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Introduction

1. Introduction

1.1 Archaea Sulfolobus solfataricus P2 strain

1.1.1 Archaea: ubiquitous but unique

The domains Archaea, Eukarya and Bacteria represent three distinct phylogenetic
lineages that encompass all known life on earth (Woese et al., 1990). Archaea are the last
one which was recognized as a district phylogenetic group about 30 years ago (Woese
and Fox, 1977). When these microorganisms were first discovered in 1977, they were
considered to be bacteria. However, when their 16S rRNAs were analyzed, it became
clear that there was no close relationship to the bacteria. In fact, they were more closely
related to the eukarya (Gutell et al., 1985), although they share some features with
bacteria, as both are prokaryotes. Archaea are single cell forms with bacteria-like cell
walls and flagella. They have circular chromosomes and lack a nuclear membrane. Based
on 16S rRNA analysis, the archaeal domain is split into four subdomains: the euryarchaea,

the crenarchaea, the korarchaea and the nanoarchaea (Figurel.1).

Archaea

Crenarchaea

Euryarchaea

Bacteria

Korarchaea

LUCA

Figure 1.1: Phylogenetic tree of three domains of life. All cellular life on earth can be
classified as belonging to one of three domains: Eukarya, Bacteria and Archaea. The
archaea are split into four subdomains. Sulfolobus (blue lines) is a branch of the
Crenarchaea subdomain (red circle) in Archaea, where solfataricus (Sso) is a twig on it.
LUCA: last universal common ancestor.
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Archaea are known to live in extreme conditions, like high temperature, often above
100°C. They are found in hot springs, black smokers or oil wells. Some are found in very
cold places and others in highly salty, acidic or alkaline water. Whereas, it is now
apparent that archaea are ubiquitous, they exist not only in harsh environments, but are
also present in normal habitat conditions (Rother and Metcalf, 2005).

Besides the environments they inhabit, Archaea do share unique features not typically
found in both other domains. Although their morphology resembles bacteria and
unicellular eukaryotes, archaea possess glycerol-based phospholipids with own characters.
First, in the archaeal lipids, the stereochemistry of the glycerol moiety is the reverse of
that found in bacteria and eukaryotes. This is strong evidence for a different biosynthetic
pathway. Second, most bacteria and eukaryotes have membranes composed mainly of
glycerol-ester lipids, whereas archaea have membranes composed of glycerol-ether lipid,
including mesophilic archaea. Even when bacteria have ether-like lipids, the
stereochemistry of the glycerol is of the bacterial type. Third, archaeal lipids are based on
isoprenoid building blocks. This is common in rubber and as a component of some
bacterial and eukaryotic vitamins. However, only the archaea incorporate these
compounds into their cellular lipids (White, 1995; Delong and Pace, 2001; van, V et al.,
1998; White, 1995). The archaeal cell wall and flagella are also unusual (Howland, 2000).
Another example is the histone protein. Archaea and eukaryotes have histones, whereas
these are not found in bacteria (Caetano-Anolles and Caetano-Anolles, 2003). Archaeal
histones possess a minimal histone fold structure and show a higher flexibility (Sandman
and Reeve, 2005; Decanniere et al., 2000; Li et al., 2003). In the presence of DNA,
archaeal histone dimers aggregate further to form tetramers or hexamers (Marc et al.,
2002). By contrast, the eukaryotic nucleosome core histones have additional sequences
that extend N- and/or C-terminal from their histone fold (Sullivan et al., 2002; Luger et
al., 1997b). Furthermore, eukaryotic histones have four conserved subunits that assemble
into the histone octamer (Luger et al., 1997a).

Individual character comparison of archaeal, bacterial and eukaryotic cells reveals
that, despite of their unique features, archaea are similar to other prokaryotes in most
aspects of cell structure and metabolism. However, their genetic processes do not show

many typical bacterial features, and are in many aspects similar to those of eukaryotes
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(Bell and Jackson, 1998; Bell, 2005; Geiduschek and Ouhammouch, 2005; Myllykallio et

al., 2000). Some of the eukaryotic and bacterial traits of archaea are collected in Table 1.1.

Table 1.1: Summary of some bacterial and eukaryotic traits of archaea.

Eukaryotic traits Bacterial traits

DNA replication machinery

Histones
Nucleosome-like structures Single, circular chromosome
Transcription machinery Operons
RNA polymerase Bacterial-type membrane transport channels
TFIIB Many metabolic processes
TATA-binding protein (TBP) Energy production
Translation machinery Nitrogen-fixation
Initiation factors Polysaccharide synthesis

Ribosomal proteins
Elongation factors
Poisoned by diphtheria toxin

There are many interesting and exciting features that make the archaea an attractive
domain to study. The simplicity of its eukarya-like metabolism machinery provides an
opportunity for investigating the eukaryotic machinery in a simple way. Its mixed
features of eukarya and bacteria narrow the gap between these two domains and promote
phylogenetic analysis. Its tolerance of harsh environments (for instance, temperature,

pressure, salinity and pH) is interesting for industrial purposes.

1.1.2 Sulfolobus solfataricus, a model system in crenarchaea

Among the archaea, the genus Sulfolobus has been well studied. It comprises different
strains isolated from acidic, solfataric fields all over the world. They grow at
temperatures between 60°C and 95°C and at pH of 1 to 5. They are Gram-negative,
irregularly shaped. Most Sulfolobus strains are able to gain their energy by oxidizing
sulfide to sulfate, and many strains are able to oxidize ferrous iron (Brock, 1978). These
organisms, belonging to the phylum Crenarchaea (Figure 1.1) have been chosen as a
model system for biochemical and genetic studies for several reasons: they can be easily
grown on appropriate liquid and solid media both as single colonies and as lawn; they are

aerobic and thermophilic; gene transfer can occur by conjugation, transduction and
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transformation. Moreover, various genomes have been completely sequenced (She et al.,
2001; Chen et al., 2005; Kawarabayasi et al., 2001).

In the present work, the investigation focused on Sulfolobus solfataricus (Sso) P2
strain that had been completely sequenced previously (She et al., 2001; Kawarabayasi et
al., 2001). Sso P2 is an aerobic crenarchaeon that grows optimally at 80°C and pH 2- 4.
Its genomic DNA contains about 3x10° bp, encoding about 2900 proteins, 33% of which
are found only in Sulfolobus, whereas 40% have homologs in archaea, 12% have
homologs in bacteria but not in eukarya, and 2.3% in eukarya but not in bacteria. 25% are
shared with both bacteria and eukarya. It is the most widely studied organism of the
crenarchaeal branch of the archaea and a model for research on the mechanisms of DNA
replication, repair, the cell cycle, chromosomal integration, transcription, RNA
processing, and translation. These further studies reveal common features in archaea,
even between three domains (Ciaramella et al., 2002; Kawarabayasi et al., 2001). These

are expected to contribute new discoveries in the near future.

1.2 SSBs

1.2.1 General introduction of SSBs

Single-stranded DNA-binding proteins (SSBs) are indispensable elements in all living
organism cells. They have little in common at the protein sequence level and subunit
composition, but more at the functional and structural levels. The common structural
feature is a conserved domain called an oligonucleotide/oligosaccharide-binding (OB)
fold that binds single-stranded DNA (ssDNA) (Murzin, 1993). OB folds bind ssDNA in a
cleft formed primarily by p-strands, by using aromatic residues that stack against
nucleotide bases, and positively charged residues that form ionic interactions with the
DNA backbone (Bochkarev et al., 1997; Raghunathan et al., 2000; Shamoo et al., 1995;
Matsumoto et al., 2000). SSBs are usually present in stoichiometric quantities with the
corresponding ssDNA substrates, and protect the transiently formed ssDNA regions
against nuclease attack, and they prevent the formation of secondary structures (Perales et
al., 2003). In this way, SSBs participate in many aspects of nucleic acid metabolism,

including DNA replication, recombination, repair, chromosome maintenance and
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transcription, although the function details are not fully understood (Aravind et al., 1999;
De et al., 2004; Aravind and Koonin, 1999; Komori and Ishino, 2001; Carpentieri et al.,
2002; Dionne et al., 2003).

Eukarya
L B . B : BB h [ ] 21
RPATO
RPA32 RPA14
Bacteria Crenarchaea
| T W ] . R
SSB SSB

Figure 1.2: Domain organization of SSB proteins in eukarya, bacteria and archaea.
Blue rectangles represent the OB folds; A, B, C and D represent the OB folds participating
ssDNA binding events; the red rectangles represent C-terminal domains; the yellow
rectangle represents zinc-finger.

1.2.2 Bacterial and human mitochondrial SSBs

Most bacterial SSBs, as well as mitochondrial SSBs (mtSSBs) have similarities in
sequence and structure. They are monomers. Each monomer comprises single N-terminal
ssDNA binding domain, OB fold, and a less structured C-terminal tail. They assemble
into active homotetramers in the absence of DNA (Figure 1.2B). Among these proteins,
E.coli SSB (EcoSSB) has been most extensively studied. Its crystal structure in the
presence and absence of ssDNA has been solved and the key aromatic residues in the OB
fold have been defined (Raghunathan et al., 2000; Raghunathan et al., 1997) (Figure
1.3A). Interestingly, EcoSSB binds ssDNA cooperatively in two modes: (SSB)3s in which,
the ssDNA interacts with two protomers in the tetramer, and (SSB)gs, in which, the
ssDNA interacts with all four protomers in the tetramer (numbers represent the binding
site size on ssDNA substrates), depending upon the monovalent salt concentration (with
distinct effects of both cation and anion types), as well as divalent cations, polyamines,

temperature and pH (Lohman and Ferrari, 1994) (Figure 1.3B). The (SSB)ss complex is
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formed below 10 mM NaCl whereas (SSB)es complex forms above 200 mM up to 5 M
NaCl. In the range of 10-200 mM, the site size expends continuously with the
concentration of NaCl (Lohman et al., 1986). In vivo changes in the ionic strength may
play an important role in regulating the alternation of these modes during its various
functions (Lohman and Overman, 1985).

It is worth to note that the highly conserved, acidic residue-rich C-terminal region of
EcoSSB is not present in mtSSB. This region is neither essential for DNA binding nor for
homotetramer formation, whereas it is required for in vivo functions suggesting a role in
interactions with other proteins. The region between the N-terminal OB fold and the
acidic C-terminus probably functions only as a spacer, keeping the negative charges away

from the DNA bound to SSB (Webster et al., 1997).

1.2.3 Replication protein A (RPA), the eukaryotic SSBs

In eukaryotes, RPA acts as a SSB protein. It is heterotrimer possessing three different
subunits, RPA70, RPA32 and RPA14. The largest subunit RPA70 contains four OB folds
including an N-terminal domain and three DNA binding domains (DBDs, DBD-A, DBD-
B and DBD-C). The subunit RPA32 contains DBD-D flanked by N-terminal
phosphorylation sites. The small subunit RPA14 folds into an OB structure and plays a
role in trimerization (Figure 1.3C). In the heterotrimer of human RPA, four of the six OB
folds participate in the DNA binding process, namely DBD-A, -B, -C of RPA70 and
DBD-D of RPA32, (Iftode et al., 1999).

Similar to bacterial SSBs, RPA binds ssDNA in two alternative modes along with
significantly conformational change, probably depending upon the salt concentration
(Pfuetzner et al., 1997). During the binding process, RPA binds first to 8-10 nucleotides
(nt) in an unstable manner via DBD-A and B, the major DNA binding domains that
harbour most of the binding activity of the full trimer (Blackwell and Borowiec, 1994;
Walther et al., 1999). The second binding step is associated with the ssDNA binding of
two minor DNA binding domains, DBD-C and D. In this manner, all four DBDs directly
contact the ssDNA substrate, occluding a total of 30 nt (Brill and Bastin-Shanower, 1998;
Bastin-Shanower and Brill, 2001; Bochkareva et al., 1998; Kim et al., 1992b). Various
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factors contribute to the latter step, for instance, the zinc ribbon in DBD-C stabilizes the
trimer through a cooperative manner (Bochkareva et al., 2000). The switching from 8-10
nt to the 30 nt mode is mediated by DNA binding of the trimerization core (Bochkareva
et al., 2002) (Figure 1.3D). The binding of adjacent trimers occurs with low cooperativity
(Kim and Wold, 1995).

(SSB)35s Mode (SSB)ss Mode

RPA32

RPA32

—

RPA70
/
| RPA70N M DBD-A M DBD-B DBD-C \

- 8-10 nt Mode 30 nt Mode

(unstable) (stable)

Figure 1.3: Structures and binding modes of bacterial and eukaryotic SSBs. A, Protein surfaces
involved in binding of EcoSSB tetramer to the ssDNA. The surface is colored deep blue in the most
positive regions and deep red in the most negative regions. Residues known to be involved in binding are
shown by arrows. B, Schematic map of the two DNA binding modes of EcoSSB tetramer. At low
concentration of NaCl (<10 mM), two protomers of EcoSSB tetramer interact with the ssDNA to form the
(SSB);5 complex, on the contrary, at high concentration of NaCl (>200 mM), the (SSB)gs complex are
formed by complete interaction between the ssDNA and all four protomers in the tetramer. Switch between
(SSB);5 mode and (SSB)gs mode mostly depends on the salt concentration. C, Schematic map of the RPA
domain structure. Domains are presented as boxes, their borders are indicated. Zn, the zinc ribbon; P, the
unstructured, phosphorylated N-terminus of subunit RPA32. The regions of subunit interaction are
indicated by arrows. D, Two DNA binding modes of the trimeric RPA molecule (RPA70, RPA32, and
RPA14 subunits) with the four DNA binding domains designated as A, B, C, and D. The binding of the
ssDNA (thick line) occurs via a multi-step pathway. The initial, unstable 8-nt binding is mediated via
domains A and B. A conformational switch then reorients domain C, allowing it (and likely domain D) to
make contact with the ssDNA protruding from domain B to attain the stable 30-nt binding mode. The 5 to 3
polarity of DNA engagement by RPA was first reported by de Laat et al..
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During DNA-processing, RPA interacts with many nuclear proteins, for example,
XPA (Xeroderma pigmentosum group A), XPC (Xeroderma pigmentosum group C),
Rad51 , p53, DNA polymerase (Iftode et al., 1999). The N-terminus of RPA70 interacts
with the tumor suppressor p53 (Lin et al., 1996), and the C-terminal domain of RPA32
with uracil-DNA glycosylase (UNG2) in base excision repair (BRE) (Otterlei et al.,
1999). It is suggested that DNA binding and protein interaction of RPA are regulated by
each other in dynamic way by competing for the same binding sites, but the interaction

details remain unclear (Bochkareva et al., 2001).

1.2.4 Archaeal SSB, the ancient SSB?

A

B

Methanococcus

jannaschii _ A

Methanobacter
themoautotrophic

I - 1 : I e

Archaeoglobus

Figure 1.4: A, Structures of the ssDNA-binding domain A between human RPA and Euryarchaeal
SSBs. (a) Human RPA70 DBD-A. (b) Euryarchaeal Methanococcus jannaschii MJ1159 ssDNA-binding
domain A (residues 80-162, OB-A). B-strands are shown in blue; o-helices are shown in red. The
structures are shown so that the axis of the channel in which DNA binds is perpendicular to the figure
(DNA is shown as an orange circle). B, Schematic map of OB folds arrangement in euryarchaea. The
upper map represents the OB folds from Methanococcus jannaschii and Methanobacter
themoautotrophicum, and the lower one, from Archaeoglobus fulgidus (within two subunits). Capital
letters, A, B, C and D, represent the OB folds; Zn, the zinc finger.
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SSBs also exist in the third domain of life, the archaea. Two types of archaeal SSBs
have been identified, the euryarchaeal SSBs and crenarchaeal SSBs. SSBs in euryarchaea
have a eukaryote-like composition. They contain four OB folds in one gene product or in
two. Although there are some variations on the sequence level, euryarchaeal SSBs retain
structural similarity to eukaryotic SSBs (Figure 1.4A). The four OB folds all participate
in the ssDNA binding event. The zinc finger, which has a counterpart in eukaryotic RPA,
is highly conserved and correctly spaced (Chedin et al., 1998) (Figure 1.4B). Therefore,
the euryarchaeal SSBs can be treated as OB fold hetrotetramers, which function through

the cooperation of the four OB folds.

Figure 1.5: The SsoSSB monomer. The
four aromatic residues suggested in the
ssDNA binding in SsoSSB are (clockwise
from top) Ile30, Phe79, Trp75 and Trp56,
coloured in gray. The protein secondary
structure is labeled as ribbon-stick mode.
The L12 and L45 loops for ssDNA-binding
event are coloured red, the L23 loop
orange, the capping ‘helical’ region green
and the N-terminus royal blue.

All types of OB folds from bacteria, eukarya and archaea show the conservation in
structure and key residues. These findings strongly suggest that all SSBs from three
domains of life originated from a common ancestral ssDNA-binding protein, and
afterwards diverged through evolution. An important question is which of the SSBs
comes closest to the ancient SSB ancestor? The answer may lay in the SSB from
crenarchaea. Sulfolobus solfataricus SSB (SsoSSB), the first SSB from crenarchaea,
contains a single eukaryote-like OB fold in a monomer, both on sequence and structure
level, and a bacteria-like C-terminal tail, without zinc finger in the whole sequence

(Wadsworth and White, 2001; Haseltine and Kowalczykowski, 2002). Its crystal structure
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indicates the highly conserved key residues in functional loops (Kerr et al., 2003) (Figure
1.5). The oligomer state in the presence/absence of ssDNA in solution is still a matter of
debate and its binding mode remains unclear. Many studies have investigated its
relationship to mini-chromosome maintenance (MCM) proteins (Carpentieri et al., 2002;
Marsh et al., 2006), RNA polymerase (Richard et al., 2004), gyrase (Napoli et al., 2005)
and DNA damage detection (Cubeddu and White, 2005) implying the important role of
C-terminus of SsoSSB in these protein-protein interaction processes, and suggesting the
crucial function of SsoSSB in DNA replication, transcription, recombination and repair.
Taken together, the mixed features of SsoSSB from its bacterial and eukaryotic
homologues show that SsoSSB can be a potential candidate for representing the

evolutionary convergence of SSB protein family between three domains of life.

1.2.5 Other SSBs

The properties of some of the typical SSBs mentioned suggest that the evolutionary
pathway of SSB protein family is varied. Bacterial phage T4 gene32 protein (gp32) is the
first SSB protein to be studied biochemically and biophysically in details. It still can be
served as a paradigm for SSBs. Gp32 binds ssDNA mainly as a dimer with high

3

cooperativity of the “unlimited” type that allows the formation of continuous protein
clusters that can readily saturate the ssDNA (Williams and Konigsberg, 1978). Some
bacterial SSBs from thermophilic species are homodimers, with each monomer encoding
two OB folds. The C-terminal domain has nearly all of the key residues binding the
ssDNA as that in EcoSSB-ssDNA model. But the N-terminal OB fold does not retain
numbers of potentially important ssDNA-binding residues. The differences between these
two ssDNA-binding domains impose an asymmetry that is likely to affect the DNA
binding properties and other functions of each domain (Bernstein et al., 2004). The
finding of two OB folds linked by a conserved spacer sequence (such as Thermus
thermophilus and Deinococcus radiodurans SSB proteins and their counterparts from
Deinococcus-Thermus genera of bacteria) probably is an adaptation of hosts to extreme

conditions (Dabrowski et al., 2002; Eggington et al., 2004; Filipkowski et al., 2007;
Filipkowski et al., 2006). A common feature appears to be characteristic for the SSBs,
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namely that most of SSBs function as a combination of four OB folds. They are found
either as a tetramer with a single OB fold per molecule, as a molecular dimer with two

OB folds or as a heterotrimer with OB folds unequally distributed in the subunits.

1.3 CRISPR and CRISPR-associated proteins

1.3.1 General introduction of CRISPR

Along with the development of genome sequencing, more and more characteristic
features of genomes are discovered. Clustered regularly interspaced short palindromic
repeats (CRISPRs) are newly described aspects of genome organization. They were first
observed by Ishino and colleagues (Ishino et al., 1987) upstream of iap gene in E.coli.
These sequences share unique features and are now considered as a new family of
prokaryotic repeats that is easily distinguishable from any other recurrent motifs. The
repeats are typically short partially palindromic sequences of 21- 48 bp, containing inner
and terminal inverted repeats that are generally spaced by similarly sized non-repetitive
sequences, called “spacers”. The sequence of repeated units is conserved in members of
the same phylogenetic group, and there is a high percentage of similarity even among
domains (Mojica et al., 2000). Later the rapid progress in whole genome sequencing
revealed that CRISPRs are present in about half of the bacterial and most archaeal
genomes (Godde and Bickerton, 2006; Jansen et al., 2002a; Lillestol et al., 2006). They
represent the most widely distributed family of repeats among prokaryotic genomes,
suggesting a biological significance.

In the early studies, this family of the repeats was named differently by the
researchers, leading to some confusion. The repeats have been named as TREP (tandem
repeats), (Mojica et al., 1995), DVR (direct variant repeats), (van Embden et al., 2000),
SRSP (short regularly spaced repeats), (Mojica et al., 2000), LCTR (long cluster of
tandem repeat sequences), (She et al., 2001) and SPIDR (spacers interspaced direct
repeats), (Jansen et al., 2002b). Based on a systematic characterization in different
bacterial and archaeal genomes, Jansen and colleagues (Jansen et al., 2002a) proposed, in
agreement with Mojica’s research group, a new name for this family of DNA repeats,

which are now generally named as CRISPR.
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Since CRISPRs are ubiquitous and peculiar in prokaryotes, it is beginning to attract
growing interest and the identification of CRISPR has become an important task for
bioinformatic analysis. Very recently, computational tools have been introduced to
recognize CRISPR automatically (Durand et al., 2006; Edgar, 2007; Grissa et al., 2007a)
and a specific, public CRISPR database is available that is regularly updated (Grissa et al.,
2007b) and provides rapid and exact detection, comparison and identification of CRISPR

for further research.

1.3.2 CRISPR-associated proteins

Shortly after CRISPR was defined, some putative protein genes flanking CRISPR
sequences were identified. Jansen and his colleagues compared the genes flanking the
CRISPR loci in the genomes of different prokaryotic species and found a clear homology
among four genes. They are always located near to the repeats, and are not present in
species without CRISPR loci, or in other words, no homologues of these genes were
found in CRISPR-negative genomes. These genes are the so called CRISPR-associated
(cas) genes and the encoded proteins are therefore called Cas proteins (Jansen et al.,
2002a). The cas genes usually orient head-to-tail suggesting a coordinated transcription.
The most common arrangement is cas3-cas4-cas1-cas2. The cas gene cluster generally is
found within a few hundred of base pairs of the CRISPR locus. Each locus of CRISPR
has its own set of cas genes indicating that CRISPRs and the accompanying cas genes are
functionally related. The amino acid sequences of the Cas proteins show some highly
conserved amino acid residues or functional domains. Based on the sequence comparison,
the four Cas protein groups match perfectly to COG (cluster of orthologous groups)
numbers in NCBI database (Makarova et al., 2006). The COG identification number of
the Casl to Cas4 proteins are COG1468, COGI1343, COG1203 and COGI1518,
respectively (Jansen et al., 2002a). Recently, two new cas genes, cas5 and cas6 have been
defined based on the fact that the particular combination of the core genes (cas1-4) and
these genes are always found in genomes. Most of the Cas5 proteins match to COG1688,
and Cas6 matches to COG1583 (Haft et al., 2005). casl -6 are very common in

prokaryotes that possess CRISPR loci, and they form the so-called ‘core cas genes’.
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There are some cas genes that are not very common, some match the COG protein
numbers, some do not, and exist along with CRISPRs with or without function prediction,
but until now there has been no experimental characterization on Cas proteins. The
functions of the Cas proteins are almost unknown. A functional prediction is possible for
only few Cas proteins. For instance, Casl proteins are generally highly essential. They
are the only Cas proteins found consistently in all species that possess CRISPR loci, and
are treated as the marker for Cas protein detection. The Casl proteins are predicted as
novel nucleases. Cas3 proteins appear to be a helicase, sometime fused with COG2254
proteins which are predicted as HD-family nucleases. Cas4 proteins resemble the RecB
family of exonucleases and contain a cysteine-rich motif, suggesting a function in DNA

binding. The others remain to be characterized (Makarova et al., 2006).

1.3.3 The biological roles of CRISPRs and Cas proteins

A few years before CRISPRs were found in prokaryotic genomes, the cas genes and
some of their associated genes had been identified in thermophilic archaea and bacteria
and were defined as DNA repair protein genes (Makarova et al., 2002). By that time, the
study of DNA damage and repair in archaea was just started. For example, the
identification of the archaeal DNA binding protein, SSB in Sso (Kerr et al., 2001;
Wadsworth and White, 2001) and its interaction with other proteins (Cubeddu and White,
2005) provided new knowledge about DNA damage and repair in archaea, and genomic
analysis indicated some putative DNA repair protein genes (Aravind et al., 1999; Grogan,
2000). The prediction of these genes as being involved in DNA repair provided a starting
point for the present work because these might constitute a novel DNA repair system.
The computational analysis of Koonin’s group predicted a series of features of these
proteins that were related to DNA damage recognition and repair, such as DNA binding,
DNA strand cleavage, DNA degradation, ATP-dependent duplex unwinding and
nucleotide polymerization. Accordingly, DNA helicase, ATPase, nuclease and

polymerase, were matched in this analysis (Makarova et al., 2002).
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Figure 1.5: The current hypothetical model for CASS functioning and CRISPR formation. A, The
basic model of CASS functioning. In this model, the transcription of the CRISPR regions is stimulated by
the stress of phage or plasmid invasion and is regulated by Cas proteins. The primary transcript
encompasses the entire CRISPR repeat region. This transcript is cleaved into 70-100 nt pre-psiRNA (pre-
prokaryotic siRNA) by the putative p-dicer, the COG1203 protein. The p-dicer catalyzes the further slower
processing step that releases mature psiRNA. The psiRNA molecules then bind RAMPs (Repeat-
Associated Mysterious Proteins) in a size-specific manner and anneal to the target mRNA. This complex
recruits p-slicer, forming the minimal form of the prokaryotic RNA-induced silencing complex (pRISC)
that cleaves the mRNA. pRISC can be recycled to attack the next target molecule, thus silencing the
respective gene. B, The variant of CASS functioning involving the CASS polymerase. In this pathway,
psiRNA is produced in the same way as in the basic one. But in the next step, psiRNA serves as the primer
for elongation by the CASS polymerase, yielding an extended dsSRNA form of the target. The p-dicer
cleaves the dsRNA at the endpoint of the pathway. Or else, the RAMP binds the dsSRNA degradation
product, forming a complex for annealing to the phage or plasmid mRNA, resulting in amplification of the
silencing effect. C, Formation of new CRISPR with unique inserts. The path to the creation of new
psiRNAs begins just like the response pathway to produce the 70-100 nt psiRNA precursors. At the next
step, there are two possible pathways to replace the unique insert within the pre-psiRNA with a new
fragment of the foreign RNA. One is the reverse transcription with copy choice whereby a reverse
transcriptase, most likely, the CASS polymerase (COG1353) switches from using the pre-psiRNA as a
template to using a phage or plasmid mRNA, and then back. The other one is direct, non-homologous RNA
recombination between a pre-psiRNA and a foreign mRNA, followed by reverse transcription of the
resulting recombinant RNA. The next insertion of the CRISPR fragment with the nascent spacers derived
from foreign DNA into host genomic DNA is mediated by an integrase/recombinase, most likely,
COGI1518.

However, the new reports on the CRISPRs pointed to another biological function of
these proteins, although the predicted biochemical functions of the proteins remained
mostly unchanged. The new proposed function is that, CRISPR and Cas proteins form a
prokaryotic defense system (CASS, CRISPR-associated system) which mimics the
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eukaryotic interference RNA system, the RNAi function. There are some bioinformatics
data to support this hypothesis (Makarova et al., 2006). First, the cas genes are tightly
associated with CRISPRs and are conserved both in gene composition and gene order.
Furthermore, in the genomes that possess multiple CRISPR loci, each CASS has its own
set of unique spacer sequences and cas genes, although some of these cas genes may not
be as common as the core cas genes indicating the functional relationship of CRISPR and
Cas proteins (Makarova et al., 2006; Jansen et al., 2002a). Second, accumulating
homology searches show a similarity of spacer sequences to sequences from viruses,
phages, plasmids and transposable elements (Mojica et al., 2005; Godde and Bickerton,
2006; Tyson and Banfield, 2007; Lillestol et al., 2006) suggesting that CASS is involved
in resistance against foreign genetic elements. Third, further functional prediction of Cas
proteins implied that the putative helicase, nuclease, recombinase, integrase, RNA
polymerase probably cooperate at the RNA level (Pourcel et al., 2005; Makarova et al.,
2006) or at the gene level where spacer transcripts are annealed directly to a gene,
thereby facilitating degradation of the foreign DNA (Lillestol et al., 2006). A hypothetical
model for CASS was established by Koonin’s group according to in silico analysis
(Figure 1.5). It intriguingly mimics the eukaryotic RNAi (Makarova et al., 2006),
although experimental support for the model is still lacking (Lillestol et al., 2006). The
idea is that the spacers of CRISPRs transcribe short RNA sequences that can bind to
complementary sequences in messager RNAs derived from invading DNAs. This would
block their translation into proteins and mark them for degradation by Cas proteins.

Very recently, direct evidence has been provided from working with Streptococcus
thermophilus (Marx, 2007). In that research, the infection of the bacteria with phage leads
to incorporation of phage-related spacer sequences with CRISPR region. These bacteria
become resistant for further infection by the phage strains from which these sequences
were derived. The knocking out of the spacers leads to a loss of resistance. And one cas
protein gene (cas7) is involved in the process, although the mechanism of this process

remains unknown.

1.3.4 CASS in Sulfolobus solfataricus
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After its genome sequencing had been completed (She et al., 2001), Sso P2 strain was
widely used as a model strain in crenarchaea. In CRISPR analysis, Sso P2 shows some
common and unique features of CRISPR loci in sequence. Sso P2 harbours five CRISPR
loci (Sulfolobus solfataricus P2 complete genome sequencing project, http://www-
archbac.u-psud.fr/projects/sulfolobus/), containing about 400 spacer sequences (She et al.,
2001). These spacer sequences match to plasmids, viruses, its own and other crenarchaeal
genomes (Bolotin et al., 2005) (Table 1.2). The repeat sequences in different CRISPR
loci are highly similar (Mojica et al., 2005; Jansen et al., 2002a; Lillestol et al., 2006)
(Table 1.3). The loci consist of five core cas genes and some other cas genes (Table 1.4).
Four core cas genes are arranged in cas4-cas3-casl-cas2 order with many other cas
genes interspersed (Makarova et al., 2002; Makarova et al., 2006; Jansen et al., 2002a).
However, the loci lack the “leader” sequences usually flanking CRISPR loci. These
leader sequences generally locate at one end of CRISPR loci, and are several hundred
bases long and AT-rich, without open reading frames suggesting no protein encoding
function. Until now, all the CASS features of Sso P2 are from computational analyses

with no experimental characterization.

Table 1.2: Features of the sequences most similar to CRISPR spacers from Sso P2.

Strain ORF Replicon Activity Alignment*

S. solfataricus P2 ORF406 pNOBS Transposase tgaatagcaacategtgtaacecteatccteagectte
Forr TRt trerr e e
taaaaggcaacatcgtgcaacctcatccteat-ctte

ORF1025 pNOBS NTPase ttgtctgteggtgaageagtagtatttctaagaggeegtee

FERETErr et e tere et e

ctatctgteggtgaageecgtagoatttetaagaggeegtee

ORF315 pNOBS8 Resolvase cctaatatcctegggtacttatagaacceteccttetggte
POCEREEE 10 b TREr e ber b e e e rnt
cctaatattctaggatacttatagaaccctccttetggte

ORF121 SIRV1 Resolvase aaagcggttgttttccagttccagaaactggaattettat

PEE T CVEEREE ey e e eerreny
gaagtgectgttttcecagttccagaaactggaattettaa

ORF510 SIRV1 Unknown atgttctttttccagaactgtaactataattttgttgatat
(AR RN AR RN RN RN AR RN RN RRAY
atgttctttttccagatgtgtaactataattttgttgatat

ORF134 SIRV1 Structural tggtaaatagctctgttaggcccagttattecatattetg
PETEEEEET PRI E v e ety 1
tgatatatagctctgttaggeccagttattecatatigty

ORF356 SIRV1 Glycosyl transferase atcatttatgcacatttcaactccatttccaatatgaat

PEEETEEE LEPEREr e e b e b ety
ttttectatacacatttgaactccatttecaatatgaat

ORF98 SIRV1 Unknown aagataccacaacacttggagttaatgcattattgaatatggatacat
[ e O R N O RN RN NN RN AR AR AR
aagatactacagtaactggaataaatgcattattgaatatggatactt

ORF268 SIRV1 Unknown cgtaagaataattttacaaaatcttagtaattatatagtttatate

(AR RN RN RN R R R R R R RN
agttagaataattttgcaaaatttaagtaattatattgtatatatc

*CRISPR spacer sequences (top line) and best-match homologous sequence (bottom line).
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Table 1.3: Summary of repeat sequences in Sso P2

Repeat sequences No. of clusters
1. CTTTCAATTCCTTTTGGGATTAATC 3
2. CTTTCAATTCTATAAGAGATTATC 2
3. CTTTCAATTCTATAGTAGATTAGC 2

Conserved bases are marked black.

Table 1.4: cas genes in Sso P2

No. of COG No. 1518 1343 1203 1468 1688 1583 2254 4343 1857 2462 1353
repeat sequence  cas No. casl cas2 cas3 cas4 cas5 cas6 casl cas2 cas3 pol.
1 numbers 1 1 1 1 1 1 1 1 1

2 of Cas 1 1 1 1 1 1 1 1 1 2 1
3 proteins 1 | 1 1 1 1
1.3.5 Prospect

Taken the vast computational analyses and few experimental evidences together, the
finding of CASS would deepen our knowledge in several aspects. Study on conservation
of palindromic repeats in CRISPRs would reveal the functions of these elements in host
cell defense (Mojica et al., 2005), regulation (Haft et al., 2005), chromosomal segregation
(Mojica et al., 1995) and rearrangement (DeBoy et al., 2006). The rich diversity of
CRISPR spacer sequences in different thermophiles suggests the horizontally transferred
genetic elements (HTG elements) existing in the extreme environment (Mongodin et al.,
2005). Further studies will help to find out of whether or not there is a correlation
between CRISPR spacer sequence and geographic location. The observation of co-
transcription and transcription activation of cas genes with CRISPR (Shinkai et al., 2007;
Viswanathan et al., 2007) would open a door about the specific pathway of trigger and
regulation of this co-transcription. Experimental test of the Cas proteins for in silico
functional prediction (Makarova et al., 2006) will illustrate the mechanism of this novel,
peculiar immune system. The direct evidence of CASS in prokaryote could provide a way
of gene silencing in prokaryotes like that of RNAi in higher organisms and this could be

applied into genetic engineering, such as blocking specific gene activity.
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1.4 Aim of the present work

SSB proteins are essential in many biochemical processes. The SSB proteins in
bacteria and eukaryotes have been studied in detail and their structures and functions are
quite well known. By contrast, we have only incomplete knowledge of the basic
properties of the archaeal SSBs. In the present thesis, the SSB from Sso P2 strain has

been characterized mainly with respect to the following points:

The natural form of SsoSSB in solution in the presence/absence of DNA
The binding affinity of SsoSSB to ssDNA substrates and its cooperativity
Determination of dissociation constant of SsoSSB and binding model with ssDNA

Direct detection of SsoSSB —ssDNA complex by atomic force microscopy (AFM)

It is expected that the clarification of these features would be helpful for investigating
the role of the archaeal SSB in vivo. And through comparison of SsoSSB to bacterial and
eukaryotic SSBs, one simple, efficient SSB binding model might be found, indicating the
common ancestor SSB for three domains of life.

CRISPR and Cas proteins are a considerably new concept. Interestingly, at the very
beginning, because of the similarity of Cas proteins to DNA repair proteins, the lack of
observation of some repair systems in archaea and without a functional assignment of
CRISPRs, the Cas proteins were misunderstood as novel repair proteins. After finding of
ubiquitous CRISPRs and Cas proteins in prokaryotes, in past few years, the study of them
concentrated on bioinformatic analysis. Only in the last two years, some experimental
evidences were reported. It becomes clear that CASS is a unique prokaryotic immune
system, mimicking the RNAi system in eukaryotes. However, the lack of experimental
studies leaves most features of this system hypothetical. For instance, how invading DNA
triggers the CASS; how CRISPR regulates the function of Cas proteins; what are the
roles of Cas proteins; the relationship between Cas proteins; on which level the CASS
functions.

Trying to answer some of these questions, the present work primarily investigated the

distribution of CRISPR and cas genes in crenarchaeal model system, Sso P2. Based on
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the computational analysis, the cas gene expression was scanned in different conditions
in E.coli expression system and their enzymatic activities were mainly investigated. The
characterization of some potential Cas proteins was achieved later on. Some aspects of

previous hypothesis were proved, and some new features were observed.
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2. Materials and methods
2.1 Materials

2.1.1 Chemicals, enzymes and proteins

2.1.1.1 Chemicals

acrylamide/N,N’-methylenbisacrylamide (19:1)
acrylamide/N,N’-methylenebisacrylamide (29:1)

agar, agarose (NEEO), Boric acid, EDTA,

ethidiumbromide, HEPES,IPTG, peptone,

TEMED, Tricin,Tris, Urea Roth, Karlsruhe
APS, Arginine, antibiotics,

Commasie Brilliant Blue G250,

GSH /GSSG (Reduced/Oxidized Glutathione),

PMSF, polyethylene glycol (PEG) 8000, RbCl, Merk,Darmstadt
acetic acid, methanol, dNTPs Roche, Mannheim
5-bromo-4 chloro-3-indolyl phosphate (BCIP),

Nitro blue tetrazolium chloride (NBT),

B-naphthol acetate, Fast Blue BB Salt,

Triton X-100 Sigma, Schnelldorf
Yeast extract Gerbu, Gaiberg
[y-*P]-ATP (5000 Ci/mol) Hartmann Analytik, Braunschweig

Other chemicals, if not mentioned, were purchased from Merck (Darmstadt). The
purity of all chemicals was pro analysis.
For fermentations, deionized H,O was used. For preparation of buffers and other

solutions double-distilled (dd) HO was used.

2.1.1.2 Enzymes and proteins

Antibodies
Anti-His antibody Qiagen, Hilden
Rabbit anti mouse IgG/AP
(alkaline phosphatase) conjugate Pierce, USA

BSA, T4 polynucleotidkinase (T4 PNK), T4 DNA ligase
New England Biolabs, Frankfurt

am Main
non-fat dry milk Roche, Mannheim
Low molecular weight (LMW) protein strandard Pharmacia, Freiburg
Pfu DNA polymerase Promega, Mannheim
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shrimp alkaline phosphatase (SAP) Boehringer, Mannheim
Taq polymerase Paglab, Erlangen
All restriction endonucleases were purchased from New England Biolab, Frankfurt

am Main.
2.1.2 Bacterial and archaeal strains, media and antibiotics
2.1.2.1 Bacterial strains

BL21-CodonPlus(DE3)-RIL E.coli BF ompT hadS(rg mg) dem+ Tet” gal A (DE3)
endA Hte [argU ileY leuW Cam']" (Stratagene, Heidelberg)

BL21(DE3) F—ompT hsdSB(tB — mB-) gal dem (DE3)
Rosetta(DE3)pLysS F ompT hadS(rg mg) gal dem (DE3) pLysSRARE (Cam")
Rosetta-gami(DE3) A(ara-leu)7697 AlacX74 AphoA Pvull phoR araD139

ahpC galE galK rpsL F'[lac+ lacl’ pro] gor522::Tnl0 trxB
pRARE (Cam®, Kan®, Str®, Tet®) (Novagen, Darmstadt)
XL-1 blue supE44 hsdR17 endA1 gyrA96 relAl thi-1 recAl lac™
[F> proAB+, lacl ZAM15, Tn10 (Tet")]
(Stratagene, Heidelberg)

2.1.2.2 Media, inducer and antibiotics

LB—Medium, Luria Bertani Broth 10 g Peptone

5 g yeast extract
5 gNaCl, add 1 1 H,O, pH 7.2

Ampicillin 100 mg/ml in ddH,O
Chloramphenicol 34 mg/ml in ethanol
Kanamycin 25 mg/ml in ddH,O
Streptomycin/spectinomycin 10 mg/ml in ddH,O
IPTG 1 M in ddH,O
X-gal 20 mg/ml in DMF

Bacterial media were autoclaved at 121°C (1 Bar) for 20 minutes. For solid media
preparation, 1.5% (w/v) agar was added to liquid media. Antibiotics solutions were filter-
sterilized.

2.1.3 Plasmids and phage

MI13 GTGx phage for ssDNA production Kindly gift from Prof. Richard D.
Wood Imperial Cancer Research
Fund, Clare Hall Laboratories,
South Mimms, UK
pET19b-SsoSSB  Expression vector for SsoSSB  Kindly gift from Prof. M. White,
University of St. Andrews, UK
Co-expression vectors
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pRSFDuet-1 (RSF1030, kan', T7)
pETDuet-1 (ColE1, Amp', T7)

pCDFDuet-1 (CloDF13, Strp"/Spec’, T7)

pET-28C(+)
pGEM-T

pIVEX2.3d-Est2.1 vector containing esterase gene

pUCI19

In the present work, the recombinant plasmids for the cloning and expression of the

Novagen, Darmstadt

gene expression vector
plasmid for gene sequencing

Novagen, Darmstadt
Promega, Erlangen
Lehrstuhl Biochemie I,
Universitit Bayreuth
plasmid for dsDNA preparation

putative repair genes from Sso P2 are all derived from the plasmids listed above.

2.1.4 Oligonucleotides and tRNAs

All the oligonucleotide sequences are from 5’ to 3°, left to right.

2.1.4.1 PCR primers

M13AFM-for

MI13AFM-rev

ss01392-for
$501392-rev
ss01402-for
$501402-rev
ss01439-for
5501439-rev
ss01440-for

$501440-rev
sso1442-for
sso01442-rev
ss01449-for
$501449-rev
ss01729-for
$501729-rev
s501991-for
$501991-rev
$501997-for
$501997-rev
$501998-for

$s01998-rev

CCGGGATCCGAAGGGATATCAGCTGTTGCCCGTC
AGCTTTCCGGCACCGCTTCTGGTGCCGGA
CCCCCCGCTAGCCCATGGGTGAGAGTGATTGCATGTT
CCCCGAATTCAATCAACATAAGCTAAATTTC
CCGCTAGCCCATGGATGGGATGTGAAGAAAAT
CCGGATCCTCATTTCCTCAACCTCAACCC
CCGCTAGCCCATGGTTGATCAAGCCTTGTGCTT
CCGGATCCTCATAGAGTGGAACCTCCATT
CGCTAGCCCATGGTTGAAGTTGAGGC-
TAAGGAAGCCTATGAGGTCGGCGGG
CCCCGAATTCAATACACACCACCTATTTCAC
CCGCTAGCCCATGGATGATAAGCGGTTCAGTT
CCGGATCCTCACTCTTCCTCTAATTTAAC
CCGCTAGCCCATGGATGGTTAGTGTAACGGAT
CCGGATCCTCATAGCAAAACACTAACTGAG
CCATATGCCATGGGTGAGGCGGGTGGGATCAAA
CCGGATCCTAAATTACTCCCCTCATTATTC
CCCCGGATCCAAATGAGTACTGATGATAATTC
CCCCCAAGCTTTCACTTCTCGCCACCGTAAATTA

CCCCCCCCCATATGCCATGGATGATAGGCGGTTCAGGTA

CCCCGAATTCACTTTTCCTTTAATTTAGCT
GCCATGCCATGGGCTTGATCTACTCT
AAGGTTTTTTTAAAACTTCATTGGGGT
CGCCGGATCCGGGCTAAAGACAACATATTCTC
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s5s01999-for

$501999-rev

s1996Duet-for
s1996Duet-rev
s1997Duet-for
s1997Duet-rev
s1998-forDuet

$1998-revDuet
$1999-forDuet
$1999-revDuet
s2001-forDuet
s2001-revDuet
s2002-forDuet

s2002-revDuet
S1450-for
S1450-rev
S2001-for
S2001-rev

CGCTAGCCCATGGTTGAAGTTGAGGC
TAAGGAAGCATATGAGGTTGGTGGA
CCCCGAATTCAATACACACCACCTATTTCAC
ACCGGATCCGGTGAGGGTAGCCAACTTG
ACCAAGCTTATTTCTTTTCACCACCTTGTTC
ACCCATATGATAGGCGGTTCAGGTAG
ACCGGTACCCTTTTCCTTTAATTTAGC
ACGGGATCCGTTGATCTACTCTAA
GGTTTTTTTAAAACTTCATTGGGGT
ACCCCAAGCTTGCTAAAGACAACATATTCTC
ACGGAAGATCTCTTGAAGTTGAGGCTAAGGA
ACCGGGGTACCATACACACCACCTATTTCAC
ACCCCAATTGGTTGATCAAGCCTTGCGCT
ACCGGGGTACCTAGAGTGGAACCTCCATT
ACGGGATCCGATGGAGGTTCCACTC
TATAATATATTTGGAGATAATTACA
ACCCAAGCTTTCCTTCTCCTCTTATTAACTCTCCA
CATGCCATGGGCGTGATAAGCGTGAGGACTTT
GCCGAATTCCCCATCACCAACTTGAAACCCC
ACATATGTTGATCAAGCCTTGCGCTTA
ACGAGCTCTAGAGTGGAACCTCCAT

2.1.4.2 Primers for mutation

QCD-for
QCD-rev
QCE-Afor
QCE-Arev
QCH1-for
QCHl-rev
QCH2-for
QCH2-rev
QCS-for
QCS-rev

CAAGAGCTTAAAAGTTCGCGATTACACTTTTGATG
CATCAAAAGTGTAATCGCGAACTTTTAAGCTCTTG
CTTTCATATATCATGCCCTCGGTTCGGCTC
GAGCCGAACCGAGGGCATGATATATGAAAG
GACGTCGTTGTCCTTGCCGATATGGGAAAAGC
GCTTTTCCCATATCGGCAAGGACAACGACGTC
CTCTTTCATATATGCTGAACTCGGTTCGGC
GCCGAACCGAGTTCAGCATATATGAAAGAG
TCATGAACTCGGTGCGGCTCTATTTTTCT
AGAAAAATAGAGCCGCACCGAGTTCATGA

2.1.4.3 Substrates for SsoSSB

Pyrimidine-richl5 GCGTTAATCCTACCT

Purine-rich15

AGGTAGGATTAACGC

Pyrimidine-rich24 TCTTCTTCTGTGCACTCTTCTTCT

Purine-rich24

AGAAGAAGAGTGCACAGAAGAAGA
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Pyrimidine-rich42 AATTCTCCCTCTTCTTCTGTGCACTCTTCTTCTCCCCATCTC
Purine-rich42 TCGAGAGATGGGGAGAAGAAC
TCACGTGTCAAGAAGAGGGAG

ssb-7" CCTACCT

ssb-9” ATCCTACCT

ssb-11" TAATCCTACCT

ssb-13" GTTAATCCTACCT

ssb-15" CAGTTAATCCTACCT

ssb-17" GGATCAAAATTGTATCC

ssb-25" TTGTGGATCAAAATTGTATCCGCAA
ssb-50" ACAGCTATGACCGAATTCCTGGGGA

CTTCTTCTCAGCACAGAAGAAGAGG
* . Substrates with/without 5’-end fluorescein

2.1.4.4 Substrates for nuclease assay

50b CCTCTTCTTCTGTGCACTCTTCTTC
TCCCCAGGAATTCGGTCATAGCTGT

50u ACAGCTATGACCGAATTCCTGGGGAG
AAGAAGAGTGCACAGAAGAAGAGG

gap lmer AAGAAGAGTGCACAGAAGAAGAGG

gapSmer AGAGTGCACAGAAGAAGAGG

gaplOmer GCACAGAAGAAGAGG

HJ-b TTCCTGCTCGAGGGCGCCAGGGTGG
GAAGAAGAGTGCACAGAAGAAGAGG

HJ-u CTTGCATGCCTGCAGGTCGACCAGG
CCACCCTGGCGCCCTCGAGCAGGAA

mid-match GAATTCCTGGGGAGAAGAAGAGTGCA

nick-for ACAGCTATGACCGAATTCCTGGGGA

nick-for2 GAAGAAGAGTGCACAGAAGAAGAGG

PT-A30 CCTCTTCTTCTGTGCACTCTTCTTCTCCCC

PTB30 GGGGAGAAGAAGAGTGCACAGAAGAAGAGG

pseudo-Y ACAGCTATGACCGAATTCCTGGGGA

CCTGGTCGACCTGCAGGCATGCAAG

2.1.4.5 Substrates for Sso1450C6H

ssb-6" CCTACC

ssb-7" CCTACCT

ssb-9" ATCCTACCT

ssb-11" TAATCCTACCT

ssb-12° CTCTTATAGAAT

ssb-13 GTTAATCCTACCT

ssb—24: CTTTCAATTCTATAAGAGATTATC

ssb-33 TTGCTCCGTCTTTCAATTCTATAGTAGATTAGC
ssb-36 GATCGCTTCTTTCTTTCAATTCTATAAGAGATTATC
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12nRNA" AUUCUAUAAGAG

24nRNA’ CUUUCAAUUCUAUAAGAGAUUAUC
tRNAME ;- .

tRNAPe E ¢ Lehrstuhl Biochemie I, Universitit Bayreuth

* . Substrates with/without 5’-end fluorescein

2.1.5 Buffers and solutions

AFM buffer 8 mM HEPES, 2 mM NaCl, 2 mM MgCl,, pH 8.2
Binding & washing buffer 10 mM Tris-CL, pH 7.5, 1 mM EDTA, 1 M NaCl
ATPase reaction buffer 125 mM Tris-Cl, 25 mM MgCl,, 5 mM DTT,
pH 7.5

Buffers for agarose and PAGE gel
Electrophoresis buffer, 0.5x TBE 45 mM Tris
45 mM Boric acid
0.5 mM EDTA, pHS8.4
Native gel loading buffer 40% (w/v) sucrose,
0.25% (w/v) BromphenolBlue,
1 mM EDTA, pH 8.0
Buffers for denaturing PAGE
Electrophoresis buffer, 1x TBE 90 mM Tris
90 mM Boric acid
1 mM EDTA, pH8.4
Denaturing gel loading buffer 20 mM EDTA, 0.2% (w/v) Xylencyanol,
0.2% (w/v) Bromphenolblue in formamide
Buffers and solution for SDS-PAGE (Schigger-Jagow protein gel)

S/J-gel buffer (10x) 3 mM Tris-Cl, 0.3% (w/v) SDS, pH 8.5
Cathode buffer 0.1 M Tris-Cl, 0.1 M Tricin, 0.1% SDS, pH 8.25
Anode buffer 0.2 M Tris-Cl, pH 8.9
S/J-loading buffer 100 mM Tris-Cl, 24% glycerol, 8% SDS,
4% B-mercaptoethanol, 0.02% Serva-Blue,
pH 6.8

Coomassie blue staining solution 0.2 % (v/v) Coomassie Brilliant Blue R-250,
10 % (v/v) acetic acid, 30 % (v/v) ethanol
Destaining solution 10 % (v/v) acetic acid, 30 % (v/v) ethanol
Buffers for preparation of competent cells
T{BI buffer 30 mM K-Acetate pH 5.8 (acetate acid)
100 mM RbCl
50 mM MnCl2
10 mM CaCl2
15 % (w/v) Glycerol
T{BII buffer 10 mM Mops pH 7.0 (NaOH)
10 mM RbCl
75 mM CaCl2
15 % (w/v) Glycerol
Buffers and solution for SsoSSB
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SsoSSB EMD buffer 50 mM Tris-Cl, ImM EDTA, 1 mM DTT, pH 7.5
Ammonium sulfate solution 60% (w/v), 90% (w/v)

SsoSSB Sephacryl S-300HR buffer 0.1 M (NH4)HCO;3

SsoSSB Stock buffer 50 mM sodium phosphate, | mM DTT, 50%

glycerol, pH 7.5
SsoSSB binding buffer (EMSA) 20 mM Tris-Cl, 50 mM NaCl, 0.1 mg/ml BSA,
pH 7.5
Buffers for refolding assays
Buffer A 10 mM Tris-Cl, 0.1 M sodium phosphate,
0.3 M NacCl, 20% glycerol,
2 mM B-mercaptoethanol, pH 8.0
Buffer W 10 mM Tris-Cl, 0.1 M sodium phosphate,
0.3 M NaCl, 20% glycerol,
2 mM B-mercaptoethanol, pH 6.3
Buffer E 10 mM Tris-Cl, 0.1 M sodium phosphate,
0.3 M NacCl, 20% glycerol,
2 mM B-mercaptoethanol, pH 5.0
Buffers and solutions for high-through put refolding assays:
see Tables 2.1 and 2.2 for details.
Buffers for Western Blotting

Blotting buffer 25 mM Tris-Cl, 192 mM glycine, 20%
methanol, pH 8.6
TBS-T buffer 10 mM Tris-Cl, 150 mM NacCl, 0.05% tween20
pH 7.5
AP buffer 100 mM Tris-Cl, 100 mM NaCl, 5 mM MgCl,
pH 9.5
BCIP stock solution 5 mg/ml BCIP (5-bromo-4 chloro-3-indolyl
phosphate in 100% dimethylformamide)
NBT stock solution 5% NBT (Nitro blue tetrazolium chloride in
70% dimethylformamide)
Cell lysis buffer for Sso1450C6H 50 mM Tris-Cl, 150 mM NacCl, 20% glycerol
2 mM B-mercaptoethanol, 10 mM imidazole
pH 7.5
Cell lysis buffer for Ss02001Est 50 mM Tris-Cl, 100 mM NaCl, 10% glycerol
2 mM B-mercaptoethanol, pH 7.5
Fluorescence anisotropy buffer 20 mM Tris-Cl, 50 mM NaCl, 100 ng/ml BSA,
0.05% tween20, pH 7.5
Hybridization buffer (NEB4) 20 mM Tris/AcOH, 10 mM Mg(OAc),,
50 mM KOAc, 1 mM EDTA, pH 7.9 at 25°C
NEB3 buffer 50 mM Tris-Cl, 100 mM NacCl, 10 mM MgCl,,
1 mM DTT, pH 7.9 at 25°C
Nuclease reaction buffer 50 mM Tris-Cl, 10 mM MgCl,, pH 7.5
PBS 0.24 g/l KH,POy, 1.44 g/l Na,HPOy,, 0.2 g/1
KCI, 8 g/l NaCl, pH 7.4
PCR buffer (high quality) 10 mM Tris-Cl, pH8.8, 50 mM KClI,

1.5 mM MgCl,, 0.1 % (v/v) Triton X-100
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PCR bufferll (high quantity)

20 mM Tris-Cl, pH8.55, 16 mM (NH4)2SOy,

0.01 % Tween20, 2 mM MgCl,

Pfu buffer

20 mM Tris-Cl, 10 mM KCI, 10 mM

(NH4)2SO4, 2 mM MgSO4,
0.1 mg/ml BSA, 0.1 % Triton X-100

PNK forward buffer

50 mM Tris-ClI (pH 7.6 at 25°C),

10 mM MgCl,, 5 mM DTT,
0.1 mM spermidine, 0.1 mM EDTA

protein stock buffer

50 mM Tris-Cl, 100 mM NaCl, 50% glycerol

1 mM DTT, pH 7.5

SAP buffer

10 mM Tris-Cl (pH 7.5 at 37°C), 10 mM MgCl,

0.1 mg/ml BSA

TE (1x)
Thin layer chromatography running buffer

10 mM Tris-Cl, 1 mM EDTA, pHS8.0

1 M formic acid, 0.8 M lithium chloride

2.1.6 Commercial Kits

CelLytic"™ B bacterial cell lysis extraction reagent
E.Z.N.A." Plasmid Miniprep KitII

pGEM®—T Vector System

Roti®-Nanoquant (Bradford Assay) solution
Wizard SV Gel and PCR Clean-Up System

2.1.7 Instruments and materials

96-well, 24-well Nunc-Immuno microtitre plates
AFM MultiMode

Centrifuge Biofuge 13R

Cool centrifuge RC5B

Dialysis membrane
Environmental Incubator Shaker

gel apparatus

LS50B spectrofluorometer
Microplate Spectrophotometer
Mighty Small Gelsystem

MP220 pH meter

Nitrocellulose Blotting Membrane

Panther™ Semi-Dry Electrobloter, HEP-1
PEI-Cellulose plastic sheets

Petri dishes, tubes, micro tubes, semi-micro cuvettes
Quartz and glass cuvettes
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Sigma, Schnelldorf
PeqLab, Erlangen
Promega, Erlangen
Roth, Karlsruhe
Promega, Erlangen

International, Nunc-Immuno plate
Denmark
Veeco/Digital Instruments
Inc. Santa Barbara, USA
Heraeus, Hanau
Du Pont, Bad Homburg
Serva, Heidelberg
New Brunswick Scientific,
Edison N.J., USA
Pharmacia, Freiburg
Perkin-Elmer, USA
BioTek Instruments, Inc., USA
Hoefer Scientific Instr.,
San Francisco, USA
Mettler-Toledo, Switzerland
Advantec MFS, Inc., Dublin,USA
Peqlab, Erlangen
Macherey-Nagel, Diiren
Sarstedt AG & Co., Niimbrecht
Hellma Miillheim
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Smart-Ladder (DNA marker)
Sonifier B15

T-personal Combi (PCR instrument)
Thermomixer 5436

Thermostat heating block 5320

Typ Instant Imager 2024
UV-Spectral photometer DU640

UV/Vis-Translluminator with camera and computer

Vortex-Genie
Water bath

2.1.8 Chromatographic materials

Co*"-Talon

Eurogentec, Koln

Branson, Schwibisch Gmiind
Biometra, Grottingen
Eppendorf, Hamburg
Eppendorf, Hamburg
Canberra-Packard, Dreieich
Beckman, Miinchen

MWG, Ebersberg

Bender & Holbein AG, Ziirich
Kétternmann, Burgdorf

Clontech, Heidelberg

Dynabeads, Dynal MPC (Magnetic Particle Concentrator)

EMD-S0;

Ni**-NTA-Sepharose, superflow
Ni**-NTA-Silicagel, spin columns

Sephadex G25

Sephacryl S-300HR

Trifluoromethyl ketone (TFK) Sepharose CL-6B
3-Butylsulfanyl-1,1,1-trifluoro-propan-2-one
(TFK analog)

2.1.9 Softwares

BLASTN on NCBI website
(www.ncbi.nlm.nih.gov/blast/blast.cgi)

Corel PHOTO-PAINT version 12
KC4 program
Origin 5.0

VectorNTI Suite 7
Windows XP and MS Office 2003

2.2 Standard methods

2.2.1 Spectrophotometric determination

2.2.1.1 Determination of protein concentration
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Merk, Darmstadt

Qiagen, Hilden
Pharmacia, Freiburg

Lehrstuhl Biochemie I,
Universitit Bayreuth

National Center for
Biotechnology Information,
Bathesda, USA

Corel Co., USA

BioTek Instruments, Inc., USA
OriginLab Co. Northampton,
MA, USA

InforMax Inc., USA

Microsoft Co., USA
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When nucleic acids were present, protein concentration was determined by
absorbance measurements in a 1 cm quartz cuvette in a Beckmann DU-640

spectrophotometer. Protein concentration was calculated according to Ehresmann:

(A228.5-A234.5) /3.14= mg/ml (protein)

Protein concentration was also determined by Bradford protein quantification assay.
This assay is based on the observation that the absorbance maximum for an acidic
solution of Coomassie Brilliant Blue G-250 shifts from 465 nm to 595 nm when binding
to protein occurs. Both hydrophobic and ionic interactions stabilize the anionic form of
the dye, causing a visible color change (Bradford, 1976).

In detail, BSA stock solution was diluted to a range of 1-100 pg/ml to establish the
standard curve. 50 pl from each calibration standard or from the samples was pipetted
into a 96-well culture plate and was mixed with 200 pl of Roti®-Nanoquant (1x) reaction
solution. After 5 min incubation at room temperature, OD4sp and ODsgs of the standards
and samples were measured. Thereafter, the quotient ODs9s/OD4so of each sample was

plotted and compared to the calibration curve from the standards (Zor and Selinger, 1996).

2.2.1.2 Determination of nucleic acid concentration

The concentration of DNA and RNA was determined by measurement of the
absorbance at 260 nm. One OD, unit corresponds to approx. 50 pg of dsDNA, 30 pg of
ssDNA or 40 pg of RNA.

2.2.1.3 Determination of bacterial cell density

The optical density (ODgoy) of bacterial suspensions was measured with the
Beckmann DU-640 spectrophotometer in lem polystyrol cuvettes. One ODggo unit

corresponds to 6 x 10% cells.

2.2.2 Gel electrophoresis

2.2.2.1 Agarose gel electrophoresis

Agarose gel electrophoresis was used for analysis, preparation of DNA and detection

of DNA-protein complexes. First, 0.4-1 g agarose was melted in 50 ml 0.5x TBE buffer
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(0.8-2% (w/v)) and was then cooled down to room temperature. The samples were mixed
with 1/3 volume of native gel loading buffer and were then loaded on the gel.
Electrophoresis was run at 5-7 V/ecm in 0.5x TBE. The bands were visualized under a

long wavelength UV lamp after being stained in 0.5 mg/l ethidium bromide solution.

2.2.2.2 Native polyacrylamide gel electrophoresis

The nucleic acid-protein complexes were analyzed in a small vertical slab unit. The
gel (4-8 % acrylamide/N,N’-methylenbisacrylamide (19:1)) containing 25 mM Tris-
acetic acid, pH 7.0 and 10 mM MgAc, was polymerized by addition of 0.05% (v/v)
TEMED and 0.1% (w/v) APS. The samples were mixed with 1/3 volume of native gel
loading buffer and were then loaded on the gel. Electrophoresis was performed at 100 V

for 1-2 h in 1x TBE.

2.2.2.3 Denaturing polyacrylamide gel electrophoresis

For typical analysis of nucleic acids, 20% polyacrylamide (acrylamide/N, N’-
methylenebisacrylamide 19:1) gels of 20 x 20 x 0.075 c¢cm containing 8.3 M urea in 1x
TBE buffer were prepared. Polymerization was carried out by addition of 0.02% (v/v)
TEMED and 0.1% (w/v) APS. Gels were pre-run for at least 30 min at 50 mA, 50°C, and
then the pre-heated (in Thermomixer 5436 for 5 min at 95°C) samples mixed with 1/3
volume denaturing gel loading buffer were loaded onto the gel. Electrophoresis was run
at 50 mA for approx. 1 h. For sequencing, thinner gels (40 x 20 x 0.02 mm) of 12% or
20% polyacrylamide containing 8.3 M urea in 1 x TBE buffer were used. Gels were pre-
run for 30 min at 50°C, 30 mA, and then samples mixed with loading buffer were loaded
onto the gel. Electrophoresis was run at 50°C, 30 mA for approx. 2 h. The gel was dried

for 1 h at 80°C for detection of labelled nucleic acids.

2.2.2.4 SDS polyacrylamide gel electrophoresis (SDS PAGE)

The SDS PAGE was performed according to Schigger-Jagow’s protocol (Schagger
and von Jagow, 1987) in the Mighty Small Vertical Slab Unit (Hoefer Scientific
Instruments). The 12% separating gel (acrylamide/N, N’-methylenebisacrylamide, 29:1)
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and the 4% stacking gel (acrylamide/N, N’-methylenebisacrylamide, 29:1) both contained
300 mM Tris-HCI pH 8.5, 0.3% (w/v) SDS. Polymerization was started by addition of
0.05% (v/v) TEMED and 0.1% (v/v) APS. Two volumes of protein samples were mixed
with one volume of SDS PAGE loading buffer and then heated at 95°C for 3 min.
Electrophoresis was carried out at 15 V/cm, in Schigger-Jagow double-buffer system.

The protein bands were visualized by Coomassie Brilliant Blue G250.

2.2.3 Detection of radioactively labeled nucleic acids in gel

After completion of gel electrophoresis, the radioactivity of labeled nucleic acids was
counted by Typ Instant Imager 2024 (Canberra-Packard, Dreieich) and was automatically

transformed into a visible form.

2.2.4 Detection of unlabeled nucleic acids in gel

Nucleic acids in agarose gels or in polyacrylamide gels were visualized under a long

wavelength UV lamp after being stained in 0.5 mg/1 ethidium bromide solution.

2.2.5 Staining of protein gels

The protein gels were stained by 5 volumes of coomassie blue staining solution (45 %
(v/v) methanol, 10 % (v/v) acetic acid and 1 % (w/v) coomassie brilliant blue G250) for
approx. 30 min. The protein bands were visualized after the gel was destained (3x) in 10

volumes of destaining solution (30 % (v/v) methanol, 10 % (v/v) acetic acid).

2.3 Molecular biology methods

2.3.1 Preparation and transformation of competent cells

Preparation and transformation of competent E.coli cells was carried out according to
modified Hanahan methods (Hanahan, 1983). In detail, an E.coli strain was streaked
directly from a frozen stock onto the surface of a LB agar plate and was incubated
overnight at 37°C. Afterwards, four or five well-separated colonies were transferred into
1 ml of LB medium and were dispersed by vortexing at moderate speed. Then the culture

was diluted in 100 ml of LB medium in a 1 1 flask and was incubated for 2.5-3 h at 37°C
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till ODggo reached 0.4. The culture was then cooled down to 0°C in an ice bath for 10 min.
The cells were recovered by centrifugation at 2700 g in SS34 rotor (Sorvall, DuPont) for
10 min at 4°C. The cell pellets were re-suspended by gentle vortexing in approx. 20 ml of
ice-cold T{BI buffer. After storage on ice for 10 min, the cells were pelleted by repeating
the centrifugation step and were re-suspended gently in 4 ml of ice-cold TfBII buffer.
Aliquots of 100 pl of competent cells were stored at -70°C for until use.

When transformation was performed, up to 100 ng of transforming DNA was added
to 100 ul of appropriate E.coli competent cells. The cell suspension was kept on ice for
30 min. Following heating at 42°C for exactly 90 s in the Thermomixer 5436 (Eppendorf,
Hamburg), the cell suspension was cooled down rapidly on ice bath. After mixing with 1
ml of LB medium, the cell suspension was incubated at 37°C for 45 min in the
Thermomixer 5436. Then 100-500 pl of the transformed competent cells were spread
onto the LB agar plate containing the appropriate antibiotic(s). The plate was incubated at

37°C overnight.

2.3.2 Culture of bacterial strains

For small-scale preparation of plasmid DNA, after transformation (2.3.1), a single
colony was picked with a toothpick from LB-agar petri dishes into 5 ml LB liquid
medium. E. coli strains were grown in LB medium supplied with the appropriate
antibiotic(s). Cultures were incubated overnight at 37°C with agitation of 170 rpm in the
Environmental Incubator Shaker (New Brunswick Scientific, Edison, N.J., USA).

For expression protein genes in E.coli, 20 ml LB medium was inoculated by a single
colony of E. coli strain harboring the genes to be expressed, supplied with proper
antibiotics and grown overnight at 37°C with agitation. 4 1 LB medium supplied the same
antibiotics was inoculated by a 10 ml aliquot of this culture. This culture was grown at
37°C until ODggo reached 0.8, at which point IPTG was added to a final concentration of
0.1-1 mM to induce the expression of protein genes. The culture was grown further for 4
h. Cells were harvested by centrifugation at 5 000 g for 10 min at 4°C in SLA3000 rotor
(Sorvall, DuPont).
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2.3.3 Extraction of nucleic acids with phenol:chloroform

The standard way to remove proteins from nucleic acids is to extract first with
phenol:chloroform and then with chloroform. In the first step, an equal volume of
phenol:chloroform (organic phase) was mixed with the nucleic acid sample (aqueous
phase) in a polypropylene tube with a plastic cap. Then the mixture was centrifuged at
12,000 g for 15 s in a microfuge at room temperature. The aqueous phase was later on
transferred into a fresh tube by pipetting. To achieve the best recovery, the organic phase
and interface were mixed well with an equal volume of TE (pH 8.0). The phases were

separated by repeating the centrifugation. The aqueous phases were collected together.

2.3.4 Nucleic acid precipitation by ethanol

For precipitation of nucleic acid by ethanol, 2 volumes of ice-cold ethanol (100%, v/v)
and 1 volume of nucleic acid solution were mixed with additional salt (sodium acetate,
0.3 M, pH 5.2). The mixture was stored at -20°C for 2 h and was afterwards centrifuged
at 12,000 g for 15 min at 0°C. The supernatant was carefully removed and the nucleic
acid pellet was washed by 70% (v/v) ethanol and centrifugation. The open tube was
stored on the bench at room temperature until the last traces of fluid had evaporated.
Finally, the nucleic acid pellet was dissolved in the desired volume of buffer, and was

stored at -20°C or -70°C until use.

2.3.5 Dephosphorylation of nucleic acid

Phosphates can be removed from the 5’-ends of nucleic acids by phosphatases. In the
present work, this reaction was catalyzed by shrimp alkaline phosphatase (SAP,
Boehringer Mannheim) with SAP dephosphorylation buffer in an appropriate volume for

1 h at 37°C. The enzyme was inactivated by 20 min incubation at 70°C.

2.3.6 5’-end labeling of oligonucleotides by [y->’p]-ATP

Phosphates can be added back to the 5’-ends of dephosphorylated nucleic acids by
bacteriophage T4 polynucleotide kinase (PNK, New England Biolabs, Frankfurt am
Main). T4 polynucleotide kinase transfers the gamma-phosphate of ATP to the 5°-
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hydroxyl of nucleic acid. If the gamma phosphate is radioactive (y->"p), then the nucleic
acid is labeled with the radioactive phosphate. This 5’-end labelling of DNA or RNA was
performed with PNK forward buffer in 10 pl reaction solution that contained 2 uM DNA
or RNA oligonucleotides, 1 ul [y-*p]-ATP (10 pci/pl, 2 pM) and 5 U bacteriophage T4
PNK. The reaction was incubated for 30 min at 37°C. The nucleotides were extracted
twice with phenol:chloroform (2.3.3). Afterwards, unincorporated ATP was removed on
a sephadex G25 (<50bp) or Sephacryl HR200 (>50bp) spin column if necessary. The

labeled oligonucleotide was stored at -20°C.

2.3.7 Hybridization of oligonucleotides

The double-stranded oligonucleotide hybrids (DNA/DNA, DNA/RNA, and
RNA/RNA) were formed by a general hybridization method. The mixture of the
conplementary strands was heated in NEB4 buffer at 90°C for 1 min. Then the mixture

was cooled down slowly (0.02°C/s) to 25°C. The hybrids were stored in -20°C.

2.3.8 Small scale preparation of plasmid DNA

2.3.8.1 Growth of the bacterial culture

After transformation (2.3.1), a single E.coli XL1-blue (Stratagene, Heidelberg)
colony was transferred into 5 ml of LB liquid medium containing appropriate antibiotic(s)
in a loosely capped 15 ml tube. The culture was incubated overnight at 37°C with

vigorous shaking at 170 rpm in the Environmental Incubator Shaker.

2.3.8.2 Cell harvest and plasmid DNA purification

The E.coli XL1-blue cells were harvested by centrifugation at 10,000 g for 30 s at 4°C
in a microfuge. After removing supernatant, the cells were lysed and the plasmid DNA
was purified based on alkaline method by a commercial kit (E.Z.N.A.® Plasmid Miniprep
KitIl, PeqLab, Erlangen) according to the attached manual. The plasmid DNA was stored
at -20°C until use.
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2.3.9 Preparation of bacteriophage M13 ssDNA

2.3.9.1 Infection of bacterial E.coli XL1-bule cells by bacteriophage M13 ssDNA and
culture of the cells

50 pl of E.coli XL1-blue competent cells were infected by 1-50 ng of bacteriophage
M13 ssDNA as described in 2.3.1. Afterwards the infected cells were gently mixed with
50 ul of pre-incubated XL1-blue cells and 5 ml top agar at 47°C. The mixture was poured
onto a LB agar plate and was incubated overnight at 37°C. Then one well developed
bacteriophage M13 plaque on the top agar was picked and placed into 250 ml LB liquid
medium. The culture was incubated at 37°C with vigorous shaking at 170 rpm in

Environmental Incubator Shaker for 5-8 h.

2.3.9.2 Harvest of M13 ssDNA

After incubation, the cells were pelleted down by centrifugation at 4,000 g in a
SLA1500 rotor (Sorvall, DuPont) for 15 min at 4°C. M13 ssDNA in the supernatant was
moved into a beaker, and mixed with polyethylene glycol (PEG) 8000 by stirring for 1 h
at room temperature. The precipitate was collected by centrifugation at 10,000 g for 20
min at 4°C. The precipitate was re-suspended in 20 ml of 10 mM Tris-Cl, pH 8.0.
Afterwards, the M13 ssDNA was extracted by phenol:chloroform (2.3.3) and was
dissolved in a proper volume of 10 mM Tris-Cl, pH 8.0. The final concentration of M13
ssDNA was approx. 1 mg/ml.

2.3.10 Polymerase chain reaction (PCR)

In general, the PCR was performed in a final volume of 20 ul in the DNA thermal
cycler (T-personal Combi, Biometra, Gréttingen) under the indicated conditions (DNA
melting at 95°C, annealing at 56°C or 60°C according to the sequence specificity,
elongation at 72°C). The reaction mixture contained approx. 5 ng of plasmid DNA or 100
ng of genomic DNA as template, 1 pM primers, 200 puM dNTPs and 2.4 U/0.1 U of
Tap/Pfu polymerase mixture in PCR buffer.
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2.3.10.1 Gene amplification from Sulfolobus solfataricus (Sso) P2 genomic DNA

The primers for gene amplification from Sso P2 genomic DNA were critically
designed and checked by software, VectorNTI (InforMax, Inc., USA) for additional
restriction sites and avoiding wrong anchors on the genome sequence. The PCR was

performed as described in 2.3.10.

2.3.10.2 Gene amplification from plasmid vector

The primers for gene amplification from plasmid DNA were designed and checked by

software, VectorNTI. The PCR was performedal way as described in 2.3.10.

2.3.10.3 Colony PCR

A single colony of E.coli cells containing recombinant DNA was picked from a LB
agar plate and was placed into 0.5 ml LB liquid medium. The culture was incubated at
37°C for 4 h. Afterwards, 1 ul culture was mixed with 20 picomole of specific primers, 5
micromole dNTPs and 2 U Taq DNA polymerase (Peqlab biotechnologie GmbH,
Germany) in PCR bufferll (20 mM Tris-Cl, pH8.55, 16 mM (NH4),SO4, 0.01 %
Tween20, and 2 mM MgCl,). The final volume was 20 pl. The PCR reaction was carried
out as described in 2.3.10.

2.3.10.4 PCR product purification

The PCR product was isolated by agarose gel electrophoresis, and was purified by
Wizard SV Gel and PCR Clean-Up System (Promega, Erlangen). In detail, the DNA
fragment of interest was excised in a minimal volume of agarose using a clean scalpel.
The gel slice was mixed with membrane binding solution at a ratio of 10 pl of solution
per 10 mg of agarose gel slice, and the mixture was incubated at 60°C with vortexing till
the gel slice was completely dissolved. The dissolved gel mixture was transferred into the
SV Minicolumn assembly and was incubated for 1 min at room temperature. After
centrifugation at 16,000 g for 1 min, the liquid in the collection tube was discarded. The

DNA bound to the Minicolumn was then washed twice by membrane washing solution
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with centrifugation (16,000 g) for 1 min after each washing step. The PCR product was
released by nuclease-free water or proper buffer (e.g TE buffer) in desired volume
(normally 20-60 pl), and was then transferred into a clean microcentrifuge tube by
centrifugation at 16,000 g for 1 min at room temperature. The eluted DNA was finally

stored at -20°C until use. The recovery of the DNA was confirmed on an agarose gel.

2.3.10.5 Point mutation by quick change method

The PCR for generation of point mutations by the quick change method was
performed in a final volume of 20 pl in the DNA thermal cycler under the indicated
conditions (30 s at 95 °C, 12 cycles of (30 s at 95 °C—1 min at 55 °C—5 min at 68 °C)
for 4.5 kb Plasmid). The primers were complementary with 12 to 18 base pairs on both
sides of the desired mutation site and carried the the mismatch in center. The PCR
mixture contained 0.25 uM primers, 5 ng plasmid DNA, 3 U Pfu polymerase (Promega,
Mannheim) in Pfu buffer.

Following PCR, the original plasmid DNA was digested by 20 U Dpnl (New England
Biolab, Frankfurt am Main) for 1 h at 37°C in buffer NEB4. 1ul of the PCR product was
transformed into XL-1 blue competent cells (2.3.1). The mutated plasmid was prepared as

described in 2.3.8. The mutation was confirmed by sequencing.

2.3.11 DNA digestion by restriction endonucleases

The digestion of DNA by restriction endonucleases was performed under the
conditions clarified by the manufacturer’s manual. For analytical purposes, 0.1-0.2 ug of
DNA was digested for 2 h in a volume of 10 pl, with 1 U of appropriate restriction
endonuclease(s). Preparative digestion was carried out in a volume of 20-50 pl with 2 -5

ng of DNA and 2-10 U of appropriate restriction endonuclease(s) for over night.

2.3.12 DNA ligation

DNA fragments were ligated by T4 DNA ligase (New England Biolab, Frankfurt am
Main) in T4 DNA ligase buffer. For cloning, the ligation of the PCR products was
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performed using the pGEM®-T Vector System (Promega, Erlangen) following the

instructions of the manufacturer.

2.4 Computational analysis of genes from Sso P2 Stain

Bioinformatic analysis in Koonin’s group (Makarova et al., 2002) revealed a
conserved gene context in most archaeal and some bacterial genomes suggesting a
previously undetected repair function in prokaryotes. Further analysis in Sso P2 strain

was completed in the present work including homology analysis and operon analysis.

2.4.1 Homology analysis

All the clusters of orthologous groups (COG) that contain putative DNA repair gene
candidates from Sso P2 were scanned in NCBI (National Center for Biotechnology
Information, Bathesda, USA) database. The putative genes in Sso P2 stain were screened
out. The homologous genes in Sso P2 were grouped and are listed in Table 3.2. Each
putative gene was then aligned using BLASTN program on NCBI website
(www.ncbi.nlm.nih.gov/blast/blast.cgi) to detect the presence of functional domains.

After the denotation of cas genes was available on the NCBI website, all putative
repair genes from Sso P2 were re-scanned manually in the NCBI database to identify

their cas gene properties and their cas gene numbers.

2.4.2 Gene location and operon analysis in Sso P2

According to the putative DNA repair-related gene sequences in Sso P2 from NCBI
gene database, these gene locations were defined. These genes were divided into few
groups (Table 3.3) by comparing their location distances and their predicted functional
relationships. In each group the genes are clustered, head-to-tail arranged. The overlap
regions between genes were figured out and compared. The putative operons of these
genes were predicted as follows: The TATA box of each gene was detected using
sequence TTTTTAAA around 30 bp upstream of the transcription start site as specicfied
for Sulfolobus (Qureshi and Jackson, 1998). The BRE (Transcription Factor B
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recognition elements of archaeal promotor) sequence was detected using weakly
conserved sequence, RNWAAW (where R=purine, w=A or T, N=any nucleotide)
upstream of TATA box specially for archaea (Soppa, 1999; Bell et al., 1999). The Shine-
Dalgarno sequence was detected using sequence GGTGA specified for archaea (Tolstrup
et al., 2000). The terminator sequence was detected using sequence TTTTTYT (where
Y=pyrimidine) specified for archaea (Tolstrup et al., 2000). The tolerance values to
typical TATA box, BRE, Shine-Dalgarno and terminator sequences were varied to
predict the promotor and terminator regions. All the detection was performed manually in

software VectorNTL.

2.5 Preparation of proteins

2.5.1 Overexpression and purification of SSOSSB

The plasmid pET19b-SsoSSB (a kindly gift from Prof. M. White, University of St.
Andrews, UK) containing ssoSSB gene was transformed into FE.coli BL21-
CodonPlus(DE3)-RIL (Stratagen, Heidelberg) competent cells as described in 2.3.1. After
overnight incubation at 37°C, one well-grown colony was transferred into 20 ml LB
medium. The culture was incubated at 37°C with vigorous shaking at 170 rpm in an
Environmental Incubator Shaker overnight. Then 4 1 LB medium was inoculated by 10
ml overnight culture, and was incubated at 37°C until ODgg reached 0.6-1.0 (approx. 4 h).
Afterwards, 1 mM IPTG was added to induce the target protein expression. When ODgy
was >1.6 (approx. 3 h), the cells were pelleted down by centrifugation in a Sorvall
SLA3000 rotor at 4,000 g for 10 min at 4°C and were frozen at -20°C until use.

The cell pellet (~30 g) was thawed in 50 ml SsoSSB cell lysis buffer and was
immediately sonicated (3x3 min, 1 min pause, 50% of maximum duty) with ice cooling
in Sonifier B15 (Branson, Bad Lieberzell). The lysate was then centrifuged at 40,000 g
for 30 min at 4°C in a Sorvall SS34 rotor. The supernatant was heated to 70°C for 30 min
in a water bath (Kottermann, Burgdorf). The denatured proteins were precipitated and
removed by centrifugation in a Sorvall SS34 rotor at 40,000xg for 30 min at 4°C.

Afterwards, the supernatant was applied to an EMD-SO; column (Merk, Darmstadt)
equilibrated with SsoSSB EMD buffer. Bound proteins were eluted by a 500 ml linear
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gradient of 0-1 M NaCl. Fractions corresponding to a distinct absorbance peak were
analyzed by SDS-PAGE. The pooled eluates containing SsoSSB and some contaminants
were then precipitated by ammonium sulfate at 60% and 95% saturation. The final
precipitate was dissolved in 0.1 M (NH4)HCOs3 and was loaded onto a Sephacryl 300HR
size-exclusion column (Pharmacia, Freiburg). The eluted fractions were analyzed on
SDS-PAGE. The fractions containing SsoSSB were lyophilized and redissolved in 50
mM sodium phosphate, pH 7.5, at a final concentration of 50 uM. Aliquots of 50 ul per
tube were shock frozen in liquid nitrogen and were stored at -70°C until use. The purity

of the protein was determined on SDS-PAGE.

2.5.2 Solubility analysis of Proteins from Sso P2 expressed in E.coli

2.5.2.1 Solubility analysis of single Sso putative repair proteins during small-scale
expression

The general detection steps of Sso putative protein was as follows:

The plasmid containing the target sso protein gene was transformed into E.coli
Rosetta(DE3)pLysS (Novagen, Darmstadt) competent cells according to 2.3.1. The E.coli
cells were grown on plates over night at 37°C under selection of proper antibiotics. Three
well-grown colonies were then picked up and were separately added into three wells
containing 200 pl LB medium with proper antibiotics on 48-well plate. The plate was
shaken overnight at 37°C in Environmental Incubator Shaker with agitation at 170 rpm.
Then three samples, each containing 750 pul LB medium and antibiotics were separately
inoculated in the three wells by 5 pl overnight culture and were incubated at 37°C with
agitation of 170 rpm. 4 h later, two samples out of the three were induced by 1 mM IPTG;
one was left without IPTG as control. After 3 h incubation at 37°C with shaking, the cells
were transferred into 2 ml microcentrifuge tubes and were pelleted down by
centrifugation at 6,000 rpm at room temperature in Biofuge 13R (Heraeus, Hanau). The
cell pellet in one of the induced samples was resuspended in 50 pl water and an equal
volume of SDS-PAGE loading buffer. Then the sample was heated to 95°C for 5 min
immediately before being loaded on SDS-PAGE to obtain the whole cell extract. The cell

pellet from the uninduced control was treated in the same way. The cell pellet of the other
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induced sample was resuspended in 50 pl of 1:1 water diluted CelLytic™ B bacterial cell
lysis extraction reagent (Sigma, Schnelldorf). The mixture was vortexed for 2 min at
room temperature. The cell debris and inclusion bodies were collected by centrifugation
at full speed for 15 min in a Biofuge. The supernatant containing soluble proteins was
carefully moved into a new microcentrifuge tube and was mixed with an equal volume of
SDS-PAGE loading buffer. The precipitate containing inclusion bodies was resuspended
by 50 ul urea (8M) and was mixed with an equal volume of SDS-PAGE loading buffer.
After heating at 95°C for 5 min, all the samples and the control were analyzed on SDS-
PAGE as described in 2.2.5 yielding the expression levels of the whole cell extract, crude
extract (soluble proteins) and insoluble form (inclusion bodies). If necessary, the Western

Blot assay was performed after the SDS-PAGE (see 2.5.4).

2.5.2.2 Solubility analysis of Sso proteins in a small-scale coexpression system

5501996, 5501997, 5501998, 5501999, 5502001 and 5502002 genes were amplified
from Sso P2 genomic DNA by PCR (2.3.10.1). The genes were subcloned into duet
vectors (Novagen, Darmstadt), ss01996 and s5s01997 in pRSFDuet-1 (RSF1030 replicon,
kanamycin resistance), ss01998 and ss01999 in pETDuet-1 (ColEI replicon, ampicilline
resistance), 502001 and $502002 in pCDFDuet-1 (CloDF13  replicon,
streptomycin/spectinomycin resistance), respectively, by DNA digestion (2.3.11) and
ligation (2.3.12). The replicons of the duet vectors are compatible. The duet vectors
containing the target protein genes were transformed into E.coli BL21-CodonPlus(DE3)-
RIL or Rosetta(DE3)pLysS strains in 1/2/3 vectors mode for 2/4/6 genes coexpression.

Then the expression and detection of protein genes in the coexpression vectors were

performed as outlined in 2.5.2.1.

2.5.3 Protein refolding

2.5.3.1 Protein purification under denaturing conditions

The refolding of misfolded proteins in inclusion bodies was investigated by different
assays in the present work. The target protein genes were amplified by PCR (2.3.10) and

were subcloned into proper vectors for expression with hexahistidine tag (2.3.11 and
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2.3.12). The genes were expressed in 1 1 LB medium as described in 2.3.2. The cells
were pelleted down by centrifugation at 4,000 g for 10 min at 4°C in Sorvall SLA3000
rotor. The cell pellet was resuspended in 20 ml PBS buffer and cell lysis was performed
in Sonifier B15 (3x3 min, 1 min pause, 50% of maximum duty) with ice cooling. The cell
lysate was centrifuged at 40,000 g for 30 min in SS34 rotor at 4°C. The supernatant was
removed. The precipitate was resuspended in 20 ml PBS with 3 M urea and the dissolved
components were removed by centrifugation at 40,000 g for 30 min in SS34 rotor at 4°C.
This washing step was repeated. Then the inclusion bodies were dissolved in 20 ml
Buffer A with 8 M urea. The insoluble debris was removed by centrifugation at 40,000 g
for 30 min in SS34 rotor at 4°C. The supernatant was transferred onto Ni*’-NTA-
Sepharose, superflow (Qiagen, Hilden) column (4x2 cm) which was pre-equilibrated by
Buffer A with 8 M urea. The column was washed by Buffer W with 8 M urea until stable
baseline was reached. The denatured target protein was eluted by Buffer E with 8 M urea.
The fractions were detected on SDS-PAGE. The fraction containing the target protein
was dialyzed against Buffer A over night at 4°C. This protein solution was ready for

refolding investigation.

2.5.3.2 On-column refolding assay

The target protein containing a hexahistidine tag in 5 ml Buffer A with 8 M urea was
immobilized on Ni*"-NTA-Sepharose, superflow column (2xlcm). A linear gradient of
urea in buffer A (8 M to 0) was then applied within 2 h. The protein was then eluted by
Buffer A containing 200 mM imidazole. Imidazole was then removed by dialysis. The

fractions of all steps were analyzed by SDS-PAGE.

2.5.3.3 Rapid dilution refolding assay

The target protein in 5 ml Buffer A, 8 M urea was added drop by drop into 50 ml of
Buffer A without urea, containing 5 mM GSH and 1 mM GSSG, 0.4 M arginine. Then
the arginine was removed by dialysis. The dialyzed solution was centrifuged at 40,000 g

for 20 min at 4°C. The supernatant and the pellet were analyzed by SDS-PAGE.
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2.5.3.4 Dialysis refolding assay

The target protein in 5 ml Buffer A, 8 M urea was first dialyzed against Buffer A
contining 4 M urea and GSH/GSSG (5 mM/1 mM) for 2 h at 4°C. Then the concentration
of urea in the dialysis buffer was decreased to 2 M and GSH/GSSG were replaced by 0.4
M arginine. After 2 h of dialysis, the concentration of urea was further decreased to 1 M
in Buffer A. Finally all urea was removed by dialysis against Buffer A. The dialyzed
solution was centrifuged at 40,000 g for 20 min at 4°C. The supernatant and pellet were

analyzed by SDS-PAGE.

2.5.3.5 High-throughput refolding assay

The 86 refolding mixtures were handmade from the chemicals listed in Table 2.1 and
were mixed according to the recipe in Table 2.2 (Vincentelli et al., 2004). A 190 ul
aliquot of each refolding solution was dispensed into 86 wells on a 96-well plate. The
content of each of the 86 wells was mixed individually with 10 pl of 8 M urea denatured
protein (2.5.3.1). Immediately after the mixing step, the turbidity was assessed by
measuring the OD at 340 nm using a microplate reader (Microplate Spectrophotometer
BioTek Instruments, Inc., USA) and the KC4 software program. The blank, that is the
absorbance before adding the protein, was automatically subtracted by the computer
program. The protein was considered to be soluble when ODj349 was smaller than 0.05.
The plate was sealed and then stored at 4°C. Twenty-four hours later, the seal was

removed and a second reading was performed.

Table 2.1: Chemicals used to make the 86 first refolding buffers.

Buffer Ionic strength | Amphiphilic Detergent Reducing agent | Additive

(50 mM) (100 mM) (10 mM)

NaAc, pH4 | NaCl 100 mM | Glycerol 20% (v/v) NDSB 195 | B-MSH Arginine800 mM
MES, pH5 | NaCl 200 mM | PEG 4000 0.05% (w/v) | NDSB 201 Glucose 500 mM
MES,pH 6 | KC1100 mM | PEG 400 0.05% (w/v) NDSB 256 Cocktail

TRIS, pH 7 EDTA | mM
TRIS, pH 8

CHES,pH 9

The concentrations indicated are those used before adding the protein.
Cocktail consists of 50 uM of each of the following: NADH, thiamine HCI, biotine, CaCl,, MgCl,, CuSO,,
ZnCl,, CoSO,, ADP and NiCl,.
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Table 2.2 Detailed composition of each well in refolding plate.

1 2 3 4 5 6 7 8 9 10 11
pH4, KCI, B- pH7, pH 8, KCI, B- pH O,
pH 4, B- MSH, pH 5, NaCl pH 5, KCI, NDSB201, MSH, pH 8, B- glycerol,
A| wsH, Arg NDSB256 200mM glucose pH 6, KCI pH7 Arg NDSB201, Arg MSH NDSB201 GSH 8 mM
pH 4, B- pH 4, B-MSH, pH 6, pH7, pH 9, NaCl GSH 5mM,
MSH, NDSB201, H 5, NDSB256, PEG4000, pH 8, 100mM, GSSG2
NDSB256 glucose NDSB256 pH 5, cocktail glucose pH 7, KCI B-MSH pH 8, glucose NDSB201 glucose mM
pH 5, pH 6, pH9, pH9, B-
pH 4, NaCl EDTA, B- PEG400, B- pH 6, pH 7, NaCl pH 7, PEG4000, MSH, GSH 5mM,
100mM, B- pH4, KCI, MSH, MSH, glycerol, B- 200mM, NDSB195, B-MSH, NDSB195, GSSG 5
c MSH NDSB195 NDSB201 NDSB201 MSH NDSB201 glucose pH8 glucose Arg mM
pH6,
PEG400, B- pH 7, pH 9. KCI,
pH 4, pH 5, B- MSH, pH 7, EDTA, B- pH 8, B-MSH, GSH 2mM,
pH 4, PEG4000, MSH, NDSB195, pH 6, glycerol, B- MSH, PEG4000, NDSB201, pH9, GSSG 5
D glycerol glucose glycerol glucose EDTA MSH NDSB195 NDSB195 glucose PEG400 mM
pH 6, pH 6, NaCl pH7,
pH 4, pH 5, glycerol, 100mM, B- PEG4000,
PEG400, PEG400, B- NDSB256, MSH, NDSB256, pH7, pH 8, B-MSH, pH9, B- GSSG 5
E glucose pH 5, EDTA MSH, Arg Arg NDSB195 Arg cocktail glucose MSH pH9 mM
pH 8, NaCl
pH 5, B- pH 6, NaCl pH 7, NaCl 100mM, - pH 9, NaCl pH9,
pH 4, pH 5, NaCl MSH, 200mM, B- 100mM, MSH, 100mM, EDTA, B- GSSG 10
F EDTA 100mM, Arg NDSB256 MSH, glucose pH6 NDSB201 pH 8, Arg NDSB256 NDSB256 MSH, Arg mM
pH 5, pH 5, pH8,
PEG4000, B- glycerol, B- pH86, B-MSH, EDTA, pH 8, NaCl pH 9, B- pH9,
pH 4, MSH, MSH, NDSB201, pH 6, pH 7, B- NDSB256, 200mM, B- MSH, NDSB195,
G NDSB201 NDSB201 NDSB195 Arg PEG4000 MSH, Arg glucose MSH, glucose NDSB195 Arg
pH 4, NaCl pH7,
200mM, B- PEG400, pH 9, NaCl
MSH, pH 5, NaCl pH 6, B-MSH, pH 8, 200mM, B-
NDSB195, 100mM, pH 5, B- PEG400, NDSB256, pH 7, B- glycerol, - | pH 8, PEG400, MSH, pH9,
H Arg NDSB195 MSH NDSB256 glucose MSH MSH NDSB195 NDSB256 cocktail

* Tris, pH 8, NaCl 150mM, EDTA 1mM

2.5.3.6 Co-refolding assay

The denatured proteins Ss01998, Ss01999, S502001 and Ss02002 in Buffer E and 8 M
urea were prepared as described (2.5.3.1). These denatured proteins were mixed in a 1:1
molar ratio. Then the mixture solution was dropped into refolding buffer by rapid dilution

as described in 2.5.3.3.

2.5.4 Western Blotting

Western blotting is a method to detect a specific protein in a given sample of tissue
extract or fractions from protein preparation steps. The proteins that are pre-transferred
onto a membrane are probed (detected) using antibodies specific for the target protein.
After the unbound probes are washed away, the probe-target protein complexes are
coloured by the reaction of specific substrate and reporter enzyme present on the antibody.
Protein levels are evaluated through the density of insoluble dye.

The proteins to be analyzed were separated using SDS-gel electrophoresis. They were
afterwards blotted from the gel onto the Nitrocellulose Blotting Membrane (Advantec
MEFS, Inc., Dublin, USA) in the blotting apparatus, Panther™ Semi-Dry Electrobloter,
HEP-1 (Peqlab, Erlangen) at a current of 1.3 mA/cm? in Blotting buffer for 2 h at room

temperature. Then non-specific protein binding to the membrane was blocked by placing
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the membrane in 40 ml 1x TBS-T buffer containing 2 g of non-fat dry milk (Roche,
Mannheim) for 0.5 h at room temperature. After blocking, 2 ul of primary antibody
(Anti-His antibody, 1:1500 diluted, Qiagen, Hilden) was incubated with the membrane in
3 ml of 1x TBS-T buffer with 0.3 % BSA for 2 h at room temperature. After rinsing the
membrane to remove unbound primary antibody, the membrane was incubated with 1 pul
of secondary antibody (Rabbit anti mouse IgG/AP conjugate, 1:4000 diluted, Pierce,
USA) in 4 ml 1x TBS-T for 1 h at room temperature. Following washing away of the
secondary antibody from the membrane, the target protein-antibody complex was
coloured by 100 pul of 5 % NBT (Nitro blue tetrazolium chloride, Sigma, Schnelldorf, in
70% dimethylformamide) and 100ul50mg/ml BCIP (5-bromo-4 chloro-3-indolyl
phosphate, Sigma, Schnelldorf, in 100% dimethylformamid) and 25ml Ap buffer for a
few minutes at room temperature. The amount of target protein was evaluated by being

compared with the positive protein marker.

2.5.5 Preparation of Sso2001Est fusion protein

2.5.5.1 Cloning, expression and purification of Ss02001Est fusion protein

5502001 gene was amplified by PCR from Sulfolobus solfataricus P2 genomic DNA
(2.3.10.1) using forward primer S2001-for (ACATATGTTGATCAAGCCTTGCGCTTA)
and reverse primer S2001-rev (ACGAGCTCTAGAGTGGAACCTCCAT). The primers
created the Ndel and Sacl restriction sites (underline letters) upstream and downstream of
the 5502001 gene, respectively. The identity of the PCR fragment was confirmed by
sequencing.

The 5502001 gene was inserted into the multi-cloning sites of pIVEX2.3d-Est2.1
vector (kindly gift from Prof. Mathias Sprinzl, Universitidt Bayreuth) between the Ndel
and Sacl cleavage sites. Then the fused fragment of 5502001 gene plus esterase gene was
cut out by Ndel and BamHI from this vector and inserted into plasmid pET-28¢(+) behind
the hexahistidine codons to construct the expression vector.

The expression vector containing recombinant sso2001Est gene was transformed into
E. coli Rosetta(DE3)pLysS strain as described (2.3.1). Then the expression conditions

were optimized to enhance the soluble protein expression level. In details, after
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inoculation with 10 ml of transformed, overnight cultivated cells, the LB medium was
incubated at 37°C till ODggo reached 0.8~1.0, thereafter, the medium was immediately
cooled down to 30°C and the expression was induced by 0.1 mM IPTG. When ODgoy was
> 1.5, the cells were harvested by centrifugation (Sorvall SLA3000 rotor, 4,000 g, 10 min,
and 4°C) and kept frozen. The culture was under kanamycin and chloramphenicol
selectivity pressure. The full length protein was determined both by western blot (2.5.4)
for C-terminal hexahistidine and active staining for N-terminal esterase (2.5.5.2).

The cell pellet was thawed in cell lysis buffer containing 50 mM Tris-Cl, pH 7.5, 100
mM NaCl, 10% glycerol and 2 mM B-mercaptoethanol. The resuspended cells were
treated by sonication in Sonifier B15 (3x1 min, 2 min pause, 50% of maximum duty) in
an ice bath. The soluble proteins were separated from cell homogenate by centrifugation
(Sorvall SS34 rotor, 12,000 g, 30 min, and 4°C). The supernatant was then loaded onto
the Trifluoromethyl ketone (TFK) Sepharose CL-6B affinity column which specifically
binds to the esterase (Huang et al., 2007). The target protein was eluted by 20 mM of
soluble inhibitor, 3-Butylsulfanyl-1,1,1-trifluoro-propan-2-one, at a flow rate of 0.2
ml/min. The pooled fractions were dialyzed against storage buffer containing 50 mM
Tris-Cl, pH 7.5, 100 mM NaCl, 50% glycerol and 1 mM DTT. The aliquots were shock
frozen in liquid nitrogen and were then stored at -70°C until use. All the expression and

purification steps were monitored by esterase activity detection assay (2.5.5.2).

2.5.5.2 Esterase activity detection assay

Esterase activity was assayed with PB-naphthol acetate (Sigma, Schnelldorf) as
substrate (Higerd and Spizizen, 1973). In detail, after SDS-PAGE (2.2.2.4), the protein
gel was washed in 100 ml 0.1 M Tris, pH 7.5 for two times of 10 min. Then the gel in
100 ml 0.1 M Tris, pH 7.5 was mixed with 1 ml of B-naphthol acetate (0.1 mg/ml in
ethanol) and 0.1 mg of Fast Blue BB Salt (Sigma, Schnelldorf) at room temperature.
After 20 min, the gel was washed two times by 100 ml 0.1 M Tris, pH 7.5. The resulting
pigment was fixed by shaking the reaction mixture in 50 ml of 30 % (v/v) methanol, 10

% (v/v) acetic acid.
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2.5.6 Preparation of Ss01450C6H fusion protein

The 5501450 gene was amplified by PCR from Sulfolobus solfataricus P2 genomic
DNA (2.3.10.1) using primers S1450-for
(CATGCCATGGGCGTGATAAGCGTGAGGACTTT) and S1450-rev
(GCCGAATTCCCCATCACCAACTTGAAACCCC). The primers created the Ncol and
EcoRI restriction sites (underline letters) upstream and downstream of the 5501450 gene,
respectively. The sequence of PCR fragment was proven to be correct by comparing it to
the putative protein gene sequence in Sulfolobus solfataricus P2 genome.

The ss01450 gene was inserted into the multi-cloning sites of plasmid pET-28c(+)
behind the hexahistidine codons to construct the expression vector. The plasmid pET-
28c(+) containing ss01450 protein gene fused with C-terminal hexahistidine tag (named
sso1450C6H) was transformed into E.coli Rosetta(DE3)pLysS strains as described in
2.3.1. The transformed strains were incubated over night at 37°C on LB plate. Afterwards,
one well-grown colony was picked and was mixed with 20 ml LB liquid medium in a 150
ml flask. The flask was shaken over night at 37°C. 4 1 LB medium was inoculated by 20
ml overnight culture and was incubated at 37°C for approx. 4 h till ODgy reached 0.8~1.0.
Then the temperature was immediately decreased down to 30°C. The protein expression
was induced by addition of 0.1 mM IPTG. The culture was under kanamycin and
chloramphenicol selectivity pressure. After 3 h incubation, ODg typically was above 1.6,
and the cells were harvested by centrifugation (Sorvall SLA3000 rotor, 4,000 g, 10 min,
and 4°C).

The cell pellet (~1g) was thawed in 10 ml cell lysis buffer containing 50 mM Tris-Cl,
pH 7.5, 150 mM NaCl, 20% glycerol, 2 mM B-mercaptoethanol and 10 mM imidazole in
ice bath and was immediately sonicated in Sonifier B15 (3x1 min, 2 min pause, 50% of
maximum duty). Afterwards, insoluble proteins and cell debris were removed by
centrifugation (Sorvall SS34 rotor, 12,000 g, 30 min, and 4°C). The supernatant was
loaded onto a 1 ml Co*"-Talon metal affinity column (Clontech, Heidelberg). The column
was washed by cell lysis buffer containing 50 mM imidazole until the base line was
reached. Target protein was eluted by addition of 150 mM imidazole. The eluate was

analyzed by SDS-PAGE. The pooled fractions were dialyzed against storage buffer
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containing 50 mM Tris-CL, pH 7.5, 100 mM NaCl, 50% glycerol and 1 mM DTT. The

aliquots were shock frozen in liquid nitrogen and were then stored at -70°C until use.

2.6 Nucleic acid-protein interaction

2.6.1 Electrophoretic mobility shift assay (EMSA)

The Electrophoretic Mobility Shift Assay is a method for studying DNA-protein
interactions in vitro. DNA-protein complexes migrate more slowly than unbound
radioactive probe and are thus visualized by discrete bands of radioactivity on a native
gel image.

In the present work, after DNA-protein complex formation, the samples were mixed
with one third volume of native gel loading buffer. 3-7 ul of the mixtures were loaded on
4% polyacrylamide native gel or 1% agarose gel and then gel running was performed as

described (2.2.2.2). The gels were detected as described in 2.2.2.3 and 2.2.2.4.

2.6.1 Nuclease assay

For nuclease activity detection, 10 nM of DNA or RNA oligonucleotide substrates
were incubated with a proper amount of protein in buffer containing 50 mM Tris-Cl, pH
7.5, 10 mM MgCl, in a total volume of 10 pl for 20 min at 50°C. The nuclease activity
was quenched by denaturing gel loading buffer containing 20 mM EDTA and 0.2% SDS
at 4°C. Samples were heated to 95°C for 5 min immediately before electrophoresis on
20% denaturing polyacrylamide gel. The denaturing PAGE was carried out as described
in 2.2.2.3 and the 5’-end labeled oligonucleotides were detected as described in 2.2.3.

2.6.2 ATPase assay (thin layer chromatography assay)

In ATPase reactions, 2-5 pl [y-’p]-ATP (approx. 40 nM) was mixed with 1 pl
ATPase candidate protein and possibly stimulating nucleic acids in ATPase reaction
buffer. The volume was adjusted by water to a total of 10 pul. The solution was incubated
at 37°C or 50°C for 20 min. Then the samples (2 pl of each sample) were spotted on PEI-
Cellulose plastic sheet (Macherey-Nagel, Diiren). The sheet was developed in 1 M formic
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acid and 0.8 M lithium chloride. After chromatography, the sheet was dried by a blow
dryer and the products were analyzed on a Typ Instant Imager 2024.

2.6.3 Fluorescence anisotropy assay

A fluorophor in solution, in the present work, fluorescein, displays a rapidly rotational
motion relative to its fluorescence lifetime. Upon excitation with vertically polarized light
the emitted fluorescent light is completely depolarized. Coupling of the chromophore to a
larger molecule, e.g. the oligonucleotide probe reduces its rotational mobility resulting in
an increased anisotropy. Upon binding of the fluorescently labeled oligonucleotide probe
to a large binding protein, the anisotropy of fluorescence is further increased which
serves as an indicator of complex formation. The anisotropy (r) is defined as the
difference between the fluorescence intensity emitted parallel and perpendicular (/jand /)
divided by the total intensity (Figure 2.1). Fluorescence anisotropies were calculated from
fluorescence intensity measurements employing a vertical excitation polarizer and
vertical and horizontal emission polarizers according to:

- L-1
I,+21,

The anisotropy values were corrected with the experimentally determined grating
factor using fluorescein in the appropriate assay buffer as depolarizing sample. The
fluorescence anisotropy and the fluorescence intensity of free fluorescein do not change
upon addition of nucleotide binding proteins.
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Figure 2.1: Schematic representation of fluorescence anisotropy detection. Monochromatic light passes
through a vertical polarizing filter and excites fluorescent molecules in the sample cuvette. The emitted
light is measured as fluorescence intensity in both the horizontal and vertical planes (PanVera Co., USA).

49



Materials and methods

2.6.3.1 Fluorescence anisotropy measurements

All experiments were performed using a LS50B spectrofluorometer (Perkin-Elmer,
USA) equipped with a polarization device and a thermostat jacket at 25°C. Excitation and
emission bandwidths were adjusted to 10 and 20 nm, respectively. Fluorescence titrations
using fluorescein-labeled oligonucleotides were performed at an excitation wavelength of
495 nm with a vertical polarizing filter and monitored at an emission wavelength of 525
nm using a 515 nm cutoff filter. Following sample equilibration, at least 3 data points
with an integration time of 15 s were collected for each titration point.

Fluorescence anisotropy measurements with nucleotide binding protein were
performed in fluorescence anisotropy buffer. The salt addition was necessary to increase
the dissociation constant to DNA concentrations where the signal-to-noise ratio was good
enough to allow for reliable data collection (typically 2-100 nM, depending on the
cuvettes used, concentrations are given in the results section). Protein was normally
titrated in 10x4 mm cuvettes (1 ml) with stirring; Titrations for the determination of
dissociation constant values were carried out in 10x2 mm microcuvettes in a sample

volume of 150 pl.

2.6.3.2 Competition titration

Changes in fluorescence intensity might result from interactions between protein and
the fluorescein moiety which could influence the strength of complex formation.
Therefore it was necessary to compete a fluorescecent protein-DNA complex with the
unlabeled DNA. Furthermore, some RNA substrates were not available in a fluorescein-
labeled form. Competition titrations were carried out in these cases. In these experiments,
the fluorescent probe alone was titrated with protein until 80% of nucleotide was bound.
Increasing amounts of unlabeled probe were then added until the anisotropy remained
constant. The competition titrations were performed in 10x2 mm microcuvettes in a

sample volume of 150 pl.

2.6.3.3 Data analysis
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Anisotropy mean values were plotted against the protein concentration and fitted

using a simple one-site binding model:

AvB == aB it k = 1]
48]
where [A] represents the concentration of free protein, [B] the free DNA concentration,
and [AB] the concentration of the respective protein-DNA complex.
In case of the fluorescence intensities of free and protein bound DNA probe being the

same, the anisotropy was calculated from:

(48] [8)-[48]
IR T I

L) [l Bk V(] [B] k) -4la]
2 2

with [Ao] being the total protein concentration, [By] the total DNA concentration, »5the
anisotropy of free DNA, and 7,45 the anisotropy of the protein-DNA complex.

When the total fluorescence intensity changes during the titration experiment, the
fractional fluorescence intensities fz of the free DNA and fyz for the protein-DNA
complex have to be considered according to:

7= fastas + S
 (B])-las)s
(8,]-[4B])+[4B]s
[4B)s
[8,]-[4B)+[4B]s

with s representing the intensity ratio of the complex versus free probe.

fAB:(

Data sets were least-squares fitted with the software program Origin (OriginLab Co.
Northampton, MA, USA) using the Levenberg-Marquardt algorithm (Hey et al., 2001).
The curves and data points shown in the figures and tables are based on averaged fits
obtained from the recalculation of triplicate measurements. The error range for each

titration point is omitted from the figures to enhance clarity.

2.6.4 Atomic force microscopy (AFM)
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AFM measurements were performed in the tapping mode. Thereby the cantilever is
excited to the resonance oscillation with a piezoelectric driver. On the end of the
cantilever an atomically sharp tip is mounted. A feedback loop controls the spatial
movement of a piezoelectric positioner with Angstrom accuracy (operates in ambient
environment). Oscillating tip is scanned over a surface with feedback mechanism that
enables the piezoelectric scanners to keep the tip at the constant force (that is why Atomic
Force Microscopy) (Figure 2.2). In the present work, AFM was introduced for
investigating the formation of DNA-SsoSSB complex.

Segmented
Photodiods

Sample ‘

Piezo-tube

Figure 2.2: Tapping mode Atomic Force Microscopy. Tapping mode Atomic Force
Microscopy Segmented photodiodes trace displacements of the cantilever due to the
reflected laser beam. An atomically sharp tip is mounted on the backside of the cantilever.
Due to the feedback loop cantilever with the constant amplitude (force) scans softly over
the sample, achieving only intermittent tip-sample contact.

2.6.4.1 DNA substrate for AMF

A 359 bp dsDNA was obtained by PCR from the phage M13 ssDNA using primers,

5’-end biotinylated M13AFM-for
(CCGGGATCCGAAGGGATATCAGCTGTTGCCCGTC) with addtional EcoRV
restriction site (underline letters) and M13AFM-rev

(AGCTTTCCGGCACCGCTTCTGGTGCCGGA). A smaller fragment was produced
through the cleavage of the 359 bp dsDNA by the restriction enzyme, Pvul (restriction
site was derived from original M13 ssDNA) as described in 2.3.11. A 278 bp fragment
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with biotin at one end and an 81 bp fragment without biotin were obtained in this way.
The 287 bp dsDNA was isolated by agarose gel. Both 278 bp dsDNA and 359 bp dsDNA
(approx. 50 pmole) were captured by streptavidin on 1 mg streptavidin coupled magnetic
Dynabeads (Invitrogen Dynal AS, Norway) in 1.5 ml microcentrifuge tubes with binding
& washing buffer, respectively. The immobilization of 378 bp dsDNA was carried out by
gentle rotation at room temperature. After 10 min incubation, dsSDNAs were denatured by
0.1 M NaOH. Then the ssDNA (with biotin at one end)-containing beads were separated
from solution by Dynal MPC (Magnetic Particle Concentrator, Invitrogen Dynal AS,
Norway). The supernatant containing ssDNA (without biotin) was removed to new tubes.
The NaOH in the supernatant was neutralized by 0.1 M HCI. The same procedure was
performed on 278 bp dsDNA. The beads containing 359 nt ssDNA was then mixed with
the supernatant containing 278 nt ssDNA. Hybridization of both strands was completed
as described (2.3.7) and the renatured strands were cleaved from the beads by EcoRV in
NEB3 buffer and BSA (100 pg/ml) producing a 261 bp dsDNA with an 81 nt ssDNA tail.
The hybridized DNA was separated from the beads by Dynal MPC and was purified by
2% agarose gel (2.2.2.1) and Wizard SV Gel and PCR Clean-Up System (2.3.10.4).

2.6.4.2 AFM measurements

AFM measurements were performed on a Multi Mode AFM Digital Instruments
(Santa Barbara, CA) operated in tapping mode. Silicon nitride oxide sharpened tips were
used. The drive frequencies ranged between 3.4 and 34 kHz. All measurements were
performed in AFM buffer containing 8§ mM HEPES, pH 8, 2 mM NaCl and 2 mM MgCl..
The tailed DNA and SsoSSB protein were pre-incubated at a molar ratio of 1:3 in AFM
buffer for 1 min. A control without protein was handled in the same way. Immobilization
of the biomolecules on freshly cleaved mica was achieved via 2.5-5.0 mM NiClz without
further rinsing of the samples and omitting any drying. Images were kindly recorded by
Dr. Marina Lysetska, Lehrstuhl Physikalische Chemie II, Universitdt Bayreuth.
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3. Results

3.1 DNA Binding Properties of Single-stranded DNA binding protein
from Sso P2 (SsoSSB)

Single stranded DNA binding proteins (SSBs) are ubiquitous in all three domains of
life. These proteins participate in many cellular processes including DNA replication,
DNA repair, transcription, recombination, etc. They share many common features, but
differ in specific aspects. Eukaryotic and bacterial SSBs are well studied whereas the
biochemical properties of archaeal SSBs are only poorly characterized. The SSB from
Sulfolobus solfataricus, SsoSSB, can be considered as a representative SSB in the
crenarchaea branch of the archaea domain. The SsoSSB gene codes for a 148 aa protein
of 16 kDa. In the following section the major DNA binding properties of SsoSSB are
described.

3.1.1 Overexpression of SSOSSB gene

The ss0SSB gene from Sso P2 which had been previously cloned in pET19b vector (a
gift from Prof. M. White, University of St. Andrews) was overexpressed from the host
strain, E.coli BL21(DE3)CodonPlus-RIL in LB medium. The expression level was
followed by SDS-PAGE of the whole cell extract (see 2.5.1 and Figure 3.1).

3.1.2 Purification of SSOSSB protein

After cell harvest, the target protein was purified as follows: First, E.coli cells was
thawed in an ice bath and immediately sonicated in Sonifier B15 (Branson, Bad
Lieberzell). Following a heat shock at 70°C, most E.coli proteins precipitated and were
then removed, together with the cell debris, by centrifugation. The supernatant was
filtered and loaded on a cation exchange column (EMD-SO;, Merk). The target protein
was eluted by applying a salt gradient (0~1M NacCl). In other experiments, it was found
that most of the contaminants precipitated at 60% saturation of ammonium sulfate
whereas SsoSSB remained in solution. Therefore, the eluate from cation exchange

column was precipitated by 60% ammonium sulfate. The remaining protein was
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precipitated by 95% ammonium sulfate and was dissolved in 0.1 M (NH4)HCOs. Size-
exclusion chromatography (Sephacryl S-300HR, Amersham Biosciences, Pharmacia) was
then applied for further purification using 0.1 M (NH4)HCOj3 as running buffer. Finally,
the target protein was lyophilized, redissolved in 50 mM sodium phosphate, pH 7.5, and
was shock frozen in liquid nitrogen. The protein aliquots were stored at -70 °C until use.
This purification method was based on a published procedure (Wadsworth and White,
2001) with ammonium sulfate precipitation as an additional purification step. The protein
recovery of purification steps was monitored by SDS-PAGE (Figure 3.1). The final
concentration as determined by Bradford assay (2.2.1.1) was about 50 uM. The yield was
approx. 4.1 mg SsoSSB/L of cell culture.

kDa LWM

CE  HS SO;

-1 Figure 3.1: purification of SsoSSB

>0 protein (148aa, 16 KDa).
35 . ’ - The fractions from purification steps
- were monitored by 12% SDS-PAGE.
The electrophoresis was run in
25 G Schigger-Jagow buffer. kDa, kilodalton;
LWM, low molecular weight protein
u H“ marker; CE, crude extract; HS,

",

SE VD

supernatant of CE after heat shock and
centrifugation; SO;, peak eluate from
EMD-SO; cation exchange column; SE,
peak  eluate from  size-exclusion
chromatography column; VD, protein
redissolved after vacuum drying.
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3.1.3 Characterization of SsoSSB

The DNA binding specificity of SsoSSB was followed by native gel electrophoresis
(2.2.2.2) and by fluorescence measurements (2.6.3) using plasmid DNA and synthetic

oligonucleotides as binding substrates.
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3.1.3.1 Gel retardation of DNA-protein complex

M13 ssDNA M13 ssDNA + pUC19 dsDNA
pUCI19 dsDNA
Coyossn
shifted
bands
free M13
ssDNA

shifted
bands

free pUC19
dsDNA

Figure 3.2: Electrophoretic mobility shift assay of DNA-SsoSSB complexes on
0.7% agarose gel. Concentrations of SsoSSB were varied as 0, 0.1, 0.2, 0.5, 1 and 4
pg. The concentrations of M13 ssDNA and of pUC19 dsDNA were fixed as 100ng.
After being incubated in SsoSSB binding buffer at 25°C for 10 min, the samples were
loaded on agarose gel with native gel loading buffer. The electrophoresis was
performed in 0.5x TBE buffer. The DNA strands were strained by ethidium bromide.
The free DNAs were arrowed, and the DNA-Protein complexes were indicated by
brackets. M, DNA marker (smart ladder, Invitrogen, Germany)

The binding of SsoSSB to the large single-stranded (ss) and double-stranded (ds)
DNAs was investigated by native agarose gel electrophoresis. Various concentrations of
purified SsoSSB protein were incubated with 100 ng of circular bacteriophage M13
ssDNA molecules or 100 ng of plasmid pUC19 dsDNA in 10 pl total volume of SsoSSB
binding buffer. After 10 min incubation at 25°C, the samples were analyzed by agarose
gel electrophoresis (2.2.2.1). Protein binding to M13 ssDNA was indicated by a gradual
reduction of the mobility of the M13 ssDNA with increasing SSB concentrations, until an
end-point was reached where all available ssDNA binding sites were apparently saturated
by protein molecules. This end-point coincided with a dramatic reduction in fluorescence
intensity after staining with ethidium bromide. On the contrary, the affinity of SsoSSB to
pUC19 dsDNA was much lower than to M13 ssDNA. The concentration of SsoSSB
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required for a visible shift of the pUC19 dsDNA was more than 10 fold higher than
required for M13 ssDNA. Within a narrow concentration range, apparent saturation of the
dsDNA was observed. In these complexes, dSDNA molecules could still be efficiently
stained by ethidium bromide (Figure 3.2). When both M13 ssDNA and pUC19 dsDNA
were offered as binding substrates, the ssDNA was strongly preferred. This result clearly
indicates that SsoSSB recognizes preferentially ssDNA. The binding of SsoSSB to the
dsDNA may be explained by the presence of partially single-stranded regions on the
plasmid DNA and/or by a protein-induced melting of the double-stranded DNA. By
calculating the molar ratio of DNA nucleotides:SsoSSB molecules at the end-point of
saturation, the binding site size of SsoSSB on M13 ssDNA is estimated as 4-6 nt per SSB
monomer.

The binding of SsoSSB to short ssDNA oligonucleotide was followed by
electrophoretic mobility shift assay (EMSA) on 4% native PAGE. Various concentrations
of SsoSSB and 10 nM of 5’-end y>-ATP labeled single-stranded oligonucleotide
substrates of 15, 24 and 42 nt were incubated for 10 min at 25°C in SsoSSB binding
buffer. The solution was then analyzed on the native gel and DNA bands were visualized
by an instant imager. The complexes formed a ladder pattern on native PAGE gels
(Figure 3.3). When 15 nt ssDNA oligonucleotide was offered as a binding substrate, only
one ssDNA-protein complex formed (Figure 3.3A). For a 24 nt ssDNA oligonucleotide,
two complexes were observed (Figure 3.3B) whereas for 42 nt (Figure 3.3C), three
distinct complexes were formed. The presence of the distinct bands with 42 nt ssDNA
implies that there is little or no cooperativity in the binding event under these conditions.
The shifted bands for pyrimidine-rich substrates were visible from 0.05 to 0.1 pM,
whereas for purine-rich substrates, concentrations of 0.2 to 1 uM SsoSSB were needed to
produce visible complexes. This indicates a higher affinity of SsoSSB for pyrimidine-rich

ssDNA as compared to purine-rich ssDNA.
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Figure 3.3: Electrophoretic mobility shift assay of SSOSSB - ssDNA oligonucleotide complexes on 4%
native PAGE gel. The concentration of ssDNA oligonucleotide was 100 nM. The concentration of SsoSSB
was increased from 0, 0.05, 0.1, 0.2, 0.5, 1, 4, to 8 uM. A, binding of SsoSSB to 15 nt ssDNAs. . B, binding
of SsoSSB to 24 nt ssDNAs. C, binding of SsoSSB to 42 nt ssDNAs.

3.1.3.2 Binding complex detection of SSOSSB by AFM

Atomic force microscopy (AFM) has been successfully applied for the study of the
interaction of hRPA (human replication protein A) with damaged DNA substrates
(Lysetska et al., 2002). This method allows the imaging of complexes in aqueous solution
and may provide information on the dimensions and in some cases on the stoichiometry
of the complexes. A 261 bp dsDNA fragment with 81 nt single-stranded (ss) tail was
prepared for AFM as described (2.6.4.1, Figure 3.4A).
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Figure 3.4: AFM images of ss-tailed dsDNA in the presence and absence of SSOSSB. A, schematic of
ss-tailed dsDNA. B, ss-tailed DNA without protein. C, ss-tailed dsDNA in the presence of SsoSSB. The
variation of brightness indicates a height of to 20 nm. The arrows indicate the ssDNA tail, the single protein
molecule and the protein-ss-tailed dsDNA complex. (Images were recorded by Dr. Marina Lysetska,
Lehrstuhl Physikalische Chemie II, Universitit Bayreuth.)

In control experiments without SsoSSB, the tailed DNA probe (1-3 nM) in deposition
buffer was placed on freshly cleaved mica. After 1 min for DNA equilibration on the
mica surface, nickel chloride was added to the sample at a final concentration of 2.5 nM.
It proved important to keep the buffer around pH 8 to achieve efficient DNA attachment
to the mica surface. As Figure 3.4B shows, the coil ssDNA tail and linear dsDNA can be
identified in the AFM images. The single strand part presents as a globular structure of
~1.6 nm of height which indicates a coiling and collapsing of the single-strand on the
mica surface. For the ssDNA straightly stretched on the surface, one would expect a
greater length and a height of ~ 1 nm.

For the AFM studies of the complexes, the ss-tailed DNA probe and SsoSSB were
pre-incubated at a molar ratio of 1:3. The complexes were placed on the mica surface and
were then immobilized by addition of nickel chloride. AFM images displayed at this low
molar ratio of DNA and protein showed the formation of globular complexes on the DNA

ss-tailed termini. The complexes (~7 nm in height) are obviously larger than the free
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ssDNA tails (Figure 3.4C). This observation directly shows that SsoSSB possesses high
affinity to the ssDNA region. The comparison of brightness of the ssDNA tail termini
with or without protein molecules in the AFM images implies that several SsoSSB

molecules are involved in ssDNA binding event (Figure 3.4B and C).

3.1.3.3 Stoichiometry of SSOSSB-ssDNA complexes as followed by fluorescence
anisotropy

Fluorescence anisotropy assays the rotational diffusion of a molecule or molecule
complex from the decorrelation of polarization in fluorescence, between the exciting and
emitted fluorescent photons (Hey et al., 2001). The fluorescence anisotropy can be
calculated from the formula:

_ Ay -1
1,+21,
Where the r term indicates anisotropy, the / terms indicate intensity measurements
parallel (/i) and perpendicular (/1) to the incident polarization.

In the present experiments, synthetic DNA probes were used that carry a fluorescein
label at the 5’-end. The experiment was performed at a concentration well above the
binding constant (100 nM, 13 nt ssDNA) and therefore can be used to determine the
stoichiometry of the complexes. The binding curve in Figure 3.5 shows an increase in
anisotropy (r) from an initial value of 0.02 to approx. 0.14 which indicates the formation
of the DNA-protein complexes. Following a linear increase of anisotropy, a sharp
saturation is observed in the titration curve. By extrapolating the two linear parts of the
binding curve, the stoichiometry of the complexes is obtained from the intersection point.
The intersection point in Figure 3.5 corresponds to a SsoSSB concentration of 110 nM
which is compatible with a 1:1 ratio, as one monomer of SsoSSB binds to one molecule
of 13 nt ssDNA. The result also indicates that more that 90% of the SsoSSB protein is
active in DNA binding. This DNA binding activity of SsoSSB was found to be stable for
at least 6 months. Therefore in all following fluorescence anisotropy experiments, the

given SsoSSB concentrations represent active protein concentrations.
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3.1.3.4 Dissociation constant of SSOSSB-ssDNA complexes

Given the 1:1 stoichiometry for the binding to a 13 nt oligonucleotide, it is important
to know how many nucleotides are minimally required for a strong binding of SsoSSB to
DNA. To determine the binding site size of the SsoSSB-DNA complexes, the binding of
oligonucleotides of different lengths was investigated by fluorescence anisotropy
measurements. Data analysis was greatly simplified under a 1:1 binding mode. The
lengths of ssDNA probes varied from 7 to 50 nt to test the optimal length of substrate for
1:1 binding mode. Analysis of the binding curves showed that with a 13 nt ssDNA probe,
the dissociation constant of 0.48 nM (Figure 3.6A) was strongest. A probe of only 7 nt
was bound considerably weak. Interestingly, the dissociation constants of probes longer
than 13 nt also increased strongly. The 52 nt probe was bound nearly 50 times weaker as
the 13 nt probe (Table 3.1). This observation indicates that more than one SsoSSB
molecule bind to the longer DNA probes. The binding events influence each other under
these conditions and the binding mode switches to a weaker binding as compared to the
binding of a single SsoSSB molecule.

Since the binding experiments were performed with the 5’-end fluorescein labeled
oligonucleotides, control experiments were required to evaluate a potential influence of
the fluorescent dye on the binding equilibrium. Therefore, a preformed complex of
labeled oligonucleotide was challenged with unlabeled oligonucleotide and the

displacement of the fluorescent DNA was followed by fluorescence anisotropy. The

61



Results

competition experiment with a 13 nt ssDNA probe revealed an approx. 3 fold weaker
binding (Kd ~1.6 nM) for unlabeled ssDNA as compared to the labeled probe. Therefore,
it is concluded that the fluorescent label has only a small influence on the binding
equilibrium.

There was no clear saturation plateau for the longer DNAs. This points to the
formation of larger complex and it indicates the weaker binding of the longer ssDNA
molecules (Figure 3.6B). Together with the EMSA data, it is concluded that SsoSSB
possesses high affinity to ssDNA in the low nanomolar range when offered a single

binding site of approx. 13 nt length. With longer DNAs, binding switches to a weaker

binding mode.

Table 3.1: single stranded oligonucleotide binding affinity of SSOSSB.

Length (nt) of ssDNA Kd(nM)
7 3.6
9 0.99
11 0.61
13 0.48
15 1.7
17 3.5
25 16
50 24
Kd, dissociation constant
016 A 0,16
014 e 0,14 B P
0.12 /' 0,12 /
= 010 / E 0,10
§ 008 /)‘ é 0,08
2 ) 2
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Figure 3.6: Fluorescence anisotropy measurements of SSOSSB binding to ssDNA probes (2 nM).
A, binding of SsoSSB to 13 nt ssDNA oligonucleotide. B, binding of SsoSSB to 25 nt ssDNA
oligonucleotide. The buffer contained 20 mM of Tris-Cl, pH 7.5, 50 mM of NaCl and 0.1 mg/ml
BSA. The solid line is the fit according to a 1:1 binding model.
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3.2 Computational analysis of the putative, DNA repair related,
specifically conserved gene clusters in Sulfolobus solfataricus P2

At the beginning of the present work, bioinformatic analysis (Makarova et al., 2002)
had revealed a conserved gene context in prokaryotic genomes suggesting the presence of
previously undetected, partially conserved gene clusters that consist of more than 20
genes. These clusters are found in most archaea and some bacteria. The putative genes in
these clusters were intriguingly predicted to be involved in a novel DNA repair system.
The encoded proteins differed from known DNA repair factors such as RPA, XPA, XPC
and SsoSSB. The study by Makarova et al. revealed that the gene composition and gene
order in these clusters vary greatly between species. However, most genes had
homologues in Sso P2 strain. Therefore Sso P2 strain was used as a model organism to
investigate the properties of the genes in these gene clusters. To study the roles of these
putative genes in life, a computational analysis and subsequently cloning and expression

of some of the genes were performed.

3.2.1 Homology analysis

The potentially repair-related gene clusters in Sso P2 genome sequence were analyzed
using BLASTN program on NCBI (National Center for Biotechnology Information,
Bathesda, USA) website. The candidate genes are listed in Table 3.2. In Sso P2 genome,
more than one homologous gene could be identified in each COG. The very lower E
values indicate high homology between genes of the same COG. Manual analysis by
VectorNTI software (InforMax.Inc.) revealed three similar groups in Sso P2 genome:
$501398~s501403, s501443~5501438, 5501996~5502002, one individual cluster of
5501449~s501450 and two isolated homologous genes of ss01729 and ss01991. All of the
candidate genes encoded putative proteins for which no clear biological function could be
predicted. The homology search of the conserved domains of these genes in NCBI
database however suggested a relationship to proteins involved in DNA replication,
transcription and repair (Makarova et al., 2002). For instance, COG1203 putative genes
(three homologous genes, ss01402, ss01440 and 5501999, in Sso P2 genome) contain a

typical helicase domain. And COG1353 putative genes (two homologous genes, sso1729
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and 5501991, in Sso P2 genome) contain the C-terminal domain which relates to DNA or

RNA polymerase family.

Table 3.2: Candidate Sso protein gene homologues from NCBI blast results.

COG1468 COGI1203 COG2254 COGI518 COG1688 COG1857 COGI353

sso protein 5501392 ss01402 5501403 ss01405 ssol441 ss01442 sso1729
genes ss01449 ss01440 ss01439 ss01450 5501998 5501997 5501991
5501999 5502001 5501400 5501399

COG: Clusters of orthologous groups.

Sso CRISPR Clustered genes Sso CRISPR Clustered genes

I I

Figure 3.8: Map of locations of some Sso clustered candidate genes. The Clustered genes in between
two CRISPRs represent genes of group sso1449- sso1451; The Clustered genes close to one CRISPR end
represent genes of group ss01996-5502001, sso1438-ss01443 or sso1398-ss01403. CRISPR, Clustered
Regularly Interspaced Short Palindromic Repeats.

The further sequence analysis in the present work and in other groups (Makarova et
al., 2006; Jansen et al., 2002a) interestingly showed that most of the candidate genes in
Sso P2 or other prokaryotes located close to or in between sequence elements called
originally “Long Clustered Tandem Repeats (LCTRs)”. These have been now renamed as
CRISPR, (Clustered Regularly Interspaced Short Palindromic Repeats) (Figure 3.8). In
further analysis the protein genes in the neighborhood of the CRISPRs were named cas
protein genes (CRISPR-associated protein genes). The cas protein genes are found only
in species containing CRISPR. The biological function of these Cas proteins remains
unknown. During the present work, some bioinformatic researchers suggested an
immunity function of Cas proteins against foreign DNA (Makarova et al., 2006; Lillestol
et al., 2006). Experimental evidence for this function was however not available. The
gene numbers, COG numbers, hypothetical functions and cas numbers of the cas genes

screened out of Sso P2 are listed in Table 3.3.
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Table 3.3 Clustered cas protein genes in Sso P2 with previously predicted functions.

sso number | COG | Previously Predicted Functions Gene
5501392 1468 | metal-binding, nucleic acid-binding, RecB-like nuclease cas4
5501402 1203 | ATP-dependent RNA helicase homolog, DNA-helicase cas3
5501403 2254 | nuclease, often fused with COG1203 protein

ss01404 1343 | small protein cas?2
5501405 1518 | nuclease/integrase casl
5501439 2254 | nuclease, often fused with COG1203 protein

5501440 1203 | ATP-dependent RNA helicase homolog, DNA-helicase cas3
ssol441 1688 | RAMPs, possibly RNA-binding protein cass
ss01442 1857 | o/ protein, possibly nuclease cas?2
5501449 1468 | metal-binding, nucleic acid-binding, RecB-like nuclease cas4
5508090 1343 | small protein cas?2
5501450 1518 | nuclease/integrase casl
ss01451 3578 | ?

5501996 ? ?

5501997 1857 | o/ protein, possibly nuclease cas?2
5501998 1688 | RAMPs, possibly RNA-binding protein cass
5501999 1203 | ATP-dependent RNA helicase homolog, DNA-helicase cas3
5502001 2254 | nuclease, often fused with COG1203 protein

Note: ss01451 and 5501996 were in the gene groups with no prediction.
3.2.2 Operon analysis

In the present work most of the candidate genes were found in a few groups in the
complete Sso P2 genome sequence. Each group contains a few genes in the same
orientation with their homologues in other groups. This phenomenon suggests a
coordinate expression and a function relationship between clustered genes.

The operon analysis focused on three similar groups in Sso P2 genome, the clusters of
5501996-5502002, ss01438-s501443 and s501398-s501403. The sequences were manually
scanned for sequence elements required for transcription and translation, namely for BRE
(Transcription Factor B recognition element of archaeal promotor) sequences, TATA
boxes (Reeve, 2003; Bell et al., 1999; Reiter et al., 1988), Shine-Dalgarno sequences
(Tolstrup et al., 2000) and terminator sequences (Reiter et al., 1988) (see 2.4.2). The three
groups showed high similarity of sequence contexts. Two sets were found in each group.

The genes in each set are overlapped and these two sets are spaced by a few bases or stop
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codons (Figure 3.9). In each set, BRE sequences, TATA boxes, Shine-Dalgarno
sequences and terminator sequences were found upstream and downstream of the open
reading frames (ORFs). The ORFs in each set were found to be arranged in the same
orientation with head-to-tail overlapped bases in between stop codons of one ORFs and

start codons of the next ORFs implying co-regulation in gene expression (Figure 3.9).

A: Sequence contexts in $s01996-2002 and ss01438-1443 clusters

$501996 $501998 5502001
$501443 sso1441 5501439
—
=
/ $501997 5501999 5502002
5501442 5501440 I $501438
1 base
overlap 15 bases 56 bases 1 balse 17 base
space overlap overiap overlap
= = e e S
Set 1 Set 2
B: Sequence context in ss01398-1403 cluster
$s01398 $s501401 $s01403
$501399 $501400 $501402 >
» O P \
17 base f 13 bases 3 balses 1 base
overlap Stop codon overlap overiap overlap
= = = =
SET1 SET2

Figure 3.9 Operon analyses of three similar clusters in Sso P2 genome. A, The similarity of
sequence contexts between the gene clusters s501996~2002 and sso1438~1443 is very high
both in Set 1 and Set 2, even in the base numbers of overlaps and spacers. B, Genes of cluster
5501398~1403 can be also divided into two sets which are similar to the two clusters shown in
A. Sequence comparison reveals high similarity of the genes in the three clusters.
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3.3 Expression screening and functional scanning of putative Sso
proteins in E.coli

The products of the sso genes in Table 3.2 were predicted to be involved in a novel
DNA repair system or genome immune system and were uncharacterized to date
(Makarova et al., 2002; Makarova et al.,, 2006). For a characterization of their
biochemical functions, it was necessary to express and purify the corresponding proteins.
Until very recently, archaeal expression systems were not available, and therefore the
expression was performed in E.coli expression systems. The strains used included E.coli
BL21(DE3) (Stratagene), BL21-CodonPlus(DE3)-RIL (Stratagene), Rosetta(DE3)pLysS
(Novagen), and Rosetta-gami(DE3) (Novagen). The vectors included pET-28c(+)
(Novagen) for single protein gene expression, duet vectors (pACYCDuet™™, pETDuet™,
pCDFDuet™ and pRSFDuet™, Novagen) carrying compatible replicons and antibiotic

resistance markers for co-expression of two or more proteins.

3.3.1 Expression screening and solubility detection

In expression screening experiments, most of the candidate protein genes in Table 3.2
were amplified from Sso P2 genomic DNA by PCR (2.3.10.1) and were subcloned in
pET-28c(+) vectors. The only exception was ssol729 which could not be amplified.
Subsequently, the vectors were transformed into E.coli Rosetta(DE3)pLysS, and the
genes were expressed under normal conditions according to the protocols (2.5.2.1). The
expression and solubility of the proteins were followed by SDS-PAGE analysis of the
clear cell extracts and the insoluble fractions (2.5.2.1). Most of the products were
insoluble and formed aggregates (inclusion bodies). Ss01991 did not show expression.
Only Sso1442, Ss01450, Ss01996 and Ss01997 were partially soluble.

For the genes that could be expressed in the first experiments only in insoluble form,
various conditions were tested to increase the solubility of the expression products.
Expression was tested in E.coli BL21(DE3), Rosetta(DE3)pLysS and Rosetta-gami(DE3)
with variations of medium components, temperature, amount of inducer and cultivation
time. However, all these proteins could be overexpressed only in insoluble form and no

soluble gene products were observed.
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3.3.2 Further soluble expression, refolding efficiency and functional screening

Computational analysis showed that in gene clusters of s501398~s501403,
5s01438~s501443 and s501996~5502002, all the genes in one cluster had homologous
genes in the other two clusters (Table 3.2). Therefore, the expression test focused on the
genes in one cluster, in this case, ss01996~5s502002. Since the computational analysis had
indicated a possible co-regulation in vivo, duet vectors were used for expression that
allowed the simultaneous expression of 2/4/6 proteins in 1/2/3 vectors. The genes of
cluster of s501996~5502002 were subcloned into different duet vectors which were
designed specifically for gene co-expression and were afterwards expressed in E.coli
BL21-CodonPlus (DE3)-RIL or Rosetta(DE3)pLysS in 2/4/6 genes co-expression mode
(2.5.2.2). However, in solubility tests, no positive results could be achieved.

Since soluble gene products could not be obtained under various conditions,
renaturation of the insoluble proteins was considered as a further step. These experiments
concentrated on the proteins Sso1999 and Ss02001.

To obtain some hint on possible biochemical functions, the gene cluster of s501998-
5502002 was blasted on NCBI website using BlastN. Only weak predictions were
obtained for three of the proteins. Ss01998 was predicted as an RNA binding protein,
S501999 as a helicase, Ss02001 as a nuclease whereas for Ss02002 there was no
prediction. In this work, the sequences of these genes were manually analyzed.

The results revealed that Ss01999 contained highly conserved walker A and walker B
motifs (Figure 3.10) characteristic for helicases. These two motifs represent specific
ATPase motifs which participate in ATP binding and hydrolysis, respectively. They are
present in helicase superfamilies 1 and 2. Another small motif, motif I1I, with predicted
nucleic acid unwinding function in helicase superfamily 2, was found close to motif II.
Interestingly, the motif VI for RNA binding was highly conserved in Ss01999 pointing to
an ATP-dependent RNA helicase activity (Caruthers and McKay, 2002; Hall and Matson,
1999; Tuteja and Tuteja, 2004). The presence of these motifs strongly suggested that
Ss01999 could be a putative helicase.

Ss502001 was previously predicted as a nuclease due to the presence of a HD domain.

There are several examples known where helicase and nuclease are encoded within the
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same operon to allow functional and regulatory cooperation (Makarova et al., 2002;
Makarova et al., 2006; Komori et al., 2004; Haft et al., 2005; Yu et al., 1998). In the
5501998-5502002 gene cluster, 5501999 and 5502001 overlap head to tail suggesting a
functional relationship. Therefore, these proteins were chosen for refolding and

functional scanning experiments.

Walker A Walker B 111 VI
54-61 175-178 208-210 342-349
515
Sso1999 ﬁ APTGYGKT H DEFH HSAT QRAGRVAR
Common helicase AXXGXGKT DEXH SAT OXXGRXXR
ATP binding/hydrolysis Nucleic acid unwinding

Figure 3.10: Schematic diagram of comparison between putative helicase motifs in
Ss01999 and the consensus motifs of well characterized helicases. The black bar
represents the gene sequence. Amino-acid sequences of the motifs are expressed in
single-letter codes in boxes for Ss01999 and below the boxes for the conserved helicase
superfamily. The most conserved residues are red labeled. The numbers above the black
bar indicate the positions in the Ss01999 sequence. The functions and names of the
conserved helicase motifs are indicated by arrows.

In refolding experiments, ss01999 and 5502001 were overexpressed with/without N-
or C-terminal hexahistidine tags in insoluble forms (inclusion bodies) from FE.coli
Rosetta(DE3)pLysS (2.5.3.1). For both proteins, a strong overexpression in inclusion
bodies was observed. The inclusion bodies were solubilized in 8 M urea followed by a
wash in 3 M urea (Figure 3.11). The concentrations of proteins were estimated by
western blot assay using standard protein markers. Further steps to investigate the
refolding efficiency included on-column refolding, rapid dilution, dialysis and high-

throughput assays (Vincentelli et al., 2004).
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In on-column refolding experiments (2.5.3.2), Sso1999 failed to get solubilized,
whereas Ss02001 could be successfully solubilized by decreasing the concentration of
urea from 8 M to 0 (Figure 3.12A) during the column purification. In rapid dilution
refolding experiments, after affinity column (Ni-NTA, Qiagen) or ion-exchange column
(EMD-DEAE, Merk) purification under denaturing conditions (with § M urea), Ss01999
and 8502001 proteins were rapidly diluted into 20 fold dilution buffer with 0.5 M arginine
by dropping denatured protein into the renaturation solution at 4°C (2.5.3.3). Both
proteins reached soluble form at low concentrations and were stable for a few days
(Figure 3.12B). In dialysis experiments (2.5.3.4), the denatured proteins in 8 M urea were
directly dialyzed against dialysis buffer containing 0.5 M arginine and redox reagents
(GSH and GSSG). After over night dialysis at 4°C, most of the protein however
precipitated and only a small fraction remained in solution (Figure 3.12C).

High-throughput renaturation (2.5.3.5) assays as described by Vincentelly et al.
(Vincentelli et al., 2004) provided a chance to investigate the renaturation of denatured
proteins under a broad range of conditions. These authors published a collection of
refolding conditions that cover a wide range of pH-values, salt concentrations and other

renaturants. According to the recipe in Table 2.2 (2.5.3.5), the components in Table 2.1
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(2.5.3.5) were arranged in a 96 well plate which allowed following the renaturation of a
large number of samples on a single plate. The solubilization was monitored by light
absorption at 340 nM. When precipitates are present, the light is scattered resulting in an
absorption increase. The data showed that low pH and arginine increased the yield of
soluble protein, whereas detergents (NDSBs), ion strength and redox components (GSH,

GSSG) did not.
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Figure 3.12: A, On-column refolding of Ss02001 on Ni-NTA column (see 2.5.3.2 for
details). The whole cell extract (WE), flow-through (Ft) and elution (E) fractions were
monitored by SDS-gel. M represents protein marker. B, Protein solubilization of Sso 1998
(29KDa), Sso01999, Ss02001 and Sso02002 (41KDa) by rapid dilution (see 2.5.3.3 for
details). S represents soluble parts after refolding and I, insoluble parts before refolding; 4inl,
co-refolding of 4 proteins (Ss01998~Ss02001). C, Protein solubilization of Ss01998,
S501999, Ss02001 and Ss02002 by dialysis (see 2.5.3.4 for details). S represents soluble part
after dialysis and I, insoluble parts after refolding; proteins in B, C: 99, Ss01999; 01, Ss02001;
98. Ssn1998: 02. Ssn2002. kDNa. kilodalton

Co-refolding assay, based on interactions between different protein molecules,
supplies a chance that the refolding of one protein may enhance the refolding efficiency
of the others (Trivedi et al., 1997). In the present work, the co-refolding test of Ss01998,
S501999, Ss502001 and Ss02002 was carried out by rapid dilution assays (2.5.3.3) in
refolding buffer containing 0.1 M sodium phosphate, pH 8.0, 5 mM of GSH, 0.5 mM of
GSSG, 0.5 M of arginine (Figure 3.12B, lane 4inl). The soluble forms of all four proteins
were observed.

Activity tests of the solubilized proteins were performed after different refolding
assays. The soluble forms of all four proteins were assayed for ATPase activity,
DNA/RNA binding ability, and nuclease activity in a large series of assays. However,

none of these activities could be unambiguously identified. There was no ATPase activity
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detectable for Ss01999 which was previously predicted as a helicase. The negative results
were obtained for Ss01998 and Ss02002. The only protein for which a positive result
could be obtained was Ss02001 which showed a nuclease activity after refolding in
buffers with 0.8 M arginine in pH 7, 8 and 9 in high-throughput assay (see 2.5.3.5 and
Figure 3.13).

M 6/3 7/6 7/8 8/4 9/9 9/12 9/13

Figure 3.13: Nuclease assay of
renatured  Ss02001  after  high-
throughput refolding. 10nM of 5’-end
labeled 30 bp dsDNA (PT-AB30) was
incubated with renatured Ss02001 in
buffer containing 20 mM tris-Cl, pH 7.5,
50 mM NaCl, 10 mM MgCl, at 50°C for
60 min. The samples were then analyzed
by 20% denaturing PAGE. S502001
refolded under some conditions showed
nuclease activity (lane 7/6, 8/4, 9/9, 9/12
and 9/13). The numbering of lanes
6/3~9/13 represents the well numbers on
the refolding plate (see Table 3.4).

40bp

30bp

20bp

. abbs

Degradation

10bp products

Table 3.4: Refolding buffer composition of soluble fractions from Figure 3.13.

Well No. 6/3 7/6 7/8 8/4 9/9 9/12 9/13
pH MES, 6 Tris, 7 Tris, 7 Tris, 8 CHES, 9 CHES, 9 CHES, 9
Refolding Glycerol, | PEG4000, B-MSH, KCl, B- B-MSH, EDTA, B- | NDSB195,
buffer NDSB256, | NDSB256, Arg MSH, NDSB195, | MSH, Arg Arg
components Arg Arg NDSB201, Arg
Arg

Concentrations: glycerol, 20% (v/v); PEG4000, 0.05% (w/v); NDSB, 100 mM; 3-MSH, 10mM; Arg, 800

mM; EDTA

, 1 mM
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3.4 Expression, purification and characterization of Ss02001 protein
from Sso P2 with esterase as a fusion partner

S502001 is located in COG2254. The proteins belonging to this COG had been first
predicted as nucleases in a DNA repair system (Makarova et al., 2002), and afterwards
were denoted as Cas proteins involved in a genome immune system (Makarova et al.,
2006). Some of COG2254 proteins were found to be fused with COG1203 proteins to
form helicase-nuclease bifunctional proteins (Makarova et al., 2006). However, none of
the proteins has been biochemically characterized to date. In Sso P2, the computational
analysis in the present work revealed separate genes for the two activities. The potential
helicase gene 5501999 (COG1203) overlaps head-to-tail with the potential nuclease gene
5502001 (COG2254). In the following, the expression, purification and characterization
of 5502001 is described.

3.4.1 Gene amplification from Sulfolobus solfataricus P2

5502001 gene was amplified by PCR from Sso P2 genomic DNA (2.3.10.1) using
forward primer S2001-for (ACATATGTTGATCAAGCCTTGCGCTTA) and reverse
primer S2001-rev (ACGAGCTCTAGAGTGGAACCTCCAT). The primers created the
Ndel and Sacl restriction sites (underline letters) upstream and downstream of the
5502001 gene, respectively. The sequence of the PCR fragment was shown to be correct

when compared to the predicted gene sequence in Sso P2 genome.

3.4.2 Ss02001 fusion protein gene expression

The data in 3.3 show that the 5502001 gene expression product in E.coli is insoluble
and its refolding does not work well. Therefore, expression as a fusion protein was
considered as an alternate way. In these experiments, a number of fusion proteins were
studied. The 5502001 gene was fused with various prokaryotic folding helper sequences
(DsbA, Disulfide bond Formation protein A; SlyD, N-terminal prolyl isomerase domain
as E.coli cytosol folding helper protein; Fd, phage fd gene-3 protein for disulfide folding,
kindly gifts from Prof. Franz Xaver Schmid, Universitidt Bayreuth) or esterase gene from

thermophilic bacteria, Alicyclobacillus acidocaldarius (kindly gift from Prof. Mathias
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Sprinzl, Universitdt Bayreuth) (Agafonov et al., 2005) which serves at the same time as
an affinity tag and as a reporter to monitor the extent of expression. The expression of the
fusion protein genes was then followed in E.coli. The SDS-PAGE and western blot
results indicated that only the fusion of s502001 gene and esterase gene (ss02001Est,
construction detailed in Figure 3.14) could be expressed partially soluble in E. coli
Rosetta(DE3)pLysS strain. Expression of fusion proteins with DsbA, SlyD and Fd did not
yield soluble proteins. The expression conditions for the Sso2001-esterase fusion protein
were then optimized to enhance the soluble protein expression level. In detail, after
inoculation with 10 ml of transformed, overnight cultivated cells, the LB medium was
cultivated at 37°C till ODgg reached 0.8~1.0, then the medium was immediately cooled
down to 30°C and the expression was induced with 0.1 mM IPTG. When ODgo increased
over 1.5, the cells were harvested and pelleted down by centrifugation. The presence of
the full length protein was determined both by western blot against C-terminal
hexahistidine (2.5.4) and active staining for N-terminal esterase (2.5.5). The amount of
soluble full length protein was obviously enhanced when ss02001Est gene was expressed
at lower temperature and at a lower induction level suggesting that a slower growth speed

was beneficial for this fusion protein expression.

3.4.3 Purification of Ss02001Est fusion protein

The cell pellet was thawed in cell lysis buffer and the resuspended cells were treated
by sonication. The soluble proteins were separated from cell homogenate by
centrifugation and the supernatant was then loaded onto the Trifluoromethyl ketone (TFK)
Sepharose CL-6B (kindly gift from Prof. Mathias Sprinzl, Universitit Bayreuth, see
structure detail in Figure 3.15B) affinity column which specifically binds to the esterase
(2.5.5.1) (Huang et al., 2007). The target protein was eluted by 20 mM of soluble
inhibitor (Figure 3.15B). The pooled fractions were dialysed and aliquots were shock
frozen in liquid nitrogen and stored at -70°C until use. All the expression and purification
steps were monitored by esterase activity assay (2.5.5.2). The activity staining of esterase
with Fast Blue BB Salt and B-naphthyl-acetate (Higerd and Spizizen, 1973) indicated that
the full length fusion protein was efficiently and rapidly purified by TFK affinity column
(Figure 3.15A).
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Sulfolobus sofataricus P2
genomic DNA
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—
o<l PIVEX230-Est2.1
4451bp
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$s02001 gene with
restriction sites, 732 bp

Cloning
sacl (1)
Factor Xa 1 origin T7 terminator
s2001+EST ( ["’BamHl (199)
Nde (4422)
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Figure 3.14: Construction of ss02001Est fusion protein gene expression vector.
The 5502001 gene was inserted into the multicloning site of pIVEX2.3d-Est2.1 vector
(kindly gift from Prof. Mathias Sprinzl, Universitdt Bayreuth) between the Ndel and
Sacl cleavage sites. Then the fragment of ss02001gene plus esterase gene was cut out
by Ndel and BamHI from this vector and inserted into plasmid pET-28c(+) behind its
hexa-histidine codons which allows the expression of a N-terminal Hiss-Ss02001-
esterase fusion protein.
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Figure 3.15: Purification of full length Ss02001Est fusion protein. A, Ss02001Est
(SO1E, 65.2 kDa) protein was purified by TFK (Trifluoromethyl ketone) sephorose CL-6B
affinity column and was active stained after SDS-PAGE gel, LMW, low molecule weight
marker; kDa, kilodalton. B, The structure of TFK modified Sepharose CL-6B.

3.4.4 Nuclease activity detection

In this experiment, the 5’-labeled ssDNA or ds DNA oligonucleotides were prepared
as described (2.3.6 and 2.3.7). The nuclease assay was carried out with 10 nM of DNA
substrates and 5 nM of Ss02001Est fusion protein in nuclease reaction buffer for 20 min
at 50°C. Samples were then analyzed by electrophoresis on 20% denaturing PAGE. The
gel showed a degradation of the dsSDNA molecules into smaller oligomer fragments,
whereas only minor degradation of ssDNA was observed. Controls with esterase alone
showed no degradation of both ssDNA and dsDNA. The degradation of radioactively
labeled DNA oligonucleotide substrates indicated that native Sso2001Est fusion protein

possesses nuclease activity and prefers dsDNA oligonucleotide as substrate (Figure 3.16).
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Figure 3.16: Nuclease assay of

Ss02001Est  protein.  The

substrates were single-stranded

PT-A30 in lane ss and,

30 bp <«— Fulllength hybridized dsDNA (PT-AB30)

substrate in lane ds. 10 bp DNA marker

was loaded in lane M. All the

20bp = substrates were 5’-end

- radioactively  labeled.  The

electrophoresis was carried out
on 20% denaturing PAGE.

-
10 bp - Degradation
‘ - products

&

3.4.5 Reaction condition investigation

The Ss02001Est nuclease reaction conditions including pH, temperature and the effect

of bivalent metal ions were varied to obtain the optimal nuclease activity.

3.4.5.1 Temperature

The temperature dependence of Ss02001Est nuclease activity was investigated in the
range from 25°C to 75°C. The other parameters were fixed as described (2.6.1). The
optimal reaction temperature was 50°C which might be due to the balance of the
thermostability between the thermophilic enzyme Ss02001 and the fusion partner,

mesophilic esterase (Figure 3.17A and B).

3.4.5.2 Optimal pH

The pH range was varied from 2 to 11 by using different buffer components (H;POs,
pH 2; glycine, pH 3; NaAc, pH 4; MES, pH 5 and 6; Tris-Cl, pH 7 and 8; CHES, pH 9;
CAPS, pH 10 and 11). The other parameters were fixed as described (2.6.1). High
nuclease activity of Ss02001Est was observed in the neutral pH range and pH 3. The pH-
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dependence showed an unusual behaviour with steep increases and decreases on both

sides of the optimal pH values (Figure 3.17C and D).
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Figure 3.17: pH and temperature dependence of the nuclease activity of Ss02001Est. The optimal
temperature was observed at 50°C (A and B). The protein showes activity in the neutral pH range and at pH
3 (C and D). In C, Lane C represents a control sample without protein, and M, the 10 bp DNA marker. The
5’-end labeled dsDNA oligonucleotide PT-AB30 was used as a substrate.

3.4.5.3 Effect of bivalent metal ions

The effect of presence/absence of Ca*", Mg®", Mn”", Ni*", or Zn*" ions on nuclease
activity was investigated. Cleavage occurred in the presence of 10 mM MgCl,, but not
within Ca®", Mn*", Ni**, or Zn®" ions. EDTA inhibited the nuclease activity by chelating
Mg*" ions (Figure 3.18).
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2 3 4 3 C
. . ... Figure 3.18: Divalent metal ion effect

on nuclease activity of Ss02001Est.
The dsDNA probe was 5’-end
radioactively labeled ds DNA (PT-
AB30). Lane 1, MgCl, (10 mM); Lane 2,
’ NiSO4 (2 mM); Lane3, MnCl, (5 mM);
Lane 4, ZnCl, (2mM); Lane 5, MgCl,
(10 mM) with EDTA (20mM); Lane C,
control without protein. With
Magnesium ions, the dsDNA substrate
was totally degraded in 20 min.

-

3.4.6 Protein active site determination by mutants

To verify the intrinsic nuclease activity of Ss02001 and to exclude contaminating
nuclease activity, it was necessary to create inactive point mutations of Ss02001. A multi-
alignment of Ss02001 sequence was performed by BlastP program on NCBI website. All
the proteins hit by the program are hypothetical and are from Archaea. They all belong to
COG2254 and are predicted as Cas proteins (Haft et al., 2005). Three highly conserved
motifs could be identified by the sequence alignment, a HD motif, a HE motif and a
conserved Serine residue (Figure 3.19). The presence of a highly conserved HD domain
of these proteins suggests that they belong to the HD hydrolase superfamily. The highly
conserved HE domain is without any prediction, neither is the conserved serine residue.
The conserved sequence motifs offered an opportunity to experimentally investigate the

relationship between the conserved residues of Ss02001 protein and the nuclease activity.
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H83A  D84A HI112A  E113A  S116A

N

APE1231 3 _[26].RSLEVWLG.[4].CYSSAVN.[6].GSQTL.[1].SVLGDPVAVAIVLHDI .[10].RIM. HELVSGA 102
AF1875 1 _[21].TALKLLDS AENSKLV. [2] . GKKLS PEFERAVKLAIIFHDT. [10].YGY.[ 5].HEYFSTY 84
MJ0384 7 .[20].YWERIKYR YLKTIKR. [5].NIKLD. [1] .EKVDEFMKILIKLHDI . [107. 1IN.[ 9].HELVSAY 97
PAB1690 1 .[21].EGLKFIER MYISRNY. [6].VLNLR. [1] .EKAEGLLRKAY I IHDV. [10].KQH.[ 3].HEFYSAL 87
PAEO067 2 .[37].AKLCRELD.[4].ERELYST.[6].RLSID.[1].ELVRRLAGVAGYFHDI .[10].FPS.[13].HEVWSAW 118
PAE0207 1 .[20].RALTVWEK LRPIYFP AVRRA . [1] .GVDLDVVEYAIVVHDL . [10] .RRG. [ 3].HEWSAY 80
PH0916 1 .[21].KGLEIIEG LYLRRGY . [6] . ILNID. [1].KLAEELLKKAY IFHDI . [10] .REK.[ 3].HEVYSAL 87
SS01269 1 MDLEKFRR EYYYVVP_ [4] .RIKKD. [1] .EKVKKY IELATILQSA IGN EVYTAYY 51
SS01403 1 .[17].GILNFFRD NFSY1IP.[4] .RTGID. [1].ETVRKSVEIGVSLHDI . [10].YFG HEFYSGY 78
$S01439 2 _[21].LHDKISES YYKVISR. [5].GIVLD. [1] .NGVKE IVKDVVVLHDM. [10] .FDD. [187] .HELGSAL 102
SS02001 2 .[21].LDGKISES YYKIISR. [5].GIVLD. [1].NGVKEMVKDVVVLHDM. [10] .FDD. [13] .HELGSAL 97

APE1231 103 .[10].DMAGIGR.[1].DRGLYVFEVPLAVMMHHE. [1] . ISMGVLAGEL . [5].TLSVASLMLEDYYDGEL.[3].ER 176

AF1875 85 _[12].EIENYEA.[1].SELRKICNFSIFFHHHAM. [1] . IRMREPEAGS NIKAGLKLLDVLYSEVK. [3].ED 155
MJ0384 98 .[ 2].YHILLKK.[1].GDKNLAFIGALTVMLHHE. [1]. 1 IMGQIRNLK KKELTAEVVLDKLKKFD. [3].ED 158
PAB1690 88 .[ 1].AKEVLKD.[1].GKAGEIAVVAVSLHHHDW VRYEKPRKPD NLELDRECACV IEKFMG VE 143
PAEO067 119 .[ 2].YFAVRES.[1].DLKKEKSEVFARITAMAV.[1].LHHSARRSID DVVLDAVHVRPTLDDLD LM 176
PAE0207 81 .[ 1].AYKGLEP.[1].VGDEIAAVVAAAVLLHHE. [1].ILTSAYISGL.[1].ERYLPIYAVRKMLEEHD.[3].AC 141
PH0916 88 .[ 1].AREVFKK.[1].GDIGGVVSVAILLHHHNW IREKSPKRPR NLKLCNECLSIIKKLSG EK 143
S$S01269 52 LYYIYEE.[1].GDIDLGIPIVLAIVNHRD VWKARALRSV TAYNTLKVFEVKDDVKR 11 106
S$S01403 79 .[ 1].VYKILRE.[1].CDSELKPLIALAAMSHHQ GMEGRTLNEM ILKGNYTRIPSFYELRE EC 134
SS01439 103 .[ 1]-FYNDYEP INVEKAEEVRSLLTLAVI NHLNAIRGIS DYLLNRFPDNFDEEMIK LS 157
S$S02001 98 .[ 1]-FYYDYEP IDVEKAEEVKSLLTLAVL NHLNAIRVIS DYLVNKFPDNFDERMIK LN 152

APE1231 177 LARTVKNMGAVGD.[4].VLKILSGSPP. [2].KEVLIALG. [1].LKAYSLSGDTL. [11].ILHPLVVADSIAAN 250

AF1875 156 KEKKALKAALEEV.[3].GTANLTGYVK.[2].IVREVWRN. [1].MDSSKLKRLCY LNLLVLIAADYSSA 217
MJO384 159 FEDLIKKLIGYSI.[5].NDSNKDDIIR.[2].IEMSVRAR. [1].TPNSEKLRFIV GTLLLPLVMCDYKG 222
PAB1690 144 IPRKVPWIKPEEF.[3].VVNVFSSNIR.[2].YALLLPIS LADNYSAMRNR GGEPTTPGKEIEEV 204
PAEO067 177 FELARAGLERYGL.[5].AKAAARYHLL.[2].YDITALRE.[1].LLSTDPAPAEL LVHVITTADNLDAV 240
PAE0207 142 DPLAEAGDAVNKY.[5].ELERWGNGGL . [2].RDMLEVVK. [1].1VVQTAVGDSA.[11].VLYPLVVSDSVAAH 216
PH0916 144 IPEEIPWRNWIEF.[3].AEEIMRTNLR.[2].YSILLPLV VADNYAAAVNR GGKKSALGKEIFEV 204
SS01269 107 ENKLREINIPIKI VMKILNNIEP IQIRKLFS. [1].LSIVHPEVYSL ILGVFTSIKQGNEG 163
SS01403 135 RNDIVEILGEIGV.[1].VKDFPQKVTR SDVKSWFQ. [1] . LNIKWKNLYVI ILGPLMISDTVVAN 192
SS01439 158 KYGSILLENLRGI.[3].SLKVRDYSFT.[2].HDMLYAFS.[1].KSDKYLKLYNL FLAPIMLGDNLDSS 219
S$S02001 153 KYGSIMLQNLRGV.[3].SLKVRDYTFD. [2].HDMLYAFS.[1].KSDKYLKLYNL FLAPIMLGDNLDSS 214

APE1231 251 .[24]. 274
AF1875 218 .[24]. 241
MJ0384 223 .[22]. 244
PAB1690 205 .[18]. 222
PAE0067 241 .[25]. 265
PAE0207 217 .[28]. 244
PHO916 205 .[16]. 220
$501269

$S01403 193 .[22]. 214
$S01439 220 .[24]. 243
$S02001 215 .[24]. 238

Figure 3.19 Multi-sequence alignment of Ss02001 homologs by BLASTP. The highlighted red letters
represent the conserved residues. All putative proteins are from Archaea and possess the highly conserved
HD domains, HE domains and serine residues. The residues mutated in the present work are indicated by
arrows. The point mutants are named as H83A, D84A, H112A, E113A and S116A. The double mutants are
named as HH with H83 and H112 both to A and DE with D84 and E113 both to A. Numbers represent the
residue positions in ss02001Est gene sequence. Single letters in sequence represent amino acide residues.
Point mutations of D84, E113, S116 and double mutations of H83 plus H112 and D84
plus E113 in Ss02001Est sequence were created by the quick change method (2.3.10.5).
The point mutants are H83A, D84A, H112A, E113A and S116A (Figure 3.19). The
double mutant of H83 and H112 both to A is HH, that of D84 and E113 both to A is DE,
namely. The nuclease activity of the mutants was followed and compared with that of the
wild type. The degradation patterns indicated that the D84 residue was most important for

nuclease activity. The activity was highly decreased in the E113A mutant, but was not
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totally inhibited. The mutation of serine residue did not disturb the nuclease activity at all.
The nuclease activity of the double mutant DE was completely inhibited which shows
that these two residues are crucial for nuclease activity. The double-mutant HH shows
only slightly decreased nuclease activity (Figure 3.20).

B113 S116 WT Figure 3.20: Nuclease activity

C D84 DE HH
’ . ’ <«—— dsPT-AB30 detection of mutants of

' . Ss02001Est. C, control without
; g protein; D84A, the point mutant of
D84 to Ala residue; DE, the double

mutant of D84 plus E113 both to
Ala residues; HH, the double mutant

.
of H83 plus H112 both to Ala
. . @ dogradation residues; E113, point mutant of
. 4 } products E113 to Ala residue; S116, point
. mutant of S113 to Ala residue; WT,
F 5 wild type of Ss02001Est. The

substrate was 5’-end radioactively
labeled PT-AB30 dsDNA.

3.4.7 Substrate specificity of nuclease activity

The next point to be investigated was the structure specificity and the sequence
specificity of the nuclease activity. Various DNA oligonucleotides including single-
strands, double-strands, pseudo fork-strands and double-strands with sticky ends were
prepared as substrates for nuclease detection (see the schematic map of the substrate
structures in Figure 3.21). The substrates and Sso2001Est fusion protein were mixed and
incubated under optimal conditions for 10 min. The reactions were quenched
immediately in denaturing gel loading buffer with additional 50 mM EDTA and 0.2%
SDS to obtain partially degraded products. The degradation of 5’-end radioactively
labeled upper or bottom strands in dsSDNA oligonucleotides (Figure 3.21, Lane 6, 7, 8, 14,
15 and 16) indicated an endonuclease activity that starts from the 3’-end. The cleavage
stopped at approx. 4 base pairs from 5’-end implying that dsDNA strands shorter than 4
base pairs are not optimal substrates for nuclease activity. The cleavage of double strands
with sticky ends (Figure 3.21, Lane 9 to Lane 17) showed the double strand priority of

the enzyme activity. The sequence (Table 3.5) analysis showed that darker spots
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(embraced by red double brackets in Figure 3.21) produced by enzyme cleavage mostly
represented G residues suggesting the enzyme cleaved the dsDNA at G residues

preferably. No structure specificity of the enzyme activity was observed from this

experiment.

without protein with protein
M 12 345 67 8910 11 12 131415 1617

Samples without protein
1, ss PT-A*30 *
2, ss PT-B*30 —
3, ss 50u* *
4, ds PT-A/B*30 —
5, ds PT-A*/B30 ’

50

40

30 %

Samples with protein

6, ds PT-A/B*30 —_—
7, ds 50u*/b *
8, ds 50u/b*

9, nick-for*/50b

10, nick-for2*/50b
11, gap1mer*/50b
12, gap5mer*/50b
13, gap10mer*/50b

*,
*
*
14, pseudo-Y*HI-U ~ —

20 %

15, pseudo-Y*/50b o
16, HJ-u/HJ-b*
17, mid-match*/50b *
M, 10 bp DNA marker

Figure 3.21: Digestion of various 5’-end radioactively labeled oligonucleotide substrates by
Ss02001Est nuclease. After nuclease activity was quenched, samples were analyzed on a 20% sequencing
gel. The structure of the oligonucleotides is indicated schematically on the left. The radioactively labeled
5’-ends are marked with black stars. The spots embraced by the double brackets represent G residues in the
oligonucleotide sequences. The sequences of the oligonucleotides are collected in Table 3.5.
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Table 3.5: The sequences of 5’-end radioactively labeled DNA oligonucleotide substrates for site

specific nuclease detection.

Name
ss PT-A*30
ss PTB*30
ss50U*

ds PT-AB*30

ds PT-A*B30

ds 50u/b*

ds 50u*/b

nick-for*/50b

nick-for2*/50b

gap1mer*/50b

gap5mer*/50b

gap10mer*/50b

pseudo-Y*/HJ-U

pseudo-Y*/50b

HJ-u/HJ-b*

mid-match*/50b

Note: stars represent radioactively labeled 5’-end of oligonucleotides; red letters the paired bases.

Sequence
5-*CCTCTTCTTCTGTGCACTCTTCTTCTCCCC-3
5-*GGGGAGAAGAAGAGTGCACAGAAGAAGAGG-3’
5-*ACAGCTATGACCGAATTCCTGGGGAGAAGAAGAGTGCACAGAAGAAGAGG-3

5-CCTCTTCTTCTGTGCACTCTTCTTCTCCCC -3’
3-GGAGAAGAAGACACGTGAGAAGAAGAGGGG*-5

5-*CCTCTTCTTCTGTGCACTCTTCTTCTCCCC-3’
3-GGAGAAGAAGACACGTGAGAAGAAGAGGGG-5

5-*ACAGCTATGACCGAATTCCTGGGGAGAAGAAGAGTGCACAGAAGAAGAGG-3'
3-TGTCGATACTGGCTTAAGGACCCCTCTTCTTCTCACGTGTCTTCTTCTCC*-5

5-*ACAGCTATGACCGAATTCCTGGGGAGAAGAAGAGTGCACAGAAGAAGAGG-3
3-TGTCGATACTGGCTTAAGGACCCCTCTTCTTCTCACGTGTCTTCTTCTCC-5

5-*ACAGCTATGACCGAATTCCTGGGGA-3
3-TGTCGATACTGGCTTAAGGACCCCTCTTCTTCTCACGTGTCTTCTTCTCC-5'

5-*GAAGAAGAGTGCACAGAAGAAGAGG-3’
3-TGTCGATACTGGCTTAAGGACCCCTCTTCTTCTCACGTGTCTTCTTCTCC-5

5-*AAGAAGAGTGCACAGAAGAAGAGG-3’
3-TGTCGATACTGGCTTAAGGACCCCTCTTCTTCTCACGTGTCTTCTTCTCC-5

5-*AGAGTGCACAGAAGAAGAGG-3’
3-TGTCGATACTGGCTTAAGGACCCCTCTTCTTCTCACGTGTCTTCTTCTCC-5

5-*GCACAGAAGAAGAGG-3
3-TGTCGATACTGGCTTAAGGACCCCTCTTCTTCTCACGTGTCTTCTTCTCC-5

5'*ACA
GCTATGACCGAATT, c
CTGGGG CCTGGTCGACCTGCAGGCATGCAAG-3

CCCACC GGACCAGCTGGACGTCCGTACGTTC-S
GGACGAGCTCCCGCGGT
3-AN

G-3
CATGCAA
GCAGG
GACCT
5-*ACAGCTATGACCGAATTCCTGGGGA cCTGCTC

3-TGTCGATACTGGCTTAAGGACCCCT CTTCTTCTC
ACGTar,
C TTCTT
CTCC-S’

5 ’~CTTG
CA TG,
CTGe A
GGre
GACCAGG CCACCCTGGCGCCCTCGAGCAGGAA-3

G GGTGGGACCGCGGGAGCTCGTCCTT*5'
GAAGAA
ACGTGA

C
3 _GGAGAAG AAGH

5-*GAATTCCTGGGGAGAAGAAGAGTGCA-3
3-TGTCGATACTGGCTTAAGGACCCCTCTTCTTCTCACGTGTCTTCTTCTCC-5
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3.4.8 Steady state Kinetics of nuclease activity

The Michaelis constant (K,,) is an important parameter that can describe the apparent
affinity of an enzyme for the substrate under steady-state conditions. The K, value is

determined by Michaelis-Menten equation:

\/0:\/max>l< [S]/(Km+[s])

Where V is the initial velocity of the enzyme in enzymatic reaction, Vi, is the
maximum velocity, [S] is the substrate’s concentration and K,, is the Michaelis constant.
It refers to the substrate concentration where the velocity V is half of the maximal value
V max.

In this study, the K, value was determined as follows:

Double-stranded 5’-end radioactively labeled PT-AB30 (5°-
CCTCTTCTTCTGTGCACTCTTCTTCTCCCC-3") DNA substrate at eight different
concentrations was digested by Ss02001Est fusion protein in a proper concentration in a
series of time course experiment under optimal conditions. Nuclease activity in the
aliquots in every time point was quenched immediately with additional 50 mM EDTA
and 0.2% SDS on ice bath. After gel electrophoresis, the isotope intensity was counted in
Typ Instant Imager. The percentages of the digestion products were calculated
automatically by software of the Imager and, plotted against time points to generate the
initial velocities of the enzyme in different substrate concentrations. Finally, the substrate
concentrations and the initial velocities were analyzed to obtain the Michaelis-Menten
curve by software, Origin (Origin Lab, USA). From the curve, the K, value was read out
as 22.0885 + 3.22519 nM (Figure 3.22). This value indicted a rather high affinity of
S502001 to the dsDNA substrate.
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Figure 3.22: K,, determination for dsDNA in the nuclease assays with Ss02001Est. The substrate
concentrations were varied from 5 nM to 600 nM. The initial velocities were obtained from the time course
of a series of digestion experiments performed at 50°C. The data fitting to Michaelis-Menten equation was
performed by software, Origin (OriginLab Corporation). The K, value from the curve was approx. 22 nM
and V.« was 1.17 nM/min.
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3.5 Expression, purification and characterization of Sso1450C6H fusion
protein from Sso P2

The Sso1450 protein belongs to COG1518. The proteins encoded in this COG are
ubiquitous in archaeal and bacterial species that harbor CRISPR in their genomes. The
COGI1518 proteins are denoted as Casl proteins with possible integrase/recombinase
function. In some bioinformatic analysis (Makarova et al., 2002) the Casl proteins have
been also predicted being repair proteins. It was therefore hoped that the biochemical

characterization of Ss01450 could help to reveal the roles of these proteins in vivo.

3.5.1 Protein gene expression

Sulfolobus solfataricus P2
genomic DNA

1 origin T7 terminator
f/,/Eco RI (193)
Neo | (295)
— <
T7 Promotor
KanR
y
r‘/ A
H pET28¢ |
lacl
Y 5367 bp ‘T/ ¢
|
+
) ¥
$s01450 gene with
restriction sites, 944 bp o /S
ri
Cloning
1 origin T7 terminator
(f/acom (193)
$1450+6His
KanR
Nco | (1124)
“/ N T7Promotor
pPET28c@s1450
6196 bp

Figure 3.23: Construction of sso1450C6H protein gene expression vector. The sso1450 gene was
amplified from Sulfolobus solfataricus P2 genome by PCR and was inserted into the multi-cloning sites of
plasmid pET-28c(+) behind the hexahistidine codons to construct the expression vector.
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ss01450 gene was amplified by PCR from Sso P2 genomic DNA (2.2.10.1) using
primers S1450-for (CATGCCATGGGCGTGATAAGCGTGAGGACTTT) and S1450-
rev (GCCGAATTCCCCATCACCAACTTGAAACCCC). The primers created the Ncol
and EcoRI restriction sites (underline letters) upstream and downstream of the sso1450
gene, respectively. The sequence of PCR fragment was shown to be correct by
comparison to the predicted protein gene sequence in Sulfolobus solfataricus P2 genome.

The plasmid pET-28c(+) containing ssol1450 protein gene fused with C-terminal
hexahistidine tag (namely sso1450C6H) was transformed into E.coli Rosetta(DE3)pLysS
strains. The transformed strains were incubated over night at 37°C on LB plate. After that,
one well-grown colony was picked up and was mixed with 20 ml LB liquid medium in a
150 ml flack. The flask was shaken over night at 37°C. 4 1 LB medium was inoculated by
20 ml over night culture and was incubated at 37°C for approx. 4 h till ODggo reached
0.8~1.0. Then the temperature was immediately decreased down to 30°C. The protein
expression was induced by addition of 0.1 mM IPTG. After 3 h incubation, ODgg
normally was > 1.6, and the cells were harvested by centrifugation. All the culture
procedures were under kanamycin selection pressure. As mentioned in Sso2001Est
protein preparation, the lower temperature and lower amount of inducer enhanced the

expression level of ss01450 gene in E.coli system.

3.5.2 Protein purification

The cell pellet (~1g) was thawed in 10 ml cell lysis buffer containing 2 mM [-
mercaptoethanol and 10 mM imidazole on ice and was immediately sonicated in Sonifier
B15. Afterwards, most of the E.coli proteins and cell debris were precipitated and were
removed by centrifugation. The supernatant was loaded onto a 1 ml TALON metal
affinity column (Clontech Laboratories, Inc.). The column was washed by cell lysis
buffer with additional 50 mM imidazole. Target protein was eluted by addition of 150
mM imidazole. The molecular weight of the eluted protein was determined by SDS-

PAGE (Figure 3.24) corresponded to the size of Ss01450.
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3.5.3 Binding of Sso1450C6H on nucleic acid substrates
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Figure 3.25: Binding of Sso1450C6H to ss/dsDNA and ss/dsRNA oligonucleotide substrates. A,
reverse titration of Sso1450C6H. The original symbols, black rectangles represent the anisotropies (r) of
the complexes of protein and ssDNA (13nt, 5 nM); Red spots, the anisotropies (r) of the complexes of
protein and dsDNA (13bp, 5 nM); Green triangle, the anisotropies (r) of the complexes of BSA and ss
DNA (13nt, 5 nM). The 5’-fluorescein-labeled DNA substrates were titrated with Sso1450C6H in
fluorescence anisotropy buffer containing 20 mM of Tris-Cl, pH 7.5, 50 mM NacCl, and 0.02% Tween20.
B, Competition titration of Sso1450C6H: ssDNA (13nt, 5 nM) in complex with Sso1450 (20 nM) was
titrated with different competitors. The original symbols, Black rectangles, represent the anisotropies (r)
of ssRNA, 12nt; Red spots, of dSRNA, 24bp; Green triangles, of tArg; Blue triangle, of tPhe.

Ss01450 protein had not yet been characterized biochemically. Therefore its
DNA/RNA binding properties were tested by fluorescence anisotropy assays (2.6.3)

using various single-stranded and double-stranded oligonucleotieds that were 5’-end
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labeled with fluorescein. The anisotropy value of the labeled DNA probe increased from
0.04 to 0.27 with increasing protein concentration indicating the complex formation
between Sso1450C6H and the DNA probes. Similar binding curves were obtained for
single-stranded and double-stranded DNA (Figure 3.25A). In addition to dsDNA and
ssDNA, Sso1450C6H also binds to ssRNA and dsRNA. Since fluorescently labelled
RNA probes were not available, the RNA binding was analyzed by a series of
competition titrations (Figure 3.25B). In these experiments, a complex between
Ss01450C6H and a fluorescein-labeled 13 nt ssDNA was preformed and then challenged
with increasing amounts of unlabelled ssSRNA or dsRNA. As shown by the decrease in
anisotropy with increasing concentration of RNA, the RNA was able to compete
efficiently with the labeled DNA for binding to Sso1450C6H. From these competition
titrations the binding constants for the RNA could be determined. The data show that
Ss01450 binds to ssDNA, dsDNA and RNA with approximately the same affinity (Figure
3.25B). Furthermore, the length-dependence for the binding of various single-stranded
DNAs was followed. The data reveal an optimal length of the DNA substrates of 13 nt
(Table 3.6).

Table 3.6: Dissociation constant values (Kd) for the binding of Ss01450C6H to DNAs or ssRNAs of

different lengths.
Length(nt) | Kd(nM)

6 165
7 127
9 56.2
11 23
12 20
12

(ssRNA) 29
13 19.6
24 34.7
24

(ssRNA) 51
33 37
36 471

89



Results

3.5.4 Binding mode of Ss01450C6H on nucleic acid substrates
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To investigate the binding model further, the anisotropy variations of fluorescein-

labeled ssDNA substrates of different lengths in the present of Sso1450C6H were
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Figure 3.26: One-site model fitting curves of SS01450C6H -ssDNA complexes. A, titration
of 7 nt ssDNA; B, titration of 12 nt ssDNA; C, titration of 24 nt ssDNA probe; and D, titration

of 36 nt DNA probe.

analyzed. The raw data could not be fitted well to one-site binding model (Figure 3.26).

No obvious saturation plateau was reached even at 200-fold excess of protein over DNA

implying that protein multimers form on the ssDNA substrate, possibly in a cooperative

manner. An exact evaluation of the binding curves was therefore not possible. The

formation of large complexes on ssDNA oligonucleotides was also shown by EMSA
experiments. When protein concentration was 10-fold excess of ssDNA substrate, the

formation of large DNA-protein complex was visible on the native gel indicating that in

low salt condition, protein molecules aggregate on the ssDNA substrate (Figure 3.27).
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bands Figure 3.27: Formation of large complex of
Ss01450C6H with DNA in EMSA experiment.
Concentration of protein was 1 uM,
concentration of ssDNA (ssb-36) was 100nM.
The strands were 5’-end radioactively labeled.
The samples were incubated at 25°C for 30 min,
and then were loaded on 4 % native gel.

free
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3.5.5 Renaturation activity of SS01450C6H for denatured dsDNA

The titration data show that Sso1450C6H binds with comparable affinity to ssDNA,
dsDNA and also RNA substrates. Furthermore, large complexes are observed that are
probably due to the aggregation of protein molecules on DNA substrate. These properties
suggested that Sso1450 might participate in DNA and/or RNA renaturation and strand
annealing. To investigate this point, Ssol1450C6H was incubated with separated
complementary DNA strands (287 bp) and the protein-induced renaturation of the strands
was then followed by native gel analysis. The re-formed dsDNAs (Figure 3.28, lane 3-5)
indicates that Sso1450C6H is able to promote DNA renaturation even in a one to one
molecular ratio model in 20 min at 30°C, suggesting a highly efficient catalysis of DNA
annealing. The dsDNA background (Figure 3.28, Lane 2) might be due to the automatic

zipping occurrence between completely paired DNA strands even at low temperature.
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Figure 3.28: Renaturation of DNA strands
promoted by Ss01450C6H. A 5’-end labeled 287
bp dsDNA was obtained by PCR and was then
denatured at 95°C for 5 min. The renaturation was
performed with 5 nM of DNA probe at increasing
concentrations of Sso1450C6H in 20 min at 30°C.

ssDNA
. The reaction was then stopped by addition of 0.5
5 - % SDS and 20mM EDTA. The samples were then
dsDNA analyzed on a 4 % native PAGE gel. Lane 1,
native dsDNA; Lane 2, denatured DNA strands;

Lane 3 to 5, denatured DNA strands with 10 nM,
40 nM and 400 nM of Sso1450C6H protein.

*
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4. Discussion

4.1 Characterization of SSOSSB protein

SSBs are indispensable elements in all living organisms. Most SSBs bind ssDNA
non-specifically, recruiting a variety of enzymes involved in the biological processes
such as replication, recombination and repair of DNA. Eukaryotic and bacterial SSBs are
well studied in the past decades (Wold, 1997; Raghunathan et al., 2000; Webster et al.,
1997; Kur et al., 2005), whereas the biological properties of archaeal SSBs are poorly
understood. In the present work the DNA binding properties of SsoSSB, as a

representative SSB in crenarchaea, was characterized.

4.1.1 SsoSSB protein binds single-stranded DNA with high affinity

The DNA binding affinity of SsoSSB was investigated by fluorescence anisotropy
and gel retardation assays using oligonucleotides as model binding substrates. The
fluorescence titrations indicate a high affinity of SsoSSB to ssDNA oligonucleotides. The
competition titration data with dsDNA oligonucleotides as competitors indicate over 100
fold higher binding affinity to ssDNA as compared to dsDNA. This result is consistent
with previous reports from other groups (Haseltine and Kowalczykowski, 2002;
Wadsworth and White, 2001) on the binding of SsoSSB to DNA. To quantify the binding
affinity to ssDNA and dsDNA substrates, the fluorescence anisotropy assays were
evaluated using a 1:1 binding model. This model allowed a good fit of the experimental
data. The optimal binding dissociation constant is in subnanomolar range. The binding
was also followed on long circular ss or dSDNA molecules using gel retardation assays.
The results show binding of SsoSSB to dsDNA is much weaker than that to ssDNA. This
is well proved by an experiment (Figure 3.2) where both ssDNA and dsDNA were
offered as binding substrates. In this case, SsoSSB only bound ssDNA. This completely
consists with the dicrect observation of Sso-DNA complexes by AFM. The binding of
SsoSSB to the plasmid dsDNA is explained by the breathing of the dsDNA and the
binding of SsoSSB to transiently formed double-stranded region. Bubbles formed during
DNA breathing at high temperature may be captured by the SsoSSB molecules. Such a
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behaviour of SsoSSB has been suggested by White’s group (Cubeddu and White, 2005).
Although SSB proteins are abundant in the cell, it is improbable that this process often

occurs in vivo.

4.1.2 SSoSSB protein is a monomer in solution

The subunit structure of crenarchaeal SSB proteins has been a matter of debate
(Wadsworth and White, 2001; Haseltine and Kowalczykowski, 2002). Multimeric forms
(primarily tetrameric, less dimeric and monomeric form) have been reported (Haseltine
and Kowalczykowski, 2002), whereas one group suggested a monomeric structure only
(Wadsworth and White, 2001).

In this study, when the SsoSSB protein was purified and analyzed by gel filtration
method on FPLC, only one peak was observed corresponding to the predicted size of
SsoSSB. This strongly indicates that SsoSSB is a monomer in solution. The heating step
(heat shock at 70°C for 20 min) before gel filtration had been included in the purification
of SsoSSB. This step was convenient for the further purification steps, but it did not
induce protein multimerization. This experimental result reveals that under physical salt
concentration and neutral pH range, SsoSSB proteins in solution are mostly present as
simple monomers. This form of SsoSSB is different from that of EcoSSB which is a
homotetramer in solution (Chedin et al., 1998; Kelly et al., 1998) as well as that of RPA
which has a heterotrimeric structure providing a total of four ssDNA-binding domains
(OB folds) (Brill and Bastin-Shanower, 1998). It is even different from that of
euryarchaeal SSB protein which resembles eukaryotic RPA with multi DNA-binding
domains (Brill and Bastin-Shanower, 1998; Barns et al., 1996) .

4.1.3 Binding mode of SSOSSB to ssDNA

Structural analysis of EcoSSB protein confirms the presence of four OB folds
forming the functional homotetramer in ssDNA binding with “unlimited” inter-tetramer
cooperativity at low salt concentration or with “limited” inter-tetramer cooperativity at
high salt concentration (Raghunathan et al., 1997; Lohman et al., 1986; Lohman and
Overman, 1985). In contrast, human RPA binds ssDNA in two very different modes. In a
major binding mode, the four DNA-binding domains with OB folds and the zinc-ribbon
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motif interact on the DNA substrate allowing the RPA heterotrimer to cover 30 nt in total
(Kim et al., 1992a). This binding mode exhibits high affinity and low cooperativity. The
second mode, which is less stable and may be a precursor of the 30 nt mode, has an 8-10
nt binding site with a lower affinity and a higher cooperativity (Blackwell and Borowiec,
1994).

The question of the binding mode of SsoSSB to ssDNA was followed by using
various ssDNAs including phage M13 ssDNA and ssDNA oligonucleotides of different
lengths as binding substrates. The results (Figure 3.2) show a gradual shift of the ssDNA
mobility with increasing protein concentration and the DNA strands can be less stained
by ethidium bromide. At saturation, the protein-bound DNA strands are difficult to be
visualized under UV light. Distinct intermediate bands that can be well stained are
observed at lower SSB concentration implying that the double-stranded regions in large
ssDNA molecules can still be well stained. Along with increasing concentration of
SsoSSB, these double-stranded regions are melted by the event of SsoSSB binding to
single-stranded regions. However it is difficult to evaluate the cooperativity between SSB
molecules.

There were some technical obstacles for ssDNA oligonucleotide retardation by
SsoSSB on PAGE gel in a previous research (Wadsworth and White, 2001) probably due
to the unfavorable conditions of electrophoresis. By overcoming these difficulties, the
shifted DNA bands could be well resolved on the native PAGE gel in this study (Figure
3.3). The ssDNA oligonucleotides were separately retarded by the SsoSSB protein
molecules according to the increase of protein concentration till saturation plateau. The
complexes are interpreted as the successive binding of one, two and three SsoSSB
molecules to the 42 nt ssDNA with increasing SsoSSB concentrations. This result
indicates low or the absence of cooperativity with these substrates. For comparison,
EcoSSB and RPA both show cooperativity on DNA binding, (Lohman and Ferrari, 1994;
Bochkareva et al., 2002; Bochkareva et al., 2001; Lohman et al., 1988). The fluorescence
anisotropy titrations show that the binding of the small oligonucleides can be described
by 1:1 complex with a SsoSSB monomer. Under these conditions, the dissociation
constant strongly increased when ssDNA substrates were larger than 20 nt indicating a

switch in the mode a SsoSSB molecule interacts with the DNA. Possibly conformational
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changes take place on SsoSSB when longer oligonucleotides are bound. A recent work in
our group showed that protein-DNA binding enthalpy was temperature independent
(Kernchen and Lipps, 2006). The results also indicate that at lower salt concentration (50

mM NaCl) and a wide range of temperature SsoSSB binds small ssDNA as a monomer.
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SSDNA ¥\ ssDNA
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loops / loops
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Figure 4.1: SSB proteins from three domains of life. A, the crystal structure of SsoSSB monomer; B, tnat
of human RPA DBD-A and DBD-B domains; C, that of human mitochondrial SSB; D, that of EcoSSB.
The ssDNA binding loops are indicated by black arrows. The important aromatic residues for ssDNA
binding, Phe and Trp, are in the binding loops or in the nearby ribbons.

4.1.4 The binding site size and DNA-protein interaction

By calculating the molar ratios of phage M13 ssDNA nucleotides versus SsoSSB

when saturation point was reached, the binding site size of SsoSSB was estimated to be
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approx. 4-6 nt per protein monomer. This result is completely consistent with that of
other groups (Haseltine and Kowalczykowski, 2002; Kerr et al., 2001). The staining of
ethidium bromide on phage M13 ssDNA strands was gradually reduced along with the
increase of protein concentration suggesting the protection of DNA bases by SsoSSB.

It is generally assumed that SSBs bind to ssDNA via an intercalation of aromatic
amino acids into the stacked bases of the ssDNA (Figure 4.1). Such a binding mode will
interfere with the binding of ethidium bromide to the DNA that also occurs by
intercalation (Gago, 1998). The finding in the present work of a stronger binding of
SsoSSB to pyrimidine-rich DNA as compared to purine-rich DNA is in line with this
interpretation. The stronger self stacking of purine bases (Boon and Barton, 2002) will
hinder the intercalation of aromatic residues from SsoSSB. A similar tendency of stronger
binding to pyrimidine-rich nucleotides was also found for human RPA (Kim et al., 1992a)
and many other ssDNA binding proteins (Kim and Wold, 1995). Previous research on
human RPA has confirmed that the aromatic ring stacking, not the hydrogen bond,
contributes strongly to complex formation between the protein molecule and the DNA
strand (Figure 4.1B) (Bochkarev et al., 1997; Brill and Bastin-Shanower, 1998). In this
interaction, Trp and Phe play major roles. Interestingly, resent research reported that
these two residues contact the DNA in the crystal structure of SsoSSB-ssDNA complex
(Kerr et al., 2003) implying that the stacking of aromatic amino acid residues on the
individual bases of ssDNA is a major binding mode (Figure 4.1A). For human RPA, the
pyrimidine binding priority was suggested to be due to the hyperphosphorylation of
human RPA induced by DNA damage (Patrick et al., 2005). However this point is still

unclear.

4.1.5 Does SsoSSB represent the ancestral SSB of three domains?

To our knowledge, both bacterial and eukaryotic SSBs are oligomers when binding to
ssDNA, as well as euryarchaeal and mitochondrial SSBs (Webster et al., 1997; Lohman
and Ferrari, 1994; Kelly et al., 1998; Wold, 1997; Komori and Ishino, 2001; Yang et al.,
1997). These proteins share similar OB folds which play the main roles for ssDNA
binding (Murzin, 1993). They bind ssDNA substrates with higher or lower cooperativity.
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Furthermore, they contain c-terminal sequences or additional subunits for recruitment of
other proteins.

SsoSSB expresses differences from the hitherto characterized SSBs. It is the first SSB
protein characterized in Archaea. It shows only low cooperativity in binding ssDNA
substrate. It binds ssDNA as a monomer. It contains a single OB fold which is
structurally closer to eukaryotic SSBs (Figure 4.1), whereas its C-terminus shares
similarity with bacterial SSBs. SsoSSB lacks the zinc ribbon motif which has been found
to stabilize the heterotrimer of human RPA (Bochkareva et al., 2000). Recent data have
shown that the C-terminus of SsoSSB plays a role for protein-protein interaction with
other proteins and, interestingly, all these proteins contain zinc finger(s) (Napoli et al.,
2005; Carpentieri et al., 2002; Richard et al., 2004) that are diverse both in structures and
functions (Laity et al., 2001).

All together, SsoSSB is assumed to mimic a simplest sSDNA binding protein that
consists of the minimum components for ssDNA binding and protein-protein interaction.

It might be the closest one to the ancestral SSB in phylogenesis.

4.2 Computational analysis and expression screening of the putative
protein genes from Sso P2

In the past years in our group, on aspect of the study was focused on DNA repair
proteins, for instance, human RPA, XPA, and XPC. Besides the investigation of newly
discovered SsoSSB, the screening of novel repair proteins was continuously performed to
expect further understanding of repair mechanisms in thermophilic archaea. Therefor,
when a prediction of novel, undetected repair system from Koonin’s group (Makarova et
al., 2002) appeared, it holded our interest. Sso is the most widely studied organism of the
crenarchaeal branch of the Archaea. Its genome had been completely sequenced (She et
al., 2001) just before the starting of this project. Therefore, to study these putative repair

genes in more detail, Sso P2 was chosen as a model strain.

4.2.1 Scanning and collecting putative protein genes in Sso P2

Previous bioinformatic analysis discovered a partially conserved cluster of coding

sequences consisting of more than 20 genes in most archaea and some bacterial
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hyperthermophiles (Makarova et al., 2002). These putative protein genes were predicted
to code for DNA helicases, HD-superfamily hydrolases, RecB family exonucleases, DNA
polymerases. Furthermore, other completely uncharacterized protein genes were found in
these clusters. However there were no detailed computational analyses for one specific
genome. To well study homologous genes of this cluster in Sso P2, the genome of this
organism was analyzed and the identified potential genes are listed in Table 3.2 according
to their COG numbers. Normally, there were more than one homologous genes in each
COG. These genes were divided into a few groups according to gene location, gene
orientation, and gene order. Five highly conserved core genes, COG1857, COG1688,
COG1203, COG1468 and COG1518, are included in Table 3.3. These analyses provide
an integrated model system for further investigation of the putative genes and their

relations.

4.2.2 Do these genes represent a novel repair system?

Earlier, the putative genes had been predicted to code for a novel repair system in
archaea (Makarova et al., 2002). However, the sequence analysis of the present work
revealed that the putative genes in Sso P2 are related to CRISPR.

In many prokaryotes, CRISPR loci are flanked by cas protein genes that have been
defined by homology analysis (Godde and Bickerton, 2006; Jansen et al., 2002a). The
presence of the cas genes was invariably associated with the presence of CRISPR loci in
the genomes suggesting a functional relationship between the cas genes and the CRISPRs.
The proteins encoded by cas genes share homology with proteins involved in DNA
recombination and repair. This is the reason that many Cas proteins had been predicted as
repair proteins before CRISPRs was observed. During the present work, Koonin’s group
also corrected the prediction of these proteins to Cas proteins (Makarova et al., 2006).
Although the biological function of CRISPRs and Cas proteins remains obscure, the
newer bioinformatic analyses strongly suggest the presence of a CRISPR mediated
immune system in archaea and some bacteria. This immune system appears to share some
features with RNA1 in eukaryotes (Mojica et al., 2005; Makarova et al., 2006; Peng et al.,
2003; Barrangou et al., 2007; Haft et al., 2005). In a recent work it has been shown that

CRISPR provides, together with associated cas genes, resistance against bacteriophages.
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The experimental finding of non-coding RNAs and the key protein Argonaute in archaea
(Tang et al., 2005; Tang et al., 2002; Song et al., 2004) also lends support to this
hypothesis. However, none of the Cas proteins appears to be related to Argonaute
proteins.

The sequence analysis in Sso P2 genome in the present work reveals that the putative
genes collected in Table 3.2 are located very close to CRISPRs or in between two
CRISPRs. Furthermore, the sequence alignment shows that most of these genes are
predicted as cas protein genes implying the relationship between these genes and
CRISPRs. This result is compatible with other CRISPR and cas gene analyses and
suggests that the putative protein genes are cas genes which are functionally related to
CRISPRs. Together with CRISPRs, the cas genes might be involved in a novel immune
system in Sso P2. The earlier hypothesis (Makarova et al., 2002) that these COG genes
might fight function in DNA repair appears to be no longer valid. These COG genes seem

to function rather as cas genes providing resistance against foreign infections.

4.2.3 Operon analysis of putative genes in SSO P2 genome

In the last decade, great progress has been made with the understanding of archaeal
transcription and translation. The archaeal DNA-dependent RNA polymerase has been
characterized, archaeal cell-free transcription systems have been developed (Soppa, 1999;
Bell and Jackson, 2001; Bell et al., 2001; Reeve, 2003), and the complete sequencing of a
number of archaeal genomes revealed the transcriptional control sequences. These studies
discovered not only the factors involving in transcription and translation processes, but
also the specific sequences in archaeal genome which were recognized by these factors,
such as A+T rich TATA-box like element (Qureshi and Jackson, 1998), purine-rich BRE
region (Soppa, 2001; Bell et al., 1999), T-rich terminator (Reiter et al., 1988) and Shine-
Dalgarno sequence (Tolstrup et al., 2000).

In the present work, these data were used to predict gene location, gene arrangement
and gene relation of the putative cas (COG) genes from Sso P2 strain to provide
information on gene expression and functional relations. Since more than twenty cas
genes exist in Sso P2 genome, the analysis concentrated on three regions. The potential

protein genes in these regions are shown in Table 3.3 and Figure 3.9. The finding of
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operons indicates that three regions in genome can be identified that contain three groups
of gene strings organized in operons. In each group, the BRE/TATA-box regions, Shine-
Dalgarno sequences and terminator regions are extremely similar to that in the other
groups. The sequences of BRE/TATA-box are conserved and the distance to the start
codon varies from 13 nucleotides to 37 nucleotides. However, in front of some putative
genes, a different sequence, which is not as same as Shine-Dalgarno sequence, is
observed that it is not obviously conserved but G-rich. This is consistent with the former
analysis (Torarinsson et al., 2005; Tolstrup et al., 2000) that showed Sso to use two
different translation initiation mechanisms, one with and the other without Shine-
Dalgarno sequence. The leaderless (without Shine-Dalgarno sequence) translation could
be a molecular fossil from LUCA (Condo et al., 1999).

In each of the gene strings, the putative ORFs are clustered and overlapped sharing
one or more nucleotides with adjacent genes. This implies that these genes should be
highly conserved during evolution (Krakauer, 2000). They might be functionally related
and co-expressed in transcription and translation (Shinkai et al., 2007; Viswanathan et al.,
2007). Together with function prediction of these genes, it appears that the clustered,
overlapped genes could be co-expressed in an efficiently controlled pathway to complete

a certain task in vivo that might be immunity.

4.2.4 cas gene expression, Cas protein refolding and enzymatic activity
detection

In the present work, over ten putative cas protein genes and their homologues had
been tried to be expressed in soluble active form in various E.coli expression systems.
Most of them failed to be expressed in soluble form, except sso1442, ss01450, ss01997
and s501998. The formation of insoluble gene products indicates an incorrect folding of
the proteins. Ther are a number of factors that can contribute to the expression of
recombinant proteins as insoluble aggregates, including high expression rate, unfavorable
folding conditions (temperature, pH), or the absence of suitable chaperone proteins that
help to avoid incorrectly folded states (Baneyx and Mujacic, 2004). Other factors specific
for sso gene expression could be the toxicity to E.coli cells of Cas proteins harbouring

DNA bindig activity or nuclease activity and a requirement of high temperature for
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correct folding (Ward et al., 2000; Andreotti et al., 1995). When expressed at low
temperatures, incorrect folding of thermophilic proteins may occur (Ogasahara et al.,
1998). It is also possible that an unknown trigger might be necessary for initiating cas
gene expression, like a certain response to DNA damage in Sso (Salerno et al., 2003).
This trigger could be the expression of the neighbour gene(s), and the invading of foreign
genetic elements. In the present study, a large number of different expression conditions
for S501999 and Ss02001 had been tested. Co-expression had been tried as well as the
expression as fusion with proteins such as SlyD (Scholz et al., 2006), DsbA (Wulfing and
Rappuoli, 1997) and fd (Martin and Schmid, 2003). The latter proteins function as
chaperonins in bacteria and have been shown to improve the soluble expression of variety
of proteins. However, all these experiments failed to improve the soluble expression of
these cas genes. Probably Sso-specific chaperonins are required to improve the
expression. A few Sso chaperonins have been described (Guagliardi et al., 1994; Ruggero
et al., 1998; Guagliardi et al., 2004). But these proteins were not available for the present
work. The overlapping ORFs from computational analysis imply not only a functional
relation but also the possibility of co-expression of these genes. The co-expression of
5501998~5502002 in 2/4/6 mode failed in E.coli which points to a different expression
pathway in Sso. In the E.coli expression system, the genes are arranged in sequential
order; they are expressed one by one separately, whereas in Sso P2 the genes overlap
implying that these genes could be transcriptionally coupled (McCarthy, 1990), or the
ovelap per se might function in the regulation of gene expression (Johnson and Chisholm,
2004) Sso-based expression systems have been developed only recently and were not
available for the present work.

Due to the insoluble form of the Sso Cas proteins expressed in E.coli system,
experiments on the renaturation of the proteins were performed. This effort focused on
S501999 and 8502001 proteins. The refolding screenings were based on present methods
with successful practice (Middelberg, 2002; Tsumoto et al., 2003; Vincentelli et al., 2004)
including on-column refolding, rapid dilution, step-wise dialysis, high-throughput assay
and co-refolding. Soluble proteins were obtained from some of the screenings in the
presence of arginine indicating its important role in refolding. This is consistent with

other reports (Ishibashi et al., 2005; Tsumoto et al., 2005). For primary screening, high-
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throughput assay (Vincentelli et al., 2004) has advantages of investigation of a number of
conditions including pH, buffer components, detergents and other additives. In the
present work Ss01999 and Ss02001 were both successfully re-solubilized by this assay.
Following protein refolding, the enzymatic activities of soluble Ss01999 and Ss02001
were scanned. Ss01999 was predicted to be a helicase. Typically, helicases catalyze the
separation of duplex oligonucleotides into single stands in an ATP-dependent reaction.
Stimulation of ATPase activity by DNA or RNA is a corollary activity to duplex
unwinding, and is often taken as evidence to indicate that a protein may be a helicase.
Ss01999 has well conserved walker A and walker B motifs for ATP-binding and
hydrolysis, conserved motif VI for RNA binding, besides motif III for nucleic acid
unwinding. Unfortunately, in the present work, no ATPase activity was observed in
presence/absence of DNA (plasmid dsDNA, ss/ds DNA oligonucleotides) or RNA (tRNA,
dsSiRNA, ssRNA olionucleotides). Repeat sequences and spacer sequences from
CRISPR also failed to stimulate the ATPase activity of Ss01999. This may be due to
several reasons: first, the protein is misfolded in inactive form although being soluble;
second, a specific DNA or RNA may be required for ATPase activity; and third, a protein
co-factor may be necessary. In a very recent research, infection of foreign phage
sequence activated the Cas protein associated immune system of the host strain
(Barrangou et al., 2007) indicating the functional relationship between Cas protein,
CRISPR and invading sequence, whereas the individual role of Cas protein remains

unknown.

4.3 Expression and characterization of Ss02001Est protein

4.3.1 Soluble expression of Ss02001 with esterase

S502001 is one of the putative core proteins in the Cas protein group (Makarova et al.,
2002; Makarova et al., 2006). In the first expression screening experiments when this
project was initiated, ss02001 failed to be expressed in soluble form. Efforts to induce
soluble expressions included variations of parameters such as culture media composition,
growth temperature, inducer dosage and codon usage, use of different E.coli strains and
plasmids, adding folding helper sequences, chaperone co-expression and refolding.

Finally, it was found that a fusion protein gene of 5502001 with esterase gene from
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thermophilic bacterial Alicyclobacillus acidocaldorius could be expressed partially in
soluble form. The 34 kDa esterase is a thermostable, single chain protein that folds into a
one domain structure with one active center that possess a lipase-like Ser-His-Asp
catalytic triad. The overall fold is typical for o/f hydrolases. The N- and C- terminal ends
of the protein expose on the esterase surface and are not involved in forming the catalytic
center of the enzyme. The esterase itself is thermostable and active over a broad pH range.
This provides the possibility to fuse the esterase with other polypeptides without affecting
the enzymatic activity (Agafonov et al., 2005).

In the present work, ss02001 gene was fused with esterase at the C- terminus to
construct the fusion protein gene, sso2001Est. The soluble expression of the fusion
protein was successful. The advantages of fusion with esterase were firstly, the soluble
full length fusion protein was monitored in real time by esterase activity assay (Manco et
al., 1998), and secondly, that the fusion protein could to be purified in a single step by
TFK affinity column which specifically binds to esterase (Huang et al., 2007). The fact
that the fusion protein can be obtained in a soluble form indicates that the folding of
Ss02001 is facilitated by the presence of the well soluble esterase that apparently
performs a chaperon-like function. This finding, together with computational analysis,
suggests that in Sso strain, the soluble expression of 5502001 gene might depend on the
expression of the overlapped neighbours, s501998, 5501999 and s502002. Together with
one or more of them, the expressed proteins might interact to form a structural and
functional complex. Another possibility is some other genes out of cas gene clusters
could be co-expressed with cas genes (Viswanathan et al., 2007). However, all the
experiments to achieve co-expression of the s502001 gene with its overlapping

neighbours had failed in the present work.

4.3.2 Ss02001 is as a endonuclease

5502001 belongs to a new protein gene group, COG2254 in computational analysis
(Makarova et al., 2002; Makarova et al., 2006; Haft et al., 2005). All the homologous
protein genes in this group are present in archaea and are uncharacterized with
hypothetical nuclease activity. In Sso P2, there are four genes from COG2254, namely
5501269, 5501403, 5501439, and ss02001 and all have a conserved HD domain. To test
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the nuclease hypothesis, ss02001 gene was chosen for further studies and was expressed
with a fusion partner, the esterase.

In primary experiments, ss02001 was found to be an endonuclease. It cleaved the
DNA at internal sequences and produces short oligonucleotide fragments. It prefers

dsDNA over ssDNA.

4.3.3 Characterization of Ss02001 nuclease

S502001 was characterized with respect to pH, temperature, site specificity, metal ion
dependency, active site determination and Michaelis constants.

The cleavage reaction was highly dependent on the pH of the buffer. The optimal pH
of Ss02001Est fusion protein nuclease activity was in the range of neutral pH (7~8).
However, an approx. 10% lower activity was found at pH 3. This phenomenon of two pH
optima is rare for enzyme activity, although some enzymes show different pH optima for
different activities or for different substrates (Desai and Shankar, 2003). One exclusive
example is sialidase with different forms at corresponding pHs (Venerando et al., 2003).
Therefore, it seems that the Ss02001Est fusion protein is active both in acidic and neutral
pH in different enzyme forms.

The optimal temperature of Ss02001Est fusion protein has been found to be 50°C. For
an enzyme from a thermophilic organism with an optimal growth temperature of around
75°C, one would expect a higher temperature optimum. The lower temperature optimum
might be due to the balance of the thermostability between the thermophilic enzyme
S502001 and the esterase which optimal temperature is 55°C. Since the esterase is
important for the solubility of Ss02001, this suggests that the temperature optimum of the
fusion protein is not the real optimum of Ss02001 in vivo. Another explanation for the
rather low temperature optimum could be the melting of the dsDNA oligonucleotides at
high temperature so that the nuclease loses the specific substrates in vitro. The cleavage
occurred more efficiently in the vicinity of G bases. Other examples are the nucleases
from Streptomyces antibioticus, Neurospora crassa and Chlamydomonas reinhardtii that
showed a preference for dG bases in dsDNA or ssDNA oligonucleotide (Burton et al.,
1977; Linn and Lehman, 1965; Cal et al., 1996), although the majority of nucleases

reported so far are base non-specific.
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The activity tests showed furthermore that the divalent magnesium ion is essential for
the nuclease activity that is completely inhibited by metal chelater, EDTA. However, the
replacement of Mg”™ by Ca®", Mn*" or Zn*" leads to a loss of enzyme activity. That
means Ss02001 might be a metal-requiring protein and, magnesium playes an important
role in protein functional conformation stability of the active site(s) and in the catalytic
processes of the enzyme (Barondeau and Getzoff, 2004). This is common to nucleases
(Desai and Shankar, 2003; Kevin N.Dalby, 1993) that the cleavage of phosphodiester
bonds require divalent one or more metal ions. Most of the metal binding ligands of
nuclease are provided by aspartic acid, glutamic acid, histidine, serine, and cysteine
amino acid side chains (Chakrabarti, 1990; Glusker, 1991). In the present work, the
importance of some of the highly conserved residues was investigated by point mutation.
The activity assay of the point mutants shows that aspartic acid and glutamic acid
residues (D84 and E103), neither two histidine residues (H83 and H104), nor serine
residue (S106), are crucial for nuclease activity. This is consistent with the finding that
Mg*" is essential for catalyzing DNA cleavage by Ss02001. It is also consistent with data
on protein structures of magnesium-requiring enzymes, where the amino acids that
coordinate Mg”" are aspartic acid and glutamic acid residues (Sutera, Jr. et al., 1999;

Jockovich and Myers, 2001; Glusker, 1991; Shatilla et al., 2005; Gite and Shankar, 1995).

4.3.4 Is Ss02001 a HD-superfamily enzyme?

Homology search predicted Ss02001 to be a HD-like nuclease (Makarova et al., 2002;
Makarova et al., 2006). In HD-superfamily proteins, histidine and aspartic acid residues
form the active domain (namely HD from these two conserved residues). They both
cooperate with metal ions and activate the enzyme activity (Yakunin et al., 2004; Aravind
and Koonin, 1998). The alignment on Ss02001 with its homologues identifies, in addition
to HD sequence, a conserved HE motif and a conserved serine residue. The HE motif is
not found in HD-superfamily enzymes and these also do not contain a conserved serine
residue. By point mutation, the importance of all the conserved residues for the nuclease
activity was studied. The mutations of H83 in HD motif and H104 in HE motif only
slightly interfered with the nuclease activity, and the mutation of serine residues had no

effect. On the contrary, by the mutation of D84 in HD motif and E103 in HE motif, the
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nuclease activities were strongly reduced implying that not HD domain, but rather
conserved aspartic acid and glutamic acid residues are essential for the activity. Possibly
both cooperate with magnesium ion binding. Therefore, the mutational studies indicate
that Ss02001 does not belong to the HD-superfamily of nuclease. It should be a newly
defined nuclease in COG2254.

casd

cas2 ss01998
'i cas3

Sso CRISPR coG1684  ss01999

costas? co61203

COG2254

Figure 4.2: Some cas protein genes’ locations close to one of Sso CRISPR sequences. In sequence
alignment, some Sso P2 genes (numbers are noted in the blue arrows) were found belonging to various
COGs (numbers are noted below the blue arrows). All these genes above were predicted as cas genes
(numbers were noted above the blue arrows) except ss02001 which co-exists with 501999, like other
COG2254 genes with cas3 genes. s501998, 5501999 and 5502001 are head-to-tail overlapped implying
function relationship.

The neighborhood of the genes for a helicase and a nuclease is common in DNA
repair systems (Aravind et al., 1999; Marti and Fleck, 2004). Furthermore, fusion
proteins are sometimes found that harbour both helicase and nuclease activities (Komori
et al., 2004; Yu et al., 1998). The sequence analysis shows a head-to-tail arrangement and
overlapping of the genes for 5502001 and ss01999, similar to most of the COG2254 and
COG1203 hypothetical protein genes (Figure 4.2). Sso1999 is predicted to be a helicase
candidate with well defined motifs and Ss02001 contains a HD domain in its sequence.
Recent analysis reveals that some COG2254 protein genes are fused within COG1203
protein genes in cas3 cluster (Makarova et al., 2006). Both genes are always located close
to CRISPR sequence or in between two CRISPRs. Their functions were predicted to be
related to the metabolism of CRISPRs suggesting that they could be part of a novel
immune system in archaea for dsSRNA unwinding and cleavage (Makarova et al., 2006;
Haft et al., 2005). The study in the present work certainly defined the nuclease activity of
S502001 although its biological role remains to be characterized. Up to now, no

sequence-specific cleavage of CRISPR sequences could be observed for Ss02001.
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4.4 Characterization of Sso1450C6H

4.4.1 Nonspecific binding of Ss01450C6H protein to nucleic acid

Homology searches did not provide a prediction of the biochemical properties of
Ss01450 protein. In the present work, ss01450 could be expressed in a soluble form as a
fusion protein with a C-terminal hexahistidine tag. Sso1450C6H protein could be shown
to be a nucleic acid binding protein. It appears to bind in sequence-independent way to
ssDNA, dsDNA and RNA. In fluorescence anisotropy experiments, Sso1450C6H bound
various kinds of oligonucleotides with similar affinity with binding constant in
nanomolar range. Interestingly, no clear nucleic acid binding motif (Wei Yang and
Gregory D Van Duyne, 2004) was found in the Sso1450C6H sequence using different
computational algorithms. Therefore, mutational studies of the protein could not be
performed in a rational way.

The binding mode of Sso1450C6H was investigated by fluorescence anisotropy assay
using oligonucleotides as substrates. The data could not be fitted well with a one-site
binding model. A better fit was obtained with a model based on the binding of dimmers
indicating that more than one protein molecules participate in the binding of the
oligonucleotide substrate. This was confirmed on native PAGE experiments where a
large complex was observed with excessive amount of protein. This might be due to that
the nucleic acid molecules were embedded by protein molecules to form large aggregate
which was consistent with the previous results from other proteins containing nucleic
acid binding ability, such as RecA, Rad51 and Dmcl (Weinstock et al., 1979a; Tsang et
al., 1985; Sauvageau et al., 2005; Wei Yang and Gregory D Van Duyne, 2004).

4.4.2 Ss01450C6H promotes annealing of complementary DNA strands

Since Ss01450 bound ssDNA, dsDNA and RNA with comparable high affinity, it was
hypothesized that Ss01450 could be involved in the annealing of complementary DNA or
RNA strands. Such an activity is required for recombination events and has been shown
for a number of proteins such as RecA and p53 (Bakalkin et al., 1994; Bryant and
Lehman, 1986; Weinstock et al., 1979b). Therefore, experiments were performed to

investigate a potential annealing activity of Ssol1450. Besides nucleic acid binding
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activity, another function of Sso1450C6H was screened out namely that it promotes
annealing of complementary DNA strands in the presence of magnesium. An annealing
activity could be indeed observed at excess concentration of protein over that of DNA
suggesting that the aggregation of protein molecules and DNA strands is required to
bring about the annealing of complementary DNA strands in the presence of Mg”". This
is consistent with the report on RecA catalyzed DNA annealing (Weinstock et al., 1979a;
Sauvageau et al., 2005; Cole and Kmiec, 1994; Wabiko et al., 1983; Tsang et al., 1985).
Apparently, the formation of protein-ssDNA aggregates serves to provide a highly
effective concentration of DNA strands, which would enhance the rate of annealing of
complementary strands. This would also imply that Sso1450 is able to bind two single-
strands and therefore has two DNA binding sites. This point has to be investigated in the
further experiments. In addition, Sso1450 might not be the only enzyme catalyzing
annealing reaction, as it was not very efficient at lower concentration (Figure 3.28, Lane3
and Lane 4). It perhaps requires the presence of other factors (Shinohara et al., 1998;

Kantake et al., 2002).

4.4.3 What might be the role of Ss01450 in vivo?

A CRISPR associated system (CASS) is newly discovered in all archaeal and some
bacterial genomes with putative immune function of defense against invading phage and
plasmid DNAs (Makarova et al., 2006; Haft et al., 2005). CASS is often eliminated from
genomes during evolution. This plasticity of CASS operon organization suggests that the
CRISPR-associated genomic regions are “hot spots” of recombination leading to genome
rearrangement. Until now the functional characterization of this region is only based on
computational analysis. Ss01450 belongs to COG 1518. All the proteins in COG 1518
were predicted to be involved in DNA repair before CASS had been discovered
(Makarova et al., 2002). Further computational analysis classified them as Casl proteins
and generally highly essential and conserved. Casl proteins were the only Cas proteins
found consistently in all species that contain CRISPR loci. Therefore, Casl protein is a
best universal marker of the CASS. The finding of the annealing activity and a high
affinity binding to ssDNA, dsDNA and RNA in the present work suggests that Ss01450
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might be involved in annealing events required during the excision and insertion of the
CRISPR sequences.

In former sequence analysis (Makarova et al., 2002), the COG1518 proteins had been
predicted to harbour a nuclease activity. However, in the present work, no nuclease
activity could be detected with various kinds of nucleic acid substrates including repeat
and spacer sequences derived from the CRISPRs that are located close to the ss01450
gene. On the other hand, the finding of a nucleic acid binding activity and DNA
annealing activity strongly suggests that Sso1450 plays a role in DNA rearrangements.
This agrees with a model in which COG 1518 protein (to which Sso1450 belongs) is
assumed to mediate the insertion of repeated sequences into foreign dsDNA derived from
retro-transcribed phage or plasmid RNA by its integrase/recombinase activity(Figure 1.5,
(Makarova et al., 2006). Since both nucleic acid binding and annealing are commonly
essential in integrase/recombinase event (Sauvageau et al., 2005; Heyer et al., 1988;
Makhov and Griffith, 2006). The apparent sequence-independence of Sso1450C6H might

be due to either the lack of enzyme cofactor/partner or the incorrect conditions.
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5. Summary

Following the complete sequencing of the genome of Sulfolobus solfataricus (Sso) P2,
this organism has been widely used as a model strain for crenarchaea. The present work
concentrated on the characterization of a newly discovered single-stranded binding (SSB)
protein from Sso P2 and the computational and experimental analyses of clustered
regularly interspaced short palindromic repeats (CRISPRs) and CRISPR-associated (cas)
genes, respectively. The DNA-binding properties of SsoSSB, the organization of the
CRISPR loci and the biochemical properties of some of the cas gene products of Sso P2
were studied.

Size-exclusion chromatography indicated that SsoSSB exists as a monomer in
solution. Using fluorescence anisotropy as a method to study the interaction of SsoSSB to
DNA, it can be shown that SsoSSB binds as a monomer to small oligonucleotides. The
approximate binding site size is 4- 6 nt per protein molecule as determined by native
electrophoresis. SsoSSB shows a more than 10 fold higher binding affinity to single-
stranded (ss) DNA as compared to double-stranded (ds) DNA, which is consistent with
former reports. The dissociation constant could be determined to be in a low nanomolar
range. Furthermore, SsoSSB preferentially binds to pyrimidine-rich ssDNA as compared
to purine-rich DNA. This property is similar to that observed for human replication
protein A (RPA).

The clustering of repeat sequences in CRISPR loci and the associated cas genes have
emerged recently as a new genomic feature of Archaea and of some Bacteria. Formerly,
the cas genes have been predicted to encode repair proteins. In the present work, five
CRISPR loci and their cas genes in Sso P2 were analyzed with respect to their genomic
organization. The repeats of the CRISPR loci show highly conserved sequences at regular
intervals, separated by spacer sequences of similar size. Most of the cas gene groups
flanking a CRISPR locus contain homologous genes that were also found at other
CRISPR loci. The cas genes could be grouped by gene location and gene order. Mostly,
in each group they were head-to-tail arranged implying a functional relation. The operons
of the cas genes 5501996-2002, ss01438-1443 and ss01398-1403 could be shown to

contain Transcription Factor B recognition element (BRE), TATA-box, Shine-Dalgarno
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and terminator sequences specific for Sulfolobus. Most cas genes could not be expressed
in a soluble form in E.coli, even when the expression conditions were widely varied.
Refolding of the insoluble proteins was then undertaken. sso1442, ss01996 and ss01997
could be expressed in partially soluble form in E.coli, however catalytical activities could
not be identified for these proteins. Refolding of Ss01999, a putative helicase, yielded a
soluble protein. However no helicase and ATPase activity could be detected in the
renatured Sso01999.

Defined biochemical activities could be only assigned to the proteins Sso1450 and
Ss02001. In the latter case, the ss02001 gene was fused with an esterase gene from
Alicyclobacillus acidocaldarius, and was co-expressed in a soluble form. The enzymatic
screening indicated that Sso2001 harbored a nuclease activity. Further experiments
showed that Ss02001 was an endonuclease with specificity for cleavage near G residues.
The nuclease activity was optimal at the neutral pH range with another activity peak at
pH 3. Specific point mutations introduced in Ss02001 indicate that this protein was not a
HD-family nuclease as previously predicted.

The protein Sso1450 (COG1518), which is considered to be a marker protein of the
CRISPR and Cas system, bound nucleic acids, including ssDNA, dsDNA and RNA, with
high affinity. The dissociation constant of binding to DNA oligonucleotides was in the
nanomolar range. EMSA experiments indicated an aggregation of Sso1450 on the DNA
substrates. Interestingly, Sso1450 promoted the annealing of complementary ssDNAs.
This finding supported a role of Sso1450 in the recombination of repeat sequences of the
CRISPR system as suggested by Koonin’s group (Makarova et al., 2006). The CRISPRs
were thought to play a major role in a newly discovered genome immune system in

prokaryotes.
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6. Zusammenfassung

Die Sequenzierung des kompletten Genoms von Sulfolobus solfataricus (Sso) P2
macht ihn zu einem der Modellorganismen fiir Crenarchaea. Diese Arbeit befasst sich mit
der Charakterisierung eines neu entdeckten SSB Proteins von Sso P2, sowie der
computergestiitzten Analyse von clustered regularly interspaced short palindromic
repeats (CRISPR) und der experimentellen Untersuchung von CRISPR-associated (cas)
Genen. Die DNS-Bindungseigenschaften von SsoSSB, die Organisation der CRISPR
Loki und die biochemischen Eigenschaften einiger cas Genprodukte von Sso P2 wurden
untersucht.

Durch GroBenausschlusschromatographie konnte gezeigt werden, dass SsoSSB in
Losung als Monomer vorliegt. Mittels Fluoreszenzanisotropie konnte die
Wechselwirkung von SsoSSB in seiner monomeren Form mit kurzen Oligonukleotiden
nachgewiesen werden. Mit Hilfe der nativen Gelelektrophorese konnte die Grofe der
Bindungsstelle mit 4-6 Nukleotide pro Proteinmolekiil bestimmt werden. SsoSSB zeigt
eine mehr als zehnmal so hohe Bindungsaffinitit fiir Einzelstrang-DNS (ssDNS) im
Vergleich zu Doppelstrang-DNS (dsDNS), was mit bereits verdffentlichten Daten
iibereinstimmt. Die Dissoziationskonstante ist im nieder-nanomolaren Bereich
angesiedelt. Dariiber hinaus bindet SsoSSB, dhnlich wie humanes Replikationsprotein A
(RPA), bevorzugt an pyrimidinreiche ssDNS.

Die Sequenzwiederholungen im CRISPR Lokus und die dazugehdrigen cas Gene
haben sich jiingst zu einer neuen genomischen Eigenschaft der Archaea und einiger
Bakterien herausgestellt. Urspriinglich wurde angenommen, dass die cas Gene fiir
Reparaturproteine codieren. In der vorliegenden Arbeit wurden fiinf CRISPR Loki und
die zugehorigen cas Gene in Sso P2 auf ihre genomische Organisation hin untersucht.
Dariiber hinaus wurde die Expression der cas Gene analysiert. Die
Sequenzwiederholungen der CRISPR-Loki weisen hoch konservierte Sequenzabschnitte
in regelméBigen Intervallen auf, die durch Platzhaltersequenzen dhnlicher Groe getrennt
sind. Die meisten der cas Gengruppen eines benachbarten CRISPR Lokus enthalten
homologe Gene, die auch in anderen CRISPR-Loki gefunden werden. Die cas Gene

konnen anhand ihres Genlokus und ihrer Genfolge gruppiert werden. In einer Gengruppe
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sind sie meistens ,,Kopf an Schwanz“ angeordnet, was eine funktionelle Bezichung
andeutet. Die cas Gene s501996-2002, ss01438-1443 und sso1398-1403 besitzen jeweils
eine fiir Sulfolobus spezifische transcription factor B recognition element, TATA-Box,
Shine-Dalgarno- und Terminatorsequenz. Die meisten cas Gene konnten trotz
unterschiedlich getesteter Bedingungen nicht in 16slicher Form in E.coli exprimiert
werden. Die unldslichen Proteine wurden riickgefaltet. Sso1442, Ss01996 und Ss01997
konnten in teilweise 16slicher Form in E.coli exprimiert werden. Dennoch konnte fiir sie
keine biochemische Funktion gezeigt werden. Aus der Riickfaltung von Ss01999, einer
vermeintlichen Helikase, ging ein 16sliches Protein hervor. Es konnten jedoch weder
ATPase- noch Helikaseaktivitdt nachgewiesen werden.

Definierte biochemische Aktivititen konnten nur fiir Sso1450 und Ss02001 gezeigt
werden. Ss02001 wurde als Fusionsprotein mit einer Esterase aus Alicyclobacillus
acidocaldarius in l6slicher Form coexprimiert. Die enzymatische Untersuchung wies
darauf hin, dass Ss02001 Nukleaseaktivitit besitzt. Weitere Experimente zeigten, dass es
sich bei Ss02001 um eine Endonuklease handelt, die spezifisch in der Nachbarschaft von
Guaninen schneidet. Das pH-Optimum dieser Nuklease liegt im neutralen Bereich und
zusitzlich bei pH 3. Spezifische Punktmutationen weisen darauf hin, dass es sich bei
Ss02001 nicht um ein Mitglied der HD-Nuklease-Familie handelt wie urspriinglich
angenommen.

Das Protein Sso1450 (COG1518), welches als Markerprotein des CRISPR- und Cas-
Systems angesehen wird, bindet Nukleinsduren wie ssDNS, dsDNS und RNS mit hoher
Affinitit. Die Dissoziationskonstante fiir die Bindung von DNS liegt im nanomolaren
Bereich. EMSA-Experimente deuten auf eine Aggregation von Sso1450 auf den DNS-
Substraten hin. Interessanterweise fordert Sso1450 die Anlagerung von komplementéren
ssDNS. Diese Tatsache unterstiitzt die Annahme, dass Ssol1450 eine Rolle in der
Rekombination der Wiederholungssequenzen im CRISPR-System spielt, wie die Gruppe
um Koonin (Makarova et al., 2006) bereits postuliert. Das CRISPR-System steht im
Verdacht eine zentrale Rolle in einem neu gefundenen genomischen Immunsystem von

Prokaryoten zu spielen.
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