies and to 
perform a ChIP. 
 

3.4 Chromatin immunoprecipitation with peptide specific antiserum 
 

3.4.1 Antiserum production 
At the start of my project, the peptide specific anti-sera that had been ordered were delayed due to 
production complications. A back-up plan was laid out, to try out the ChIP-chip method using 
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antibodies made against the Cdc6-1 protein, involved in forming the initiation complex for 
replication in Sulfolobus spp. This antiserum was already available on location and had been used in 
a previous study (Robinson et al., 2004). 
 
To enable enrichment of the DNA bound to the two transcription factors, I needed specific 
antibodies, recognizing epitopes on the protein surfaces. However, the transcription factors had just 
been identified and there were not any cloned and purified proteins available for antiserum 
production, so peptides were selected for immunization. Bernander R. and Lundgren M. selected 
and ordered the serums prior to my involvement in the project. 15 amino acid long peptides from 
the Mn-DR and the TfB protein were chosen for synthesis and immunization, with the criteria that 
they should be water-soluble with minimum risk of cross-reacting with other peptides. Other criteria 
were to be available as epitopes on the surface of the native proteins and suitable for synthesis, 
conjugation and immunization in a rabbit host. A Western blot was performed on anti-Mn-DR, to 
test the affinity for crude whole cell lysate (native protein) and peptide lysate (positive 
reference).The result from the Western blotting made on the peptide-antibodies was hard to 
interpret. The cell lysate had formed a large smudge while the peptide reference had formed a small 
weak band. 
 
 
3.4.2 Immunoprecipitation 
Immunoprecipitation was carried out with antiserum against all three proteins, the Cdc6-1 and the 
two transcription factors, the Mn-DR and the TfB. Sepharose beads conjugated to protein A were 
used to bind DNA-protein-antibody complexes for enrichment. After incubation, the beads were 
collected, washed and finally eluted. The acquired samples were treated with proteinase K followed 
by heating. The heat reverses the bonds between the DNA in the target sequence and the protein A 
on the sepharose beads. After reversing the formaldehyde fixation, the DNA is free for purification. 
Phenol/chloroform/isoamyl alcohol and ethanol precipitation was used for DNA purification, giving 
the following DNA concentrations (Table 1). 
 
 
Table 1. DNA concentration after selective enrichment with specific antibodies for respective protein. 
Protein targeted  DNA concentration (ng/µl) 
Mn-dependent regulator  24 
TfB  17.2 
Initiation protein Cdc6-1  36 
Genomic DNAa  536 
a DNA that had not been immunoprecipitated, just fixed with formaldehyde and sonicated 15 s at 20 W and 22.5 kHz. 
 
 

3.5 Enriching a target sequences with antibodies 
 

3.5.1 Testing the Cdc6-1 antiserum 
An indirect experiment was executed testing the anti-Cdc6-1 serum's efficiency in enriching its 
target DNA, the cdc6-1 gene. This was done because I suspected the antiserum to be less active due 
to the fact that it had been stored at 4 °C for some years. It was carried out as a polymerase chain 
reaction (PCR) experiment with the aim to compare the amplification with two primer pairs, one 
pair to amplify the known binding sequence of Cdc6-1 and the other pair, a control amplifying a 
distant gene. The primer pair for cdc6-1 flanked the binding site of Cdc6-1. The same DNA 
template was used in both reactions. 
 
Different numbers of amplification cycles was tested to determine in which cycle the product first 
appeared, my hypothesis being that if the target sequence was present in a higher copy numbers 
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than the control, then the product will be visible in an earlier cycle. Five reactions of each primer 
pairs were done using different number of PCR cycles 20, 23, 25, 28 and 30 (Fig. 7).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 7. Cross-linked and sonicated S. acidocaldarius chromatin was immunoprecipitated using antiserum against  
Cdc6-1. PCRs was carried out with primers designed to flank the known Cdc6-1 binding site, expecting amplicons of 
about 300 bp. Five reactions with different number of cycles were carried out using cdc6-1 primers and control primers, 
amplifying a distant gene (saci1012). Lanes 1–5 represents the controls. 1) 20 cycles, 2) 23, 3) 25, 4) 28, 5) 30. Lanes 
6–10 are samples amplifying cdc6-1, 6) 20 cycles, 7) 23, 8) 25, 9) 28, 10) 30. The marker used was GeneRuler 1 kb 
DNA Ladder, ready-to-use (Fermentas, cat. no. #SM1163). 
 
 
Gel electrophoresis of the samples (Fig. 7) illustrates how a distinct band of about 300 bp appears at 
23 cycles for the cdc6-1 primers (lane 7) compared to cycle 25 (lane 3) for the control primers. The 
overall result of the PCR experiment was a 2 cycle difference. When calculating the relative 
difference of the experiment of exponential amplification (225–223 = 25 x 106) this equals a 
difference of 25 x 106 molecules, equivalent to 4 times more product in the enriched sample (cdc6-
1) than of the non-enriched control.  
 
 
3.5.2 Hybridization to microarrays 
DNA from the ChIP-samples was labelled and hybridized using a well-established protocol 
(Lundgren and Bernander, 2007).  
 
When Cdc6-1 was investigated, the binding site was known. I could determine if the correct spot 
had an increased ratio or not. Unfortunately, there was no increase in intensity compared to the 
control. Several attempts were made to hybridize the ChIP-samples with antiserum against the Mn-
DR and TfB. The experiments resulted in signals too weak for analysis with high background noise, 
or no signal at all. Fig. 8 illustrates an example of a hybridization of a ChIP-sample using anti- Mn-
DR. The microarray platform consists of two genomes; S. acidocaldarius and S. solfataricus. The 
two Sulfolobus species are printed in a repeated pattern in duplicates on the microarray. The areas 
representing S. acidocaldarius are expected to show green spots in contrast to the areas in-between, 
representing S. solfataricus. Here green spots are visible representing the control DNA labelled with 
Cy3.  
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Fig. 8 Part of a dual-genomic-microarray containing S. acidocaldarius and S. sulfolobus probes printed in repeated 
patterns, in duplicates. The arrows point to S. acidocaldarius probes hybridizes to sonicated genomic S. acidocaldarius 
DNA (green).  
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4. Discussion 

4.1 The perfect fragmentation 

Formaldehyde not only fixates protein-DNA, but also protein-protein. Its denaturing effect on all 
proteins can modify and mask target epitopes from antibody binding, an effect that can alter the 
ChIP outcome (Orlando, 2000). Sonication was surprisingly efficient. I expected it to be much 
harder due to the fact that formaldehyde induces covalent binding between protein-protein and 
nucleic acid-protein molecules. The S. acidocaldarius cell-wall consists only of proteins (S-layer) 
and might therefore cross-link, forming a compact structure making the cells difficult to break open. 
However, minimum sonication input was needed, 15 seconds was the time chosen for the 
experiment, just enough to make the chromatin soluble. Longer treatment resulted in fragments 
shorter than the desired 2000 bp, whereas shorter treatments did not fragment the chromatin. 
Shearing DNA to a size of about 1000 bp or smaller is usually recommended for good resolution 
(Buck and Lieb, 2004). Longer sizes will result in less resolution and non-specific binding to 
neighbouring probes. The question of resolution can be sorted out later, by priming the sequence 
and performing a PCR. Nevertheless, my primary objective was to find the TFs binding sites. I 
chose long chromatin fragments to include possible upstream binding sites of the TFs that could 
otherwise be missed. 
 

4.3 How efficient is the Cdc6-1 antiserum? 

Cdc6-1 antiserum was used to selectively enrich targeted chromatin. The activity of the antiserum 
was questioned since it had been stored for two years at 4 ºC. To test the efficiency of the 
enrichment, a PCR was done using primers flanking the known binding sites of Cdc6-1 protein. 
PCR is a sensitive method and in theory it can produce amplicons from one single molecule. The 
enrichment of the sample was calculated to be four times more than of the control. An enrichment 
of x 4 is of significance, since a typical Chip yields only submicrogram quantities of DNA (Liu et 
al., 2003). A more exact method of comparing amplification ratios would be to use real time PCR 
(qPCR). It would measure the product in real time, the ratio of the target at start and finish. This 
PCR test did however demonstrate that my ChIP protocol was successful, and that I could continue 
with the investigation of my first objectives, the TFs. 
 

4.4 The importance of high affinity antibodies 

The success of the ChIP procedure relies on the use of antibodies that will bind specifically and 
tightly to its target protein. With this in mind, I questioned the binding conditions and affinity of the 
antibodies to the target, the native protein. Basing my conclusion on the Western blot analysis, it is 
possible that the epitope corresponding to the chosen peptide ended up hidden in the native protein 
due to clustering of many proteins, perhaps as protein-protein and protein-DNA interaction that 
forms complex nuclei-protein, much like regulation factors in bacterial systems. The clustering of 
many proteins can help explain why the antibodies had low affinity to their target proteins. More 
important is the question of whether to use anti-peptide or anti-protein antibodies. If given a second 
chance to do the ChIP-experiment, I would want to use anti-protein antibodies. This would result in 
a larger repertoire of epitopes in the antiserum and possibly increase the DNA yield. Western blot 
analysis would be used before and after ChIP, for identification of the target and to measure the 
enrichment efficiency. 
 

4.5 Hybridizing samples to microarrays 

Hybridizations of control DNA to microarrays were successful. Unfortunately, the binding sites 
could not be identified for any of the three proteins investigated due to low signal strength. This 
might be the result of too low DNA concentrations, only the reference DNA could be detected in the 
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ChIP-samples. The microarray technique requires a minimum amount of DNA of about 1 µg when 
the whole genome is studied. In my chase only the enriched sequence was to be mapped on a 
whole-genome microarray, therefore the amount required for a positive result, meaning 
hybridization to one or two probes, would be less. The acquired amount of ChIP-DNA after 
extraction was 0.17–0.36 µg. With a sensitive method like microarray technology, my hypothesis 
was that even small amount of ChIP-DNA would be detected. Furthermore, even if the result had 
been elevated log ratio for two neighbouring probes, this can easily be investigated further.  
 

4.6 Future analysis 

4.6.1 Obtaining more DNA 
Low DNA yields from ChIP-reactions usually make DNA amplification a requirement for 
microarray based detection (Buck and Lieb, 2004). In this study I wanted to avoid amplification 
with PCR, to keep the same length of the sonicated chromatin. Primers would otherwise amplify the 
short to medium length pieces without any problem. However, the DNA polymerase would likely to 
fall off the DNA strand when copying long pieces of chromatin, thus changing the length ratio of 
the sonicated chromatin. 
 
I have learned from experience that the sensitivity of the microarray technology is not enough to 
obtain a successful hybridization of ChIP-DNA; there has to be some kind of amplification. So, a 
continuing future project would be to amplify ChIP-DNA before labelling and hybridizing. There 
are different amplifications methods I could use to obtain more DNA: ligation mediated PCR, 
random primed PCR or T7-linear amplification (Liu et al., 2003).  
 
Random primed PCR methods involve adding a fixed sequence to the ends of ChIP-DNA 
fragments, either by ligation or primer extension, using oligonucleotides with a fixed 5’ tail and a 
random 3’ end (Bohlander et al., 1992). However, exponential amplifications, as with PCR-based 
methods are highly susceptible to length bias. Hence, sequence dependent and length dependent 
bias are amplified exponentially, which in this chase could alter the ChIP-chip outcome (Liu et al., 
2003). For this particular study a linear amplification would be preferred such as the T7-based 
linear amplification method, even though the procedure is time consuming and complicated. 
However, it does not change the length ratio since it copies chromatin fragment of all sizes, just 
once (Liu et al., 2003). The method consists of several steps; T-tails (poly-thymine) are ligated to 
the ChIP-DNA 3’ ends. A second strand is synthesized using a primer containing a poly-A sequence, 
and also a T7 promoter. The extension of the other strand is done by the Klenow polymerase. The 
final product, a double stranded DNA, can then be transcribed by the T7-polymerase and produce 
RNA. The RNA is transcribed to cDNA. In this last step the cDNA can be labelled for microarray 
hybridisation (Liu et al., 2003). 
 

 
4.6.2 How to find the exact binding site of a transcription factor 
ChIP-chip preformed with the average chromatin size of 2 kb gives the approximate location of the 
transcription factor-binding sites in vivo. Further, to find the exact binding sites down to the single 
nucleotides, there are method such as DNase I foot printing. This common technique has been used 
to determine the exact binding sites of Cdc6-1 and other initiation proteins in S. solfataricus 
(Robinson et al., 2004). To use this method there has to be a cloned and purified protein, and in 
addition some prior knowledge as to where on the chromosome the protein might bind. After a 
successful ChIP-chip the possible binding sites are narrowed down to one or two probes on the 
genomic-microarray. The footprinting reaction is done in three stages (Galas and Schmitz, 1978): 
first the binding of the TF to the DNA, partial digestion of the protein-DNA complex with DNase I, 
and separation of the digestion fragments on a DNA sequencing gel. In addition to the footprinting 
method I would continue to investigate the binding site further to confirm the results. One way 
would be to introduce specific mutations in the binding site and study the TF’s binding efficiency to 



 19

altered sequences by electrophoretic mobility shift assay (EMSA). A mobility shift assay involves 
electrophoresis separation on non-denaturing gels of polyacrylamide or agarose. This method can 
determine if a protein or mixture of proteins is capable to bind to a given DNA or RNA sequence. 
Proteins in DNA-protein complex will move slower than free DNA across the gel (Singh and 
Aggarwal, 1995). Using this method, I would test the protein binding capacity against the wild-type 
sequence and several mutated sequences at different concentrations. 
 
 
4.6.3 Finding regulatory networks 
The ChIP method has during recent years been used with new high-throughput detection methods, 
for analyzing purified DNA fragments more efficiently, with the aim of identifying regulatory 
networks. ChIP coupled to high-throughput sequencing (ChIP-seq), like the Solexa/Illumina 
sequencing technology (Smith et al., 2008), is the next thing and will most likely take over after 
ChIP-chip. This ChIP-seq has already been used successfully in studies of histone methylation 
(Barski et al., 2007) and TF-studies (Robertson et al., 2007; Valouev et al., 2008) in the human 
genome. 
 
Further bioinformatic studies can be very useful; aligning all promoters that bind a certain 
transcription factor can help determine conserved boxes or promoter regions. When combining the 
total information of expression studies, ChIP-chip and DNase I foot printing, with computational 
approaches it will be possible to elucidate transcriptional regulatory networks. These patterns of 
interactions between regulators and regulated genes, including co-factor requirements, if any, will 
help us understand not only S. acidocaldarius cell cycle regulation, but also the general rules of 
transcriptional regulation in archaea. 
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5. Materials and Methods 

5.1 Strain and growth conditions 

S. acidocaldarius strain DSM639 was used from a stock stored at -80 °C. Plates with Dennis 
Grogan medium (DGM, table 2) were prepared and heated to 76 °C. The cells were streaked out on 
the warm plates, put into plastic bags, sealed and incubated for five days at 76 °C. 
 
 
Table 2. Dennis Grogan Sulfolobus Medium* 
Substances  Amount 
A. Solid minerals   
H2O  500 ml 
K2SO4  6 g 
NaH2PO4  1 g 
MgSO4 x 7H2O  0.6 g 
CaCl2 x 2H2O  0.2 g 
   
B. Minerals in solution   
FeCl3 x 6H2O (40 mg/ml)  50 µl 
CuCl2 x 2H2O (1 mg/ml)  200 µl 
CoCl2 x 6H2O (1 mg/ml)  200 µl 
MnCl2 x 4H2O (10 mg/ml)  20 µl 
ZnCl2 (10 mg/ml)  20 µl 
   
C. Other   
D-xylose  4 g 
Caseamino acids  2 g (20 ml 10% v/w solution) 
L-glutamine  2 g 
Uracil (only auxotrophic strains)  40 mg 
* Protocol for 1 litre 2 x DGM solid medium 
 
 
Three colonies were inoculated into a 100 ml Erlenmeyer flask with 30 ml pre-warmed (79 °C) 
Allen mineral base (pH 2), supplemented with 0.2 % tryptone (Table 3). The flask was incubated in 
a water bath at 79 °C with constant agitation. 
 
 

Table 3. 1 x Allen Basal Salt Medium per liter (Brock et al., 1972). 
Substance  Amount 
(NH4)SO4  1.3 g 
KH2PH4  0.28 g 
MgSO4 x 7H2O  0.25 g 
CaCl2 x H2O  0.07 g 
FeCl3 x 6H2O  20 mg 
Na2B4O7 x 10H2O  4.5 mg 
MnCl2 x 4H2O  1.8 mg 
ZnSO4 x 7H2O  0.22 mg 
CuCl2 x 2H2O  0.05 mg 
Na2MoO4 x 2H2O  0.03 mg 
VoSO4 x 5H2O  0.0381 mg 
CoSO4 x 7 H2O  0.05 mg 
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Cells were cultivated continuously during the entire experimental period of this project, with 
volumes of 50 ml in 200 ml flasks. 2 ml culture was transferred to 48 ml fresh pre-heated Allen 
medium from cultures in stationary phase every 24 hours to keep the culture viable through the 
whole study. The cell growth was monitored by measuring the optical density (OD) at 600 nm. Only 
cells in early exponential phase, around OD 0.1, were used for the experiments. 
 

5.2 Chromatin immunoprecipitation 
 

5.2.1 In-vivo fixation 
20 ml culture was put in a 50 ml Falcon tube for each sample. Formaldehyde (SIGMA, F8775) was 
added to the samples to a final concentration of 1%. Slow shaking was permitted for 20 minutes at 
room temperature. 2.5 M autoclaved glycine was then added to a final concentration of 0.125 M and 
the sample incubated as before. 
 
 
5.2.2 Harvesting and washing of cells 
The fixated cultures were centrifuged for 15 minutes at 2500 x g at 4 °C. The supernatant was 
discarded into a toxic waste container. 50 ml of 4 °C phosphate-buffered saline  
(PBS; SIGMA) was used to resuspend pellets before centrifuging a second time. This was repeated 
once. 4 ml of 4 °C TBSTT buffer (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.1% Tween 20, 0.1% 
Triton X-100) was used to resuspend the pellets before a final 15 min-centrifugation in a bench top 
centrifuge at 5.8 x g and 4 °C. The supernatant was discarded and the pellets were stored at -20 °C.  
 
 
5.2.3 Sonication 
Harvested pellets were thawed at room temperature and kept on ice during the entire sonication. 
The pellets were resuspended in 1 ml 4 °C TBSTT buffer and sonicated, still in the same 50 ml-
Falcon tubes, with a Microson ultrasonic celldisruptor XL2000. The tip of the probe, a 3.2 mm tip 
operating at 22.5 kHz, was kept close to the bottom of the tubes. Sonication was tested at different 
effect (W), lasting from 1–50 s. The samples were transferred to 1.5 ml tubes and centrifuged in a 
microcentrifuge at 4 °C for 30 min at 16040 x g. A small fraction of the cell lysate was used to 
control the size of sheared DNA fragments by gel electrophoresis. The remaining supernatant was 
transferred to new 1.5 ml-tubes for storage at -20 °C, to be used further in ChIP-chip. 
 
 
5.2.4 Agarose gel electrophoresis 
A 2% agarose gel in Tris-acetate-EDTA (TAE buffer) (Sambrook et al., 1989) was used for size 
control with a GeneRuler™ 1kb DNA Ladder Plus, size standard (Fermentas). 
 
 
5.2.5 Antisera and immunoprecipitation 
The affinity purified antisera against the two transcription factors were not available at start. The 
antisera had been prepared in rabbits against peptides, both 15 amino acids long. Due to difficulties 
in synthesizing the peptides (antigen), production of the ordered antisera was delayed and cut short. 
Shorter immunization resulted in antisera with low antibody concentration (table 4).  
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Table 4. Antisera concentration 

Antiserum  Concentration (mg/ml) 
   
Anti-Mn-DRa  1.38 
Anti-Cdc6-1b  43.8 
Anti-TfBa  2.3 
a) Anti-peptide antibodies. 
b) Anti-protein antibodies. The antiserum had been stored at 4° C for some time; its concentration was determined using 
a NanoDrop. 
 
 
The amount of antisera to be used was calculated to saturate the binding capacity of the Protein A-
Sepharose® 4B conjugated beads. 0.55 mg of each antibody was added to 1.5 ml tubes containing 
800 µl cell lysate and incubated at 4 °C with agitation for 3 hours. This was followed by the 
addition of 25 µl Protein A-Sepharose® 4B conjugate (Zymed laboratories, 10-1041) and further 
incubation for one additional hour. Beads were collected by centrifugation in a microcentrifuge for 
1 min at 16040 x g. The supernatant was saved and marked INPUT. The beads were resuspended in 
700 µl TBSTT buffer at room temperature and transferred onto Corning Spin-X® centrifuge filters 
(SIGMA; CLS8163) for collection.  
 
The beads were washed by shaking at 4 °C for 3 minutes before being centrifuged for 2 min at  
16040 x g. The flowthrough was discarded and the wash repeated. Another two washes were 
performed as previously, using buffers with increasing stringency. The first wash was with 700 µl 
TBSTT containing 0.5 M NaCl and the second wash with 700 µl TBSTT containing 0.5% Tween 20 
and 0.5% Triton X-100. The filters were placed in new tubes and 100 µl elution buffer (20 mM Tris-
HCl pH 7.8, 10 mM EDTA, 0.5% sodium dodecyl sulphate(SDS)) was added to the centre of each 
filter. The samples were then incubated for 30 min in a 65 ˚C water bath before being centrifuged 
for 2 min at 16040 x g. The eluate was transferred to 0.5 ml tubes marked IP.  
 
The formaldehyde induced crosslinks were reversed by the addition of proteinase K mixture (20 
mg/ml, 0.05 M Tris-HCl (pH8.0), 5 mM CaCl2), to a final concentration of 10 µg/µl and heating in 
a thermocycler, programmed to run at 65 ˚C for 6 h and then 37 °C for 10 h (over night).  
 
 
5.2.6 DNA purification 
One volume of phenol:chisam 1:1 was added to the ChIP samples before they were vortexed and 
centrifuged in a microcentrifuge for 5 min at 16040 x g. The top phase was transferred to a new 1.5 
ml-tube and one volume of chloroform:isoamylalcohol 24:1 was added. Vortexing and centrifuging 
was repeated. The top phase was transferred to new tube. 1/10 volume of 3M NaAc and 3 volumes 
of cold 95 % ethanol was added. This was put in a -80 °C-freezer for 25 min, later centrifuged at 
16040 x g for 30 min at 4 °C. The supernatant was gently poured off and the pellet washed with 
cold 70% ethanol. Another centrifugation at 16040 x g was performed for 15 min at 4 °C. The pellet 
was dried by pouring off the supernatant and centrifuging under vacuum for about 5 min. 10 µl 
MilliQ water was added to dissolve the pellet over night or for about 60 min at 55 °C. The next step 
was to label and hybridize the purified DNA to microarrays (see part 5.4). 
 

5.3 Testing antiserum efficiency with the polymerase chain reaction 

20.5 μl water was added to PuReTaq™ Ready To-Go™ PCR Beads (Amersham) to dissolve the 
pre-dispensed pellets. Each pellet contains stabilizers, buffer, nucleotides, 2 to 2.5 units of puReTaq 
DNA polymerase, and reaction buffer. 1.25 μl of each primer (table 5) was added from 10 μM 
stocks. 2 μl of template DNA of unknown concentration was finally added to the reaction mixture. 
The control and the IP samples were divided in different reactions, to run for different number of 
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cycles: 20, 23, 25, 28, and 30. The samples were divided and set two per thermal block, each block 
programmed differently. The PCRs were conducted in a thermocycler using the parameters in table 
2. 
 
 
Table 5. Primers 
 Forward primers 5´ to 3´ Reverse primers 3´ to 5´ 
   
cdc6-1 TCGCCTTAATCCAAAACCAG TCCTACCCTTTTTCAGGGTTG 
saci1012* CACCATGGAACTTACCCCAAGATTG TTAAACTTTCACTTTCTTAGTCCCTC 
* Control primers. 
 
Table 6. PCR program 

Cycle Time Temperature (°C) Steps 
Initial step: 10 min 95 denaturation 
 30 s 95 denaturation 
20-30 cycles a 30 s 55 annealing 
 1 min 72 extension 
Final step 4 min 72 final extension 
 a The number of cycles differed per reaction. 20, 23, 25, 28 and 30 cycles were programmed for five thermal blocks to 
run parallel.  
 
 

5.4 Microarrays 
 

5.4.1 DNA labelling 
IP-DNA and the reference, genomic DNA, were labelled separately with Cy5 and Cy3 respectively. 
The volume and concentration of the IP DNA varied depending on the sample (< 2 µg). 5 µg 
random nonamer primer (Operon) and water was added to a final volume of 10 µl. This was put in a 
95 °C heat block for 5 min and there after on ice for at least 2 min. The labelling mixture (Table 7) 
for each reaction was prepared while the samples cooled down. The labelling mixture was added to 
the DNA samples and incubated on a heating block for 2 hours at 37 °C. The labelled samples were 
washed using MinElute™ Reaction Cleanup Kit (Quiagen Handbook 2003).  
 
Table 7. Contents of a labelling reaction 
Ingrediant Amount 
Klenow buffer c 2 µl 
25 x Nucleotide mix a 0.4 µl 
1 mM Cy3 or Cy5 b 1 µl 
DNA polymerase I, Klenow fragment (5 U/µl) c 1 µl 
H2O To 10 µl final volume. 
a Mix: 12.5 mM of each dATP, dCTP, dGTP; 5 mM dTTP and 57.5 mM KPO4 (pH 8.0)   

b Cy3 (PA53022) and Cy5 (PA55022) 25 nmol from Amersham Bioscience 
c Invitrogen Cat. no. 18012-039 
 
 
5.4.2 Hybridization 
DNA microarrays, desiged and described by Andersson and colleagues (Andersson et al., 2005) 
were used. The arrays, dual-genomic microarray, were made from PCR primers from 2182 and 
1060 genes of S. solfataricus and S. acidocaldarius respectively, and printed on glass slides 
(Corning). The microarrays were incubated in a 42 °C pre-hybridization solution for 40 min (5x 
saline sodium citrate (SSC solution x 20 pH 7: NaCl 175.32 g/L (3 M), Na3-citrate x 2 H2O 88.23 
g/L (0.3 M)), 0.1% SDS containing 1% (w/v) bovine serum albumin (SIGMA)).  
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The slides were thereafter washed by dipping in three different Coplin jars filled with MilliQ water 
and a fourth with isopropanol. A microarray high-speed centrifuge (ArrayIt, TeleChem International 
Inc.) was used to dry the slides. 20 µl labelling reaction, was combined with 57 µl hybridization 
mixture (400 µl formamide, 200 µl 20xSSC solution and 10 µl 10% SDS, final volume 610 µl), 2 µl 
5 µg/µl tRNA and 1 µl 10 µg/µl herring sperm DNA. A heating block was used to incubate the 
samples for 2 min at 95 °C. The samples were allowed to cool for at least 1 min then put in 
hybridization cassettes (ArrayIt®, TeleChem International Inc.). Cover glasses were applied on top 
(Lifter slip™, Thermo Fisher Scientific Inc.). The sample sizes injected under each slides were 
about 70 µl. 10 µl of water was added to the chamber’s humidity wells just before applying the lid 
and sealing by tightening of the screws. The sealed hybridisation cassettes, containing a slide each, 
were lowered down horizontally, in a 42 °C water bath and further incubated for 20 hours. 
 
The first wash solution containing 2x SSC and 0.1% SDS was pre-warmed to 42 °C before use. The 
slides were washed for 5 min in the first solution and then for 10 min in a second solution 
containing 0.1x SSC and 0.1% SDS at room temperature. Five Coplin jars, filled with a third wash 
solution of 0.1x SSC, were used for the final wash. The slides were dipped in the five consecutive 
jars and centrifuged dry in a microarray high-speed centrifuge (ArrayIt, TeleChem International 
Inc). The microarray slides were stored dust free and dark until scanning. 
 
 
5.4.3 Scanning 
The microarray slides were scanned using GenePix Personal 4100 scanner (Molecular devices), a 
confocal laser scanner. The wave lengths 635 nm (Cy5) and 532 nm (Cy3) were used. With laser 
and photomultiplier set at 100%, the scanning of Cy5 representing the IP samples, was done at 770 
volts and scanning of Cy3, representing the controls, was done at 650 volts. Microarray data 
extraction and image processing was done by using GenePix Pro 5.0 software (Molecular devices).  
 
 
6. Acknowledgements 
Special thanks to Rolf Bernander for all his help, support and patience. I want to give lots of thanks 
to Karin Carlson and to the Archaeal cell cycle group, consisting of Karin Ekefjärd, Maria 
Lindgren, Erik Karlsson and Magnus Lundgren, for great support and good times. Last but not least 
I want to thank Jonas Balkefors for putting up with me during the writing process. 
 



 25

7. References 
 Abella M., Rodriguez S., Paytubi S., Campoy S., White M.F. and Barbe J. 2007. The 

Sulfolobus solfataricus radA paralogue sso0777 is DNA damage inducible and positively 
regulated by the Sta 1 protein. Nucleic Acids Research, 20: 6788-6796. 

 
 Alwine J.C., Kemp D.J. and Stark G.R. 1977. Method for detection of specific RNAs in 

agarose gels by transfer to diazonbenzyloxymethyl-paper and hybridization with DNA 
probes. Proceedings of the National Academy of Science 74: 5350-5354. 

 
 Alwine J.C., Kemp D.J., Parker B.A., Reiser J., Renart J., Stark G.R. and Wahl G.M. 1979. 

Detection of specific RNAs or specific fragments of DNA by fractionation in gels and 
transfer to diazobenzyloxmethyl paper. Methods in Enzymology 68: 220-42. 

 
 Andersson A., Bernander R., Nilsson P. 2005. Dual-genome primer design for construction 

of DNA microarrays. Bioinformatics 21:325-332. 
 

 Auchtung T.A., Takacs-Vesbach C.D. and Canvanaugh C.M. 2006. 16S rRNA phylogenetic 
investigation of the candidate division “Korarchaeota”. Applied and Environmental 
Microbiology, 7: 5077-5082. 

 
 Barns S.M., Fundyga R.E., Jefferies M.W. and Pace N.R. 1994. Remarkable archaeal 

diversity detected in a Yellowstone National Park hot spring environment. Proceedings of 
the National Academy of Science, 5: 1609-1613. 

 
 Barski A., Cuddapah S., Cui K., Roh T.Y., Schones D.E., Wang Z., Wei G., Chepelev I., 

Zhao K. 2007. High-resolution profiling of histone methylation in the human genome. Cell 
4: 823-37. 

 
 Brock T.D. 1967. Evolution, ecology, and biochemical significance of organisms living in 

hot springs is discussed. Science 148:1012-1019. 
 

 Bernander R. 2000. Mapping of a chromosome replication origin in an archaeon. Trends in 
Microbiology 8: 535.537. 

 
 Bernander, 2003. The archaeal cell cycle: current issues. Molecular Microbiology 48:599-

604. 
 

 Bernander R. and Poplawski A. 1997. Cell cycle characteristics of thermophilic archaea. 
Journal of Bacteriology 179: 4963 – 4969.  

 
 Bell S. and Jackson S. 2001. Mechanism and regulation of transcription in archaea. Current 

opinion in microbiology 4: 208-213. 
 

 Bell S. and Dutta A. 2002. DNA replication in eukaryotic cells. Annual Review of 
Biochemistry 71: 333-374. 

 
 Bohlander S.K., Espinosa III R., Le Beau M.M., Rowley J.D., Díaz M.O. 1992. A method 

for the rapid sequence-independent amplification of microdissected chromosomal material. 
Genomics 13: 1322-1324. 

 
 Buck J.M. and Lieb J.D. 2004. ChIP-chip: considerations for the design, analysis, and 



 26

application of genome-wide chromatin immunoprecipitation experiments. Genomics 
83:349-360. 

 
 Cavicchioli R. 2006. Cold adapted archaea. Nature Review of Microbiology 4:331-334. 

 
 

 Chen L., Brügger K., Skogvaald M., Redder P., She Q., Torarinsson E., Greve O., Awayez 
M., Zibat A., Klenk H. and Garretti R. 2005. The genome of Sulfolobus acidocaldarius, a 
model organism of the Crenarchaeota. Journal of Bacteriology 187:4992-4999. 

 
 DeLong E.F., Preston C.M., Mincer T., Rich V., Hallam S.J., Frigaard N.U., Martinez A., 

Sullivan M., Edwards R., Rodrigues-Brito B., Chisholm S.W., Karl D.M. 2006. Community 
genomics among stratified microbial assemblages in the ocean’s interior. Science 5760: 496-
503. 

 
 Ernst L.A., Gupta R.K., Mujumdar R.B., Waggoner A.S., 1989. Cyanine dye labeling 

reagents for sulfhydryl groups. Cytometry 1:3-10. 
 

 Ferreira A.L., Nobre M.F., Moore E., Rainey F.H., Battista J.R. and da Costa M.S., 1999. 
Characterization of and radiation resistance of new isolates of Rubrobacter radiotolerans 
and Rubrobacter xylanophilus. Extremophiles 4: 1431-0651. 

 
 Forterre P., Gribaldo S. and Brochier-Armanet C. Happy together: genomic insight into the 

unique Nanoarchaeum/Ignicoccus association. Journal of Biology 8:7. 
 

 Fuhrman J.A., McCallum K. and Davis A.A. 1992. Novel major archebacterial group from 
marine plankton. Nature 356: 148-149. 

 
 Fuhrman J.A., Steele J.A., Hewson I., Schwalbach M.S., Brown M.V., Green J.L. and 

Brown J.H. 2008. A latitudinal diversity gradient in planktonic marine bacteria. Proceedings 
of the National Academy of Sciences USA 22:7774-7778. 

 
 Galas D.J. and Schmitz. 1978. DNAase footprinting a simple method for the detection of 

protein-DNA binding specificity. Nucleic Acids Research 9:3157-3170. 
 

 Hess K.R., Zhang W., Baggerly K.A., Stivers D.N and Coombers K.R. 2001. Microarrays: 
handling the deluge of data and extracting reliable information. Trends in Biotechnology 19: 
463-468. 

 
 Hjort K. and Bernander R. 1999. Changes in cell size and DNA content in Sulfolobus 

cultures during dilution and temperature shift experiments. Journal of Bacteriology 181: 
5669-5675. 

 
 Huber H., Hohn MJ., Rachel R., Fuchs T., Wimmer VC and Stetter KO, 2002. A new 

phylum of Archaea represented by a nanosized hyperthermophilic symbiont. Nature 417: 
63-70. 

 
 Iyer V.R., Horak C.E., Scafe C.S., Botstein D., Snyder M. and Brown P.O. 2001. Genomic 

binding sites of the yeast cell-cycle specific transcription factor SBF and MBF. Nature 409: 
553-538. 

 



 27

 Jansson M., Malandrin L. and Johansson H.E. 2000. Cell cycle arrest in archaea by 
hypusination inhibition N’-guanyl-1,7-diaminoheptane. Journal of Bacteriology 182: 1158 – 
1161. 

 
 Kashefi K. and Lovely D.R. 2003. Extending the upper temperature limit for life. Science 

301:934. 
 

 Kelman L.M., and Kelman Z. 2003. Archaea: an archetype for replication initiation studies? 
Molecular Microbiology 48:605-615. 

 
 Kuhn K.M., DeRisi J.L., Brown P.O. and Sarnow P. 2001. Global and Specific translational 

regulation in the genomic response of Saccaromyces cerevisiae to a rapid transfer from a 
fermentable carbon source. Molecular and Cellular Biology 21: 916-927. 

 
 Leininger S., Ulrich T., Schloter M., Schwark L., Qi J., Nicols G.W., Prosser J.I., Schuster 

S.C. and Schleper C. 2006. Archaea predominate among ammonia-oxidizing prokaryotes in 
soils. Nature 442:806-809. 

 
 Lepp P., Brinig M.M., Ouverney C.C., Palm K., Armitage G.C. And Relman D.A. 2004. 

Methanogenic archaea and human peridontal disease. Proceedings of the National Academy 
of Sciences USA 101:6176-6181. 

 
 Lipp J.S., Morono Y., Inagaki F. and Hinrichs K. 2008. Significant contribution of archaea to 

extant biomass in marine subsurface sediments. Nature 454:991-994. 
 

 Liu C.L., Schreiber S.L., Bernstein B.E. 2003. Development and validation of a T7 based 
linear amplification for genomic DNA. Biomed central Genomics, 4:19. Available from 
http://www.biomedcentral.com/1471-2164/4/19. 

 
 Lucchinin S., Thompson A. and Hinton J.C.D. 2001. Microarrays for microbiologists. 

Microbiology 147: 1403-1414. 
 

 Lundberg K.S., Shoemaker D.D., Adams M.W., Short J.M., Sorge J.A. and Marthur E.J. 
1991. High fidelity amplification using a thermostable DNA polymerase isolated from 
Pyrococcus furiosis. Gene 108:1-6. 

 
 Lundgren M., Andersson A., Chen L., Nilsson P. and Bernander R. 2004. Three replication 

origins in Sulfolobus species: Synchronous initiation of chromosome replication and 
asynchronous termination. Proceedings of the National Academy of Sciences USA 
101:7046-7051. 

 
 Lundgren M. and Bernander R. 2007. Genome-wide transcription map of an archaeal cell 

cycle. Proceedings of the National Academy of Sciences 104: 2939-2944. 
 

 Madigan M.T. and Martinko J.M. 2006. Brock biology of microorganisms, 11th ed. Prentice 
Hall, Englewood Cliffs, NJ. 

 
 Orlando V., Stutt H and Paro R. 1993. Analysis of chromatin structure by in vivo 

formaldehyde cross-linking. Methods: A companion to Methods in Enzymology 11: 205-
214. 

 



 28

 Orlando V. Mapping chromosomal proteins in vivo by formaldehyde crosslinked-chromatin 
immunoprecipitation. 2000. Trends in Biomedical Sciences 3: 99-104. 

 
 Pace N.R., Stahl D.A., Lane D.J. and Olsen G.J. 1985 Analyzing natural microbial 

populations by rRNA sequences. American Society of Microbiology News 5:4-12.  
 

 Pace N.R. 1997. A molecular view of microbial diversity and the biosphere. Science 276: 
34-740. 

 
 Preston C.M.,Wu K.Y., Molinsky T.F., and DeLong E.F., 1996. A psychrophilic 

crenarchaeon inhabits a marine sponge: Crenarchaeum symbiosum gen. nov., sp. nov. 
Proceedings of the National Academy of Sciences 93:6241-6246.  

 
 Peeters E., Thia-Tong T., Gigot D., Maes D. and Charlier D. 2004. Ss-LrpB, a novel Lrp-like 

regulator of Sulfolobus solfataricus P2, binds cooperatively to three conserved targets in its 
own control region. Molecular Microbiology, 54: 321-336. 

 
 Preston C.M., Wu K.Y., Molinsky T.F. and DeLong E.F., 1996.A psychrophilic crenarchaeon 

inhabits a marine sponge: Crenarchaeum symposium gen. nov., sp., nov. Proceedings of the 
National Academy of Science, 13: 6241-6246. 

 
 Puig O., Caspary F., Rigaut G., Rutz B., Bouveret E., Bragado-Nilsson E., Wilm M. and 

Séraphin B. 2000. The tandem affinity purification (TAP) method: A general procedure of 
protein complex purification. Methods: A companion to Methods in Enzymology 24: 218-
229. 

 Quiagen Handbook, 2003. 
 
 Rada-Iglesias A., Wallerman O., Koch C., Ameur A., Enroth S., Clelland C., Wester K., 

Wilcox S., Dovey O.M., Ellis P.D., Wraight V.L., James K., Andrews R., Langford C., 
Dhami P., Carter N., Vetrie D., Pontén F., Komorowski J. and Dunham I. 2005. Binding sites 
for metabolic disease related transcription factors inferred at base pair resolution by 
chromatin immunoprecipitation and genomic microarrays. Human Molecular Genetics 
14:3435-3447. 

 
 Rajagopal N., Aravalli, Qunxin S., Garrett R.A. 1998. Archaea and the new age of 

microorganisms. Trends in Ecology and Evolution 13:190-194. 
 

 Ren B., Robert F., Wyrick J.J., Aparicio O., Jennings E.G.., Simon I., Zeitlinger J., Schreiber 
J., Hannett N., Kanin E., Volkert T.L., Wilson C.J., Bell S.P. and Young R.A. 2000. Genome 
wide location and function of DNA binding proteins. Science 290: 2306-2309. 

 
 Robertson C.E., Harris J.K., Spear J.R., and Pace N.R. 2005. Phylogenetic diversity and 

ecology of environmental archaea. Current Opinion in Microbiology 8:638-642. 
 

 Robertson G., Hirst M., Bainbridge M., Bilenky M., Zhao Y., Zeng T., Euskirchen G., 
BernierB., Varhol R., Delaney A., Thiessen N., Griffith O.L., He A., Marra M., Snyder M. 
and Jones S. 2007. Genome-wide profiles of STAT-1 DNA association using chromatin 
immunoprecipitation and massively parallel sequencing. Nature Methods 4: 651-657. 

 
 Robinson N.P., Dionne I., Lundgren M., Marsh V.L. and Bernander R. 2004. Identification 

of two origins of replication in the single chromosome of the archaeon Sulfolobus 



 29

solfataricus. Cell 166:25-38. 
 

 Rothschild L. and Mancinelli R. 2001. Life in extreme environments. Nature 409: 1092-
1101. 

 
 Saffary R., Nanakumar R., Spencer D., Robb F., Davila J., Swartz M., Ofman L., Thomas R. 

and DiRuggiero J. 2002. Microbial survival of space vacuum and extreme ultraviolet 
irradiation: strain isolation and analysis during a rocket flight. Federation of European 
Microbiology Society (FEMS) Microbiology letters 215: 163-168. 

 
 Sambrook J., Fritsch E.F. and Maniatis T. 1989. Molecular cloning: Laboratory manual 2nd. 

Cold spring Harbor Lab. Press, Plainview, NY. 
 

 Shalon D., Smith S.J. and Brown P.O. 1996. A DNA microarray system for analyzing 
complex DNA samples using two-colour fluorescent probe hybridization. Genome Research  

 6: 639-645. 
 

 Simon I., Barnett J., Hannett N., Harbison C.T., Rinaldi N.J., Volkert T.L., Wyrick J.J., 
Zetlinger J., Gifford D.K., Jaakkola T.S. and Young R.A. 2001. Serial regulation of 
transcriptional regulators in yeast cell cycle. Cell 106: 697-708. 

 
 Singh S. and Aggarwal B.B. 1995. Activation of transcription factor NF-kB is suppressed by 

curcumin (diferulolymethane). The Journal of Bacteriological Chemistry 270: 24995 -
25000. 

 
 Smith A.D., Xuan Z. and Zhang M.Q. 2008. Using quality scores and longer reeds improves 

accuracy of Solexa read mapping. BioMed Central (BMC) Medical informatics 9:128. 
 

 Southern E.M. 1975. Detection of specific sequences among DNA fragments separated by 
gel electrophoresis. Journal of Microbiology 98: 503-517. 

 
 Valouev A., Johnson D.S., Sundquist A., Medina C., Anton E., Batzoglou S., Myers R.M. 

and Sidow A. 2008. Genome-wide analysis of transcription factor binding sites based on 
ChIP-seq data. Nature Methods 9: 829-34. 

 
 Waters E., Hohn M.J., Ahel I., Graham D.E., Adams M.D., Barnstead M., Beeson K.Y., 

Bibbs L., Bolanos R., Keller M., Kretz K., Lin X., Mathur E., Ni J., Podar M., Richardson 
T., Sutton G..G.., Simon M., So D., Stetter K.O., Short J.M. and Noordewier M.  2003. The 
genome of Nanoarchaeum equitans: insight into early archaeal evolution and derived 
parasitism. Proceedings of the National Academy of Sciences, USA. 100: 12984-12988. 

 
 Woese C.R.and Fox G.E. 1977. Phylogenetic structure of the prokaryotic domain: the 

primary kingdoms. Proceedings of the National Academy of Sciences. 77: 5088-5090. 
 

 Woese C.R. 1987. Bacterial evolution. Microbial Reviews, American Society of 
Microbiology 51: 221-271. 

 
 Woese C.R., Kandler O. and Wheelis M.L. 1990. Towards a natural system of organisms: 

Proposal for the domains Archaea, Bacteria, and Eucarya. Proceedings of the National 
Academy of Sciences 87:4576-4579. 

 



 30

 Wu L., Liu X., Schadt C. and Zhou J. 2006. Microarray-based analysis of subnanogram 
quantities of microbial community DNAs by using whole-community genome 
amplification. Applied environmental microbiology. 7: 4931-4941. 

 
 Ye R., Tao W., Bedzyk L.,Young T., Chen M and Li L. 2000.  

 
 Global gene expression profiles of Bacillus subtilis grown under anaerobic conditions. 

Journal of Bacteriology 182: 4458-4465. 
 

 Zhu H., Hu S., Jona G., Zhu X., Kreiswirth N., Willey B., Mazzulli T., Liu G., Song Q., 
Chen P., Cameron M., Tyler A., Wang J., Wen J., Chen W., Compton S. and Snyder M. 2006. 
Severe acute respiratory syndrome diagnostic using a coronavirus protein microarray. 
Proceedings of the National Academy of Science. 11: 4011-4016. 


