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Summary

A recent scientific break-through in cell cycle research has presented a previously unseen solution 
to the problem of cell division - a solution unique to Archaea, and found for the first time in 
Sulfolobus acidocaldarius. It can be described as a mechanic device with its moving parts made up 
from proteins; coded in part by genes in the newfound cdv-operon. This cell division machinery 
exists only within a narrow time window: It materializes during the very short genome segregation 
and cell division phase and dissolves shortly after, as can be seen under the microscope with 
proteins visualized by immunoflourescens. 
 
In the work reported here an attempt was made to elucidate the mechanism controlling the 
transcription of these essential cell division genes, along with a number of genes triggered in a wave 
of expression, at the same precise moment in the cell cycle. The method of choice
was a pulldown assay, in which crude extract from Sulfolobus acidocaldarius  
cells was incubated with oligonecleotide sequences attached to magnetic beads - in the hope of 
"fishing out" a specific, DNA binding transcription factor protein with the help of its DNA 
recognition site . 
 
To further shed light on the cell division mechanism, four genes were sequenced in three different 
Sulfolobus acidocaldarius mutants, whereof two exhibit severe defects in the progression of the cell 
cycle. The aim was to find mutations that could explain the mutants' strain-specific failure to 
segregate the genome copies or divide. 
 
But despite the experiments performed within the project - sequencing of important genes, DNA-
protein pulldown assays and even electron microscopy - the properties, and the control mechanism, 
of the cdv-operon remain enigmatic.



Introduction

Archaea: an amazing and surprising discovery 

No more than 30 years ago, and only after intense debate, Archaea was recognized as being a 
unique - and third - branch on the Tree of Life (Woese & Fox, 1977). The older conception of life 
being divided into two distinct realms - the prokaryotic and the eukaryotic - was based on the sole 
distinctive feature of a cell having a nucleus or not. But this view of life as a duality was challenged 
by the work of Carl Woese, a biologist from the University of Illinois, who methodically examined 
ribosomal RNA, convinced that this molecule was the most conserved building block of life on 
earth, hence, its lowest common denominator  (Woese & Fox, 1977).

It was only in the 1960's, that scientific advancement made it possible to undertake the making of a 
"real" phylogeny for microorganisms. Traditionally, microorganisms had been classified according 
to their appearence or their reaction to certain chemicals. Now it became clear that these systems of 
classifications were rather arbritary and held little information on the evolutionary relationship 
between microorganisms. Now, largely thanks to the work of Carl Woese, a group of 
"methanogenic" prokaryotes emerged,  significantly different - on a molecular level - from Bacteria 
(Woese & Fox, 1977). This was a stunning revelation: apparently organisms existed to which the 
dichotomy of prokaryotes and eukayotes could not be applied. 

Archaea were first thought to be present only in extreme environments, places inhabitable to all 
other organisms but a few rare species of Bacteria. It is now clear that Archaea are found under 
most "normal"conditions as well, such as in soil or in the gastrointestinal tract (Chaban et al., 2006). 
Thanks to recent development in the metagenomic field, making possible large scale sampling 
followed by culture-independent sequencing, the diversity of the Archaea seem to surpass all 
expectation (Chaban et al, 2006). But much unlike bacteria, they do not interact or profit from 
eukaryotes and therefore cause no known disease. They have a kind of parallel existence. They are 
assumed to have had a history of interaction with Bacteria which has resulted in horizontal transfer 
of genes (Koonin et al, 2001), and they are themselves subject to attack by specialized - and 
strange-looking - viruses (Prangishvili et al, 2006). But different as they may be, they share 
numerous features with both Bacteria and Eucarya. The resemblance to eukaryotes is striking when 
it comes to the transmission of genetic information. The machinery revolving around the DNA-
molecule - for instance the proteins responsible for transcription, translation and replication - are 
homologous to the ones found in eukaryotes (Olsen  & Woese, 1997)

The Archaea domain is currently divided into two main phyla; the Crenarchaeota and the 
Euryarchaeota. Metagenomic sequencing has revealed the existance of a possible third phylum, 
Korarchaeota (Chaban et al, 2006), and a fourth, Nanoarchaeota  (Chaban et al, 2006), currently 
represented by only one species, Nanoarchaeum equitans. It has also been suggested that a group of 
Crenarchaeota should be separated into a distinct phylum, as they mix traits both from 
Crenarchaeota and Euryarchaeota (Olsen & Woese, 1997). 

The root of the dynamic Tree of Life is still subject to research and the relationship between 
domains is largely unknown. All hypotheses regarding the evolutionary processes leading up to 
Archaea, Bacteria and Eucarya respectively, still remain to be confirmed. 



Only this is established: Life has evolved in three different directions, following three intertwining 
paths with the same starting point - a common ancestor. The proof is the omnipresent self-
replicating molecule shared by all forms of life; the DNA.

Sulfolobus acidocaldarius - a model organism for Archaea and Eucarya

The archaeon Sulfolobus acidocaldarius is a hyperthermophile belonging to the genus Sulfolobus 
within the phylum Crenachaeota (Brock, 1972). It's natural environment is geothermally heated and 
sulfur-rich springs where it metabolizes sulfur compounds in the presence of oxygen. Optimal 
growth conditions occur at a temperature of around 80˚ C along with a pH-value below 3 (Brock, 
1972).The Sulfolobus acidocaldarius genome consists of one single, AT-rich chromosome, which is 
fully sequenced and can be found in the Mutagen Sulfolobus Database [http://www.sulfolobus.org/]. 
This single chromosome consists of about 2 Mbp containing 2000 genes, many of whom have only 
been assigned a hypothetical function.

Sulfolobus acidocaldarius can be considered a model organism not only for Archaea, but for the 
better understanding of transcription, translation and replication in eukaryotes. On a molecular 
level, the study of Archaea can shed light on the mechanisms at work in eukaryotes, which are 
much more challenging to study because of their greater complexity. These numerous similarities 
are found at the protein level -  in the molecular machinery associated with DNA and the 
transmission of information -  but also in the DNA itself. For several reasons, the genus Sulfolobus 
can be seen as a "simplified" version of Eucarya (Lundgren & Bernander, 2005). 

The meticulously regulated cell cycle

Great effort has been put into understanding the Archaea cell cycle progression and cell division 
(Lundgren & Bernander 2005, Bernander et al. 2000, Hjort & Bernander 2001, Lindås & Karlsson 
2008, Lundgren & Bernander 2004). Sulfolobus acidocaldarius completes its cellcycle, from one 
cell division to the next, in about four hours in optimal conditions (Lundgren & Bernander, 2007). 
During this time, the cell undergoes a succession of events common to all dividing cells. In essence, 
this includes growth of the cell, replication of the DNA, separation of the DNA-copies followed by 
cell division, resulting in two new cells, each with one copy of the chromosome (Lundgren & 
Bernander, 2007). 

All cells go through the cellcycle according to a strict master plan encoded in the genes. The 
progression of the cellcycle from one phase to the next requires a series of complicated steps; 
genes are turned on and off, structures needed by the cellular machinery are continuously being 
created or dissolved, under the control of elaborate and fine-tuned control systems. But the way in 
which this is performed varies considerably between domains, but also within domains and within 
phyla. The two main branches of the Archaea, the Crenarchaeota and the Euryarcheota, have 
developed sometimes radically different solutions (Margolin, 2005).



The distinctive features of the Sulfolobus acidocaldarius cell cycle include simultaneous initiation 
of transcription from three origins, a ten-fold lower transcription rate than in bacteria and an 
extended "resting phase" between genome replication and genome segregation ((Bernander & 
Poplawski, 1997, Lundgren et al. 2004).

Fig 1. The different stages in the cell cycle of Sulfolobus acidocaldarius.  The G1 phase, a phase of cell growth and 
biosynthesis, is preceded by a short S phase in which the chromosome is replicated. The two chromosome copies then 
remain unseparated throughout the long G2 phase until the cell division step is set off, with rapid genome segregation 
followed by  immediate cell division. .

The abnormal phenotypes of temperature sensitive conditional-lethal mutants indicate the presence 
of critical check-points in the cellcycle process. The temperature sensitive (ts-)mutants, 
(pyr-)DG132 and (pyr-)DG134, both go into cellcycle arrest at different stages as a reaction to 
increased temperature. The cellcycle of (pyr-)DG132 stalls after genome replication, as it seems 
incapable of separating the two chromosome copies. (pyr-)DG134 manages this step, but continues 
to synthezise copies of the genome in continuously growing cells incapable of division (Bernander 
et al., 2000). A similar effect can be induced in wild type cells by the administration of antibiotics, 
which make the cell cycle come to a halt, apparently by making the cells incapable of entering the 
next phase (Hjort & Bernander, 2001). 

In  S. acidocaldarius, the most prominent phase of the cell cycle is the G2 resting phase after DNA 
replication, in which two copies of the chromosomes are present in the cell. It is unusually long, 
claiming about 3/5 of the cellcycle (Poplawski & Bernander, 1997). 

The G2-phase is followed by rapid genome segregation and cell division - two processes that are 
closely connected and seem inseparable. The mechanism was until recently unknown, and 
elucidating its mystery led to the revelation of a previously unseen cell division mechanism, unique 
to Archaea (Lindås et al., 2008). 

G1, cell growth
S, replication
D, cell divis ion
M, mitosis
G2, resting 
phase



Waves of coordinated gene expression

Many of the proteins involved in this last, critical step of the cell cycle – genome segregation and 
division - already have been identified through whole genome microarray assays. The results 
revealed exciting differences in gene expression patterns between cells in exponential phase and 
cells in stationary phase. Some 160 genes were found to be expressed in distinct "waves" during the 
progression of the cellcycle (Lundgren & Bernander, 2007). A reasonable conclusion was that these 
gene products were directly involved in the cell cycle machinery or in the mechanisms controlling 
it. At the critical stage of chromosome segregation, just before mitosis, a dramatic increase in the 
expression of about ten genes could be observed. This made them strong candidates for being key-
players in the unknown and illusive segregation-division process. 

Interest was focused on an operon containing three genes, called Saci 1374-72 in the Mutagen 
Sulfolobus Database. The transcription of these genes increased by several orders of magnitude at 
what seemed to be the critical time point before genome segregation and division (Lundgren & 
Bernander, 2007). 

Three gene products were made visible by immunoflourescence and could be identified as structural 
proteins, essential components of a complex appearing between two segregating chromosomes at 
the end of the G2 phase. The third protein of the operon was assigned an enzymatic function using 
bioinformatic methods. As the genes were now annotated and their products identified as genome 
segregation and cell division proteins, they were named cdvA (Saci 1374), cdvB (Saci 1373) and 
cdvC (Saci 1372) (Lindås et al., 2008).

An unknown key to the cdv-operon

With two genes directly and visibly linked to the genome segregation-cell division step, it was 
reasonable to believe that all genes expressed in the same wave had some significance in the 
process. The genes of interest also shared another common feature: Many of them were preceded by 
a short GC-rich sequence of ten base-pairs, which was given the name "CCR"-box (from Cell Cycle 
Regulon). This finding, of a common sequence associated to simultaneously expressed genes, 
suggested that the CCR-box was the binding site for a specific transcription factor, setting off the 
coordinated expression of these genes. The CCR-box, containing the consensus sequence 
CCTCTCCCTA or slight variations there of, is typically found upstream of the TATA-box, at an 
average distance of about 20 base pairs (Lindås et al., 2008). 

A fourth gene, Saci 0204, attracted attention because of its cyclic induction pattern, similar to that 
of the cdv-operon (Lundgren & Bernander, 2007). In addition, Saci 0204, was found to be 
homologous to parA, a gene expressed in plasmids and coding for a filamentous protein which is 
part of the plasmid partitioning machinery (Ebersbach & Gerdes, 2005). The protein polymerizes 
between plasmid copies and "pushes" them apart -  a mechanism that could serve the purpose of 
segregating two chromosomes. 

Thus, it was hypotheeized that the CCR-box indeed was the recognition site for a specific 
transcription factor: a protein or a complex of proteins of unknown qualities, unknown 



weight and unknown composition. This alleged DNA-binding protein, or protein complex, should 
in theory be retrievable from the crude extract of Sulfolobus cells by means of "fishing" it out using 
a DNA-sequence containing the CCR-box – since the DNA-binding protein would attach to its 
specific recognition site.  

This approach has been used successfully for the Sta-1 protein (Abella et al., 2007) using 
magnetic M-280 Streptavidin Beads (Invitrogen). Setting up a system to reproduce the method 
described in this article, new knowledge about the cell division mechanism in 
Sulfolobus acidocaldarius (Lindås et al., 2008) could be brought together with the previous 
observations of the re-occuring CCR-box motif (Lundgren & Bernander, 2007) 

Aims

The aims of this study were to identify a possible regulatory protein responsible for the initiation of 
transcription and the search for mutations in cdv-operon genes, along with a fourth gene believed to 
be involved in the same process, that could explain the stalling of the cell cycle in mutant strains – 
and to thereby gain further understanding of the genome segregation and cell division step in the 
archaeon Sulfolobus acidocaldarius. 



Results

Sequencing of essential genes in mutant strains 

The cell division genes of the cdv-operon were sequenced and examined in three mutant strains, 
defective in the biosynthesis of pyrimidine, in the hope of finding the specific mutations responsible 
for the aberrant phenotype of the two temperature sensivitve mutants. A positive outcome would 
possibly at the same time shed light on the properties of the genes and of the cell division 
mechanism itself.

Growth at 80˚C  (non-permissive) and 70˚C  (permissive) was initially tested for the Sulfolobus  
acidocaldarius mutant strain (pyr-)DG64 and the temperature sensitive mutants (pyr-)DG132 and 
(pyr-)DG134. To confirm the identity of the Sulfolobus acidocaldarius temperature sensitive (ts) 
mutans (pyr-)DG132 and  (pyr-)DG134, the isolates were incubated in liquid medium in a 70˚C 
water-bath until mid-exponential phase, with optical density approaching 0.1, and with the parental 
strain (pyr-)DG64 undergoing the same treatment for reference. Each culture was split, and one 
aliquot abruptly exposed to a shift in temperature to non-permissive 80˚C. Optical density was then 
measured on the cultures growing in parallel. After five hours of exponential growth, the ts-mutants 
stopped dividing as expected and the optical density curve flattened out. After 24 h there was a 
significant difference in optical density between (pyr-)DG64 and the ts-mutants at 80˚C, while 
growth rates seemed normal for all cultures in 70˚C. Results shown in Fig 2 demonstrate that the 
growth rate of the temperature sensitive mutants was significantly lower at 80˚C than at 70 ˚C - 
thus confirming the properties previously observed (Bernander et al., 2000). The fact that 
(pyr-)DG64, which  is not primarily temperature sensitive, also demonstrate slowed down growth 
in 80˚C, even if the cell cycle progression was unhampered, could be attributed to its mutant state 
and a defective biosynthetic pathway, but reasons remain unclear.



A B

C

Fig 2. Three different mutant strains were exposed to a temperature shift assay, in which a culture was split in two and 
the aliquots grown in paralell in 70˚C and 80˚C respectively. A; (pyr-)DG64, B; temperature sensitive (pyr-)DG132 and 
C; temperature sensitive mutant strain (pyr-)DG134. 

Genomic DNA was extracted from mutant cell cultures in stationary phase (OD600 0.6). 
Primers were designed for the amplification and sequencing of the three gene cdv operon and for 
the parA gene. Because of its size (2700 basepairs), the cdv-operon was amplified in two "pieces" 
using two primer pairs; OPfor - GENrev and GENfor - OPrev. The smaller parA-gene was 
amplified with one primer pair; parAfor - parArev. 

After PCR reactions, the product was purified on agarose gel and extracted. Unfortunately; the gel 
purification step always led to significant loss of product although the PCR-reactions themselves 
were generally successful. Except for an abundant PCR product of the expected size, unidentified 
bands showed up in the lanes. The OPfor - GENrev primer pair typically generated a product of 
small size, clearly visible in lanes 2-5 (Fig 3).
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Fig 3. PCR-amplification of the cdv-operon in three mutant strains, using two primer pairs. First lane; size marker, lane 
2-5; the first ~1500 bp "half" of the cdv-operon, amplified using the primer pair Opfor -  GENrev. In lane 2; amplicon 
from (pyr-)DG64, lanes 3 and 4 amplicon from (pyr-)DG132, and lane 5; amplicon from (pyr-)DG134. Lanes 6-9; 
the remaining ~1200 bp, amplified with the primer pair GENfor – OPrev. In lane 6; amplicon from (pyr-)DG64, lanes 
7 and 8; amplicon from (pyr-)DG132, and lane 9; amplicon from (pyr-)DG134. 
 

After gel purification, the PCR product was sequenced. This step required many repeated attempts, 
in particular for the cdv-operon, which finally demanded the additional help of  four more primers; 
1372for, 1372rev, 1374for and 1374rev, to attain a complete two-or three-fold coverage of the entire 
sequence. The parA-gene proved easier to sequence, and only two PCR-primers; parAfor and 
parArev, were needed.

The parent strain of the temperature sensitive mutants; Sulfolobus acidocaldarius (pyr-) DG64, was 
compared to the Sulfolobus acidocaldarius DSM639 wild type data of the Sulfolobus Database and 
the sequencies were found to be identical. It soon became clear that this was the case for all 
sequences from the three strains. No mutations were found in the cdv or parA genes of either 
(pyr-)DG64, (pyr-)DG132 or (pyr-)DG134 compared to the wildtype DSM639 sequence. Whatever 
was causing the abnormal phenotype of the (ts-)mutants, the explanation for their incapacity to 
complete genome segregation or cell division must be found elsewhere than in these four genes.



DNA-protein pulldown assays

The assay presented in the article that inspired this project dealt with - and solved - the problem of 
finding an unknown regulatory protein of unknown size and unknown features (Abella et al., 2007). 
The principle is simple: A biotinylated oligonucleotide can be attached to the surface of a 
streptavidin covered magnetic bead. This complex - the bead and the ligands - can be used in a 
binding reaction as a "fishing rod". The magnetic properties of the beads make them retrievable 
from the supernatant with the help of a magnet. By placing the reaction vial, an Eppendorff-tube, in 
contact with a magnet, the beads are concentrated to one side of the vial, and the supernatant can be 
discarded. Whatever has bound to the ligands can then be eluted and submitted to further 
investigation. 

The "molecular fishing rod" in the article was a biotinylated DNA target sequence attached to 
Dynabeads M-280 Streptavidin (Invitrogen) - streptavidin coated magnetic beads. The beads were 
separated from the reaction mix by a magnet and the sought-after protein – in this case Sta1, bound 
to the target sequence -  was retrieved. The first trials were therefore set to reproduce the conditions 
of this experiment, in which a seemingly similar protein was identified  under similar 
circumstances. 

Crude cell extracts 

All experiments were performed using the wild type Sulfolobus acidocaldarius DSM639. The crude 
cell extract came from cells grown in liquid culture to an optical density (OD) between 0.02 and 
0.2, a mid-exponential phase. A high OD-value would indicate a saturated culture where cells had 
stopped growing, while the sought-after protein would only be present in dividing cells. On the 
other hand, a low OD-value would indicate few cells and therefore less material. A transcription 
factor would normally be present in diminutive amounts. To increase chances of  pin-pointing the 
highly interesting but transient mitosis and division steps, cultures were occasionally synchronized 
by lowering the pH to induce a temporary cell cycle arrest - which always occurs in the G2 phase. 
When transferred to new medium, a large fraction of the cells would enter the genome segregation 
phase at the same time as they resume growth (Lundgren et al., 2004).

The Sulfolobus acidocaladrius DSM639 cultures to be used in experiments were centrifuged into 
pellets to remove all medium, and frozen. When needed, the cells were disrupted (while kept on ice) 
by sonication in buffer solution, the lysate was then centrifuged to remove cell debris and the crude 
extract was finally transfered to new tubes. The most advantageous sonication time, resulting in 
most free and seemingly intact proteins in solution, was determined by trials. Crude cell extracts, 
exposed to different sonication times were loaded on a SDS-polyacrylamide gels and electrophoresed. 
Bands were more prominent in lanes containing crude cell extract sonicated between 30 and 50 
seconds (Fig 4). A possible explanation would be that before 30 seconds the cells are not sufficently 
lysed and after 50 seconds, the proteins get more and more degraded. The "ideal" sonication time 
was set to 40 seconds in 2x 20 sec intervals with a 20 sec pause to reduce damage caused by heat. 



Fig 4. Crude cell extract exposed to different sonication times. The crude cell extract was sonicated for times between 
10 sec and two minutes and run on a polyachrylamide gel. The first lane on the left contains a size marker followed 
from left to right by: 1,10 seconds of sonication; 2, 20 sec.; 3, 30 sec.; 4, 40 sec.; 5, 50 sec.; 6, 1 min.; 7, 1 min. 20 sec.; 
8, 1 min. 40 sec.; 9, 2 min. Bands were visualized with Coomassie Brilliant Blue.    

The DNA target sequence

The biotinylated oligonucleotides to be attached to the beads, were designed according to the 
hypothesis that a transcription factor protein would bind specifically to the ten basepair long CCR-
box (Table 1). The first version was a copy of the in vivo sequence of the Saci 1374 promoter 
region. The sequence was amplified in a PCR-reaction using biotinylated primers; with genomic 
DNA from S. acidocaldarius DSM639 as template. Since the PCR-reaction incorporated the 
biotinylated primers, it would produce a biotinylated 83 bp double-stranded amplicon containing 
the naturally occurring TATA-box, preceeded by the CCR-box motif. The forward and reverse 
primers, ampliconBIOfor and ampliconBIOrev, were ordered in versions both with and without 
biotin. Hence, a biotinylated primer of choice could be used  together with an ordinary one, 
biotinylating the oligo at either end. But the amplicon produced by in this way by PCR was a 
biotinylated copy of an existing sequence. 

PCR with biotinylated primers was always successful, but the loss during gel purification was 
significant. Several reactions had to be pooled, in order to obtain at least the 400 ng of DNA, which 
was considered a minimum, based on the above mentioned article (Abella et al., 2007). Finally, the 
biotinylated PCR-product was precipitated with ethanol to avoid the gel purification step altogether, 
after it had been established - by running the PCR-product on an agarose gel - that the biotinylated 
primers were consumed in the PCR-reaction and would not interfere with the experiment.  

The next question was whether an oligonucleotide could be designed to be "better than nature". 
Theoretically, if a transcription factor binds specifically to a certain recognition site, the outcome 
could be improved if the sequence were repeated several times. With this idea in mind, a "synthetic" 



oligonucleotide chimaera was designed, with three CCR-boxes instead of one. It was based on the 
sequence preceding the gene Saci 1237 – a gene not within the operon of interest, but with the same 
expression pattern as the cdv-operon and with a promoter region containing a "perfect consensus 
sequence" CCR-box. The nucleotides immediately adjacent on both sides of the CCR-box in the 
Saci 1237 promoter, were added into the "improved" oligonucleotide. The result was 3CCR - a 
synthetic oligo with three CCR-boxes, along with its complimentary sequence. But more questions 
needed answers: It remained uncertain what was really needed for the transcription factor to bind to 
its target sequence. Was the mere presence of a CCR-box enough? Was the TATA-box required? 
Were the sequences before and after the TATA-box, the CCR-box and the start codon just "space", 
or were they important in themselves? Could the conditions in vivo be sufficiently well mimicked to 
make the experiment work? And would a possible positive result be drowned in the  noise of 
unspecific binding? The third oligo, noCCR, was designed in hope of answering some these 
questions, as a fishing rod with the original sequence preceeding the cdv-operon - including the in  
vivo TATA-box - but lacking the CCR-box itself. This construct would recruit any protein binding 
unspecifically, or proteins binding to the TATA-box. Any protein binding to this oligo would have to 
be disregarded. 

The complementary synthetic oligonucleotidess were annealed simply by mixing and incubating 
them in room temperature. A surplus of oligonucleotides without biotin minimized the risk of 
having single stranded biotinylated DNA taking up space on the beads. The success of the annealing 
step was verified on an agarose gel with the annealing mix run in one lane and the oligonucleotides 
run separately in two others for comparison. The mix produced a distinct band of the expected size. 
Unlike the amplicons, the synthetic oligonucleotides were available in an almost limitless amount, 
but were nevertheless used in proportions equal to the PCR-amplicons, until the last experiments 
when amounts were dramatically increased to up to 4000 ng. As it happened, a mistake in a dilution 
step led to the synthetic oligos being all but absent in the first trials.  

Attaching the target DNA to the magnetic beads

The biotinylated synthetic oligonucleotides and the biotinylated PCR-amplicons were attached to 
magnetic Dynabeads M-280 Streptavidin (Invitrogen) by incubating them in Eppendorff tubes at 
room temperature for 15 min to up to an hour, with constant agitation. The Eppendorff tubes were 
then placed on a magnet and the supernatant was removed as the magnetic beads attached to one 
side of the tube. The beads were washed by repeated resuspension in buffer solution to remove 
remaining unbound DNA oligos, unbound protein and cell debris.

Immersing the DNA-covered beads in crude cell extract

The beads, covered with a multitude of biotinylated DNA molecules, were mixed with the 
Sulfolobus acidocaldarius crude cell extract in a series of experiments varying the ratio between 
them. The beads were kept emulsified and prevented from sedimenting by constant agitation, for up 
to an hour in room temperature. The Eppendorff tubes were replaced on the magnet, and the crude 
cell extract was removed, followed by several washing steps. In the first trials the binding took 
place in the presence of reducing agent dithiothreitol (DTT), bovine serum albumin (BSA) and 
unspecific DNA (herring sperm), acting as competitors for the binding reactions to promote 
stringent binding. But this was soon considered unnecessary and abandonned, since no binding 
seemed to take place at all, at least none that was detectable in the end.



These experiments were also carried out using an alternative binding approach in parallel. 
According to the manufacturer, chances of binding a target molecule could increase by incubating 
the DNA and and the crude cell extract before the addition of the beads – so that the bond between 
the biotinylated DNA and a possible DNA binding protein formed first. This method is recommended 
in case of low concentration of the target molecule, if binding kinetics are slow and affinity weak. 
Since a transcription factor in general is present, at least in its active form, only for a brief moment and 
in low abundance, this seemed to be a useful consideration.
 

Recuperating and visualizing the proteins

After the last incubation step, the proteins were eluted with KCl and the eluate was loaded on a 12% 
polyacrylamide gel and run  ~ 1h. at 200 V. On every gel, the first lane was used for the size marker 
(the ladder), and three lanes were used for controls: a sample containing only crude cell extract, a 
sample containing binding buffer with or without BSA, DTT and unspecific DNA (herring sperm) 
and one sample containing the eluate from a control experiment using beads with no DNA ligands 
attached. The eluates from the PCR-amplicon, from the synthetic 3CCR-oligo and the noCCR-oligo 
(with only a TATA-box) –  the final result of each experiment - were loaded in remaining lanes.
 
Any band on the gel from assays featuring the 3CCR oligo or the "natural" PCR-amplicon would be 
of great interest since it could represent a protein binding with specificity to the CCR-box sequence. 
Any band on the gel from assays featuring the no-CCR-oligo would be an example of unspecific 
binding or of a TATA-binding protein to be disregarded. The ultimate, most hoped for scenario 
would be a visible band from the PCR- amplicon (with one "authentic" CCR-box) and a three times 
more prominent band, from the synthetic 3CCR-oligo. 

Proteins were initially visualized using Coomassie Brilliant Blue G250, a classic method of 
visualizing proteins with a strong blue pigment. After failing repeatedly to detect any bands other 
than bands from the crude cell extract or controls, this method was abandoned in favor of the silver 
staining method.

Silver staining demands more chemicals and is more labour intensive, but it is faster and above all, 
much more sensitive. Unfortunately, not even this method allowed any detection of significant 
proteins in the eluate from any of the experiments - not even after extended staining and developing 
times, in stronger and stronger chemicals. Systematic overexposure of gels in order to trace even a 
minuscule amount of protein failed to show result. Fig 5 demonstrates a typical result from 
overexposure. Faint bands appear in every lane as a result of unspecific binding and must be 
disregarded. The last lane contains crude extract from the Sulfolobus acidocaladrius cells, which 
confirms the presence of a multitude of proteins - and the fact that the detection method is not the 
problem.



Fig 5. Eluate from the oligonucleotides, run on a polyacrylamide gel treated with silver staining and overexposed. In the 
first lane, a size marker followed from left to right by 1. buffer containing BSA, resulting in a distinct band, 2. eluate 
from beads with no DNA ligands, 3., 4. eluate from the 3CCR-oligo, 5., 6. eluate from the PCR-amplicon 7., 8. eluate 
from the noCCR-oligo, and 9. crude cell extraxt.

Numerous attempts were made and all parameters were altered, modified or changed systematically. 
The number of cell pellets used to make the crude cell extract were increased from three to four, and 
dissolved in a decreasing quantity of buffer, to maximize concentration of the elusive protein. 
The additives in the buffer were removed, to prevent them from outcompeting any binding of a 
transcription factor present even in extremely low concentration. The M-280 Streptavidin Beads 
were, in the end, always added as a last step, to increase chances for the protein-oligonucleotide 
binding. The incubation times were prolonged. The washing was more and more gentle. The 
synthetic oligos were added in larger and larger amounts; up to 4000 ng in the last experiment. At 
the same time, the volumes of every component, including the beads, were scaled up.Chances were 
the experiment did work, but that results remained untraceable, below the threshold of detection. 
Finally the biotinylated DNA from the PCR-reactions was precipitated with alcohol to avoid the 
major loss of material during the gel purification step. This proved to be successful, and resulted in 
a considerably larger amount of DNA present - but it did not change the outcome of the experiment. 
The only protein band visible on the gels were that from BSA, when it was present in the buffer, or 
faint unspecific bands in every lane – and of course; the gratifying spectrum of proteins always 
present in the crude cell extract.

If the experiment had proved successful, an interesting protein band (or bands) would have been 
extracted from the gel – and the protein identified by mass spectrometry. 
 
One final attempt was done to cut open Sulfolobus acidocaldarius cells and expose the organic 
mechanics under the "hood", to an electron microscope. Sulfolobus acidocaldarius DSM639 were 
grown to mid exponential phase and synchronized (Lundgren et al., 2004). The growth medium, 
containing nutrient additives that would interfere with the fixation of the cell proteins, was removed 
by centrifugaton, and the cells were resuspended in a mineral medium, containing 5 % 



paraformaldehyde. The cells were, in this way, fixed as gently as possible, in order to maintain their 
shape and preserve their inner structures.   

After this step, the cells were handed to laboratory technicians in the department who performed the 
last steps, including embedding the cells in paraffin and slicing them. Unfortunately, the final result 
was to inconclusive to provide any useful information. 



Discussion
The Cdv-proteins coded by cdvA, cdvB and cdvC in the cdv-operon recently were identified as cell 
division proteins and visualized by immunoflourescence (Lindås et al., 2008). The aim of this 
project was to inquire into this newly discovered cdv-operon, and the ultimate goal was to find the 
specific key that sets it off. 

Cell division deficient mutants (pyr-)DG132 and (pyr-)DG134 seemed a promising avenue to find 
more information about the characteristics of these genes, but the gene sequence in the mutants 
showed no deviation from the wild type sequence, and could not explain the interruption of cell 
cycle progress in the mutant strains. The only conclusion that can be drawn from the experiments is 
that the mutation(s) causing the aberrant phenotype is found elsewhere, in genes essential to the 
process by their interaction, directly or indirectly, with the genes of the cdv-operon. These essential 
genes could belong to any category, and might not necessarily be part of an expression "wave" 
related to the cell cycle; even though a search among the genes expressed together with the cdv-
operon would be highly interesting. Slowed down growth rate at 80˚C. could also be observed in 
the non-temperature sensitive parent strain (pyr-)DG64, "only" expressing a metabolic deficiency. 
This opens for the possibility that the ts-mutants might be deficient or have mutations in 
housekeeping genes or in genes belonging to metabolic pathways. In other words, there are no 
obvious candidates for further search, since the intricately structured networks of interaction 
between genes is still uncharted.

The GC-rich, ten basepair sequence found in the promoter of several genes with the same cyclic 
expression was the outset for the hypothesis that a common transcription factor was the modus 
operandi behind the perfect transcriptory coordination. Unfortunately, this hypothesis could not be 
supported by experimental data. Possible explanations for this lack of positive results include, 
obviously, the human error as well as the experimental methods being inadequate or incorrect; in 
part or as a whole.  An alternative reason for the failing experiment could be that the control 
mechanism triggering the wave of gene expression is different from the one suggested, involving a 
common transcription factor. If the experiment is to be repeated, a future improvement would 
definitely include positive controls to establish that the method, using oligonucleotide sequeces 
attached to magnetic beads, actually can be made to work in the laboratory; by trying out the 
equipment using a well known DNA-protein interaction. The experiment should also be preceded 
by a electrophoretic mobility shift assay (EMSA) with different versions (lengths) of the cdv-
promoter sequence to demonstrate that there is a DNA-protein binding taking place, thereby, at the 
same time, identifying the required properties of such a sequence. The promoter of several genes 
with the same expression pattern could be investigated in the same way, to possibly pin-point a 
common motif. Interest should also be focused on the other genes with the same induction pattern 
as the cdv-operon - many still not annotated. But the time point and the context of gene expression 
give conclusions to the function of the gene product. This investigation could then proceed to 
include genes in other expression waves.

The coordinated, cyclic gene expression in Sulfolobus acidocaldarius still has no explanation. But it 
is not the only unexplained coordination phenomenon in S. acidocaldarius. The genome replication 
is initiated simultaniously - by means of an unknown mechanism - from three mutually distant 
origins on the chromosome, a feature unique in the prokaryotic kingdom and first observed in two 
species of Sulfolobus (Lundgren et al (2004). Research on Sulfolobus acidocaldarius contains the 
double fascination of revealing both differences and similarities between Archaea and Eucarya: to 
uncover the unique hallmarks of the Third Domain and at the same time, to draw conclusions about 
our own.



Materials and Methods

Cultures

Sulfolobus acidocaladrius mutant (pyr-)DG64, defective in the biosythesis of pyrimidine, and 
derived temperature sensitive(ts), conditional-lethal, mutants (pyr-)DG132 and (pyr-)DG134, from 
cultures frozen at -80˚C, were pre-cultivated in 70˚C ovens on 1x Simplified Basal Mineral 
Medium. Sulfolobus acidocaldarius strain DSM639 was acquired from Deusche Sammlung von 
Mikroorganismen, Braunschwieg, Germany, and grown on 1x Allen medium plates, in an 80˚C 
oven.

After 5-7 days, single colonies were inoculated in prewarmed liquid medium in Erlenmeyer flasks 
and incubated at 70˚C or 80˚C. in a water bath, under constant agitation. Optical density (OD) was 
continuously measured in a spectrophotometer (UV mini 1240) at 600 nm, and experiments were 
initiated at OD600-values between 0.02 and 0.1. Cultures reaching stationary phase, at an OD-value 
around 0.6, were resuspended in fresh medium to obtain new exponential-phase cultures. 
 

Growth Medium

2x Simplified Basal Medium with trace minerals, was prepared as follows: 6 g K2SO4, 1 g 
NaH2PO4, 0.6 g MgSO4:7H2O and 0.2 g CaCl2:2H2O was dissolved in 1 liter of Milli-Q water. The 
trace mineral salts were supplied solved in water at different concentrations, and were added in the 
following quantities:  20 µl MnCl2:4H2O (10 mg/ml), 50 µl FeCl3:6H2O (40 mg/ml), 200 µl 
CoCl2:6H2O (1 mg/ml), 20 µl ZnCl2 (10 mg/ml), 200 µl CuCl2:2H2O (1 mg/ml). 

1 liter of 1x Simplified Basal mineral medium for (pyr-)mutant strains was prepared by mixing 500 
ml 2x Simplified Basal Medium (including trace minerals) with 500 ml Milli-Q water with addition 
of 10 mg uracil, 1 g D-xylose, 0.5 g tryptone and 0.5 g acid hydrolysed caseine. pH was set to ~3 
with H2SO4, and the medium was filter sterilized.

2x Allen medium for wild type Sulfolobus acidocaldarius DSM639 was prepared adding the 
following mineral salts to 1 liter of Milli-Q water: 2.6 g (NH4)2SO4, 0.56 g KH2PO4 , 0.5 g 
MgSO4:7H2O and then adding mineral salts in solution: 1 ml FeCl3:6H2O (40 mg/ml), 0.9 ml 
Na2B4O7:10H2O (1 mg/ml), 360 µl MnCl2:4H2O (10 mg/ml), 44 µl ZnSO4:7H2O (1 mg/ml), 100 µl 
CuCl2:2H2O (1 mg/ml), 60 ul Na2MoO4:2H2O (1 mg/ml), 76,2 µl VoSO4:5H2O (1 mg/ml) and 100 
µl CoSO4:7H2O (1 mg/ml). 

1 liter of 1x Allen medium was prepared using 500 ml 2x Allen, 460 ml MilliQ water and 40 ml 5% 
tryptone solution. pH was set to ~3 with H2SO4, and the medium was filter sterilized.
Plates were solidified with Gelrite Gellan Gum (Sigma) with an extra supplement of 20 mM MgCl2 
and 6 mM CaCl2, to make the plates withstand heat without melting at temperatures 70˚C or 80˚C. 



Oligonucleotides

Table 1. Primers and synthetic oligonucleotides 
Oligonucleotide Sequence Function
OPfor 5'- TATGGAAGGAGAGGACAG PCR primer for amplification and 

sequencing of the cdv-operon
GENrev 5'- TAAGCGAGAAGACATTTG PCR primer for amplification and 

sequencing of the cdv-operon
GENfor 5'- CTCTGATAAACTCTTCTTG PCR primer for amplification and 

sequencing of the cdv-operon
OPrev 5'- TGATGAACCTCTACCTAC PCR primer for amplification and 

sequencing of the cdv-operon
1372for 5'- GCCACTTAGACATCACTG Additional primer for sequencing of the 

cdv-operon
1372rev 5'- TAGTAATGAAGGAGAAAC Additional primer for sequencing of the 

cdv-operon
1374for 5'- ATCCTATGTCACTAAT Additional primer for sequencing of the 

cdv-operon
1374rev 5'- GTTAGACAGTGAGTTGC Additional primer for sequencing of the 

cdv-operon
parAfor 5'- TTCCTGGGTTTCAC PCR primer for amplification and 

sequencing of the parA gene
parArev 5'- GTGGATTTACTTTAG PCR primer for amplification and 

sequencing of the parA gene

amplicon(BIO)
for

5' (BioTEG)-
GTTAAAAGCGCTTATTGAT-3'

PCR primer for amplification and 
biotinylation of the Saci 1374 promoter 
region

amplicon(BIO)
rev

5' (BioTEG)- 
AAGTTATCAGCTATGATGA-3'

PCR primer for amplification and 
biotinylation of the Saci 1374 promoter 
region

3CCR 
(CCR-boxes in  
bold)

5' (BioTEG)- 
TGGTATTAGCCCTCTCCCTTAT
AGCCCTCTCCCTTATTAATTAG
CCCTCTCCCTTATTAATGTTG 
-3'

Synthetic oligonucleotide containing 3 CCR 
boxes, for protein pull down assay

3CCR -  
Complimentary

5'-
CAACATTAATAAGGGAGAGGG
CTAATTAATAAGGGAGAGGGCT
ATAAGGGAGAGGGCTAATACC
A-3'

Synthetic oligonucleotide containing 3 CCR 
boxes, for protein pull down assay



noCCR 5' (BioTEG)-
GTTAAAAGCGCTTATTGATGAT
GAACTGAAGAGCCTAAATTCT
TATAAATATAATCATCATAGCT
GATAACTT-3'

Synthetic oligonucleotide with TATA box 
but no CCR box, but  for protein pull down 
assay

noCCR -  
Complimentary

5' -
AAGTTATCAGCTATGATGATTA
TATTTATAAGAATTTAGGCTCT
TCAGTTCATCATCAATAAGCG
CTTTTAAC -3'

Synthetic oligonucleotide with TATA box 
but no CCR box, for protein pull down 
assay

All primers and oligos were ordered from Operon.

PCR and sequencing

Genomic DNA was extracted from cell cultures in stationary phase (OD600 0.6). Extraction and 
purification was done with phenol and chisam (chloroform: isoamylalcohol 24:1), after treatment 
with protease K, following standard procedures (Marmur,1961).
 
PCR reactions were performed in 50 µl PCR-tubes using products from Sigma or Applichem, 
according to the manufacturer's instructions. Each 50 µl PCR-reaction mix contained, typically, 
37.5 µl water, 5 µl supplied ready-made reaction buffer, 1 µl Mg2+ supplement (optional), 1 µl 
genomic DNA template 10 ng/µl, 1 µl dNTP and 1 µl 10 mM each of the forward and the reverse 
primers.The PCR reaction was initiated by a 5 min.denaturation step at 94˚C followed by a PCR 
cycle repeated 35 times: 1 min. at 94˚C, 2 min.at 50˚C and 2 min. at 68˚C, followed by 7 min. at 
68˚C. Samples were then stored at 8˚C. 
 
PCR amplicons were separated on agarose gels. Bands corresponding to the expected product size 
were cut out and the DNA extracted using the JETquick Gel Extraction Spin kit (Genomed) and a 
Biofuge table centrifuge, all according to the manufacturers instructions. DNA concentration were 
mesured on a Nanodrop ND-1000 Spectrophotometer. 
 
A Biometra T3000 Thermocycler PCR-machine was used for all PCR- and sequencing reactions.
 
The sequencing reactions were performed using the Big Dye Terminator v3.1 Cycle Sequencing Kit 
(Applied Biosystems). The reaction mix contained, in each tube, 0.5 µl Big Dye, 1.75 µl buffer, 
6.25 µl water, 1 µl of template and 0.5 µl of 10 mM primer - one per reaction. The sequencing 
reactions were then run on a MegaBASE sequencer by laboratory technicians in the department. 
 
The resulting sequence data was examined using Chromas sortware [http:// www. 
Technelysium.com.au/index.html] and the sequnces were aligned using NCBI Nucleitide BLAST 
[http://blast.ncbi.nlm.gov/Blast.cgi]
 



Electrophoresis

Agarose 

1% agarose gels contained ~5 µl EtBr (0.5 µg/ml) in 50 ml 1xTAE buffer. Gels were run in the 
same 1xTAE buffer, prepared from a standard 50xTAE stock solution (for 1 liter add 242 g Tris, 
57.1 ml acetic acid, 37.2 g EDTA).

SDS polyacrylamide electrophoresis 

The 12% polyacrylamide separation gel was prepared from 4.8 ml ProtoGel 30% 37.5:1 
acrylamide/N,N-methylene-bis-acrylamide solution (AGTC Bioproducts), 4.7 ml water, 2.4 ml 2 M 
Tris-HCl (pH 8.8), 60 µl 20% sodium dodecyl sulfate (SDS) with 60 µl ammonium persulfate 
(APS) and 7.8 µl TEMED added just before transfering the mixture to a casting cassette 
(Invitrogen) for polymerization for about 50 minutes. The stacking gel was then cast on top, from a 
mix of 0.55 ml ProtoGel 30% polyacrylamide solution, 2.4 ml water, 0.5 ml 0.5 M Tris-HCl (pH 
8.8), 17.5 µl 20% SDS, 17.5 µl 10% APS and 2.25 µl TEMED. The gels were run using the 
Invitrogen Novex Minicell system, for  ~ 1h. at 200 V, in 1xE running buffer made from 100 ml 
5xE (25 mM Tris, 192 mM Glycine, 0.1% SDS), 400 ml water and  2.5 ml SDS. 14 µl of sample 
was loaded in each well, mixed with 2 µl 2-mercaptoethanol (DTT) and 4 µl of 1x Loading Buffer 
Dye (ITSI Biosciencies), and preheated for five min in 95˚C.

Protein detection

The casting cassette was cracked open and the gel transfered to one of two possible fixing solutions, 
depending on the method chosen for the protein detection.

Coomassie Brilliant Blue

The gel was soaked in fixing solution (45% methanol, 45% H2O, 10% acetic acid) for 20 minutes 
and then soaked over night in a 5% Coomassie Brilliant Blue G250 solution. The gel was then 
rinsed in destaining solution (50% H2O, 40% methanol, 10% acetic acid) until bands were visible, 
normally only after several hours.

Silver staining

The gel was soaked in 7% acetic acid for 7 min, then in 50% methanol for 2 x 20 min., followed by 
a thorough rinse in water for 2 x 10 min. The gel was then soaked for 15 min in staining solution, a 
mix of two freshly made solutions: one containing 0.8 g silver nitrate dissolved in 4 ml of water, 
and the other was made by adding 250 ul 30% NaOH and 1.4 ml 14.8 M ammonium hydroxide to 
200 ml water. The two liquids were mixed dropwise and diluted with another 76 ml of water before 
use. The gel was rinsed for 5 min in water before the final soaking in a developing solution made 
from 1 ml 1% citric acid and 100 µl 37% formaldehyde in 200 ml water. The developing process 
was stopped by rinsing in water. Bands appeared on the gel after a few minutes.



The DNA-protein pulldown assay

25-50 µl Dynabeads M-280 Streptavidin (10 mg/ml) in phosphate buffered saline (Invitrogen), was 
pipetted to Eppendorff tubes and placed on a DynaMag-Spin magnet (Invitrogen); a circular, strong 
magnet with a rack capable of holding six Eppendorff tubes. The beads were washed three times in 
1x binding and washing (B&W) buffer, following the instructions of the manufacurer (Invitrogen), 
and diluted in 2xB&W buffer, 10 mM Tris-HCl (pH 7,5),1 mM EDTA and 2 M NaCl, to the final 
concentration of 5 mg/ml.

To prepare crude cell extract, Sulfolobus acidocaldarius DSM639 cells were harvested at mid-
exponential phase at OD600  between 0.2 and 1.0. Samples for flow cytometry were taken at the same 
time, by adding 5 ml of culture to 4.5 ml of 77% cold etanol. The flow cytometry measurements, 
performed by a supervisor, monitored the cultures by measuring their DNA-content and cell size 
during exponential phase. Alternatively, the cultures were synchronized by inducing cell cycle arrest 
with acetic acid (30 µl 1 M acetic acid added to a 50 ml culture), in the purpose of maximizing the 
chance of having as many cells as possible in the same cell division stage at the same time. After 
four hours of incubation at  low pH, the cell cycle were expected to be stalled in the G2 phase. The 
cells were then gently centrifuged at 1200 g, for 5 min at room temperature, with everything in 
direct contact with the cells pre-warmed to maximize the survival rate despite of the harsh 
treatment. The pelleted cells were then resuspended in fresh medium, and the cultures were replaced 
in the waterbath. From this moment, a surviving fraction of the cells would start growing in 
synchrony and attain the genome segregation/cell division step simultaneously after 60-70 min 
(Lundgren et al., 2004). Samples were taken immediately after resuspension, then after half an hour, 
and then continioulsly every five minutes, starting 10 min before the estimated cell division stage 
until 20 minutes after, to increase  the probability of having as many individual cells as possible 
"caught in the act". Flow cytometry samples were taken at all time points.

The cells, at a time point considered advantageous, were centrifuged into pellets in 50 ml Falcon 
tubes, using a Heraeus Multifuge at 1236 g for 20 min. Pellets were frozen at -20˚C and thawed 
when needed. They were then dissolved in 200 µl to 1.8 ml of sonication buffer; 50 mM Tris-HCl 
pH 7.5, 5% glycerol, 2 mM EDTA and 1 Protease inhibitor tablet/7ml sonication buffer; Complete, 
Mini (Roche), freshly added. The cells were disrupted by sonication in a Sonics Vibra Cell sonicator 
for 20 x 20 seconds at medium amplitude and the lysate was centrifuged in Eppendorff-tubes for 2 
min at 16 000 g in a table centrifuge (Biofuge). 

Biotinylated DNA ligands were generated by PCR using biotinylated primers ordered from Operon. 
Two synthetic oligonucleotides were also designed and ordered from the same manufacturer, with 
and without biotin. The DNA ligands were attached to the beads according to the Nucleic Acid 
Protocol of the manufacturer (Invitrogen). 50 µl of water, containing the DNA-ligands  in varying 
concentrations,    were mixed with 50 µl of washed beads (5 mg/ml) resuspended in 2x B&W buffer 
in Eppendorff tubes. The ligands were incubated with the beads for 15 to 30 min in room 
temperature with constant agitation to prevent sedimentation of the beads. The tubes were placed on 
the magnet and the supernatant discarded. The beads were then gently washed 3-4 times with 1x 
B&W buffer, meaning that they were repeatedly resuspended and the buffer removed. 

The magnetic streptavidin covered beads, with ligands attached, were then suspended in 1x binding 
buffer prepared by adding MilliQ water to a 5x binding buffer; 10mM HEPES, 10 mM Tris-HCl pH 
8, 5% glycerol, 50 mM KCl and 1 mM EDTA - with or without reducing agent 1 mM dithiothreitol 



(DTT) and binding competitors, 50 ug/ml bovine serum albumin (BSA)  and 1mg/ml herring sperm 
DNA, freshly added.. To this mixture, the crude cell extract was added in various proportions, 
making up between 1/3 to 1/2 of the total volume of 200 µl. Beads with DNA ligands and crude cell 
extract were incubated for 15 min at room temperature with agitation to keep the beads emulsified 
in the reaction mix. In an alternative method the beads were added later, to let binding between the 
DNA and the protein take place first, which could increase the rate of sucess if protein 
concentrations and binding kinetics are low and the affinity is weak. In this case, the crude cell 
extract was first mixed with 1x binding buffer and the DNA ligands added to the mixture. Ratios 
differed between experiments, but were typically 150 µl crude cell extract added to 150 µl 1x 
binding buffer and 50 µl of DNA ( in varying concentrations) in water. The volume was kept in the 
range of 200 - 300 µl. After incubation, to allow binding to take place, this three component mixture 
was added to the washed beads, from which the 2x B&W buffer had been removed. Incubation took 
place as described above.

After the last incubation the Eppendorff tubes were placed on the magnet and the supernatant 
removed. The beads were gently washed with 1x B&W buffer. As a last step any remaining proteins 
bound to the DNA were eluted by adding  20-40 ul 1x B&W buffer with 2 M KCl, to the beads, 
followed bu another 15 min to 30 min incubation. The eluate, possibly containing the sought-after 
protein, was then run on a 12% SDS-polyacrylamide electrophoresis gel.
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