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Abstract

This thesis describes the biochemical characterisation of Sulfolobus solfataricus

Hje, a Holliday junction - resolving enzyme. The work included a kinetic and structural

comparison to another resolving enzyme, Hjc, from the same organism. It was found that

Hjc but not Hje interacted with the sliding clamp PCNA. Interestingly PCNA stimulated

the activity of both Hjc and Hje implying that a physical interaction with PCNA was not

required for the stimulation of activity. A conserved serine, found throughout the

archaeal Hjc family, was shown to be essential for catalysis but not binding to DNA. The

identified location of this residue within a flexible loop of the proteins, which could

intimately coordinate with the centre of the junction, suggested a potential method of

selectivity of these highly four way junction specific enzymes.

As part of the characterisation of Hje a steady state kinetic analysis was

performed. This is the first such study carried out for a Holliday junction resolving

enzyme and highlighted the likelihood that the rate determining step is the internal step of

catalysis. The study also highlighted Hje has a robust activity and is the most active

example of a specific resolving enzyme identified to date.

Chapter five describes an attempt to try and identify mismatch-binding proteins

from S. solfataricus. The study identified that S. solfataricus contains proteins that

appear to specifically bind certain DNA mismatches. However attempts to try and

identify the proteins responsible provided unsuccessful. Chapter six describes the

characterisation of a protein, Ssol399 that initially seemed to process nuclease activity.

This protein had been shown to be specific for the hyperthermophilic archaea and

appeared alongside known DNA repair genes implying the presence of novel archaeal

xv



specific DNA repair pathways. The characterisation of the recombinant Ssol399 protein

was inconclusive as to a role in DNA repair.
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Chapter 1: Introduction

1.1 The third domain; introduction to the archaea

In 1977 Woese identified a third domain of life, the archaebacteria (later termed the

archaea) (Woese and Fox, 1977). The three domains, archaea, bacteria and eukarya, now

provide the fundamental classification system of life on earth.

Early classification systems were based on the observed phenotype of the

organism, giving rise to the previously accepted division of two seemingly unrelated

kingdoms, the eukaryotes and prokaryotes: This bipartite division being introduced by

Stanier and Van Niel in 1962 (Stanier and Van Niel, 1962). In 1965 Zuckerkandl and

Pauling suggested that the sequences of molecules could be used to reconstruct

evolutionary history and revolutionised the classification criteria (Zuckerkandl and

Pauling, 1965). For example the analysis of the amino acid sequence of ferredoxins and

cytochromes not only helped to organise the bacterial species but also underpinned tests

for the endosymbiont hypothesis for the origin of eukaryotic cells (Schwartz and

Dayhoff, 1978).

It was at this molecular level, in particular the small subunit of the ribosomal

RNA (the favoured "molecular chronometer" (Woese, 1987), that Woese was studying

methanotrophic organisms and identified these organisms as being fundamentally

different to both the bacteria and eukarya. Cytologically the archaea are prokaryotic,

having none of the defining eukaryotic morphological characteristics, such as a nucleus.

However on analysis of the 16s rRNA, via RNAse digestion, Woese showed these

methane metabolising organisms were very different from other prokaryotes and also
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eukaryotes and hence defined a third domain of life, the archaebacterium. Later, in 1990

he suggested the archaebacterium be renamed the archaea to highlight the fact they are

not bacteria (Woese et al., 1990).

When these three domains were first introduced there was no way to establish the

evolutionary relationship between them. This was resolved in 1989 by the work of Iwabe

and colleagues who on comparison of the a and (3 subunits of ATPase along with

elongation factors, Tu and G, provided a root for a universal tree (Iwabe et al., 1989).

This rooting showed the archaea are more closely related to the eukaryotes than they are

to the bacteria, with the archaea and eukaryotes being sister groups (see figure 1.1).

Indeed archaea are the closest prokaryotic relative to the eukaryotes.

Figure 1.1: The tree of life (Doolittle, 1996)

1.2 The archaea: the third domain

Originally in 1977, when the archaea were identified as a new domain, it only

contained the methanotrophic organisms, by 1980 many more organisms were classified
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as archaeal including some thermoacidophiles and halophiles: this lead to the splitting of

the archaeal domain into two phyla, the euryarchaeota and the crenarchaeota. The

euryarchaeota include the methanotrophs and their relatives, where as the crenarcheotes

include the thermoacidophiles and extreme thermophiles (the hyperthermophiles) and

also the sulphur metabolising organisms. The crenarchaea are thought to be the founding

organisms of the archaeal lineage (Woese et al., 1990). The euryarchaeota may be more

similar to the eukaryotes than the crenarchaeota as most have histones and other

characteristics such as a full-length XPF homologue, a single homotrimeric processivity

factor and an RPA like SSB.

In 1994 Barns suggested the presence of a third phylum of the archaea, based on

sequencing, which he termed the koryarchaea (Barns et al., 1994). In 1997 the existence

of these organisms was supported by the visualisation of two novel archaeal species,

which were found to belong to the koryarchaeota lineage (Burggraf et al., 1997). The

diversity of the archaeal group further expanded in 2002 by the classification of a fourth

phylum, the nanoarchaeota. Huber and colleagues cultured a nanosized

hyperthermophilic symbiont whose rRNA proved significantly different from that of the

other previously identified phyla (Huber et al., 2002).

Archaea are prokaryotic but lack certain features that are used to define the

prokaryotes e.g. peptidoglycan containing cell walls. However they do share some

common features with bacteria, for example they have a single circular chromosome with

the genes arranged in polycistronic operons (reviewed in (Keeling et al., 1994). The most

common start codon used is AUG but like bacteria GUG and UUG can also be used (De

Vendittis and Bocchini, 1996). Uniquely within the archaea, and so far only in the
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Methanosarcinia species, the UAG stop codon can be used to incorporate a unique

pyrrolysine residue (Srinivasan et al., 2002).

Archaea also possess other unique characteristics such as lipids with branched

ether linked branched side chains (Albers et al., 2000). They also use a different family

of DNA polymerases and contain novel topoisomerases (Aravind et al., 2000; Ishino et

al., 1998). Interestingly unlike the other kingdoms there are as yet no diseases associated

with archaea but they have been found to live in the human gut (Reeve, 1999).

1.3 Archaea and eukaryotic relationship: archaea as a model

In evolutionary terms the archaea are closer to the eukaryotes. This is not

surprising, as with a few exceptions, archaeal versions of molecules resemble eukaryotic

counterparts more than bacterial ones. Also on occasions some eukaryotic and archaeal

protein homologues have no counterpart in bacteria. However in terms of metabolic

pathways the archaeal systems are more similar to the bacterial. Conversely information

processing in the archaea resembles that of the eukaryal pathways and it is these

similarities that have become of interest to biologists (Whitman et al., 1999).

Similarities between eukaryotes and archaea were noticed in the late 1970s, for

example they both contain N linked glycoproteins and tRNA introns (Mescher and

Strominger, 1976) and lack formylmethionine, the bacterial initiator tRNA. Archaea

have been found to be resistant to nearly all antibacterial antibiotics but sensitive to

eukaryotic toxins, aphidicolin and diptheria toxin, again highlighting the difference

between archaea and bacteria and suggesting the presence of eucaryal like targets (Reeve,

1999).
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Of major interest is the similarity between DNA processes; the first to be studied

in great detail was transcription. The likeness between transcription in the archaea and

eukarya was first noticed in a study, performed by Zillig, of the DNA dependent RNA

polymerase from S. acidocaldarius. He noticed this polymerase had a similar level of

complexity to the eukaryotic RNA polymerases, having 10 subunits compared to only

four in bacteria (Zillig et al., 1979). He also went on to show the RNA polymerases of

archaea resemble nuclear RNA polymerases of eukaryotes not only in the level of

complexity but also in structure (Huet et al., 1983). Further analysis of the transcription

process has shown that overall the pathway is conserved between archaea and eukarya.

With the archaeal process only requiring a subset of the eukaryote proteins and hence

being a streamlined, simple version. This means the archaea provide a good system to

study the more complex eukaryote process and provide insights to the evolution of this

process (Bell and Jackson, 1998).

The use of archaea as a model for understanding the complex eukaryotic

pathways does not stop with transcription. All the major DNA processes can also be

studied in a more simple system with the archaea, such as DNA packaging, replication,

recombination and repair. The understanding of the molecular mechanisms of

recombination, which are poorly characterised in the eukarya, should be advanced

through the study of recombination in the archaea. For example the strand exchange

protein RadA in the archaea is significantly more similar to the eukaryotic homologue,

Rad51 than either is to the bacterial RecA (Sandler et al., 1996), suggesting the archaeal

recombination machinery might resemble that in the eukarya.
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1.3.1 Sulfolobus solfataricus

One model organism that has been widely used to study many processes is the

crenarcheote Sulfolobus solfataricus. It is a sulphur metabolising hyperthermoacidophile

with optimal growth conditions of 80 °C and a pH of between two and four but

maintaining its cytoplasmic pH at 6.5. S. solfataricus has a single circular chromosome

and also extra chromosomal elements and can be infected by four viral families. The

entire genome was sequenced in 2001, (She et al., 2001) which aids the use of this

organism for study.

1.4 DNA damage and repair

DNA is chemically unstable and the DNA within all cells is under the constant

assault by chemical, enzymatic and environmental factors (Lindahl, 1993). The repair of

such damage is essential to maintain the integrity of the genome and multiple repair

pathways have evolved to deal with different types of DNA damage. Many different

types of damage can occur such as breaks in either one or both strand of the DNA helix,

which are repaired by the single strand and double strand break repair systems. Double

strand breaks are a serious form of DNA damage. It has been shown that one persistent

double strand break in yeast is enough to trigger the death of the cell (Featherstone and

Jackson, 1999). In mammalian cells double strand breaks can lead to gene deletions and

chromosomal aberrations, which can both ultimately result in cancer. Indeed mutations

in DNA repair genes in humans are often associated with an increased risk of cancer

(reviewed in (Ishikawa et al., 2004). Double strand breaks can be repaired via two

mechanisms, homologous recombination (outlined section 1.6) and non-homologous end
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joining (NHEJ) (Featherstone and Jackson, 1999). Both are utilised in eukaryotes with

yeast favouring homologous recombination and higher eukaryotes favouring NHEJ

(Kanaar et al., 1998).

Damage to the bases of the DNA can occur. DNA hydrolysis leads to the

depurination of the DNA, whereas oxidation can disrupt Watson crick base pairing and

hence potentially cause mutations. Bases can be physically linked, such as in the case of

pyrimidine dimers formed by UV irradiation. These can be reversed by nucleotide

excision repair, base excision repair and certain damage specific nuclease can revert other

base damage (Roberts and Cheng, 1998; Sancar, 1996)

The importance of DNA repair systems is highlighted by the vast number of

cancers associated with mutations within DNA repair genes (Kolodner and Marsischky,

1999). The overall importance of DNA repair for all organisms was highlighted by the

identification of the nanoarchaeota. Despite containing the smallest genome size of any

cellular organism and lacking any genes for metabolism, it encodes genes for DNA

replication, transcription and DNA repair (Huber et al., 2002).

1.5 Problems of genome stability at high temp

It is estimated the level of DNA decay increases 3000 fold with an increase from

37 °C to 100 °C (Lindahl, 1993). Considering a large portion of the archaea are

thermophilic or hyperthermophilic (growing at a temperature of at least 80 °C), this leads

to interesting questions on how they maintain the integrity of their genomes under such

harsh conditions. The hyperthermophilic archaea are not only resistant to high

temperatures but also to other DNA damaging agents, such as ionising and ultra violet
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radiation, and also other chemical agents (Grogan, 1998). High temperature can lead to

an increase in spontaneous mutation rate, which is not seen in the archaea, e.g. the

crenarchaeote S. acidocaldarius has the same spontaneous mutation rate as mesophilic

organisms (Jacobs and Grogan, 1998). This leads to the study of the archaea in terms of

DNA repair systems being interesting for not only the evolution of these systems but also

to study highly efficient and maybe specialised repair pathways.

1.6 Homologous recombination

The only DNA repair protein to be absolutely conserved through all genomes

sequenced to date is the strand exchange protein RecA (RadA in the archaea or Rad51 in

eukaryotes) (Bianco et al., 1998). RecA functions in homologous recombination and its

ubiquitous nature highlights the essential character of this process. Homologous

recombination has two conflicting roles, to protect the genome (in the form of the repair

of double strand breaks) and also to re-arrange the genome to allow for genetic diversity

(Lilley and White, 2001). Central to both these processes is the Holliday junction

(Holliday, 1964). Increasingly over the lasted 40 years or so it has been shown that the

borders of recombination, replication and the repair of DNA are becoming increasingly

blurred highlighted by the role of the Holliday junction in all of these processes

(reviewed in (Heyer and Kanaar, 2004).

1.6.1 Process of Homologous recombination

Early genetic analysis highlighted the complexity of the recombination process

and showed a wide range of proteins were required. More recently the process has been
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studied at a molecular level with the majority of work being carried out in Escherichia

coli (reviewed in (Kowalczykowski et al., 1994). The general mechanism for

homologous recombination is similar between bacteria and eukaryotes but the proteins

involved generally differ. It has been shown that the process of recombination involves

more than 25 different proteins in E. coli (Kowalczykowski et al., 1994) and many

orthologous protein have been identified in Saccharomyces cerevisiae (Paques and

Haber, 1999). The eukaryotic process however is more complicated than the bacterial

one and involves a number of proteins from the RAD52 epitasis group (Petrini et al.,

1997). Structural and functional homologues of recombination proteins also exist in the

archaea where the majority of the proteins match eukaryotic rather than the bacterial

counterparts (Heyer et al., 2003). Therefore understanding this process in the archaea

could well help to elucidate the pathway in eukaryotes.

The double strand break repair model for homologous recombination (shown in

figure 1.2) is the most commonly used model (reviewed in (Szostak et al., 1983).

Homologous recombination is initiated by a double strand break and the first step is

processing of this break to create areas of single stranded DNA (see figure 1.2). This is

achieved through the action of various nucleases and helicases: In E. coli the RecBCD

complex is used (Kowalczykowski et al., 1994).

RecRCD is a DNA helicase that also has both single and double strand

exonuclease activities. It processes a double strand break to make a region of single

stranded DNA onto which RecA is loaded. The next step in recombination is a search for

homologous target DNA via the strand exchange protein RecA. On finding a region of

homology RecA facilitates exchange of the DNA strands (reviewed in (Kowalczykowski
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et al., 1994). Both bacterial RecA and the mammalian homologue Rad51 function as

long helical polymers that wrap around DNA to form a nucleoprotein filament (Ogawa et

al., 1993). This unusual filament structure is more highly conserved than the protein

sequences, highlighting the functional similarities between these proteins.

On locating a homologous sequence a region of heteroduplex DNA, also known

as a joint molecule is formed (Kowalczykowski et al., 1994). The third step involves

reciprocal exchange of the two strands creating a four - stranded molecule termed the

Holliday junction (Holliday, 1964).

The structure of the Holliday junction allows for the process of branch migration,

which results in the generation of stretches of heteroduplex recombinant DNA (reviewed

in (Adams and West, 1995). In an environment containing divalent metal ions this

movement is inhibited, and histones also act as a barrier to branch migration (Grigoriev

and Hsieh, 1997). In vivo the process of branch migration is catalysed by specific

enzymes, in the bacteria these are RuvA and RuvB (Hiom and West, 1995). RuvA binds

to the junction as a tetramer opening it into a four fold symmetric DNA structure, which

promotes branch migration (Hargreaves et al., 1998; Rafferty et al., 1996). RuvB is a

hexameric helicase and assembles onto two opposing arms of the junction. In a process

dependent on ATP it draws the DNA through the opposing rings to produce a region of

heteroduplex DNA (Parsons et al., 1995).

The final step of recombination involves the symmetrical cleavage of the Holliday

junction in one of two orientations to produce two recombination products (Szostak et al.,

1983). The cleavage of the junction is achieved through the action of the Holliday

junction resolving enzymes (reviewed in (Lilley and White, 2001).
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Figure 1.2: The process of homologous recombination.

1.7 Meiosis

Maintaining the integrity of the genome is important to ensure accurate

transmission of the genetic information from parent to offspring. However genetic

differences within a species allow them to evolve and adapt to changing environmental

conditions, highlighting a requirement for genetic diversity among species. Homologous

recombination occurs in sexually reproducing organisms during meiosis to allow for re¬

arrangements of the DNA to occur and hence increase genetic diversity (Smith and

Nicolas, 1998). Meiosis is a single round of replication of the DNA followed by two
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rounds of chromosome segregations producing haploid gametes from diploid parental

cells. Early stages of meiosis can be distinguished by recombination between

homologous chromosomes. This recombination occurs at a frequency 100 to 1000 fold

higher than in vegetative cells (Kleckner, 1996). At the beginning of meiosis two copies

of the chromosomes align and become intimately linked. The formation of such joint

molecules via the formation of two Holliday junctions (see figure 1.3) is at the heart of

the meiotic recombination process (Schwacha and Kleckner, 1995). The recombination

process occurs as described in section 1.6 and uses a number of meiotic specific proteins

(Smith and Nicolas, 1998).

Figure 1.3: The joint molecule formed from two Holliday junctions.

The frequency of recombination is not constant throughout the genome but is

influenced by both global and local effects. The double strand breaks, which initiate

recombination, occur at specific genetic loci (Fan et al., 1995). Most sites are located

within promoter regions (Baudat and Nicolas, 1997) suggesting a link between

recombination and transcription (Nicolas, 1998). These hot spots of recombination are

influenced by the local chromatin structure and do not occur at heterochromatin regions.

The formation of the double strand break to initiate recombination requires a large

number of genes, over 10 have been identified in the budding yeast (Smith and Nicolas,

1998).
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The formation of the joint molecule, produced to link the chromosomes, involves

the strand exchange proteins, e.g. Rad51, Rad55 and Rad57. These are members of the

Rad52 epistasis group originally identified in recombination repair in vegetative cells and

share homology to the RecA bacterial strand exchange proteins (Roca and Cox, 1997). A

meiosis specific RecA homologue was identified in S. cerevisiae, Dmcl. and homologues

found later in fungi, plants and animals (Stassen et al., 1997). Dmcl has no role in the

repair of double strand breaks accounted during vegetative growth. While it shares

homology to Rad51 the amino terminus, which is involved in protein - protein

interactions differs. Indeed the interacting partners of Rad51 and Dmcl are different.

Dmcl is specific for meiosis and its removal results in the failure to complete the meiotic

segregations.

Intermediates resulting from exchange between non-identical chromatids can

contain heteroduplex DNA with mismatches; this has been detected in S. cerevisiae and

Schizosaccharomyces pombe (Roeder, 1997). These mismatches are targeted by

mismatch DNA repair and corrections can result in gene conversion or restoration

depending on direction of repair. Mismatch repair proteins have been shown to have

other roles in meiosis. For example, yeast Msh2, Msh3, Pmsl and mlhlhave been shown

to control gradients of gene conversion found at recombination hot spots (Hunter et al.,

1996). In wild type cells the frequency of gene conversion is higher near a double strand

break hot spot and decreases with distance. Mutation in Msh2 abolishes this gradient,

suggesting Msh2 is involved in influencing either the extension and/ or maturation of the

heteroduplex tract. Consistent with this idea is evidence that Msh2 binds to Holliday

junctions (Alani et al., 1997).
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The late stages of meiotic recombination requires the removal of the Holliday

junctions. This produces recombinant molecules with or without the exchange of

flanking regions. Meiosis has mainly been studied in yeast and has been found to involve

a number of meiotic specific proteins. These have homologues in higher eukaryotic

implying the mechanisms of meiosis are conserved throughout the eukarya.

1.8 The Holliday junction

The Holliday junction is the central component of homologous recombination and

allows for the branch migration process, increasing genetic diversity. This can occur

spontaneously in vitro in the absence of divalent metal ions. The Holliday junction is

also an important intermediate during the repair of double strand breaks and to rescue

stalled replication forks.

1.8.1 Structure of the Holliday junction

The existence of the Holliday junction was proposed based on genetic events as a

means to explain genetic crossovers (Holliday, 1964). A wide variety of techniques have

been used to try and elucidate its structure including gel based, FRET and chemical

probing techniques (reviewed in (Lilley and Norman, 1999). A crystal structure was

elucidated in 1999 (Ortiz-Lombardia et al., 1999) and confirmed the previously predicted

stacked X model (Murchie et al., 1989) (see figure 1.4). There are two structural forms

of the Holliday junction one which is adopted in conditions of low salt and shows square

planar geometry. The presence of multivalent cations allow the arms to stack in a more

compact stacked X junction.
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Figure 1.4: The structure of a Holliday junction in two conformations. On the left the
open square planar conformation, which is adopted in the presence of no divalent cations
and on the right the stacked X structure adopted in divalent cations. (Lilley and Norman,
1999; Reynolds, 2004)

1.9 Rescue of Stalled replication forks

The replication machinery often encounters lesions and other factors that can lead

to a stalling of the fork (reviewed in (McGlynn and Lloyd, 2002). Chemical lesions of the

DNA such as pyrimidine dimers, caused by UV, can halt replication by preventing

nucleotide incorporation. Inter-strand crosslinks can lead to a stalling of the replicative

helicase. Whereas gaps in the DNA can lead to a complete block to the procession of the

fork. Excision repair pathways minimise the number of lesions a replication fork

potentially encounter but as this process is not absolute, replication can stall. It is

proposed that in E. coli up to a quarter of all replication forks require some form of

rescue (Kuzminov, 1995; McCool and Sandler, 2001). It is not known how often

eukaryotic replication forks require rescue but given their larger genome size and the
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presence of multiple forks the value must be at least the same level as for prokaryotes

(Cox et al., 2000).

Regardless of the reason for the stalling of replication, the replication process has

to be restarted. Gaps and lesions within the DNA could lead to the release of one of the

arms of the fork leading to possible aberrant recombinogenic processes, a disastrous

event for any cell (Kuzminov, 1995). In humans this could lead to cancer and possibly

cause the degenerative effects of ageing (Karow et al., 2000).

The nature of a block to replication is likely to determine the overall fork structure

and also how it is subsequently processed. A number of methods to restart replication

have been proposed (reviewed in (McGlynn and Lloyd, 2002) figure 1.5). Certain

polymerases (bypass or translesion polymerases) can incorporate nucleotides opposite

sites of DNA damage (Pham et al., 2001). This allows for the damaged region to be

bypassed and then the normal replicative polymerase can continue synthesis. A problem

associated with translesion bypass is a higher risk of mutation, inferred by the higher

misincorporation rate of these polymerases when compared to the true replicative

polymerases (Goodman and Tippin, 2000). Kuzminov proposed a model for restarting

stalled replication forks via a recombination process. Later he also suggested that the

main function of the DNA recombination machinery in E. coli was in the restarting of

replication (Kuzminov, 1995). Recombination, via a Holliday junction intermediate, to

restart replication is a method that removes the risk of mutation. It has been shown that

recombination is favoured over translesion synthesis in vitro and in vivo (Berdichevsky et

al., 2002).
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The formation of a Holliday junction from a replication fork has been shown to

occur (Sogo et al., 2002). A replication fork is transformed into a recombination

substrate by the last duplicated portions of the template strands re-annealing. This allows

the newly synthesised strands to pair in a substrate referred to as a chicken foot (Sogo et

al., 2002). However there is a lack of direct physical evidence of this occurring in vivo

under normal physiological conditions.

In E. coli it has been proposed that Holliday junctions form when replication forks

are stalled by the presence of DNA damage or by defects in replication enzymes

(Seigneur et al., 1998). The processing of such junction in E. coli may occur by one of

two methods and is critical for the reloading of the replication apparatus. Processing can

occur by a cleavage of the Holliday junction by the RuvABC helicase - nuclease complex

(d on figure 1.5) (Zerbib et al., 1998). Genetic analysis has indicated a function of

RuvABC in repairing replication forks halted by damage affecting both strands of the

template duplex.

It is possible that recombination can be used to directly bypass the block by using

a different copy of the chromosome, which frequently exist in E. coli. This would allow

for replication of the damaged DNA to continue using an unaffected copy. This could

also occur in eukaryotes and Holliday junctions have been detected during S phase in S.

cerevisiae (Zou and Rothstein, 1997). The Mus81 complex, conserved in eukaryotes, has

been implicated in the repair of stalled replication forks (Boddy et al., 2001). However

the cleavage of a chicken foot substrate by RuvC or Mus81 runs a risk of enhanced

genome instability due to generation of chromosome breaks. Other non-cleavage based

methods of processing replication forks exist in E. coli. The RecBCD helicase nuclease
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could degradation the free ends allowing for resetting of the fork structure without

the need for cleavage (e / f on figure 1.5) (Seigneur et al., 1998).

Figure 1.5: Restarting of stalled or blocked replication forks (from (McGlynn, 2004)).
(a) Replication may simply pause until the block is cleared, (b) A nick in one strand may
cause the fork to break (c) the free DNA end that is released must be recombined back
into the chromosome by RecA to generate a D-loop. (d) Cleavage by RuvABC of the
Holliday junction formed can aid the reconstruction of an active replication fork, (e) If
the fork remains intact but the replication machinery disassembles the formation of a
Holliday junction from the stalled fork can allow for processing mechanisms to facilitate
reloading of the replisome. (f) without breakage of the chromosome, for example by
removal of the ends by RecBCD. (g) Such a Holliday junction might also be cleaved by
RuvABC to generate a free DNA end (c). Direct processing of the stalled fork itself,
without breakage or the need for Holliday junction. (McGlynn)
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RecG is a protein that can unwind replication forks to form Holliday junctions

(McGlynn and Lloyd, 2001; Singleton et al., 2001). This would allow for the reason for

the block to be relocated away from the replication fork and allow access to it by repair

systems. Negative supercoiling might then promote spontaneous rewinding of the

Holliday junction to re-form the fork.

Template switching could also bypass a block (Higgins et al., 1976). The act of

RecG would cause the leading and lagging strands to anneal. The lagging strand could

then be used as a template to synthesis the leading strand possibly by DNA polymerase

II, which is inducible by DNA damage. On reversal of the fork the leading strand would

then have been progressed beyond the lesion and replication can restart. However

evidence for template switching has not yet been found in any organism.

Holliday junction formation by RecG could be a target for RuvABC to result in

their cleavage. However there is no evidence for interplay between the RuvABC

complex and RecG. recG ruvABC double mutants also show an increased defect in DNA

repair indicating the possibility that these two Holliday junction acting proteins could

provide two separate mechanism to deal with replication fork damage (Bolt and Lloyd,

2002).

There is a surprising lack of RecG homologues in eukaryotic organisms

(homologue found in plants) at least at the sequence level (Sharpies et al., 1999). A

family of helicases related to the RecQ helicase of E. coli are indicated in the processing

of damaged forks. In vitro two such helicases in humans, BLM and WRN, have been

shown to unwind branched structures (Frei and Gasser, 2000). Disruption of these
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helicases causes genetic disorders, the hallmarks of which are chromosomal re¬

arrangements and premature ageing (Karow et al., 2000).

1.9.1 Replication restart

Replication has to be restarted after the lesion has been overcome. In E. coli this

has to occur by the PriA helicase, which loads a replicative helicase, DNA B, back onto

the lagging strand. This in turn facilitates the reloading of the rest of the replication

apparatus (reviewed in (McGlynn, 2004). The primase is thought to only act on the

lagging strand, as it is required for the priming of each Okazaki fragment. The re¬

initiation of the leading strand would require a pre-existing 3' end at the fork. The

processing of a Holliday junction could allow this but physical evidence is lacking

(McGlynn and Lloyd, 2001). In eukaryotes the presence of multiple origins on each

chromosome could reduce the need for replication restart at stalled forks as a

neighbouring fork could complete the synthesis.

How damage to the replication fork is dealt with is still poorly understood but it

has become apparent that recombination proteins are essential for this process. It is

possible that the original function of recombination was to underlie and rescue

replication.

1.10 Resolution of the junction

It is essential for the Holliday junction to be resolved as unresolved and partially

resolved junctions are potent mutagens. The resolution is achieved through two

symmetrical nicks introduced by the Holliday junction resolving enzymes (Lilley and
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White, 2001). These are highly structure specific enzymes capable of introducing two

nicks within the life - time of the protein - DNA complex. The orientation the Holliday

junction is resolved has implication for the recombinant products produced. It determines

whether genetic information is exchanged over long range (splice/crossover events) or

short distances (patch/ non crossover). This is determined by which strands of the

Holliday junction are cleaved, if the nicks are introduced into the same strand patch

products are produced and nicks into opposite strands produce splice recombinants

(figure 1.6). In E. coli the strands nicked by RuvC seems dictated by the orientation in

which the RuvB hexamers bind to the junction (van Gool et al., 1999).

XI

Patch Splice

Figure 1.6: The resolution of a Holliday junction can occur in two orientations to
produce patch and splice recombination products.
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1.11 The diversity of the resolving enzyme family

The first Holliday junction resolving enzymes to be identified were endonucleases

VII and I from bacteriophages T4 (Nishimoto et al., 1979) and T7 (de Massey et al.,

1987). Both have a general specificity for branched DNA and a dual role in

recombination and packaging of the phage genome (Dickie et al., 1987a; Dickie et al.,

1987b). The first cellular resolving enzyme identified was RuvC from E. coli (Connolly

et al., 1991). This protein is widely distributed amongst the bacteria and also several

bacteriophages encode homologues (Sharpies, 2001). Another bacterial resolving

enzyme is RusA, it is distributed through the bacteriophages and also present in the

genomes of some bacteria (Sharpies et al., 2002). Certain Gram-positive bacteria lack an

obvious RuvC homologue despite containing RuvA and B homologues. Recently a RuvC

unrelated Holliday junction resolving enzyme was identified in Bacillus subtilis, RecU

that also works in conjunction with RuvAB (Ayora et al., 2004).

A surprising feature among the Holliday junction resolving enzymes is their lack

of sequence similarity, the sequences are so divergent from one another it is hard to

predict any two of them having a homologous relationship (Lilley and White, 2000).

With the high conservation among other repair proteins, such as RecA, the evolution of a

group of nucleases only related by a common substrate was intriguing. Also given the

bacterial origins of the mitochondria a lack of sequence identity between the Ccel and

RuvC proteins was hard to explain.

Identification of a pox viral resolving enzyme allowed for a unification of this

highly divergent family (Garcia et al., 2000). Pox viruses replicate in the cytosol and

therefore encode all proteins required for DNA replication and recombination, a highly
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prolific process in these viruses. They replicate their genomes via the rolling circle

mechanism, which produces long concatamers of genome spaced by telomeric repeats

(Dickie et al., 1987b). These repeats are capable of forming cruciform structures which

have been shown to be cleaved by a pox encoded Holliday junction resolving enzyme

(Garcia et al., 2000). The link between RuvC and the fungal mitochondrial resolving

enzymes was confirmed by the structural elucidation of Ydc2 sharing the same overall

fold as RuvC (Ceschini et al., 2001).

Structural studies have also highlighted similarities between the RuvC fold and

RNase HI, the Mu transposase and HIV integrase (Sharpies, 2001). The 60 or so RuvC

sequences show very few conserved residues and the conserved residues found being

mainly glycines, probably conserved for structural purposes (Sharpies et al., 1999). Four

other conserved residues are acidic and were found to define the active site, each being

essential for activity (Saito et al., 1995). Conservation of acidic residues in structurally

equivalent places were located in RNase HI implying that not only is the fold between

these proteins is shared but also a similar active site. This led to the grouping of these

proteins into one superfamily, the integrase superfamily (Lilley and White, 2001).

The archaeal resolving enzyme, Hjc, was first identified from Pyrococcus furiosus

(Komori et al., 1999). Hjc was found to be highly conserved amongst all the archaea that

have been sequenced. The structure of this family of resolving enzymes revealed

similarities to other nucleases, in particular the type one, two, and three restriction

enzymes (Kovall and Matthews, 1999), MutH (Ban and Yang, 1998) and lambda

exonucleases (Kovall and Matthews, 1998). These proteins form the nuclease
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superfamily. Like the integrase family they also have a conserved domain consisting of

four acidic residues, essential for activity.

RusA, found in bacteriophages and also bacterial genomes (Sharpies et al., 2002)

shares a trio of aspartate residues essential for catalysis (Bolt et al., 1999; Bolt et al.,

2000). The structure revealed a new Holliday junction fold and showed RusA did not

belong to either the integrase or nuclease superfamilies which all other known resolving

enzymes except T4 endonuclease 7 belong to.

1.11.1 Eukaryotic Holliday junction resolving enzyme

Considering the breadth of information on Holliday junction resolution in the

bacteria and archaea, surprisingly little is known about this process in eukaryotic cells.

Bioinformatic searches using bacterial and archaeal genes have proven unsuccessful in

identifying a possible Holliday junction - resolving candidate in the eukarya.

Identification of the first eukaryotic example of a Holliday junction resolving enzyme

came from the budding yeast S. cerevisiae (Kleff et al. 1992). Surprisingly mutations

within this gene showed neither meiotic nor mitotic recombinational defects. It became

apparent that this enzyme termed Ccel was located in the mitochondria of the cells. A

homologue of Ccel, showing 28 percent identity was identified in the fission yeast S.

pombe and termed Ydc2 (Oram et al., 1998; Whitby and Dixon, 1997; White and Lilley,

1997). Similarly to Ccel there is no clear nuclear role for this protein as it is also both

located and functions in the mitochondria. However there is a clear Holliday junction

resolving activity present in nuclear extract of eukaryotes observed over a decade ago in
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1990 (Elborough and West), but as yet the identification of the protein or proteins

responsible for this action have eluded detection.

In 2001 there was much excitement about the identification of a novel

endonuclease located in the nucleus of eukaryotes that showed the ability to cleave four

way junctions. Three groups reported the finding of this protein from the fission and

budding yeasts and also in humans (Boddy et al., 2001; Chen et al., 2001; Kaliraman et

al., 2001). The Mus81 protein shares sequence homology to the XPF/Radl family, the

conserved 5' flap endonuclease that functions with its partner protein Erccl during NER

to make the incision 5' of a helix distorting DNA damage (Nishino et al., 2003). Mus81

and XPF share a common catalytic core (VERKxxDD) including a metal binding motif

found in a broad spectrum of nuclease families (Lilley and White, 2001). Mus81 requires

a partner protein for its action, which is an absolute requirement for its activity (Ogrunc

and Sancar, 2003).

The in vitro substrate specificity was analysed for Mus81 from budding and

fission yeasts, and also from humans. In all cases it was shown to cleave Holliday

junctions, but also three way junctions, nicked four ways and other 3' flap substrates

(Constantinou et al., 2002; Gaillard et al., 2003). This broad spectrum of substrate

specificity had not been seen for the previously identified resolving enzymes, all of which

being highly specific for four way junctions (except the bacteriophage enzymes). This

started the argument of whether this protein is the nuclear Holliday junction-resolving

enzyme in eukaryotes (reviewed in (Haber and Heyer, 2001).

Both the fission and budding yeast Mus81 were identified via interactions with

proteins involved in processes involving the DNA, replication and recombination.
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Fission yeast Mus81 was identified through its interaction with the FHA domain of the

checkpoint kinase Cdsl and budding yeast Mus81 with the recombination protein Rad54

(Boddy et al., 2000; Interthal and Heyer, 2000). These protein - protein interactions

together with the substrate specificity of Mus81, an affinity for a wide number of

branched structures, suggest a key role of the protein in dealing with stalled replication

forks (Heyer et al., 2003).

This role is backed up by the mitotic phenotype of the Mus81 mutants. Mus81

mutants in yeast are sensitive to the DNA damaging agents MMS and UV but not to

ionising radiation (Boddy et al., 2000; Interthal and Heyer, 2000). They are also

sensitive to hydroxyurea. All three agents impede DNA replication either through

causing damage to the DNA or by reducing the dNTP levels, which will cause the

progressing replication fork to stall (reviewed in (Heyer et al., 2003).

A critical test for any Holliday junction resolving enzyme is to look for defects in

meiosis, this further complicated the story. Boddy et al showed that Mus81 from fission

yeast was required during meiosis and cells with a defect in Mus81 could be rescued by

the expression of the bacterial Holliday junction resolving enzyme, RusA (Boddy et al.,

2001). With this evidence they proposed this protein as a true nuclear Holliday junction -

resolving enzyme. However the favoured in vivo substrate for Mus81 does not support

this, as various junctions with exposed 5' ends e.g. D loops and nicked Holliday junctions

are cleaved three times more efficiently than forks and 3' flaps and 70 times more

efficiently than Holliday junctions (Ciccia et al., 2003). Also defects are not seen in

meiosis for Mut81 mutants in S. cerevisiae, with any defects seen changing with strain

and temperature (Interthal and Heyer, 2000).
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It is becoming more accepted that Mus81 cleaves junctions such as D loops that

can then be converted into Holliday junctions and Mus81's role is in replication restart

rather than as a Holliday junction - resolving enzyme in homologous recombination

(Ciccia et al., 2003; Haber and Heyer, 2001).

Recently to elucidate the in vivo action of Mus81 in mammals, McPherson and

colleagues made a Mus81 knock out mouse (McPherson et al., 2004). The mice were

viable and fertile supporting the evidence for Mus81 not being involved in recombination

in meiosis. The mice showed similar sensitivity to the yeast knockouts being sensitive to

agents that stalled DNA replication but not to double strand break inducing agents.

However both single and double knockout mice showed the same susceptibility to

spontaneous chromosomal damage and a severe predisposition to cancer, thus

highlighting a potential important role of human Mus81 as a tumour suppressor (Whitby,

2004).

All the true Holliday junction resolving enzymes cleave a four way junction in a

symmetrical manner giving rise to nicked duplex products with ends that are readily re-

ligatable (Lilley and White, 2001). This is not the case for the Mus81 homologues that

cleave to leave various flaps and gaps. Perhaps in eukaryotes the resolution of the

Holliday junction is not one step such as with RuvC or Hjc, but an initial step that leaves

overhangs that are subsequently processed to fully resolve the junction. However this

idea does not explain the identification of a second resolving enzyme activity in

eukaryotes, one that resembles RuvC in producing readily ligatable, symmetrical cuts.

Constantinou et al (Constantinou et al., 2002) showed the presence of this second

activity, one not attributed to Mus81 and previously observed in 1990 (Elborough and

27



West, 1990). Interestingly this activity co - purifies with an ATP dependent branch

migrating activity suggesting perhaps the overall mechanism of E. coli RuvABC action in

homologous recombination is conserved through to the higher eukaryotes. The branch

migration and resolution activity was shown to be reduced by the immunodepletion of

Rad51C from the fraction. Recombinant Rad51C could return the branch migration and

resolution activity to the depleted fraction. However a mutant of Rad51C, deficient in

ATP binding, failed to complement the immunodepleted fraction. Rad51C is a member

of the Rad51 paralog family, which show 20 to 30 percent identity to the strand exchange

protein Rad51 (Dosanjh et al., 1998). Knockout cell lines lacking members of this

family, exhibit defects in genetic recombination and DNA repair (Takata et al., 2001). It

was originally thought the Rad51 paralogs were involved in early stages of recombination

and mediated the loading of Rad51 onto DNA (Lio et al., 2003; Masson et al., 2001a;

Masson et al., 2001b). However much evidence, such as the Rad51C studies, is pointing

to a role in the later stages of recombination. Rad51B for example has been shown to be

preferentially targeted to Holliday junctions in vitro (Yokoyama et al., 2004). Rad51C

has an obvious role in some aspect of Holliday junction processing however it is as yet

unclear if this protein mediates resolution itself or controls the activity of another protein.

However the discovery of Rad51C involvement in Holliday junction resolution is an

important step forward in understanding the mechanism of recombination in the

eukaryotic nucleus (Liu et al., 2004).

Overall the homologous recombination machinery appears more similar between

the archaea and eukarya, rather than the bacteria and eukarya. Therefore Hjc and the
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nuclease super-family may provide a more realistic model for the eukaryotic Holliday

junction resolving enzyme.

1.11.2 Similarities of the resolving enzyme family

It has been found that Holliday junction resolving enzymes form a diverse family

of DNA structure specific nucleases (see table 1.1 for a summary of the resolving

enzymes). They are characterised by their ability to both recognise and cleave four way

junctions in a symmetrical pattern. Like most DNA binding proteins they have evolved

an anisotropic distribution of charged amino acids that promotes high affinity for the

negatively charged phosphate backbone of the DNA (Sharpies, 2001).

In general these enzymes are homodimeric molecules with two active sites for

simultaneous cleavage of two strands of the junction. They are highly structure specific,

not being displaced by over 1000-fold excess of duplex DNA of the same sequence

(Giraud-Panis and Lilley, 1998; White and Lilley, 1996). They bind to the DNA in

dimeric form and also exist in solution as dimers (Chan et al., 1998; Hadden et al., 2001;

Parkinson and Lilley, 1997). Binding to the substrate tends to be quite tight with KDs in

the low nM range. There are no crystal structures with DNA bound but a few models

have been proposed (Bond et al., 2001; Declais et al., 2003; Rafferty et al., 1996),

however the mechanism of recognition of the junction remains unclear.

On binding nearly all resolving enzymes distort the conformation of the Holliday

junction (reviewed in (Lilley and White, 2001). This distortion differs between the

enzymes but in general the conformation enforced resembles that of the junction in the

absence of divalent metal ions. Permanganate probing has shown that binding of the
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protein also brings about local distortions of the base pairs flanking the point of strand

exchange (Declais and Lilley, 2000; Kvaratskhelia et al., 2000c; Yoshikawa et al., 2001).

Name Distribution Superfamily Sequence
dependence?

Function

Endonuclease 1 T7

bacteriophage
Nuclease No Genome

packaging and
recombination

Hjc Archaeal Nuclease No Homologous
recombination

RuvC Bacterial Integrase Yes (5'-TT) Homologous
recombination

Ccel/Ydc2 fungal
mitochondrial

Integrase Yes (5'-CT) Resolution of

Holliday
junction, in the
mitochondria.

Homologous
recombination

A22R Pox viruses Integrase Yes? Genome

packaging and
recombination

RusA Lambdoid

phage
unknown Yes (5'-GG) Homologous

recombination
RecU Gram positive

bacteria
Unknown

(nuclease)
Yes Homologous

recombination
Endonuclease
VII

Bacteriophage
T4

unknown No Genome

packaging and
recombination

Table 1.1: A summary of the Holliday junction resolving enzymes.

1.11.3 Mechanism of strand cleavage

Once bound to the DNA the resolving enzymes catalyse a hydrolysis reaction

cleaving the phosphodiester backbone to form 5' phosphate and 3' hydroxyl termini

(Lilley and White, 2001). This reaction is achieved via a two metal ion mechanism via
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an activated water molecule. This is a common mechanism for the nucleases and is

typified by the exonuclease of DNA polymerase 1 (Beese and Steitz, 1991).

The active site usually consists of three or four acidic residues to co-ordinate the

binding of the essential divalent cations (Kvaratskhelia et al., 2000d). A number of

resolving enzymes have been shown to bind metal ions. For example Ccel was shown

by both ITC (isothermal titration calorimetry) and EPR (electron paramagnetic

resonance) to bind either two manganese or magnesium ions (Kvaratskhelia et al., 1999).

The nuclease superfamily of enzymes bear the sequence motif E(x)nPD(x)nExK,

where n can be any number of amino acids and x is any residue. This motif contains four

conserved acidic residues all shown to be essential for catalysis (Kvaratskhelia et al.,

2000d) (figure 1.7). The conserved lysine residue may also contribute to the catalytic

mechanism possibly by coordination of the attacking hydroxyl nucleophile to the scissile

bond or via stabilisation of the transition state (Bolt et al., 2000).

Figure 1.7: Overlay of the active site side chains of the Holliday junction-resolving
enzyme Hjc from P.furiosus and three type II Restriction Endonucleases.
Hjc (grey), Fokl (red), EcoRW (yellow) and BglI (blue). (Nishino et al., 2001)
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Several Holliday junction-resolving enzymes show a certain sequence selectivity.

For example RuvC while being able to bind a Holliday junction of any sequence will

cleave preferentially between the third and fourth positions of 5'- A/x TT([G/C - 3' (Shah

et al., 1994). It is thought that a level of sequence specificity imposes an additional level

of selectivity. RuvC and Ccel can cut three way junctions efficiently (Fogg et al., 1999)

if the recognition sequence for each enzyme is in the correct position with respect to the

point of strand exchange. Three way junctions and other branched structures are fixed

with respect to their DNA sequences and only present a substrate for RuvC, with the

correct recognition sequence, if aligned by chance. Holliday junctions are mobile and

therefore provide the Holliday junction resolving enzymes the opportunity to scan a large

amount of sequence. At some time the consensus sequence will be positioned at the

correct site and the junction can be resolved. This provides a second filter to ensure only

Holliday junctions are targeted and not other branched substrates (Lilley and White,

2001). The resolving enzymes with low sequence specificity, such as T7 endonuclease I,

have the ability to cleave a range of branches substrates (Dickie et al., 1987a).

The archaeal Hjc enzyme shows no apparent sequence specificity however it is

very specific, only cleaving four way DNA junctions (Kvaratskhelia and White, 2000b).

This leads to an interesting question of how such an exquisite level of substrate

specificity is achieved in these enzymes.

1.11.4 Bilateral strand cleavage

For the complete resolution of a four-way junction two cleavages have to be

introduced symmetrically to the point of strand exchange (Lilley and White, 2001). This
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could be achieved via simultaneous events, such that one cleavage could not occur

without the other. This has been shown to not be the case as a heterodimer of a resolving

enzyme formed from one inactive and one active subunit can introduce a nick into a

junction. This has been shown for the phage resolving enzymes as well as RuvC and

Ccel (Fogg and Lilley, 2000; Giraud-Panis and Lilley, 1997). Also a junction containing

one cleavable and one uncleavable (phosphorothiolate containing) strand are also nicked

(Shah et al., 1997). Experiments with a cruciform substrate show two cleavages occur

within the lifetime of the junction enzyme complex. Further detailed analysis has shown

that the second cleavage event occurs at an accelerated rate (approx 5-10 fold for ccel

and 150 fold for RuvC). The mechanism for this rate enhancement is unclear but this

property would ensure the resolution of the junction. It has been proposed (Lilley and

White, 2001) the bound junction is conformationally constrained with neither scissile

bond fully accommodated within an active site. The cleavage of the first strand requires

junction distortion of the DNA. Once nicked the junction is more flexible allowing for

the rapid cleavage of the second strand and thus ensuring resolution of the junction within

the complex lifetime.

1.12 Archaeal Holliday junction-resolving enzymes, the Hjc family

Hjc is conserved in all archaea sequenced to date (figure 1.8). Originally

identified in 1999 from P. furiosus, Hjc showed no sequence similarity to the previously

characterised Holliday junction resolving enzymes. However it was found to cleave

DNA recombination intermediates as efficiently as RuvC, supporting the idea that the
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mechanism of recombination is shared by the archaea, bacteria and most probably the

eukarya (Komori et al., 1999).
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Figure 1.8: Alignment of the protein sequences of Hjc from different archaeal species
showing the conservation of sequence. Black shading indicates assolutely conserved
residues red shading indicates the conserved metal binding residues and grey shading
indicates highly conserved residues.
Pfu P. furiosus, Pho Pyrococcus horikoshii, Mja Methanococcus jannaschii, Afu
Archaeoglobus fulgidus, Mth Methanothermobacter thermautotrophicus, Ape,
Aeropyrum pernix Pae Pyrobaculum aerophilum, Sso S. solfataricus,

Hjc is predicted to be the main cellular resolving enzyme in archaea and unlike RuvC

shows no apparent sequence specificity for cleavage. It is a highly specific enzyme only

cleaving four way junctions introducing nicks three nucleotides 3' of the junction centre

(Kvaratskhelia et al., 2000b). Mutational analysis of the P. furiosus Hjc enzyme
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region between strands 1 and 2; it is possibly this region facilitates the correct positioning

of the junction (figure 1.9) (Nishino et al., 2001). This loop region is variable in length

and amino acid make up and the double lysines in P. furiosus are not absolutely

conserved across the archaea. Interestingly on this loop region there is a conserved serine

residue. This loop in the S. solfataricus Hjc structure was unstructured, implying a

degree of flexibility (Bond et al., 2001). In the Hjc family the metal binding motif

residues have been mutated and like those in RuvC all are essential for catalysis.

Figure 1.9: The structure of a monomer of Hjc from S. solfataricus. In purple the five
beta strand core surrounded by two alpha helices (green) and a further beta sheet (blue).
The residues identified by mutational analysis as having a role in DNA binding are
located at the N terminus in the flexible loop between strands A and B. (Bond et al. 2001)

1.12.1 Distortion of Holliday junction conformation on Hjc binding

Like the other Holliday junction resolving enzymes, Hjc on binding to the DNA

distorts the global structure of the junction (Fogg et al., 2001). This was first indicated

by comparison of differences between the reactivity of bound and unbound bases of a

D
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junction (Bennett and West, 1995; Kvaratskhelia et al., 2000c). On binding of Hjc to the

junction the reactivity of thymine bases at the point of strand exchange on the Holliday

junction was increased, indicating an opening up of the junction at its centre. This

opening of the junction centre is a common feature for the resolving enzymes however

the specific conformations induced differs between enzymes. For example the junction

adopts an almost square planar conformation on RuvC binding, whereas on Hjc binding

the structure has two fold symmetry (Bennett and West, 1995; Kvaratskhelia et al.,

2000c).

The Holliday junction resolving enzymes are highly specific for four way

junctions but on binding they alter the substrate they recognise. The reason for this

distortion is not fully defined however it could be to allow easier access to the scissile

bond and hence aid cleavage of the junction (Fogg et al., 2001). It has also been shown

that RuvA distorts the Holliday junction into a more square planar conformation which

facilitates branch migration.

1.12.2 Two resolving activities in 5. solfataricus

The original Holliday junction resolving enzyme identified in S. solfataricus

exhibited different properties to the P. furiosus Hjc enzyme. The S. solfataricus enzyme

was termed Hje (for Holliday junction endonuclease) and showed a different preference

for the cleavage of the Holliday junction (Kvaratskhelia and White, 2000a). Later it was

found that S. solfataricus contained two resolving activities, one attributed to the previous

identified Hje enzyme and a second, which resembled the P. furiosus Hjc enzyme

(Kvaratskhelia and White, 2000b). P. furiosus has been shown to also contain a second
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resolving activity, Hjr (Kvaratskhelia et al., 2001). It was originally thought that these

second, lesser activities were viral in origin. Subsequent identification of Holliday

junction resolving enzymes encoded by two S. islandicus infecting rudiviruses appeared

to support this hypothesis (Birkenbihl et al., 2001). However with the sequencing of the

S. solfataricus genome it was found that S. solfataricus appears unique amongst the

archaea in encoding two detectable Holliday junction - resolving enzymes within its

genomic DNA, Hjc and Hje. Even the highly related S. tokadii only encodes for one Hjc,

which has 67 % identity to the S. solfataricus Hjc. The second protein, termed Hje, has

28 % amino acid sequence identity to SsoHjc and 32 % to the Sirv2Hjc (see figure 1.10).

SsoHjc 1 mnakkrks
SsoHje 1 —mnrdi
SirvHjc 1 -mnirqs
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SsoHjc 115 adseiegldledlvrlveakisrtldnfl- 143
SsoHje hi idnsipiedlfkilekrieekiltp 135
SirvHjc H3 ikfkygins 121

Figure 1.10: Amino acid sequence alignment of Hjc and Hje from S. solfataricus (Sso)
and S. islandicus infecting rudivius 2 (sirv). Absolutely conserved residues are
highlighted by black shading.

Both Hje and Hjc are highly specific for the four-way junction and like other

archaeal Hjc's show no sequence specificity (Kvaratskhelia and White, 2000a;

Kvaratskhelia and White, 2000b). Despite this similarity Hje and Hjc differ in the details

of their cleavage of the four way structure with Hje being specific for the continuous
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strand and cleaving three to four base pairs 3' of the centre of the junction whereas Hjc

cleaves two to three base pairs 3' of the centre (figure 1.11). Also Hje preferentially

cleaves the continuous strand of the junction while Hjc cleaves the exchanging strand.

Figure 1.11: Difference in cleavage pattern between Sso Hje (red) and SsoHjc (green).
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Aims and objectives

The identification of two separate genes in S. solfataricus that both encode

detectable Holliday junction resolving enzymes poses the question, what different roles

do these proteins have? The aim of the project was to address this question by comparing

and contrasting the two activities of Hje and Hjc. This would be achieved by examining

the rates and substrate specificities of the two enzymes. A structural comparison of the

two enzymes was performed. Any difference there may be between the protein

interactions of the two resolving enzymes was also studied. The presence of an

absolutely conserved serine present in all the Hjc family suggested this residue may have

an important role for either DNA binding or catalysis. We wished to delineate the role of

this residue in junction binding or catalysis.
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Chapter 2: Materials and methods

2.1 Assembly of DNA substrates.

All DNA substrates were made by slow cooling equal concentrations of the

oligonucleotides required overnight. Specific oligonucleotides were radiolabeled on the

5' end by the action of PNK using y32P ATP or on the 3' end using terminal transferase

enzyme and a32P ATP. All substrates were purified by electrophoresis on 5 % native

acrylamide gels and excised and eluted from the gel. The substrates were ethanol

precipitated and re-suspended in 1 x TE buffer. The concentration of each substrate was

calculated by the absorbance at 280 nm.

The following oligonucleotides were used for each of the substrates made:

Fixed four-way junction (Junction 1)

Strand B, 5' CCT CGA GGG ATC CGT CCT AGC AAG CCG CTG CTA CCG GAA

GCT TCT GGA CC 3'

Strand H, 5' GGT CCA GAA GCT TCC GGT AGC AGC GAG AGC GGT GGT TGA

ATT CCT CGA CG 3'

Strand R, 5' CGT CGA GGA ATT CAA CCA CCG CTC TTC TCA ACT GCA GTC

TAG ACT CGA GC 3'

Strand X, 5' GCT CGA GTC TAG ACT GCA GTT GAG AGC TTG CTA GGA CGG

ATC CCT CGA GG 3'

Junction 1 was also made using B, H, and X as above and a longer R strand of 55

nucleotides
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R55, 5' GGA ACCT GCG AGG AAT TCA ACC ACC GCT CTT CTC AAC TGC AGT

CTA GAC TCG AGC 3'

Mobile four way junction (Junction bm5)

Strand a, 5' GCG TTA CAA TGG AAA CTA TTC TTG GCA GTT GCA TCC AAC G

Strand b, 5' CGT TGG ATG CAA CTG CCA AGA ATA GTG TCA GTT CCA GAC G

Strand c, 5' CGT CTG GAA CTG ACA CTA TTC TTG GCG AAT GGT CGT AAG C

Strand d, 5' GCT TAC GAC CAT TCG CCA AGA ATA GTT TCC ATT GTA ACG C

Nicked Junction 1

Strand R, H, X from above and instead of the B strand two separate oligonucleotides

were used

Bl-27 5' 5' CCT CGA GGG ATC CGT CCT AGC AAG CCG 3'

B28-50 5' CTG CTA CCG GAA GCT TCT GGA CC 3'

Nicked duplex

Strand X from above and

B1 -25 5' CCT CGA GGG ATC CGT CCT AGC AAG C 3'

R26-50 5' TCT CAA CTG CAG TCT AGA CTC GAG C 3'

Bubble substrates

A series of bubble DNA was formed using strand B from above and the following

oligonucleotides

Bubble of 10 nucleotides 5' GGT CCA GAA GCT TCC GGT AGG CTA CCG CAC

CTA GGA CGG ATC CCT CGA GG 3'

Bubble of 7 nucleotides 5' GGT CCA GAA GCT TCC GGT AGC ATA CCG CAG CTA

GGA CGG ATC CCT CGA GG 3'
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Bubble of 4 nucleotides 5' GGT CCA GAA GCT TCC GGT AGC AGA CCG TTG CTA

GGA CGG ATC CCT CGA GG 3'

Three way junctions

A standard three way junction was made from strand B and H from above and strand Y,

5' CGT CGA GGA ATT CAA CCA CCG CTC TGC TTG CTA GGA CGG ATC CCT

CGA GG 3'

Three way bulge junction

This is a three - way junction with an added degree of flexibility introduced by a three

base pair mismatch at the centre in one strand. This structure is formed from strand B

and H and the mismatched introduced on strand YA3, 5' CGT CGA GGA ATT CAA

CCA CCG CTC TAA AGC TTG CTA GGA CGG ATC CCT CGA GG 3'

Mismatched duplexes

5'-CGGGATACTCCGAGTACCAGCATGAACTTAGCACCGAGG

GA mismatch

5'-CCTCGGTGCTAAGTTCATGATGGTACTCGGAGTATCCCG

CC mismatch

5'-CCTCGGTGCTAAGTTCATCCTGGTACTCGGAGTATCCCG

Perfect complement:

5'-CCTCGGTGCTAAGTTCATGCTGGTACTCGGAGTATCCCG
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2.2 Cloning

2.2.1 Cloning of SsoHje

The gene encoding S. solfataricus Hje was amplified from S. solfataricus P2

chromosomal DNA by PCR (Taq polymerase, Promega) using the following primers

(forward primer,

5'-CGTCGGATCCCCATGGCTAGGGATATAGGTAAGAACGCTGAG; reverse

primer, 5' -CCGGGGATCCGTCGACTTAAGGCGTTAATATTTTTTCCTCAATCC).

The presence of restriction sites for BamHl and Ncol on the primers allowed for ligation

into the pET28c expression vector (Novagen). This would give IPTG inducible

expression of the protein under the control of the T7 polymerase. The full length protein

was cloned with a mutation of the second amino acid residue from asparagine to alanine

to allow cloning using an Ncol restriction site.

2.2.2 Cloning of Ssol399

The S. solfataricus 1399 ORF was amplified from S. solfataricus strain P2

genomic DNA by PCR (Pfu polymerase, Promega) using the following primers (forward

primer, 5' CGTCGGATCCCCATGGAGTTGGAGGTGAATAATATG - 3' Reverse

primer, 5' CCGGGGATCCGTCGACTTACATTACCGTAAACGCAT - 3'). The PCR

product was sub cloned into the Ncol / BamHl site of the pET28c vector (Novagen) for

the expression of native protein, and the BamHl / Sail site of the GST gene fusion vector

pGEX-5X-3 (Amersham) for GST-1399 fusion expression.
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2.2.3 Cloning of Sso0845

The gene for ORF Sso0845 was amplified from S. solfataricus genomic DNA by

PCR using Pfu polymerase and the following primers (Forward 5'

CGTCGGATCCCCATGGATAGTATTAGGATGGGATTG, reverse 5'

CCGGGGATCCGTCGACTTAAGGTGTGGGTTTGAAAA). BamUl and Sail sites

included on the PCR primers were used to clone the gene into the multiple cloning site of

the pQE821 vector (Qiagen).

2.2.4 Site directed Mutagenesis

For mutagenesis the QuickChange Stratagene mutagenesis PCR manual was

followed. The pET28cFIje vector was used to mutate the serine at position 30 to alanine,

threonine and cysteine. The pET19bHjc vector (made by Dr. Mamuka Kvaratskhelia)

was mutated to replace the serine at position 32 to alanine. This vector was also used to

mutate the arginine at position 137 to a stop codon to produce a truncated version of Hjc,

one lacking the last 7 amino acids, Hjc A7.

2.3 Expression of recombinant proteins

2.3.1 Expression of recombinant Hje, Hjc and mutants.

For the production of the recombinant Hje and Hjc wild type and mutant proteins

all plasmids were transformed into BL21 Rosetta cells (Novagen) to allow for the

expression of the protein via an IPTG inducible T7 polymerase. These cells contain a

copy of the T7 polymerase gene on a plasmid. All proteins were expressed and purified

under the same conditions. Recombinant protein expression was induced by the addition
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of 0.2 mM IPTG at 37 °C for four hours when the cells were at an OD^ of between 0.6

and 0.8. After four hours the cells were harvested by centrifugation at 6000 x g for 15

minutes. The cell pellet was re-suspended in lysis buffer (20 mM Tris pH 7.6, 100 mM

NaCl, 1 mM EDTA, 1 mM DTT, containing protease inhibitors (Pierce EDTA free

tablets)) and at this stage stored at -20 ° C until required.

2.3.2 Expression of Ssol399, native and GST tagged

Protein expression was carried out in the BL21 Tuner cells for native expression

and ToplO cells for the GST fusion. Protein expression was induced in both cell types by

the addition of 0.05 mM IPTG when the cultures reached A^ of 0.8 and grown at 22 °C

for 16 hours. After this time the cells were pelleted by centrifugation and frozen until

required.

2.4 Purification of recombinant proteins

2.4.1 Purification of Hje, Hjc and their mutants

The frozen cell pellets were thawed and sonicated five times for one minute.

Insoluble material was removed by centrifugation at 70,000 x g for 30 minutes. The

supernatant was heated to 70 °C for 20 minutes in a water bath and denatured proteins

removed by centrifugation (70,000 x g for 30 min). Cell lysis and centrifugation was

carried out at 4 °C. The supernatant was filtered through a 0.2 pim syringe filter and

diluted twofold with buffer A (20 mM Tris pH 7.6, 1 mM DTT, 1 mM EDTA). This was

applied to a 6 ml RESOURCE™ column (Pharmacia). This is a pre-packed column

containing a methyl sulphonate matrix made of 15 piM beads. The column was pre-
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equilibrated in buffer A. Bound cationic proteins were eluted over a 500 ml linear

gradient of 0 - 1 M NaCl. Fractions corresponding to the recombinant protein, as

analyses by SDS PAGE, were pooled and concentrated to ~ 7 ml and loaded onto a

Superdex 200 Hi-load gel filtration column (Amersham Pharmacia biotech) equilibrated

in buffer C (20 mM Tris pH 7.6, 5 mM EDTA, 1 mM DTT, 250 mM NaCl). Protein

containing fractions were pooled as before and bound to a MonoS column (Amersham)

equilibrated in buffer A. MonoS contain methyl sulphonate matric of 10 pim beads.

Proteins were eluted over a 50 ml linear gradient of 0 -1 M NaCl. Fractions were

concentrated, buffer exchanged into storage buffer (20 mM Tris pH 7.6, 1 mM EDTA, 1

mM DTT and 200 mM NaCl). Protein was either stored at 4 °C for short storage or at

-80 °C for long term storage (in 30 % glycerol).

2.4.2 Expression and purification of selenomethionine Hje

A selenomethionine preparation of Hje was made by the method as stated by Van

Duyne et al (Van Duyne et al., 1993). The purification was as section 2.4.1 but 4 mM

DTT was included in all buffers to prevent oxidation of selenomethionine.

2.4.3 Purification of recombinant Ssol399

The bacterial pellet was thawed in 2.5 x w/v of buffer (20 mM Bis tris pH 6.0, 1

mM EDTA, ImM DTT, 300 mM NaCl, 10 % glycerol and protease inhibitors (Pierce

EDTA free cocktail)) and sonicated on ice 6 x 1 minute with cooling. The lysate was

centrifuged at 70,000 x g for 25 minutes at 4 °C. After centrifugation the supernatant was

heated for 20 minutes at 60 ° C before centrifugation for a further 25 minutes. The
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supernatant was filtered through a 0.2 pim syringe filter and diluted four fold with buffer

A (20 mM Bis Tris pH 6.0, ImM EDTA, 0.5 mM DTT). This was applied to a 10 ml

heparin column (Amersham) equilibrated in buffer A. Bound cationic proteins were

eluted over a 120 ml linear gradient starting at 0 M NaCl and ended at 1 M NaCl. The

fractions containing 1399 as analysed by SDS PAGE were pooled and concentrated to ~

7 ml and loaded onto a HiLoad 26/60 Superdex 200 gel filtration column equilibrated in

buffer (20 mM Bis Tris pH 6.0, 1 mM EDTA, 1 mM DTT, 200 mM NaCl). Fractions

corresponding to the peak of 1399 were pooled and analysed by SDS PAGE. The sample

was diluted three fold in buffer A as above and applied to a resource column equilibrated

in buffer. Proteins were eluted over a 500 ml linear gradient of 0 to 1 M NaCl. Fractions

containing pure 1399 were pooled buffer exchanged into buffer A (containing 150 mM

NaCl) and concentrated. The protein concentration was calculated from the absorbance

at 280 nm. Protein was stored at -80 °C until required.

2.4.4 Purification of GST-1399 fusion

The bacterial pellets were re-suspended in buffer G/l M KC1 (Buffer G: 40mM

Tris pH7.6, 0.2 mM EDTA, 5 mM MgCl2, 10 % glycerol, 1 mM DTT, 0.05 % NP40).

The cells were sonicated on ice for 4 x 2 minutes and centrifuged at 70,000 x g for 30

minutes. The supernatant was filtered through a 0.2 pim syringe filter and 2 ml of

glutathione agarose beads (equilibrated in buffer G/l M) were added and mixed for 2

hours at 4 °C. The beads were washed with 4 x 10 ml in buffer G/1M KC1 and then for

another three times with buffer G/ 150 mM KC1. Expression and purification of GST-

1399 was analysed by SDS PAGE.
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2.4.5 Purification of Sso0845

The cells containing over-expressed 0845 protein were thawed and lysed by

sonication, (eight time one minute with one minute cooling). Cell debris was removed by

centrifuging the lysate at 75,000 x g for 25 minutes at 4 °C. After centrifugation the

supernatant was heated to 70 °C for 15 minutes to precipitate E. coli proteins. The lysate

was centrifuged again at 75,000 x g for 25 minutes at 4 °C and the supernatant filtered

through a 0.2 ^m syringe filter prior to loading on to a pre-equilibrated metal chelating

column (Amersham). The metal chelating column was equilibrated in 20 mM Tris pH

8.0, 0.5 M NaCl, 30 mM Imidazole (buffer A) and had been charged with 0.1 M nickel

sulphate. The filtered lysate was loaded onto the column and the column washed with

five column volumes of buffer A. Bound protein was eluted with a 50 ml gradient from

30 to 500 mM imidazole. The fractions containing the his tagged 0845 proteins, as

assessed by SDS PAGE, were pooled, buffer exchanged into gel filtration buffer (20 mM

Tris pH 8.0, 200 mM NaCl, 4 mM EDTA) and concentrated to 7 ml total volume. The

protein was then loaded onto a pre equilibrated Superdex 200 column (Amersham).

Peaks from the gel filtration column were analysed for the presence of 0845 by SDS

PAGE and those containing 0845 were pooled, mixed with 30 % glycerol and stored at

-80 °C until required.

2.5 Protein analysis

2.5.1 SDS PAGE

The NuPage™ (Invitrogen) pre-cast gel system of SDS PAGE was used according

to manufacturers guidelines.
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2.5.2 Determination of protein concentration

Protein concentration was determined spectrophotometrically using the theoretical

molar extinction coefficients. These were obtained from the protparam programme

available online at the EXPASY website (http://au.expasy.org/tools/protparam.html)

Table of Theoretical extinction coefficients for all proteins purified

Protein p o.i%mg/miriUieill t280nm

Hje 0.745

HjeS30A 0.746

HjeS30T 0.744

HjeS30C 0.744

Hjc 0.162

HjcA7 0.171

HjcS32A 0.162

Ssol399 0.750

Sso0845 1.880

2.5.3 Western Blotting

Protein samples fractionated by SDS PAGE were transferred to nitrocellulose

membrane (Amersham) by using a semi dry blotter. The membrane was then blocked for

20 minutes in blocking buffer (5 % marvel in PBS-T). The desired amount of primary

antibody for a final concentration of 1:2000 for goat antibodies (Hje and Hjc) was added

to the membrane in blocking buffer and left for one hour. After washing three times in

TBS-T (TBS buffer containing 0.5 % Tween 20) the secondary antibody was added
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(diluted to the desired concentration 1:20,000 in TBS-T) for 30 minutes. The membrane

was washed with TBS-T for 15 minutes followed by 3 x 5 minute washes. To visualise

the probed proteins 1 ml of ECL1 and 1 ml of ECL2 were added to the membrane for one

minute and then the membrane was exposed to X-ray film.

2.5.4 Glutaraldehyde cross linking

50 fig Ssol399 were incubated within 250 ji\ of buffer (50 mM phosphate buffer

of pH 7.6) for 10 minutes at room temperature. 10 fil of 25 % w/v glutaraldehyde (Sigma)

were added for two minutes. After incubation at room temperature the reaction was

quenched by the addition of 12.5 ji\ 2 M NaBH4. After 20 minutes at room temperature

0.75 fi\ of a 10 % aqueous solution of sodium deoxycholate were added. 11.25 ]i\ of 78

% TCA were added slowly. The reaction was placed on ice for 5 minutes and then

microfuged at 13,000 rpm for 20 minutes at 4 °C. The supernatant was discarded and the

pellet then washed in 300 ji\ of cold acetone. The sample was microfuged again for 10

minutes at 4 °C. The pellet was allowed to dry before the addition of 20 pi\ of SDS

loading buffer (Invitrogen). 10 ]i\ of the reaction were analysed by SDS PAGE.

2.6 Investigation into mismatch binding proteins from S. solfataricus

5 g of S. solfataricus of P2 biomass (supplied by the Centre for Extremophile

research, Portland Down, UK) were lysed in 15 ml of cation exchange buffer A (20 mM

Mes pH 6.5, 10 % glycerol - Cation exchange buffer A) and sonicated 8x1 minute with

cooling. The lysate was treated with DNase I and subsequently centrifuged at 200,000 x

g for one hour. The supernatant was filtered through a 0.45 fim syringe filter and loaded
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on to a pre equilibrated Source 30S column (Amersham), equilibrated with cation

exchange buffer A containing 1 mM EDTA. Source 30S is a sulphopropyl matrix made

of 30 fiM beads. A 320 ml linear gradient from 0 to 1 M NaCl was used to elute cationic

proteins. Fractions of 4 ml were collected for the entire length of the run (110 minutes).

2.6.1 Gel filtration

Protein samples for gel filtration were concentrated to either 200 pi\ and loaded

onto a pre equilibrated superose 6 column or 10 ml and loaded onto a pre-equilibrated

superdex 200 column. In both cases the gel filtration buffer consisted of 20 mM Mes pH

6.5, 200 mM NaCl, 10 % glycerol and 1 mM EDTA. For the superose 6 column 0.3 ml

fractions were collected for the entire run of 80 minutes with a constant flow rate of 0.3

ml / minute. For the superdex 200 column 3 ml fractions were collected from 45 minutes

(the break through volume for the column) until the end of the programme (after 150

minutes) with a constant flow rate of 2 ml / minute.

2.6.2 Mono S Chromatography

Fractions for MonoS fractionation were diluted four - fold into cation exchange

buffer A and loaded on to a pre equilibrated Mono S column (equilibrated in buffer A).

The column was washed with three column volumes of buffer A and bound proteins

eluted over a 35 ml linear gradient from 0 to 1 M NaCl. Fractions of 0.5ml were

collected for the entire run.
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2.6.3 Q sepharose Chromatography

Fractions for Q sepharose fractionation were diluted four - fold in anion exchange

buffer A (20 mM Tris pH 8.0, 10 % glycerol) and loaded onto a pre equilibrated Q

sepharose column (Amersham). The column was washed with three column volumes of

anion exchange buffer A and bound proteins eluted with a 60 ml linear gradient ending

with 1 M NaCl. Fractions were collected of 2.5 ml for the entire run, the flow rate for the

entire run was 2.5 ml / minute.

2.6.4 Hydroxyapatite Chromatography

Protein samples for hydroxyapatite fractionation were pooled and dialysed against

phosphate buffer A (10 mM sodium phosphate buffer pFl 6.5, 10 % glycerol). The

dialysed protein was loaded on to a pre equilibrated hydroxyapatite column (equilibrated

in phosphate buffer A) and proteins were eluted over a 30 ml gradient from 10 mM

sodium phosphate buffer pH 6.5 to 500 mM sodium phosphate buffer pH 6.5.

2.7 Catalytic assays

2.7.1 Pseudo - single turnover kinetics (for comparison between Hje and Hjc)

1 /iM of purified protein was incubated with 10 nM of the radioactively labelled

DNA substrate in reaction buffer (20 mM tris pH 7.6, 50 mM NaCl,) at the desired assay

temperature. Calf thymus DNA (0.2 mg/ml) was added as a competitor for non-specific

endonucleases and to aid the activity of Hjc (Kvaratskhelia et al., 2002b). Reactions

were initiated by the addition of 15 mM MgCl2 in a reaction volume of 5 ji\. The

reaction was stopped after the desired length of time by the addition of an equal volume
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of formamide loading dye containing EDTA and heating to 95 °C. The products were

fractionated by 15 % denaturing gel electrophoresis and analysed by phosphor imaging

2.7.2 Determining the substrate specificity of Hje and Hjc

Experiments were performed as above with the protein and substrate. The assay

time was 20 minutes.

2.7.3 Role of PCNA on cleavage by the Holliday junction resolving enzymes.

50 nM of recombinant Hjc, Hjc A7 or Hje was incubated with either 0, 50, 100,

250 or 1000 nM PCNA at 45 °C for 5 minutes in buffer consisting (as 2.7.1). After

incubation 25 nM radioactively 5' 32P labelled four-way junction (junction 1 or Jbm5)

was added for a further minute before the initiation of the reaction with 15 mM MgCl2.

At set time points the reaction was stopped and analysed as section 2.7.1.

2.7.4 Relationship between Hje concentration and rate (Steady state kinetic analysis)

50 nM Junction 1 was incubated with increasing concentrations of Hje protein in a

reaction buffer containing 20 mM Tris pH 7.0, 0.1 mg/ml BSA. DNA and protein were

incubated at 65 ° C for one minute prior to the initiation of the cleavage reaction by 15

mM MgCl2 in a final reaction volume of 5 ]A. After set time points reactions were

stopped and analysed as 2.7.1
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2.7.5 Determination of KM for four-way junction substrate

0.1 nM of Hje was incubated with increasing concentrations of Junction 1 in

reaction buffer (20 mM Tris pH 7.0). The amount of radiolabeled junction was kept

constant at 20 nM and additional unlabelled junction was added to obtain the required

concentration. The DNA and protein were incubated for one minute at 65 °C prior to the

initiation of the reaction with 15 mM MgCl2 in a final reaction volume of 5 ptl. The

reaction was stopped after the desired length of time and analysed as section 2.7.1.

2.7.6 Catalytic assay 1399

1 fiM recombinant Ssol399 was incubated for 20 minutes with radioactively

labelled DNA substrates (100 nM) at 50 °C in a buffer consisting of 20 mM Tris pH 7.6,

75 mM NaCl and 15 mM MgCl2. The reactions (total volume 5 ]A) were stopped by the

addition of formamide loading buffer. Samples were heated to 95 °C and fractionated by

15 % denaturing polyacrylamide PAGE. The gels were visualised by phosphor imaging

2.8 Analysis of DNA Binding

2.8.1 Experiment to determine the dissociation constants for DNA binding proteins by gel

electrophoretic mobility shift assay for the Holliday junction resolving enzymes.

2.5 nM of radioactively labelled four-way junction was incubated with a range of

protein concentration in 1 x binding buffer (20 mM Tris pH 7.0, 0.1 mg/ml BSA, with

either 1 mM EDTA or 15 mM MgCl2). After incubation at room temperature for 15

minutes l/5th the volume of ficoll loading dye (0.25% bromophenol blue, 0.25% xylene

cyanol FF, 35 % Ficoll type 400) was added and the products fractionated by 8 % native
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gel acrylamide electrophoresis in 1 x TBE (for binding in EDTA) or 1 x TB plus 15 mM

MgCl2.with recirculation (for binding in the presence of magnesium). After

electrophoresis for four hours the gels were dried and quantified by phosphor-imaging.

For Hjc and its mutants the binding constant was calculated as the ratio of the log of free

to bound junction for each concentration and fitted to a sigmoidal curve fit. Due to the

instability of the protein-DNA complexes between Hje, the fraction of DNA bound was

calculated by quantifying the progressive disappearance of the free junction as the protein

concentrations were increased.

2.8.2 Filter binding assays as a method to evaluate KD values.

Samples were prepared as for the electrophoretic mobility shift assays (section

2.8.1). Following incubation in binding buffer, binding was analysed using a slot blot

apparatus (Scie-plas). Nitrocellulose membranes (Amersham) were pre equilibrated in 2

x 200 pi\ of 1 x binding buffer under vacuum. Samples were applied to the slot blot

apparatus under vacuum and once bound each sample was washed four times with 200 pi\

of binding buffer. The membrane was allowed to air dry before exposure to phosphor

imaging. The binding constant was calculated by quantifying the proportion of bound

junction and plotting against the logarithm of protein concentration.

2.8.3 Electrophoretic mobility shift assays 1399

A range of Ssol399 concentrations were incubated with 50 nM of radio labelled

DNA substrates in a buffer consisting of 20 mM Tris pH 7.6, 75 mM NaCl for 20 minutes

at 55 °C. The samples were electrophoresed on 5 % native polyacrylamide gels for three
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hours at 130 volts to separate any bound substrate from unbound. The gels were

visualised by phosphor imaging.

2.8.4 Analysis of DNA binding of protein fractions to mismatched substrates

Fractions were assayed for the ability to retard a radio - labelled double stranded

39mer duplex substrate containing either one CC or one GA mismatch. 5 pil of each

protein fraction was incubated with 400 fmol of 32P labelled DNA substrate, labelled at

the 5' end, in a buffer consisting of 0.1 mg/ml BSA, 0.1 mg/ml calf thymus, 20 mM Tris

pH 7.6, 0.5 mM EDTA, 0.5 mM DTT. After 30 minutes incubation at room temperature

the reactions were mixed with ficoll loading dye and loaded onto a 5 % native

polyacrylamide gel. The gels were electrophoresed for three hours at 130 volts then dried

and analysed by phosphorimaging.

2.9 GST-PCNA pull downs

10 pil of GST-PCNA subunits 1,2 and 3 beads were rotated in 100 pi\ of buffer (20

mM Tris pH7.6, 1 mM DTT, 200 mM NaCl, 10 % glycerol) containing 1.5 pig of the

recombinant protein being analysed for the ability to interact for 2 hours. The beads were

then washed 4 x 100 //I in buffer X. After the final wash the beads were heated in 2 x

SDS sample buffer (Invitrogen). Samples were analysed by Western blot, probing with

Hje or Hjc antibodies. 0.2 pig of the recombinant protein being analysed were also run on

the gel to act as a positive control for the Western blot.
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2.10 Specific amino acid modification to identify potential binding surface in Hje/c

N-hydroxysuccinimidobiotin (NHS-biotin) reacts specifically with primary

amines on proteins. This results in the covalent addition of a biotin molecule (226.3

daltons) onto lysine residues. This technique was used to identify the potential binding

site of a four - way junction on Hjc. The methodology has been previously successfully

used to locate the binding site of tRNA onto HIV reverse transcriptase (Kvaratskhelia et

al., 2002a). The technique used is outlined in figure 2.1. Samples of protein bound and

unbound with the DNA substrate are subjected to modification with biotin. Modified

peptides are analysed by first digestion with a protease and then MALDI ToF mass

spectrometry. Comparison of the fingerprints produced from the experiment in the

absence and presence of the DNA lead to the locating of lysines involved in the DNA

binding site.

2 jaM HjcS32A protein was mixed with 4 //M junction 1 in a 10 fil reaction mix

of 50 mM Tris pH 7.6 and 50 mM NaCl. The protein was modified by the addition of 1

mM NHS-biotin. After incubation at 50 °C for 30 minutes the reaction was quenched by

the addition of 10 mM lysine. The mixture was subjected to SDS-PAGE and protein

bands visualised by Coomassie blue staining. The protein bands were excised from the

gel using a clean scalpel and analysed by in-gel tryptic digestion and MALDI-ToF for

differences between modification of Hjc in the presence and absence of DNA.
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Figure 2.1: The protein footprinting strategy utilising the modificiation of lysine residues
with biotin in the presence and absence of a substrate to localise the substrate binding site
(Kvaratskhelia et al., 2002a). This technique paper reverse transcriptase bound and
unbound to a RNA complex was subjected to modification by biotin. The protein was
denatured by SDS-PAGE. Bands were excised and subjected to in gel proteolysis.
Subsequent peptides were analysed by MALDI ToF mass spectrometry. Peptides from
the experiment in the presence and absence of the RAN complex were analysed to
elusidate regions were the RNA had protected from biotinylation and hence locate the
binding site.

2.11 GST-1399 fusion affinity chromatography.

Glutathione beads containing purified GST-1399 beads were added to a 5 ml

polypropylene column (Pierce). A control column with GST alone attached to beads was

also set up. Both columns were washed with 4 x 10 ml Buffer G/ 150 mM KC1. To

prepare the S. solfataricus biomass, 4 g per column of biomass was thawed and

suspended in buffer G/150 mM KC1, 15 ml per 2 g. The cells were sonicated on ice 4 x

2 minutes and centrifuged for 20 min at 70,000 x g. The supernatant was filtered and

applied to a pre - clear column containing GST bound to glutathione beads. The flow

through was collected and passed again down the pre-clear column. This pre-cleared

Sulfolobus extract was halved and one half added to each experimental column. The
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columns were washed with 3 x 10 ml 150 mM buffer G to remove and unbound proteins.

10 ml of 250 mM buffer G were added and the first 3 ml of the fraction collected.

Columns were washed with buffer G/250 mM KC1. Fractions and washing steps were

repeated with buffer G/ 500 mM and 1M KC1. Columns were stored in buffer G/ 1M

KC1. The fractions collected were precipitated via the TCA method and analysed by SDS

PAGE. Bands present in the GST-1399 but absent from the GST control were excised

from the gel and identified by MALDI- ToF mass spectrometry
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Chapter 3: Comparison of Sso Hje and Hjc

S. solfataricus appears unique among the archaea in encoding two Holliday

junction enzymes within its genomic DNA. The two encoded enzymes, Hjc and Hje,

differently cleave a Holliday junction, the two activities are detectable in S. solfataricus

lysate suggesting they are both actively transcribed and translated. This chapter describes

the comparison of both enzymes with specific regards to their kinetic ability, three -

dimensional structures, substrate specificities and protein - protein interactions.

3.1 Cloning and Purification of recombinant SsoHje

The gene encoding SsoHje was amplified from S. solfataricus P2 genomic DNA

by PCR. The gene was cloned into the expression vector, pET28c (Novagen) using Ncol

and BamHl sites. The complete gene was sequenced and was shown to contain no

mutations.

The pET28c-Hje construct was transformed into BL21 Rosetta cells (Novagen)

and recombinant protein expressed by the addition of IPTG to the growth medium (LB).

Protein was purified by an initial heat step followed by three chromatography steps (see

materials and methods for details). An essentially homogenous protein preparation was

achieved (figure 3.1). The gel filtration step using a calibrated HiLoad 26/60 Superdex

200 gel filtration column (Amersham) column confirmed that like Hjc, and the other

members of the Holliday junction resolving family, Hje is dimeric.
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Figure 3.1: SDS PAGE of recombinant Hje after the final step of purification.

3.2 Comparison of the rate of junction cleavage by SsoHje and SsoHjc

Kinetic analysis was performed under pseudo single - turnover conditions to

assess the relative activities of both Hje and Hjc. 1 /iM of the recombinant protein was

incubated with radioactively labelled fixed four - way junction (80 nM, junction 1) at the

desired temperature. Junction 1 has arms of 25 bp, which do not have the ability to

branch migrate. The reaction was initiated by the addition of 15 mM magnesium chloride

as stated in the materials and methods. The activity of the enzyme was analysed at 35 °C,

as this was the highest temperature where accurate measurements could be obtained.

From these experiments a kcat was measured for both enzymes. It was found that Hje is

approximately 35 fold more active (kcatl.l/min) than Hjc (kcat 0.03/min) under these

conditions (figure 3.2).
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Figure 3.2: Comparison of single turnover rates for Hje and Hjc at 35 °C. Junction 1,
radioactively (5'-32P)-labelled on the b-strand, was cleaved for the indicated times. The
reactions were stopped by the addition of EDTA. The extent of cleavage was determined
by separation of substrate and products by denaturing gel electrophoresis and phosphor
imaging. Standard errors were calculated from triplicate experiments.

3.3 Investigation of the substrate specificity of Hjc and Hje

It has been shown previously that both Hje and Hjc have the ability to cleave a

four - way DNA structure in a non- sequence specific manner (Kvaratskhelia and White,

2000b). Holliday junction resolving enzymes with low sequence specificity, such as T7

endonuclease I, tend not to be highly specific and have the ability to cleave other

branched DNA substrates in vitro (Dickie et al., 1987). Therefore it was decided to

investigate the ability of Hje and Hjc from S. solfataricus to cleave other branched DNA

substrates. To examine the substrate specificity of these enzymes a series of DNA

substrates, based on the J150B oligonucleotide, were made and assayed for cleavage by

both Hje and Hjc. 1 //M of the protein was incubated with 80 nM of each substrate for 20
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minutes at 50 °C in a buffer consisting of 20 mM Tris pH 7.6, 50 mM NaCl and 15 mM

MgCl2. Denaturing gel analysis of the reactions confirmed that Hjc is highly specific in

cleaving only a four- way junction in vitro (Kvaratskhelia and White, 2000a), whereas

Hje has the added ability to cleave a 10 base pair bubble substrate (figure 3.3).

The ability of Hje to cleave a bubble substrate was further analysed under pseudo

single turnover conditions. A number of different bubble sizes (four, seven and 10 base

pairs) were analysed but only the 10 base pair bubble was cut to any significant level.

For this substrate a kcat was determined for both strands and these were calculated as

being 0.006 and 0.008 / min (see figure 3.4A). This is significantly less than the rate for

a four - way junction of the same sequence (1.1 /min). The cleavage sites of Hje on the

bubble substrate were determined. Both strands were cut at the same position relative to

the end of the strand. This position corresponded to a cut being introduced one

nucleotide into the bubble region (see figure 3.4B).
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Figure 3.3: Substrate specificity of Sso Hjc and Hje. 1 piM of recombinant SsoHje or
SsoHjc was incubated with radio labelled DNA substrates and the products fractionated
by denaturing gel electrophoresis. Lanes labelled "c" contain Hjc and "e" Hje. DNA
substrate are indicated in graphical form at the top of the figure. A clear cleavage of a 10
bp bubble substrate by Hje is indicated by the arrow.
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Figure 3.4: Rate of cleavage of 10 base pair bubble substrate by Hje.
(A) 1 piM of recombinant SsoHje was incubated at 35 °C with 80 nM radio labelled

10 base pair bubble substrates labelled on one strand. The products were
fractionated by denaturing gel electrophoresis and a rate calculated by
determining the proportion of total to uncut substrate. Experiments were
performed with each strand of the substrate labelled separately. Rates for both
strands were similar at 0.008 (filled circles) and 0.006 (unfilled circles) / minute.
Errors were calculated from triplicate experiments.

(B) Location of the cleavage sites of Hje mapped onto the 10 base pair bubble
substrate.

65



3.4 Structural comparison of Hje and Hjc

3.4.1 Structure of SsoHje

Purified recombinant Hje protein was crystallised as described in (Middleton et

al., 2003). Datasets obtained from the original native crystals of Hje were unable to be

solved by molecular replacement using the previously solved Hjc structures from S.

solfataricus and P. furiosus (Bond et al., 2001; Nishino et al., 2001b). A

selenomethionine protein preparation was used to allow the structure of Hje to be

determined by a Se-targeted single-wavelength anomalous dispersion experiment to 1.8

A.

The monomeric subunit of SsoHje (figure 3.5) was found to be very similar to that

of SsoHje (r.m.s.d. 1.56 A) and the other archaeal Hjc family members. It is, in

summary, an a/(3 structure; a central six stranded mixed |3 sheet is surrounded by a single

helix (al) on one face and two helices on the other (a 2 and a 3). The presence of the

conserved metal binding motif, which identifies the position of the active site is located

close to the N terminus of strand B and the bend in strand C.

All Hjc family members characterised to date are dimeric (Lilley and White,

2001). Comparison of the structure of the dimer of SsoHje to the previously solved

structure of SsoHje highlights a difference in the relative orientations of the partner

subunits. The subunits of Hje have been rotated 30 ° and are 6 A closer together

compared to the Hjc subunits (figure 3.6). The difference in the relative orientation of the

monomers could explain the difficulty in trying to solve the structure of Hje by molecular

replacement with the Hjc structure. On analysing the interface of Hje and Hjc the reason

for the reorientation becomes clear. Although the position of the Ca atoms in the
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interface region of Hje and Hjc are overall highly conserved, there is a difference in the

region of amino acids 77 to 82 in SsoHje. This corresponds to an insertion in the amino

acid sequence of Hje, of two hydrophobic residues relative to SsoHje (figure 3.6). The

side chains of these amino acids are pushed into the dimer interface of Hje and prise the

interface apart, pushing the monomers closer together. This results in the two active sites

of Hje being closer together than those ofHjc, 22 A compared to 28 A.
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Figure 3.5: Stereo images of the monomers of SsoHje (A) and SsoHjc (B). On each
image the helices (purple) and strands (orange) are numbered.
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Figure 3.6: Insertion at the dimer interface of Hje.
(A) View of SsoHje (purple) and SsoHjc (orange) superimposed at one monomer.

The rod of colour indicates the relative positions of each interface for Hjc and
Hje.

(B) Alignment of the interface region of Hjc from S. solfataricus and S. tokodaii and
the rudivirus (SirvHjc) and Hje. Highlighted (boxed) is the region implicated for
the altering of the dimer interface in Hje compared to Hjc.
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3.4.2 DNA binding model

In a hexagonal form of the Hje crystals six sulphate ions were seen bound to the

protein. Three sulphates (termed SI-3) were bound to each monomer in symmetric

positions. Sulphate 1 was found close to the active site on each monomer, further

examination show its position to be co-ordinated by the amino groups of three arginine

residues, Arg 11,18 and 26. These residues are highly conserved across the Hjc family

and indeed Arg 18 and 26 have been shown by mutational studies in Hjc to be essential

for activity (Komori et al., 2000a). Similarly sulphate 2 is coordinated by conserved

residues, Lysine 89 and 91; mutation of this later lysine causes a dramatic loss in activity

of the enzyme (study carried out on Hjc - (Komori et al., 2000a)). The position of these

sulphates could well mimic the backbone phosphates on a DNA: protein complex. The

position of the third sulphate, diametrically opposite the active site, does not lend itself to

a possible DNA binding position.

Along with the position of these sulphate ions and the similarity of the active sites

between Hje and the type two restriction enzymes, a DNA binding model can be

proposed for Hje bound to a four-way junction (Model made by Dr Charles Bond) (figure

3.7). A structure of EcoKV in complex with DNA was available (Kostrewa and Winkler,

1995) and used for the model building. This model indicates a possible interaction of the

N terminal helix of SsoHje with the major grove of the uncleaved arm of the junction.

Residues Lys - 7 and Arg - 11 are located in this region and have been shown to be

essential for either DNA binding (Lys7 (Komori et al., 2000a; Nishino et al., 2001a)) or

cleavage (Argl 1 (Komori et al., 2000b))
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Figure 3.7: Model of SsoHje bound to a four-way junction. Shown are the sulphates
molecules used to predict the location of the phosphate backbone of the DNA. The
scissile phosphate is shown in yellow. Noted are residues that coordinate the bound
sulphate ions.
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3.5 Identification of potential binding site of DNA on Hjc by specific amino acid

chemical modification.

The protein footprinting strategy developed by Kvaratskhelia et al (Kvaratskhelia

et al., 2002b) was used to try to elucidate the binding region of the Holliday junction on

to Hjc (this technique was attempted in Hje but proved unsuccessful). The method relies

on the specific interaction of NHS-biotin with primary amines and results in the addition

of a covalently linked biotin molecule onto solvent accessible lysine residues within the

protein. The mass of the biotin molecule, 226.3 Daltons, is sizeable enough for peptides

containing a modified lysine to be easily detected by MALDI-ToF mass spectrometry.

Lysine is the most abundant residue in Hjc with a total of 16 lysines per monomer

making lysine a realistic target for this type of analysis. Other chemicals have the ability

to modify specific amino acids and could have been used. Indeed phenylglyoxal, specific

for arginine (Patthy and Smith, 1975; Wood et al., 1998) (the second most abundant

amino acid residue in Hjc) was also used to modify Hjc; however the incorporation of the

chemical was very inefficient with only two residues ever becoming modified. For all

this analysis a catalytically inactive mutant of Hjc was used (Hjc S32A see section 3.7)

The first step in this analysis was to see the reproducibility of both the tryptic

digestion and the modification reaction. It was shown after trypsin digestion that one

segment of the protein was not accounted for by the tryptic digestion fingerprint. This

region was the extreme N terminus of the protein from residue one to six, (a region

containing two lysine residues). Another tryptic peptide, spanning residues 90 to 100,

gave inconsistent data; being detected approximately 60 % of the time.
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Comparing unmodified with modified proteins indicated that residues 7, 22, 35,

65, 104 and 134 were all reproducibly modified by NHS-biotin (figure 3.8). Lysine

residues in the mid section of the sequence, 37, 47, 57 (the catalytic lysine) 60 and 82

were not modified by biotin. Looking at the location of these residues within the

quaternary structure of Hjc show lysines 37, 47 and 82 to be found buried within the

protein with two residues being located at the dimer interface (47, 82). It is possible

therefore that NHS-biotin could not penetrate into the protein in order to allow for

modification. The remaining unmodified lysines, 57 and 60, are located at highly

charged regions of the protein and thus potentially in an unsuitable environment to allow

for the covalent linkage.

The next goal was to look for differences in the modification pattern in the

presence of DNA. Analysis of the biotinylated peptide peaks indicated two lysines that

were significantly protected in the DNA: protein complex, K7 and K35 (figure 3.8).

Previous models and mutational studies have predicted a role of the extreme N

terminus and the loop connecting strands PA and PB of Hjc in four-way junction binding

(Bond et al., 2001; Komori et al., 2000a). Lysines in these two regions were protected

from biotin modification in the presence of DNA supporting this previous work. The

loop region in S. solfataricus Hjc, containing lysine 35, is unaccounted for in the structure

implying a degree of flexibility for this region (Bond et al., 2001). A comparison with

the Hje structure of the equivalent loop shows it could be positioned into the centre of the

junction (figure 3.9). This would explain why the lysine residue in Hjc was protection

from biotin modification in the presence of DNA.
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Figure 3.8: Amino acid sequence of Hjc indicating biotin modified lysine residues and
secondary structure. Lower cases residues indicate residues not accounted for in the mass
spectrum. Underlined residues indicate residues accounted for in the mass spectrum only
60 % of the time. Bold K indicate lysine residues that were not modified by biotin.
Black B indicate lysine residues modified by biotin. Red B indicate residues modified in
the absence of DNA but no longer modified in the presence of DNA. Also shown is the
secondary structure of Hjc, green columns indicate the position of a helices (1 to 3).
Pink and blue arrows indicate (3 strands.
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Flexible loop between
strands |3A and (3B

N termini

Figure 3.9: Model of Hje binding to a Holliday junction indicating the position of the
flexible loop between strands (3A and (3B and the N termini of the monomers. Lysine
residues on the flexible loop and near the N termini in Hjc was shown to be protected
from biotin modification in the presence of DNA suggesting a possible location of the
DNA binding site. The regions shaded red on the DNA indicate location of the scissile
bond.

3.6 Role of a conserved serine residue, analysed by site directed mutagenesis

The structure of the archaeal resolving enzymes reveal a highly flexible loop

positioned in Hje and Hjc from S. solfataricus close to the dimer interface. Due to the

location of the loop it is likely that it may interact with the centre of the junction substrate

(Bond et al., 2001). Supporting this theory is the data from the chemical modification

experiment (section 3.5). This technique indicated that the lysine residue at position 35

in S. solfataricus Hjc, which is located on this loop, is protected from modification by

biotin in the presence of DNA.
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Across the archaea, the length of this segment and indeed the amino acid make up

of these loops are both highly variable. Despite this variability there is an absolutely

conserved serine residue, located at position 30 in Hje and 32 in Hjc (Figure 3.10). To

assess the importance of this serine a series of mutations were carried out; Hje S30 was

mutated to alanine, cysteine and threonine and Hjc serine 32 to alanine. These mutants

were all purified as for the wild type proteins.
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Figure 3.10: Alignment of N terminal half of archaeal Hjc amino acid sequences
highlighting the conserved serine residue. Shown in red are the conserved metal binding
motif residues. Black shows absolutely conserved residues and light grey highly
conserved residues. Yellow highlights the conserved serine residue
Sso S. solfataricus, Sto S. tokodaii, Ape, Aeropyrum pernix, Mth Methanobacterium
thermoautotrophicum, H sp. Halobacterium sp. (strain NRC-1). Afu Archaeoglobus
fulgidus, Pfu Pyrococcus furiosus, Pae Pyrobaculum aerophilum, M sp. Methanopyrus
kandleri Mka Methanopyrus kandleri, Sirv Sulfolobus islandicus rod-shaped virus 2.

The ability of the alanine mutants to bind a four - way junction was tested.

Analysis of the binding affinity show the mutation has little effect on binding with KD

values of the mutants being similar to that of the wild type enzymes in both Hje and Hjc

(Figure 3.11). The binding of the Hjc mutant also showed the formation of higher order

complexes as reported by Kvaratskhelia and White for the wild type protein
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(Kvaratskhelia and White, 2000b).

Hje mutant or wild type proteins.

Similar higher order complexes were not seen for the

77



[Hjc]

Free junction—>

Hjc/junction
complexes

B

- HjcS32A
Kd 1.2 nM

/#

* 1 1 1

10 10" 10"* 10"*

[HjeS32A], M

12

0 8

0.6

0.4

0.2

1 1

Hje wt

1 1

Kd 220 nM

/#

j
Hje S30A

o/
KD210nM -

O sfs
1

109 1<T 10"' 10""

[Protein], M

10 s 0.0001

Figure 3.11: The binding of the serine to alanine mutants of Hjc and Hjc to a four-way
DNA junction

(A) Radioactively labelled junction 1 (10 nM) was was incubated with increasing
concentrations of HjcS32A at room temperature in the presence of 1 mM EDTA.
Free and bound junction was separated by electrophoresis in 5 % acrylamide gels
and visualised by phosphor imaging. Concentrations used were 0.001, 0.01, 0.1,
0.3, 0.75, 1.5, 2.5, 5, 10, 20,40, 80, 200 and 500 nM.

(B) Binding isotherm for the interaction of HjcS32A to four way junction. The
fraction of DNA junction bound to protein was calculated for each concentration
of protein by phosphor imaging and plotted against the logarithm of the protein
molarity (with Hjc assumed to be dimeric).

(C) Comparison of binding isotherms of wild type SsoHje (filled circles) and a
mutant, HjeS30A (empty circles) to Junction 1 highlighting the similarity in
binding constant. KD of the wild type and mutant proteins were 220 nM and 210
nM respectively.

Experiments were repeated in triplicate and error bars plotted.
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3.6.1 Analysis of cleavage ability of the Hje S30 mutants

All of the mutants were tested for their abilities to cleave a four - way junction

under single turnover conditions at 65 °C (Figure 3.12). The Hjc S32A mutant showed

no detectable activity implying a kca, value of less than 5 x 10 4 per minute (the lower limit

of the assay). Due to the higher level of activity of Hje a rate for the S30 mutants could

be determined at 65 °C. On extrapolation of the wild type enzymes activities from 35 °C

to 65 °C, based on the observation that for every 10 degree rise the activity of Hje

approximately increases by 2.5 times (see chapter 4, section 7), the rates for the mutants

can be compared to that for the wild type enzyme. The serine mutants show a decrease in

catalytic rate of over three orders of magnitude compared to wild type, suggesting an

important catalytic role for this conserved serine residue.
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Figure 3.12: An essential catalytic serine residue in Hje.
(A) Denaturing gel electrophoresis showing the separation of products from uncut

substrate over time for wild type Hje and the serine 30 mutants. In each case 1
//M of protein was incubated with 100 nM of junction for the indicated times, s =
seconds, m = minutes.

(B) A plot of the ration of total DNA to uncut substrate over time in minutes for the
three serine mutants of Hje. The slope of the best fit line gives the rate of the
reaction for each particular mutant. Each experiment was repeated in triplicate
and error bars plotted.
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3.7 Hjc but not Hje interacts with the sliding clamp PCNA.

Komori et al suggested a potential interaction between PfuHjc and PCNA

(Komori et al., 2000b). To determine whether S.so Hjc or Hje could interact with PCNA

a GST-pull down experiment was performed, for details see materials and methods. This

showed that recombinant Hjc and not Hje could interact with PCNA subunits 1 and 2 but

not 3 (figure 3.13A). In this figure a slight interaction is suggested for Hje with PCNA

subunit two. However as a proportion of the input control for Hje this level is very small.

Comparing to the Hjc experiment the level of protein seen in the lanes for interaction

with PCNA subunits one and two is similar to the input control for the Hjc experiment.

Therefore it is reasonable to suggest that Hje does not interact with PCNA but Hjc does.

The much more intense band seen in the Western for the Hje input control compared to

the Hjc input control is explained by the fact the Hje antibodies were more sensitive than

the Hjc antibodies.

The C terminus of SsoHjc, but not Hje contains a sequence resembling the PCNA

interaction motif found in many archaeal DNA replication and repair proteins. This motif

consists of a short sequence ending in two hydrophobic residues (often aromatic

residues). The sequence resembles that for the PCNA interacting motif defined for the

eukarya (Warbrick, 2000). A S. solfataricus Hjc mutant lacking the last 7 amino acids of

the C terminus was constructed and tested for interaction with PCNA (figure 3.13B). The

interaction with PCNA was abolished in this mutant confirming the interaction of Hjc and

PCNA is mediated via the C terminus of Hjc. The lack of interaction between Hje and

PCNA is hence explained by the lack of this interaction motif.
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Figure 3.13: PCNA interaction with Hjc.
(A) The three subunits of PCNA were expressed with GST tags and then conjugated

to protein G beads. 1.5 /rg of recombinant Hjc or Hje were mixed with the beads.
The beads were washed and the presence of Hjc and Hje bound to PCNA was
analysed by western blot using antibodies specific for either Hjc or Hje. 20 % of
the input of Hjc or Hje was used as a control for the western blot. A control of
GST beads only was used to show that Hjc was interacting with the PCNA and
not the beads or GST protein.

(B) PCNA interacts with Hjc via the C terminal PCNA binding motif as a mutant
lacking this region (Hjc A7) no longer interacts with PCNA.
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3.8 Stimulation of the activity of both Hjc and Hje by PCNA

To determine whether the physical interaction between Hjc and PCNA could be

translated into a functional difference in activity, the rate of cleavage of Hjc in the

presence and absence of PCNA was determined. Figure 3.14 shows a possible slight

increase in activity by the addition of PCNA to cleavage assays with Hjc with the mobile

junction, junction Jbm5. This stimulation was seen for two different junctions, junction

jbm5 and junction 1. Rates were calculated for the cleavage of Junction Jbm5 to quantify

the stimulation (figure 3.15). As shown the stimulation increased markedly when a large

excess of PCNA over Hjc was included in the reaction, with the rate reaching a plateau

when PCNA was approximately at 250 nM (five fold excess over Hjc) showing an

approximate four-fold increase in activity.

0 50 100 250 500 nM PCNA

1 — 1 — I — I Time

Uncut ^

cut >

Figure 3.14: Effect of PCNA on the activity of Hjc.
25 nM radioactively labelled four way junction (Junction 1) was incubated with 50nM
Hjc and the indicated concentration of PCNA at 45 °C for one minute prior to the
addition of 15 mM MgCl2 to initiate the reaction. At set time points of 1, 2, 4 and 6
minute, the reaction was stopped by the addition of formamide loading dye containing 10
mM EDTA. The samples were denatured by heating to 95 °C and products separated by
denaturing gel PAGE.

0 50 100 250 500
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To see if this stimulation was specific for the interaction with PCNA the

experiment was repeated using the Hjc A7 mutant that lacks the ability to interact with

PCNA. The SDS PAGE gel shown in figure 3.16 highlights that the same amount of

pure Hjc and Hjc A7 protein was used. Shown on the gel is the equivalent amount of the

PCNA heterotrimer. The HjcA7 protein also showed a stimulation of activity in the

presence of PCNA to a similar extent as the wild type protein (figure 3.15), indicating

that this action is not dependent on a physical interaction between the two proteins.

Supporting this, Hje, which does not interact physically with PCNA, also shows

stimulation with PCNA although to a lesser extent (maximal two fold increase) than that

seen with Hjc (figure 3.17).
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Figure 3.15: Quantitation of the effect of PCNA on the activity ofHjc and Hjc A7.
Single turnover rates were calculated for the cleavage of junction Jbm5 for both wild type
Hjc and Hjc A7 enzymes in the presence of increasing concentrations of PCNA. This rate
was plotted against the concentration of PCNA and shows a stimulation of the activity of
both the wild type Hjc and the mutant of Hjc that lacks the PCNA binding motif. This
stimulation is maximal with approximate five - fold excess of PCNA and increases the
level rate of activity over no PCNA by four times.
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Figure 3.16: SDS PAGE to show both the purity and the level of protein used for the
effect of PCNA on both the wild type Hjc and the Hjc A7 mutant. Lane M contain a
protein marker with sizes as indicated. Lane 1 contains 2 fig of wild type Hjc. Lane 2
contains 2 fig of Hjc A7 and lane 3 contain 2 fig of PCNA. Protein concentrations were
calculated by absorbance at 280 nM and the theoretical extinction coefficient for each
individual protein as stated in the materials and methods.
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Figure 3.17: Level of stimulation of PCNA on Hjc and Hje
Single turnover rates were calculated for the cleavage of junction Jbm5 for both wild type
Hjc (unfilled circles) and Hje (filled circles) and the mutant Hjc A7 enzymes (diamonds)
in the presence of increasing concentrations of PCNA. This level of stimulation was
calculated and standardised to the rate in the absence of PCNA for each enzyme.
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3.9 Discussion

S. solfataricus is unusual among the archaea in having two resolving enzyme

activities encoded within its genomic DNA. Even the closely related S. tokodaii genome

only encodes a single Hjc gene (that shares 67 % identity to the SsoHjc sequence). There

are differences between the two S. solfataricus resolving enzymes. Hjc is a much more

abundant protein than Hje. However the activity of Hje is relatively 30 fold higher

(section 3.3) than Hjc. This observation explains the difficulties in the initial

identification of this second resolving enzyme (Kvaratskhelia and White, 2000a). As

previously shown these enzymes are highly specific, only cleaving a four - way junction

with no apparent sequence dependency (Kvaratskhelia and White, 2000b). This is an

unusual occurrence within this type of enzyme with usually the enzymes showing either a

degree of sequence specificity (RuvC, Ccel) or cleaving a range of branched DNA

substrates (Bacteriophage enzymes) (reviewed in (Lilley and White, 2001). As shown

(section 3.4) Hje does have a cleavage affinity for a bubble substrate containing 10

mismatched bases. When comparing the rate of cleavage for this substrate compared to

the favoured four - way structure, the rate of cleavage for the bubble is significantly

lower (150 fold lower). On binding to a four way junction Hjc disrupts the base pairing

at the centre of the junction resulting in a more open centre. This is a common feature of

the resolving enzymes (Fogg et al., 2001) and it can be assumed that Hje may also cause

this effect. Taking this into account it is possible that a bubble substrate resembles this

opened form of a bound four-way junction (see figure 3.18). The cleavage of this bubble

structure could well be due to the substrate resembling the four way structure in terms of

dimensions of the structure. The 10 base pair bubble DNA structure could just be

86



positioned in the correct location to be cleaved by the enzyme and not be a true substrate.

This is highlighted by the fact that smaller bubble substrates (of seven and four base

pairs) are not cleaved by Hje.

Figure 3.18: Comparison of a bubble structure (left) and a four-way junction with an
opened centre (right). The arrows indicate the positions of cleavage sites introduced by
Hje.

The structural comparison of Hje and Hje has helped to explain a number of

observations. A difference between Hje and Hje is in the position of the cuts relative to

the centre of the junction: Hje cleaves a four-way junction 2-3 bases 3' of the centre and

Hje 3-4 bases 3' of the junction centre (Kvaratskhelia and White, 2000b). This difference

is explained by a comparison of the location of the active sites of Hje and Hjc. The active

sites of Hje are closer together than those of Hjc, 22 A compared to 28 A explaining why

Hje cleaves the junction closer to the centre than Hjc. The difference in the positioning

of the active sites (6 A), is explained by the re - orientation of the subunits of Hje

compared to Hjc. The active sites in Hje are pushed closer together by an insertion of

hydrophobic side chains into the dimer interface.

The nuclease superfamily contains the Hjc resolving enzymes as well as the

bacteriophage T7 endonuclease I resolving enzyme, the Pyrococcus Hef protein (a

homologue of eukaryotic Xpf (Komori et al., 2002; Nishino et al., 2003), the restriction
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enzymes and many other nucleases. All these enzymes cleave specific DNA targets,

either showing structure specificity or sequence specificity. The type two restriction

enzymes show a wide variety of cleavage patterns (Pingoud and Jeltsch, 2001). These

differences are brought about by the arrangement of the pairs of nuclease domains within

a protein. For example Bgll is structurally related to EcoRV and Pvull and all three

approach the DNA from the minor groove. The subunits for each enzyme are arranged in

different orientations and ultimately this results in the different cleavage patterns

achieved, 3' overhangs for Bgll versus blunt cuts for EcoRW and Pvull (Pingoud and

Jeltsch, 2001).

Rearrangement in dimer orientation seems a common feature of the nuclease

superfamily and a structural comparison of SsoHjc, SsoHje and endonuclease I indicates

this phenomenon extends to the resolving enzymes. The Hjc family consist of

straightforward dimers with no domain swapping while endonuclease I contains swapped

elements with the two subunits being physically linked by a P bridge (Hadden et al.,

2001). This provides an explanation into the difference in cleavage between Hjc and

Endonuclease I. Endonuclease I cleaves the continuous strands 1-2 bases from the centre

and to achieve this the active sites must face each other, hence the need for a long

connecting bridge to allow for the wrapping of the enzyme around the junction (Declais

et al., 2001).

The dimer re - orientation between Hjc and Hje could provide an insight into the

origin of Hje. It is possible that Hje arose from a viral gene inserted into the host

chromosome. Two S. islandicus infecting rudiviruses, S7rvl and Sirvl contain Hjc

homologues (Birkenbihl et al., 2001) and Hje when compared to all Hjc sequences is
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most similar to that of SirvHjc. No structure is available for SirvHjc; however if it shares

the dimer re orientation, a prising apart of the dimer interface by a hydrophobic side

chain insertion, it would support the hypothesis that Hje arose from a viral insertion. This

is highly likely as analysing the sequence of the viral Hjc shows an insertion of two

hydrophobic residues in the same region as those of Hje (see figure 3.6B). A

phylogenetic tree (figure 3.19) of Hjc sequences indicates a closer relationship between

the S. solfataricus Hje sequence and the S. islandicus infecting rudiviral Hjc than there is

between Hje and S. solfataricus Hjc.
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Figure 3.19: Phylogenetic tree of Hjc sequences (Middleton et al., 2004) indicating the
close relationship between the sequences of Hjc from Sirv2 and S. solfataricus Hje. The
tree was calculated by the neighbour-joining method with midpoint rooting based on a
clustalW multiple sequence alignment.
Abbreviations are as followes: Sirv2, S. islandicus - infecting rudivirus 2. Sso, 5.
solfataricus', Sto, S. tokodaiv, Ape, Aeropyrum pernix', Pae, Pyrobaculum aerophilum\
Afu, Archaeoglobusfulgidus', Pfu, Pyrococcus furiosus; Pho, Pyrococcus horikoshii\ Pab,
Pyrococcus abyssi', Mja, Methanococcus jannaschii', Hal, Halobacterium NRC1; Tac,
Thermoplasma acidophilum\ Tvo, Thermoplasma volcanii', Mth, Methanothermobacter
thermautotrophicum..
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There is as yet no structure of a Holliday junction-resolving enzyme bound to its

DNA substrate. However many models of DNA binding supported by mutational study

have been proposed. The presence of sulphate ions within the Hje structure and the

overall similarity of Hje's active site with that of EcoRW allowed for a four way junction

complexed model to be proposed. The model highlighted the position of several residues,

shown by mutational studies to be important for DNA binding and catalysis, within

locations available for interactions to be made with the DNA. When adapting the model

to allow for the opening of the junction on binding to the protein, a feature observed in

numerous resolving enzymes (Hjc, RuvC and Ccel (Declais and Lilley, 2000; Fogg et al.,

2001)) a flexible loop between (3A and (3B of Hje is then located in such a position as to

insert between the DNA strands (see figure 3.20). The presence of this flexible loop is

found across all the Hjc family. The sequence of the loop varies in both length and

amino acid makeup. This loop contains lysine 35 in Hjc, which was shown to be in the

region where the junction binds the protein by chemical modification.

Ser-30

Figure 3.20: Model of Hje binding to a Holliday junction highlighting the position of the
flexible loop containing the serine 30 residue.
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All of the Hjc family contain a serine residue on this flexible loop (see figure

3.20). Mutational work showed the serine residue was not important for binding to the

DNA substrate, with KD values for serine mutants matching those for the wild type

enzymes. The serine was shown to be essential for activity, with even conservative

substitutions (to threonine and cysteine) causing a reduction in activity of several orders

of magnitude. It is unlikely that this serine provides hydrogen base pairing with

interrupted base pairs, as it would be expected that threonine and possibly cysteine

mutants would also fulfd this function. A role in the hydrogen bonding of the catalytic

metal ion would explain why conservative mutations do not retain catalytic function.

Threonine would not allow for the metal ion coordination due to steric hindrance of its

side chain methyl. Cysteine being a weaker nucleophile then serine (a sulphur group

compared to the serine's hydroxyl group) would also not be a viable substitution. The

use of a serine residue in the catalysis of DNA appears a unique mechanism of the

archaeal resolving enzymes within the nuclease superfamily.

The positioning of the serine within this flexible loop offers a possible

explanation to why these enzymes have such a high level of specificity without a

sequence dependence. It is possible that this loop could provide a molecular switch.

Junction binding and distortion could lead to a reorientation of this loop and allow for the

movement of the serine to complete the active site. This mechanism would ensure that

only the correct substrate is cleaved and that nicks occur at both active sites within the

lifetime of the complex, a crucial feature of these enzymes (reviewed in (Lilley and

White, 2001).
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A useful technique to locate potential binding sites of DNA (or protein) on a

protein, is that of chemical modification of specific amino acids within the protein in the

presence and absence of the DNA (Kvaratskhelia et al., 2002b). This technique was used

to analyse the binding site of a Holliday junction to Hjc (section 3.6) and confirmed the

position of the binding site in involving the N terminus and the loop in between strands

PA and PB, which contains the catalytic essential serine residue. This location is

predicted in the DNA protein complex models (Bond et al., 2001) and by previous

mutational analysis (Komori et al., 2000a). This technique could provide a good method

in locating potential interaction sites for DNA, RNA or proteins. One factor to be

considered is the size of the protein being investigated, as larger proteins have more

potential target residues.

It is known that PCNA interacts with a number of proteins involved in DNA

replication and repair. This interaction is mediated via a PCNA binding motif located at

either the extreme C or N terminus of the protein (Hosfield et al., 1998; Warbrick, 2000).

It has been shown that the activities of both Hjc and Hje from S. solfataricus are

stimulated by the presence of PCNA. This stimulation is independent on a physical

interaction made via the PCNA binding motif as a mutant lacking this region in Hjc and

unable to interact with PCNA is stimulated by PCNA. The flap endonuclease Fenl,

conserved throughout the eukaryotes and also found in the archaea (Hosfield et al., 1998)

interacts with PCNA via a PCNA binding motif. The presence of PCNA has been shown

to stimulate the activity of Fenl by up to 50 fold in vitro. Mutations of every amino acid

of the PCNA binding motif in Fen-1 does not inhibit this stimulation (Frank et al., 2001).

It has been shown that two adjacent but structurally distinct regions of Fen-1 bind PCNA.
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The PCNA binding motif binds within a hydrophobic pocket on PCNA. Residues

preceding this motif form an antiparallel (5 sheet with residues from the C terminus of

PCNA (Chapados et al., 2004). These intermolecular interactions order the C terminus of

Fen-1 and results in the linking of a Fen-1 DNA binding helix to PCNA. This restrains

the orientation of Fen-1 relative to the PCNA bound DNA and enhances binding of Fen-1

to DNA, which could account for the stimulation in activity observed in the presence of

DNA. The interaction between Fen-1 and PCNA is mediated by a P sheet and since the

formation of these are generally facilitated through hydrogen bonds to peptide backbone

this interface should be largely independent of the protein sequence (Chapados et al.,

2004). This could explain why mutation of this region still results in stimulation of Fen-1

activity by PCNA.

Previously it has been shown that Hjc activity is increased in the presence of the

chromatin protein Sso7 (Kvaratskhelia et al., 2002a). It is possible therefore that the

archaeal resolving enzymes are stimulated by a number of different DNA binding

proteins.

Work to elucidate different role in the presence and absence of PCNA of Hjc and

Hje could be helped by further kinetic studies. The experiments described here were all

performed under single turnover conditions with the enzyme being in excess over the

substrate. Multiple turnover conditions, with the Hjc or Hje proteins being limited could

help to elucidate if a physical interaction with PCNA affects the activity of a resolving

enzyme.

PCNA interacts with several partners involved in both the repair and replication

of DNA; it is possible that this provides a method of regulation for these processes. It is
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known that stalled replication forks can be restarted by reversal into Holliday junction

like structures (McGlynn and Lloyd, 2002). At such a fork PCNA could be present as

part of the normal replication machinery. The interaction of a Holliday junction-

resolving enzyme with PCNA could be a method of targeting these enzymes to the restart

of replication and could identify a difference in vivo of the functions of Hje and Hjc.
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Chapter 4: Kinetic analysis of SsoHje

4.1 Introduction

Many of the junction resolving enzymes have been extensively studied both

structurally and biochemically. Kinetic analysis of the resolving enzymes have focused

on studies where the enzyme is in large excess (10 to 50 fold) over the substrate (Chan et

al., 1997; White and Lilley, 1996). The enzyme and complex are allowed to form a

complex where all the substrate is bound and then the reaction is initiated by the addition

of the metal cofactor. Products are then denatured and analysed by gel electrophoresis.

These experiments allow only for single turnover kinetics, the chemical step of catalysis,

to be calculated. This is useful to allow for comparison between enzymes and between

active site mutant and wild type enzymes. These studies ignore the steps of both the

substrate association and product dissociation which are rate limiting for many nucleases

(Erskine et al., 1997; Nobbs et al., 1998; Wright et al., 1999). An outline of a kinetic

scheme is given in figure 4.1 highlighting the individual steps of Holliday junction

resolution by Hje. This chapter includes the first detailed steady state kinetic analysis of

Holliday junction resolution by a Holliday junction-resolving enzyme.

k, k2 k3

E + S < * ES *- EP < * E + P

k, k3

Q \v/o //^
Figure 4.1: Kinetic scheme for the steps in the mechanism of Holliday junction cleavage
by Hje. Outlined is a kinetic equation shows the rate constants (k) for each step in the
mechanism. Underneath is a graphical representation of each step.

95



4.2 Steady state kinetics

As no Holliday junction resolving enzymes have previously been analysed under

steady state conditions an initial experiment to examine the ability of Hje to catalyse

multiple turnover events was performed. A range of Hje concentrations from 0.025 to 0.3

nM were assayed with 50 nM junction, in reaction buffer containing 15 mM MgCl2 (the

optimum concentration, see section 4.3). Reactions were incubated at 65 °C for set times,

followed by analysis via denaturing PAGE as described in the materials and methods

(figure 4.2A). Linear reaction rates were observed for each enzyme concentration over

the 10-minute reaction time (figure 4.2B). Linear regression was used to calculate the

rate of reaction for each concentration. A graph plotting reaction rate versus enzyme

concentration was also linear (Figures 4.2C). Under these conditions, 0.1 nM Hje

undergoes 30 catalytic turnovers in 10 minutes with a conversion of six percent of the

substrate to product. These conditions are suitable for steady state kinetic analysis.

4.3 Magnesium ion concentration dependence on Hje activity.

To ensure that the steady state kinetics could be accurately calculated for DNA

substrate concentration, the concentration of magnesium that gives maximal activity had

to be calculated. This was done by calculating the rate of cleavage of 50 nM junction 1

by 0.2 nM Hje with increasing magnesium concentrations (from 1 to 30 mM). A strong

dependence of Hje activity on magnesium concentration was observed (Figure 4.3), with

a maximum activity being achieved with a concentration of 15 mM magnesium. The

concentration of free magnesium in vivo is thought to be in the millimolar range for most

cells.
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Figure 4.2: The relationship between increasing Hje concentration and multiple
turnover rate.

(A) Denaturing gel electrophoresis showing the separation of products from uncut
substrate over time. Time points were 2, 4, 6, 8 and 10 minutes for Hje
concentrations of 0.025, 0.05 and 0.1 nM, for the other concentrations time points
taken were 1, 2, 4, 6, 8 and 10 minutes.

(B) A plot of fmoles of junction cut over time in minutes. The slope of the best-fit
line gives the rate of the reaction for each particular enzyme concentration. Each
experiment was repeated in triplicate and error bars plotted.

(C) The enzyme concentration shows a linear relationship with the rate of reaction
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Figure 4.3: Dependence of Magnesium ion concentration on the rate of activity of Hje.
Multiple turnover rates were calculated for the rate of cleavage of Hje. 0.2 nM protein
was used with 200 nM Junction 1 radioactively labeled on the B strand. Rates were
calculated for magnesium concentrations of 2.5 mM to 30 mM. The optimum
magnesium concentration for maximal activity is 15 mM.

4.4 Michaelis - Menten parameters.

0.1 nM Hje enzyme was used to measure reaction rates as a function of the

substrate junction concentration at 65 °C. The junction concentration was varied from 10

to 400 nM. The data (from triplicate experiments) obtained were fitted to the Michaelis-

Menten equation by non - linear regression. The Michaelis-Menten parameters were

calculated for two concentrations of magnesium, the optimal concentration 15 mM and

also 5 mM (figure 4.4). For both concentrations the measured KMs were 66 (+/- 1.99) nM

in 15 mM magnesium and 73 (+/- 9) nM for 5 mM magnesium. The calculated

approximate for these concentrations were 10 (+/- 0.3) min 1 and 4.8 (+/- 0.4) min 1

respectively.
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[substrate], nM

Figure 4.4: Multiple turnover analysis. Michaelis - Menten graph of Junction 1
concentration (nM) verses the mean rate for the activity of 0.1 nM Hje with 5 mM
magnesium. kcat 4.8 (+/- 0.36), Km 73 nM (+/- 9). The table (inset) shows the Km and kcat
values for 5 mM and 15 mM MgCl2.

4.5 Calculation of single turnover rate of Hje

In order to compare the single and multiple turnover parameters to elucidate the

rate - limiting step of the reaction, a single turnover rate for Hje had to be determined.

The previous calculated rate of Hje (section 3.2) was only for pseudo single turnover

conditions where given the KD of Hje in 15 mM magnesium for a four-way junction (1.6

//M) the junction would not have been fully bound. An experiment was performed to

measure the rate of cleavage of 100 nM junction with a range of Hje concentrations (1,

1.5, 2.0, 2.5 and 5 fiM) to determine a concentration of enzyme which gave maximal
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activity. These experiments showed that the rate was the same for all those

concentrations above the calculated KD (see figure 4.5). To calculate the rate under

single turnover conditions a concentration of 2.5 fiM Hje was used and the experiment

was performed at 30 °C in triplicate. A double labelled four - way junction with one

labelled strand five nucleotides longer than the other was used. This allowed for the rate

of cleavage for both strands to be determined and also showed both strands can be

cleaved (Figure 4.6A). Figure 4.6B shows the single turnover rate for cleavage for both

strands of the four way junction by Hje were similar, at 0.95 and 0.9 min at 30 °C.

time, sec

Figure 4.5: Single turnover rate kinetic analysis for a four way junction for a number of
different Hje concentration at 30 °C
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Figure 4.6: Single turnover rate kinetic analysis of Hje for a 4w junction at 30 °C
(A) Denaturing gel fractionation showing the separation of products from uncut

substrate over time of a double labelled four way junction, labeled on the B strand
(50 bp) and R strand (55 bp). Time points were 5, 10, 15, 20 and 25 seconds. A
Hje concentration of 2.5 jiM was used with 100 nM junction.

(B) A plot of ratio of the total substrate to uncut substrate against time in seconds for
the R strand (square) and B strand (circle). The slope of best fit gives the rate of
the reaction. Rate for B strand 0.9 min"1 rate for R strand 0.95 min"1. The

experiment was repeated in triplicate and error bars plotted.
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4.6 Single turnover cleavage of a nicked junction substrate

To ensure resolution of a Holliday junction two symmetrical nicks must be

introduced. Both these nicks have to occur in the lifetime of the DNA Holliday junction

resolving enzyme complex to ensure full resolution. It appears generally the case that

this is not achieved by simultaneous cleavage events, as a heterodimer of catalytically

inactive and wild type subunits can still nick a four - way junction (Fogg and Lilley,

2000; Giraud-Panis and Lilley, 1997). Also sequence dependent resolving enzymes, such

as RuvC, can nick a fixed junction efficiently (Fogg and Lilley, 2000). Also a junction

containing an uncleavable (phosphorothiolate containing) strand can be nicked by RuvC

(Shah et al., 1994). Most of the previously studied resolving enzymes ensure resolution

by an enhancement of the second cleavage event. This is observed by a rate enhancement

of the cleavage of a nicked junction when compared to a complete four-way junction

(Fogg and Lilley, 2000). It has been shown that a nicked junction adopts a fold similar to

the intact junction in magnesium ions (Pohler et al., 1994) therefore a difference in

conformation does not explain this rate enhancement.

To see if this phenomenon is shared by Hje the single turnover rate of cleavage

for a nicked junction was measured. This was achieved by incubating 2.5 piM Hje with

100 nM nicked junction (junction 1 labelled on the R55 strand) where one strand (the B

strand) consisted of two pieces. The B strand contained a nick two base pairs after the

junction centre, mimicking the result of a cut by Hje. To make this substrate more

similar to one that had been nicked by Hje the second oligonucleotide making up the

nicked B strand was phosphorylated. The rate of cleavage for this substrate was the same

as for a full four - way junction at 0.96 minute*1 at 30 °C (figure 4.7B).
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Figure 4.7: Single turnover rate kinetic analysis of SsoHje for a nicked junction at 30 °C
(A) Denaturing gel fractionation showing the separation of products from uncut

substrate over time. Time points were 5, 10, 15, 20 and 25 seconds. A Hje
concentration of 2.5 piM was used with 100 nM junction.

(B) A plot of ratio of the Ln of total/uncut substrate against time in seconds. The
slope of best fit gives the rate of the reaction. Rate for the R strand 0.016/sec.
The experiment was repeated in triplicate and error bars plotted.
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4.7 Comparison of single turnover and steady state rates: Effect of temperature on the

rate of Hje

In order to compare the steady state kinetics at 65 °C to the previously calculated

single turnover kcaI at 30 °C the effect of temperature on the rate of reaction was analysed.

This was achieved by calculating rates for 0.1 nM Hje under steady state conditions with

50 nM junction at 45, 55, 60 and 65 °C. The lowest temperature where rates could be

calculated accurately under multiple turnover conditions was 45 °C. It was assumed that

temperature would affect the rate independently of the substrate concentration, and for

ease of quantification 50 nM junction was chosen.

The logarithm of the rates for each temperature, in fmol / minute were then plotted

against 1000 / temperature in Kelvin, in an Arrhenius plot based on the linear form of the

Arrhenius equation In k = In A + -Ea/RT. The slope of the line (-EA/R) was then used to

calculate the activation energy for the reaction. As figure 4.8 shows the activation energy

for this reaction is 79 kJ/mol (19 kcal/mol) corresponding to an approximate 2.5 fold

increase for every 10 °C rise in temperature. Using the kcat at 15 mM MgCl2 at 65 °C (10

min 1 see figure 4.4) and entering this into the Arrhenius equation using the calculated

activation energy from figure 4.8, the steady state rate was estimated at 0.39 min"'. Given

the errors implicit in the extrapolation involved, this value is quite close to the rate of

0.95 min 1 determined under single turnover conditions (see section 4.5). This close

agreement suggests the rate - limiting step is not linked to product association or product

release but rather by the catalytic step itself.
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Figure 4.8: Arrhenius plot showing temperature dependence of the rate of SsoHje
indicating an approximate doubling of the rate of reaction with every 10 degrees increase
in temperature. Multiple turnover rates (see materials and methods) were calculated for
the cleavage of the B strand in Junction 1 by 0.1 nM Hje and 50 nM junction in 15 mM
MgCl2. Rates were calculated in triplicate for a temperature range of 45 °C to 65 °C. The
slope of the plot gives an activation energy for the reaction of 19 Kcal/mol corresponding
to a 2.5 fold increase of the reaction rate for every 10 °C rise in temperature.

4.8 Determination of KD for Hje.

Two methods were used to calculate the KD of Hje binding to a four - way

junction under conditions of 15 mM MgCl2 and 1 mM EDTA. These were the gel

electrophoretic mobility shift assay and filter - binding assay.

For a number of resolving enzymes the strength of binding to a junction varies

according to the ionic environment. Typically binding is dramatically decreased in the

presence of magnesium ions. For example SsoHje binding affinity for a four way

junction decreases by 1000 - fold in 15 mM magnesium when compared to EDTA
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(Kvaratskhelia and White, 2000b) and Ccel also shares this pattern with an increase from

a KD of 1 nM in EDTA to 520 nM in 15 mM magnesium (Kvaratskhelia et al., 1999).

Figure 4.9 shows the binding isotherms obtained for both techniques used in

EDTA and magnesium. As shown, binding in EDTA gave very similar values for both

techniques, a KD of 210 nM for the gel based technique and 200 nM for filter binding.

Binding in magnesium gave the same KD values for both techniques of 1.5 //M. For all

these experiments the inactive Hje mutant, HjeS30A was used.

The effect of binding by magnesium is not as pronounced when compared to the

other resolving enzymes. The KD of Hje is reduced by approximately 7 fold (KD 1.5 piM)

in 15 mM magnesium, much lower than the 900-fold difference for Ccel and 1000 - fold

for Hjc. However under the conditions of maximal activity for Hje and Hje (15 mM

MgCl2) the corresponding KDs for these enzymes are similar at 1.7 piM for Hjc

(Kvaratskhelia and White, 2000b) and 1.5 piM for Hje.
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Figure 4.9: Comparison of KD calculated via EMSA or filter binding assay.
Kds were calculated for binding of HjeS30A mutant to junction 1 by both EMSA (filled
shapes) and filter binding assay (unfilled shapes) (for details see materials and methods).
Experiments were performed either in EDTA (circles) or 15mM MgCl2 (squares).
Experiments were repeated in triplicate and error bars plotted as shown.
Both techniques gave the same values. Binding in the presence of magnesium increased
the KDfrom 0.2 piM in EDTA to 1.6 //M at 15 mM magnesium.

4.9 Binding of a nicked duplex and nicked junction.

The binding affinity of the product of Holliday junction resolution, a nicked

duplex, to Hje was calculated by filter binding. The KD of HjeS30A for a nicked duplex

in 15 mM MgCl2 was 1.7 /<M, very similar as for binding to a four-way junction. The

binding of Hje to a nicked junction substrate also had a similar KD of 1.6 piM (figure

4.10). There appears to be very little discrimination by Hje between binding affinity for

substrate, intermediate and product.
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Figure 4.10: Comparison of binding isotherms for the interaction of HjeS30A with four-
way junction (filled circles), nicked junction (diamonds) and nicked duplex (squares).
The fraction of unbound substrate was calculated and plotted against the logarithm of the
concentration of protein. The data was fitted to a model for cooperative binding from
which the binding affinities were calculated. The experiment was repeated in triplicate
and error bars plotted

4.10 Discussion

In comparison to the other Holliday junction resolving enzymes, Hje has a robust

activity. Under single turnover conditions the estimated rate constant at the physiological

growth temperature of S. solfataricus, 80 °C is 80 min"1. This is much higher than that of

the other resolving enzymes: 0.25, 0.13, 0.035 min 1 at 37°C for RuvC, RusA and Ccel

respectively (Fogg et al., 1999; Giraud-Panis and Lilley, 1998; White and Lilley, 1996).

This level of activity seen for Hje is more comparable to the activity observed for T7

endonuclease I, which has a single turnover rate constant of 120 min 1 at 20 °C (Hadden

et al., 2002). However this enzyme, unlike Hje, is not totally specific for a four-way

junction and can cleave a range of branched DNA substrates (Dickie et al., 1987).
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Therefore Hje is the most active, specific, Holliday junction - resolving enzyme identified

to date.

The binding of Hje to its DNA substrate, a four-way junction, is weaker in the

presence of metal ions than in EDTA. This characteristic is also observed for other

Holliday junction resolving enzymes, for example Hje and Ccel (Kvaratskhelia et al.,

1999; Kvaratskhelia and White, 2000b). For Ccel it has been shown that the complex

between the protein and a four-way junction is less stable in magnesium than it is in

EDTA. A Holliday junction in magnesium forms a stacked structure however in complex

with Ccel the junction adopts a four fold symmetric unstacked structure regardless of the

presence or absence of metal ions (Kvaratskhelia et al., 1999). At high magnesium it is

thought that either Ccel actively unfolds the stacked form of the junction or Ccel binds

the small proportion of the open form of the junction gradually displacing the equilibrium

between the stacked and open form until all the junction is bound. RuvC clearly can bind

and resolve a Holliday junction already bound by the branch migration enzymes, RuvA

and RuvB that present the junction in its open form (Zerbib et al., 1998). Perhaps the

other Holliday junction resolving enzymes bind in vivo to a junction bound by the branch

migrating enzymes, but as of yet this is unknown.

The Kds of Ccel and Hje for binding to a four-way junction in EDTA are in the

nM range implying very tight binding, e.g. Hje 1 nM. However the binding affinities to a

four - way junction in 15 mM MgCl2 for Hje and Hje are similar under conditions of

maximal activity at 1.7 piM and 1.6 piM respectively.

Hje shows no discrimination for binding to its substrate, an intermediate of the

reaction (a nicked junction) or product with values of KD for these substrates being highly
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similar. This may indicate that the energy of binding to the junction is utilised to

destabilise the substrate and hence push it along the reaction pathway. It is known that

other Holliday junction resolving enzymes, including Hjc, distort the junction when they

bind and break hydrogen bonds at the junction centre (reviewed in (Lilley and White,

2001)). This requires energy introduced by the binding of the enzyme to its substrate and

increases the KD.

A nicked junction, an intermediate in the pathway, would have a higher degree of

flexibility as some of the strain imposed on the junction by the enzyme has been

alleviated. This might imply that a nicked junction would be both bound tighter by these

enzymes and cut more rapidly. RuvC has been shown to cleave a nicked junction more

rapidly than an intact junction (Fogg and Lilley, 2000). The reason for this acceleration

has been put down to increased flexibility of a nicked junction. However the apparent KD

for a nicked junction is higher than an intact junction. Hje differs from RuvC with a KD

and kcat for nicked junction binding and cleavage being the same as for an intact junction.

This may reflect differences in the way the two enzymes bind a four - way junction and

the way they distort a junction. RuvC and Ccel are from the integrase superfamily,

however Hje and the Hjc family are unrelated to this and are members of the nuclease

superfamily. Differences between the superfamilies may mean that observations for

RuvC and Ccel may not provide a general rule for all Holliday junction - resolving

enzymes. One obvious difference is that Hje has evolved to function at a much higher

temperature, 80 °C compared to 37 °C for RuvC. At higher temperatures the junction

will have an inherently greater conformational flexibility.
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The single turnover rates calculated for each strand of the junction cleaved were

the same. This implies that either Hje has no sequence specificity, cleaving all sequences

equally well, or the second site is cleaved at a much enhanced rate thus removing any

effects of sequence. The cleavage of a nicked junction at the same rate as a full junction

implies that indeed Hje is non - sequence specific and there is no rate enhancement of the

second cleavage. This is unusual amongst the resolving enzymes as it has been suggested

that rate enhancement of the second cleavage step is the mechanism used to ensure

resolution of the junction during the life time of the enzyme: DNA complex (Fogg et al.,

2001; Fogg and Lilley, 2000). This begs the question of how resolution is achieved by

Hje if not through second site cleavage rate enhancement? It is possible that the

increased rate of Hje over the other Holliday junction resolving enzymes helps to achieve

both cleavages during the life - time of the complex. Further experiments would need to

be performed in order to ensure that Hje can introduce two cleavages and resolve a

Holliday junction. These would be similar to those performed for the other resolving

enzymes using a self limiting cruciform assay (Fogg et al., 2000).

The specificity constant kcat/Km for Hje at 65 °C is approximately 106 NT's"1, this

low values implies that the reaction is not limited by diffusion (a theoretical maximum

rate of 109 NT's"1) but by other factors. The steady state kcat for Hje was estimated as 33

min"1 at 80 °C this is similar to the rate constant calculated under single turnover

conditions, 80 min"1. This implies that the reaction is limiting by the catalytic step rather

than association or dissociation of the enzyme and DNA. This suggestion is supported by

the lack of a pre - steady state burst of activity, which is caused by rapid formation of

product then followed by slow dissociation / or re-association with the enzyme, observed
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when the rate is limited by association or dissociation rather than a chemical step

(Gutfreund, 1995). An attempt to determine the dissociation rate of the product from the

enzyme was made, however the rate was too rapid to be determined by manual

techniques with all the nicked duplex product having dissociated after 10 seconds (the

quickest time point available by manual analysis). This implies the koff rate of the product

is indeed more rapid than the measured kcat, supporting the theory that it is not rate

limiting.

Further experiments could be performed to confirm the rate-limiting step is the

catalytic step. Differences in single turnover rates in post - and pre - mixed samples have

been observed for a number of restriction enzymes when the association of the enzyme

with its substrate is deemed rate limiting. A pre mixed sample refers to the enzyme and

DNA being mixed and the reaction initiated by the addition of the metal ion. A post

mixed sample refers to a sample of magnesium and DNA and the reaction is initiated by

the addition of the enzyme. For a reaction limited by enzyme association the single

turnover rate for a pre mixed sample is higher than that for a post mixed sample (Nobbs

et al., 1998). No difference has been observed for the reactions of some restriction

enzymes, e.g. Bspml which is limited by an internal chemical step (Gormley et al., 2002).

If an external step is rate limiting, product dissociation or enzyme and substrate

association, the rate is inversely proportional to solvent microviscosity. The rates of

processes which occur within enzyme-substrate complexes are expected to be

independent of microviscosity (Hale et al., 1993). The effect of microviscosity can be

determined by repeating the experiments under conditions of increased viscosity e.g. the

use of Ficoll 70, glycerol or PEG8000 in the reaction buffer. If the same rates are seen
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for these experiments as for the aqueous conditions this implies the reaction is limited by

an internal step.

In conclusion this study if the first steady state kinetic analysis of a Holliday

junction resolving enzyme. The turnover number obtained from the study is similar for

that of some of the restriction enzymes. For example EcoRV has a kcat of 42 min"1 under

optimal conditions at 25 °C (Baldwin et al., 1995). The kinetic analysis of Hje has

shown that the enzyme is the most active specific Holliday junction resolving enzyme

identified to date and the reaction is probably rate limited by the catalytic step.
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Chapter 5: Attempt to identify mismatch repair proteins from

S. solfataricus

5.1 Introduction to mismatch repair

An important source of spontaneous alterations to DNA occur through

mismatches introduced during DNA replication (Modrich, 1991). In vitro the error rate

ofDNA replicative polymerases is approximately one error for every million nucleotides,

however the measured in vivo error rate is up to 1000 fold lower than this (Loeb and

Kunkel, 1982). This difference is accounted for by processes that increase the accuracy

of DNA polymerases, such as an integral 3' to 5' exonuclease that extends a proof

reading capability to the polymerase and accessory proteins such as single stranded DNA

binding proteins. A final guard to the integrity of the genome is a post replication repair

pathway specific for mismatched bases, the mismatch repair system (Modrich and Lahue,

1996).

5.1.1 Importance of Mismatch repair

The importance of a mismatch repair system is highlighted by the discovery that

germline mutations in mismatch repair genes within families are responsible for a number

of hereditary cancers, including nonpolyposis colorectal cancer (Fishel and Kolodner,

1995). Mismatch repair genes were indicated in this cancer due to the phenotype of the

patients, exhibiting microsatellite instability and loss of heterozygosity. This phenotype

was previously identified as a consequence of the loss of mismatch repair in E. coli. E.

coli have a spontaneous mutation rate of only one in every 1010 basepairs synthesized
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(Drake, 1991). However the loss of the mismatch repair system can increase the

mutation rate by up to a thousand fold (Loeb and Kunkel, 1982).

5.1.2 Other roles of mismatch repair

Mismatch repair functions in the removal of base-base or insertion deletion

mismatches that arise through DNA replication from mis-incoproration or strand

slippage, however it also functions as a barrier to recombination (Rayssiguier et al.,

1989). The frequency of recombination is greatly elevated in mismatch repair deficient

strains in both bacteria and eukaryotes. It is thought that mismatch repair functions via

an uncharacterised mechanism to prevent interspecies gene transfer and hence establish a

genetic barrier between closely related organisms (reviewed in (Evans and Alani, 2000).

Mismatch repair has also been implicated in eukaryotes to have a role in transcription-

coupled repair, and in apoptosis induced by DNA damaging agents (Leadon, 1999).

5.1.3 The MutLSH system

In general the basic mismatch repair system is composed of three steps;

recognition of the misincorporated base, excision of the base and surrounding area and

finally repair synthesis to replace the excised DNA. The most studied mismatch repair

system is that of the methyl directed mismatch repair system in E. coli, the MutLSH

system (Figure 5.1).

In E. coli the mismatched base is recognised by the MutS protein. The ability of

mismatch repair in repairing mismatches, loops and insertions, is linked to this protein's

broad specificity in binding all these types of lesion. Interestingly the only mismatch to

act as a poor substrate for MutS is a C:C mismatch (Su et al., 1988).
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Once MutS has bound to the mismatched DNA a reaction requiring ATP

hydrolysis and a complex ofMutL - MutS - DNA stimulate strand cleavage by MutH. To

begin with the function of MutL was unknown as no enzymatic function could be

attributed to the protein. It is now thought that it functions in the recruitment and

assembly of a functional repair complex (Modrich and Lahue, 1996). It interacts not only

with MutS but with MutH and activates it to cleave in an ATP dependent manner (Ban

and Yang, 1998). MutH cleaves opposite a dam methylated GATC DNA sequence,

cleaving the unmethylated strand. MutH cleavage confers selectivity to the system in

cleaving the unmethylated, newly synthesised daughter strand and hence the strand with

the misincoporated base.

MutH is a 28 kDa magnesium dependent endonuclease (Welsh et al., 1987). Its

intrinsic endonuclease activity is rather weak but it is activated 50 fold by the complex

containing MutS, MutL, ATP and a bound DNA substrate (Yang, 2000). MutH is

evolutionary related to the restriction enzyme Sau3Al but has diverged to be active as a

monomer and introduce a nick into DNA (Ban and Yang, 1998).

The nick produced by MutH acts as an entry point for the UvrD helicase (helicase

II) and various exonucleases to unwind and degrade the single stranded DNA. A

characteristic of the MutLSH system is its bidirectionality. The GATC site cleaved by

MutH can be up to a thousand bases away from and either 5' or 3' of the targeted

damage. This implies that both 3' to 5' and 5' to 3' nucleases are required for the

degradation of the DNA. In E. coli a number of nucleases have been identified, Exol

and ExoVII act as the 3' to 5'nuclease and recJ or ExoVII as the 5' to 3'. Knock out

strains for these nucleases only infer a mild mutator phenotype to the E. coli indicating
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there is some level of redundancy (Viswanathan et al., 2001). However the loss

of all four nucleases results in chromosomal loss and cell death, reviewed in (Hsieh,

2001). The final step of the repair pathway involves re synthesis of the DNA via the

DNA polymerase III holoenzyme and ligation.

Binding ATP and
recruiting MetL

After removing tie mismatch
site, DNA is resynlhesised ami
ligated

Recruiting UvrP
►

Activating MutH to nick
DNA 5' to GATCamd

looping out the intervening
,rDNA Exo nuclease

SSB

11 Unwinding and
removing intervening
DNA

MutS MutL UwD MutH

Figure 5.1: A model of mismatch repair by the MutLSH system of E. coli (Guarne et al.,
2004).



5.1.4 Conservation ofmismatch repair

The general mechanism of the MutLSH mismatch repair system is conserved

throughout evolution (Modrich and Lahue, 1996). The best-studied eukaryote mismatch

repair system is that of S. cerevisiae. This encodes 6 MutS homologues (MSH), which

like E. coli MutS have the ability to recognise insertion and deletions as well as

mismatches (Kolodner and Marsischky, 1999). A highly conserved region in MutS

homologues contains a Walker A nucleotide binding motif (Yang, 2000) (See figure 5.2).

Indeed MutS and its homologues have an intrinsic ATPase activity and are members of

the ABC transporter family of ATPases (Gorbalenya and Koonin, 1990). This ATPase

activity is essential for mismatch repair as its removal results in no repair of mismatches

(Wu and Marinus, 1994). Similarly to E. coli the homologues of MutS in eukaryotes

interact with MutL homologues (Kolodner and Marsischky, 1999). MutL homologues

(MLH) also contain a nucleotide binding domains, conserved from prokaryotes to

eukaryotes and exhibit ATPase activity (Tran et al., 1999).

The ATPase activity of E. coli MutS has brought to light a possible mechanism

for coordinated MutS and MutL functions. MutS recognises a mismatch when ADP is

bound to it. The mismatched DNA causes the exchange of ADP to ATP and results in

the formation of a sliding clamp capable of moving distances of nearly lkb along DNA.

The freeing of the mismatch site allows other MutS proteins to bind. MutL then

associates with the ATP bound version of MutS and physically contacts MutH

endonuclease. This increases the ATP binding to MutL which in turn increases the

cleavage activity ofMutH (Acharya et al., 2003).
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Figure 5.2: Alignment of a conserved region of the MutS proteins from representative
members of the MutS family. Shading highlights the degree of identity or conservation.
The beginning and ending amino acids for each protein are numbered (from (Eisen,
1998)).
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5.1.5 Strand selection; interaction with sliding clamps

Mismatch repair has to identify the newly synthesised strand in order to remove

any incorrect bases from it (Modrich, 1991). In Gram - negative bacteria this is achieved

by specific cleavage of only the non - methylated DNA by MutH. However MutH

homologues are only found in Gram - negative bacteria suggesting a different mechanism

is used for strand specificity in other organisms (Yang, 2000).

E. coli MutS interacts with the beta clamp loader, this could provide a way to use

the asymmetry of the replication fork as well as provide another level of strand

discrimination (Lopez de Saro and O'Donnell, 2001). Indeed this interaction with a

sliding clamp is conserved through E. coli to eukaryotes with eukaryal MutS

homologues interacting with the sliding clamp PCNA. This could be a way to confer

strand specificity in those organisms where the DNA is not methylated. Tethering MutS

to the replication machinery via a sliding clamp is a way to help in locating mismatches

rather than relying on a genome wide search (Kolodner and Marsischky, 1999). Sliding

clamps could also provide a scaffold for assembly of other proteins. The interacting

partners of PCNA encompass many replication, recombination and repair proteins (both

nucleotide and base excision repair). These interactions are unlikely to be simultaneous

and therefore PCNA could provide a way to regulate the many processes that involve

DNA (Warbrick, 2000).

5.1.6 Mismatch repair in the archaea

Considering the high level of conservation of the mismatch repair mechanism

through evolution, it is surprising that the majority of archaeal genomes, sequenced so
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far, do not encode MutS or MutL homologues (Eisen, 1998). Those archaea encoding a

MutS homologue include the Halobacterium species and some archaeal methanotrophs

(Ng et al., 2000; Smith et al., 1997). However even in these organisms mismatch repair

could well be significantly different to that of the MutLSH system, as Methanobacterium

thermoautotrophicum, unlike any other MutS containing organism, does not contain a

MutL like protein. Of the hyperthermophillic archaea, no MutS homologues have been

found in either the euryarchaeota nor in crenarchaeotal species such as Sulfolobus

(Grogan, 2000).

The lack of obvious mismatch repair pathways in the hyperthermophiles is not

explained by the high temperatures these organisms live at, as bacteria living at similar

high temperatures, such as T. thermophilus and A. aeolicus, contain fully functional

MutLSH systems (Deckert et al., 1998; Nelson et al., 1999; Takamatsu et al., 1996). A

lack of a mismatch repair system could result in an increased spontaneous mutation rate

of the archaea, however the rate is not higher than for bacteria or eukaryotes (Jacobs and

Grogan, 1997). This was extensively studied in S. acidocaldarius which actually

showed a mutation rate lower than that of mesophilic bacteria (Grogan and Hansen,

2003).

Due to the lack of MutS like mismatch repair and a low spontaneous mutation rate

perhaps the archaea in particular the hyperthermophilic archaea have a different set of

proteins to deal with mismatches. This was a theory I was interested in examining.
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5.1.7 Methodology

The majority of DNA repair pathways are initiated by recognition of the damage

by a specific protein, for example the MutS protein in mismatch repair. The initial

identification of mismatch repair proteins came about through either genetic screens,

looking for mutations in particular proteins that gave rise to a mutator phenotype or via

the ability of the primary protein in the pathway to bind a mismatched base. Due to the

lack of a good genetic screen for Sulfolobus it was decided to approach the search for a

mismatch specific protein via the later methodology, utilising a potential specificity for a

mismatch in binding assays.

This methodology was used to identify C:C mismatch specific proteins from S.

pombe (Fleck et al., 1998; Fleck et al., 1994). It has been shown that the MutS protein in

E. coli (and MutS homologues) can not recognise a C:C mismatch (Su et al., 1988).

Fleck et al identified a C:C specific protein via a methodology of fractionation of total

protein from the organism and analysis of each fraction for the ability to retard a C:C

mismatch containing radioactively-labelled oligo. Repeated rounds of fractionation lead

to the identification of a protein, via amino terminal sequencing, specific for the binding

activity seen. This same methodology was subsequently used by Nakahara et al to

identify C:C mismatch binding proteins from two different organisms E. coli and S.

cerevisiae (Nakahara et al., 2000).

5.1.7.1 Brief overview of the methodology to be used

To try and identify proteins in S. solfataricus involved in the specific binding to

mismatches within a duplex of DNA the methodology of Fleck et al was employed. In
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brief, total protein extract from S. solfataricus P2 was fractionated via a cation exchange

column. Cation exchange chromatography was chosen as the majority of DNA binding

proteins are positively charged to aid in binding the negatively charged DNA. These

fractions were tested for the ability to bind a radio - labelled duplex substrate containing

either one CC or GA mismatch. To try and reduce non - specific binding the protein

fractions were incubated with a large excess of double stranded calf thymus DNA.

Proteins interacting with the DNA would result in a decreased mobility of the DNA probe

as observed via native gel electrophoresis. The protein fractions corresponding to this

decreased mobility were pooled and re - fractionated by different chromatography

columns, selecting for different characteristics, in order to purify the protein(s)

responsible. The protein fraction corresponding to the retarded species would then be

analysed by SDS PAGE and Coomassie blue staining. Visualised protein bands within

the fraction were then incubated with trypsin for subsequent identification via MALDI

ToF Mass spectrometry. The completion of the genome sequence of S. solfataricus (She

et al., 2001) has enabled the rapid and accurate identification of proteins via this method

(Jensen et al., 1998).

5.2 Results

In order to try to identify mismatch binding proteins from Sulfolobus, 5 g of S.

solfataricus biomass was fractionated via a Source 30S column (as stated in materials and

methods). 5 pil of every third fraction were tested for the ability to retard a 39 base pair

double stranded radioactive probe containing either a CC or GA mismatch in a gel

electrophoretic mobility shift assay. These mismatches were chosen as it has been shown
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in other organisms that they are recognised by different classes of proteins (see section

5.1).

Figure 5.3A and B show a comparison between the CC and GA mismatch

electrophoretic mobility shift assays. Initial results showed while some fractions had the

ability to retard both types of mismatch (dashed arrows), other retardations were only

seen with one mismatch (solid arrows) indicating a potentially specific interaction. A

sample of each third fraction was analysed for protein content by SDS PAGE and

staining with Coomassie blue dye (figure 5.4). This indicated that fractions 31 - 37,

which showed binding for both CC and GA mismatches contained the known DNA

binding protein Sso7 (Choli et al., 1988). Similarly fractions 43 - 52, which also show a

retarded species for both mismatches, were shown to contain the double stranded DNA

binding protein, Alba (Wardleworth et al., 2002). The presence of these proteins was

identified by dot blot analysis using antibodies specific for either Sso7 or Alba and

confirmed by tryptic digestion of the band and MALDI ToF MS.
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Figure 5.3A and 5.3B: Detection of mismatch binding activity in extracts of S.
solfataricus fractionated by cation exchange chromatography. 5 ]A of every third fraction
eluted from a Source 30S column over a increasing NaCl gradient were incubated with
radioactive labeled dsDNA probe containing either a CC mismatch (A) or GA mismatch
(above) in binding buffer containing a large excess of calf thymus DNA. After
incubation the samples were electrophoresed on a 5 % native polyarcrylamide gel. The
gels were dried prior to phosphor imaging. Black bars at the top of each figure indicate
those fractions containing a binding activity. Solid arrows highlight differences between
the GA and CC experiments, dashed arrows indicate similarities later shown to be caused
by the known DNA binding proteins ALBA and Sso7.
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M 16 19 22 25 27 28 31 34 37 40 43 46 52 55

Figure 5.4 : Coomassie stained SDS PAGE gel showing some of the fractions eluted
from the Source 30S column.
20 y\ of the fractions indicated (at the top of the figure) were separated by SDS PAGE
and the gel stained for total protein with Coomassie blue. Indicated by the black lines are
the fractions for which mismatch binding was seen. Arrows indicate known DNA
binding proteins Sso7 and Alba (identified by MALDI-ToF MS). Fractions from 1-15 are
not shown as these fractions contained too complex a mixture of proteins to be resolved
cleanly by SDS PAGE. The lane marked M contains a protein ladder of sizes in kDa as
indicated.
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5.2.1 CC retarding species

Initial results (figure 5.3) indicated that potentially there are proteins within S.

solfataricus capable of specifically binding to a CC mismatch. The protein fractions

from the Source 30S column corresponding to the decreased mobility of the CC

mismatch, but showing no such activity with the GA mismatch (fractions 16 - 28) were

pooled and 4 ml concentrated down to 200 fi\. This sample was further fractionated using

a superose 6 gel filtration column. The fractions from the gel filtration column were

tested for the ability to retard a CC mismatch - containing duplex and a retardation of the

substrate was seen for fractions 36 - 40 (figure 5.5A). The samples contained a complex

mixture of proteins (figure 5.5B) so were further fractionated via a high resolution cation

exchange column (Mono S). From this column the fraction which retarded the DNA

probe (figure 5.6A, fraction 24) was run on a SDS PAGE gel and stained with Coomassie

blue (Figure 5.6B). Four protein bands were visible of sizes 55, 48, 28 and 25 kDa. All

bands were excised from the gel and subsequently identified by MALDI ToF MS as

Lysyl tRNA synthetase, elongation factor la, alanine tRNA ligase and a hypothetical

protein Sso2190 respectively. None of these proteins had an obvious role in mismatch

repair. The hypothetical protein, Sso2190 was analysed by sequence alignment to all

known proteins (BLAST search) and homologs are only found in one other species of

Sulfolobus (tokadii) (see figure 5.7) and therefore unlikely to be a repair protein as these

are expected to be highly conserved amongst the archaeal species.

Re staining the fractions with sypro ruby (figure 5.6C), which is more sensitive

then Coomassie blue dye, indicated there were many more proteins in the fractions then
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shown by Coomassie blue. However there was not sufficient of these other proteins to

allow for their identification via mass spectrometry.

A

< Retarded species

<: Unbound DNA

Figure 5.5: Detection of a CC mismatch binding activity after gel filtration.
(A) Retardation of a CC mismatch containing duplex was seen from fractions 36 to

40 from a superose 6 gel filtration column.
(B) The corresponding Coomassie blue stained protein gel for these fractions is shown

For both figures L corresponds to the sample prior to fractionation. M shows a protein
ladder with size markers in kDa as indicated.

129



A 6 9 11 13 15 23 25

3 8 10 12 14 16 24

Retarded species

Unbound DNA

B
M 24

C
M

<—Lysyl tRNA synthetase
<—Elongation factor la

^ Alanine tRNA ligase
Hypothetical protein Sso 2190

23 24 25

Figure 5.6: CC mismatch binding activity after fractionation via a MonoS column
(A) Fractions 36 to 40 from the superose 6 column were pooled diluted in buffer A

and loaded onto a MonoS column. Proteins were eluted by a NaCl gradient and
fractions collected. Fractions were analysed for the ability to retard a CC
mismatch containing duplex via native gel electrophoresis. L contains the sample
prior to fractionation by the MonoS column. Fraction 24, as indicated, contained
a retarding species.

(B) (C) SDS PAGE analysis of the C:C mismatch retarding fractions (fraction 24) from
the MonoS column stained with (B) Coomassie blue and (C) Sypro ruby. For
both gels M contains a protein ladder with sizes in kDa as indicated.
Indicated bands of sizes 55, 45, 28 and 25 kDa were excised from the Coomassie
stained gel and identified via MALDI TOF MS as Lysyl tRNA synthetase
(Sso0090), elongation factor la (Sso0216), alanine tRNA ligase (Sso0450) and a
hypothetical protein, Sso2190 respectively.
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Sso2190 MKCSTKSIREIRGFSFLVPNCDSTLLREKFESFRKLSNEENKTYIIRIADSNYFKFEVLM

Sto2161 MKCSTESNRDIRGFNFLLDNCDKEYLANKFQEFRKLANETGKTYIIRLADSNYYRFEIIM
10 20 30 40 50 60
70 80 90 100 110 120

Sso2190 LPNSLTLLTISTVRGTNNINLRDFEMLDELQTLACCAYQKEELKNTTSNFLSPTAQIAEA

Sto2161 VPNSVTLLSIATARGVNNINLRDFSALEELATLSCCAYQNDKLKELALQFLGGQREY-ES
70 80 90 100 110

130 140 150 160 170 180

Sso2190 EWDLISTDEEFECQIECDNVSWNEIKLPESTEGKWTTTELASTSRLYLKALSGQAKFLT

Sto2161 EWDLEEKTIEIEISPDCNKVEWNELKLPEQVEGKWTTTELAYTDRLYLKALTGQGKFIT
120 130 140 150 160 170

190 200 210 220 230

Sso2190 ISTERPQNSIKFTSMERLGALCCFLTELKRKLNECPTLRDVLQPYLQVKTG-RKRKKNE

Sto2161 ISTERPQNSIKFNSFERLNSLCCFVNIILQKLKECNGLVEALTPFLQQESGKRKRRKNE
180 190 200 210 220 230

Figure 5.7: Alignment of Sso2190 and its only homolog the S. tokadii protein Sto2161
A BLAST search to identify similar sequences to Sso2190 revealed that only one known
protein shared any identity with this protein. The sequence of the similar protein, 5.
tokadii protein 161 was aligned to Sso2190 using the LALIGN tool. The sequence
identity between the two proteins is 61.5 % over 239 aligned amino acid residues.
(:) indicate an exact amino acid match between the proteins (.) indicate a residue with
similar chemical properties.
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The experiment was repeated from the beginning using fresh lysate to try to

identify this CC mismatch binding protein. For each column as the salt concentration

used to elute the retarding species was known, in this area a shallower gradient was used

in order to increase the resolving power and hence try to reduce the number of different

proteins in each fraction. A decreased mobility of a CC mismatch containing duplex was

seen again after cation exchange from fractions eluted from the column at the same ionic

strength as seen previously, indicating the reproducibility of the protein purification. All

of the fractions containing the activity were pooled and concentrated to 10 ml and loaded

onto a superdex 200 gel filtration column. After analysing for CC mismatch affinity the

fractions containing a retarded species were fractionated via a Mono S column. Fractions

from this column were assayed for binding ability and fractions 24 to 28 showed a

retardation of the substrate (Figure 5.8A). These fractions were subsequently fractionated

via SDS PAGE and strained with silver (Figure 5.8B). The DNA probe is retarded from

fractions 24 to 28 with the peak (strongest retardation seen) at fraction 26 and no retarded

probe seen for fraction 29. This indicates how the protein is eluting from the column.

Proteins that shared this pattern for intensity of staining on the protein gels were the most

likely candidates. Analysing the gel shows this pattern for the protein bands in the 20 -

30 kDa range, by contrast larger bands (36 to 60 kDa range) do not correspond to the

peak of binding seen. Fractions 24 - 26, which contained the binding species were

concentrated and run on SDS PAGE and stained with Coomassie blue to allow

identification by MALDI- ToF MS (Figure 5.8C). Fraction 26, which showed the

strongest binding on the EMSA, contained 5 separated bands of sizes of approximately

50, 46, 30, 28 and 26 kDa. The larger two bands were unlikely to contain the protein
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responsible for the binding to the duplex (as the pattern of elution did not match that for

the binding) and were identified as elongation factor la and lysyl tRNA synthetase.

These proteins were identified in the previous original experiment and highlight the

reproducibility of this purification methodology. Two of the smaller bands (30 and 28

kDa) were identified as Sso2190 and the 26 kDa protein as Sso0845, another hypothetical

protein.
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Figure 5.8: The CC mismatch binding activity observed from a new S. solfataricus
preparation. Total S. solfataricus lysate was freshly prepared and exposed to the protocol
for separating a CC mismatch binding ability. Shown here is the retardation of the
duplex observed with the Mono S fractions (fractions 24 to 28) (A). The fractions were
analysed by SDS PAGE and stained with silver (B). Fractions 25-27 were concentrated
and re fractionated via SDS PAGE and stained with Coomassie blue (C). 5 bands were
observed, excised from the gel and identified by MALDI ToF MS. The protein bands, of
sizes 50, 48, 28, 26 and 24 kDa were identified as lysyl tRNA synthetase (Sso0090),
elongation factor la (Sso0216), two as Sso2190 and one as Sso0845 respectively.
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5.2.2 Sso0845

Sso0845 had previously been identified as a potential mismatch binding protein

using a different methodology (performed by Dr Derek Richard unpublished

observation). In brief, mismatch containing oligonuclotides were immobolised onto a

solid support (activated cyanogens beads) to form a small affinity column. Total S.

solfataricus lysate was passed over the column and any bound proteins were eluted from

the column with washes of increasing NaCl concentration. The fractions were

precipitated by TCA precipitation and analysed by SDS PAGE. The resultant gel was

stained with Coomassie blue to visualise total protein and any protein bands present

identified via MALDI ToF MS.

Like Sso2190, Sso0845 is only found in Sulfolobus species (BLAST search

alignment see figure 5.9A) however it does contain a predicted conserved domain

(Marchler-Bauer et al., 2003) one found in the DNA polymerase type B family (figure

5.9B), so potentially could have a function involving DNA in some way. As this protein

was identified within a fraction that had ability to retard mismatches and had been

previously identified via a separate method it was decided to analyse the protein for DNA

binding ability.
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Sso0845 MRLYLDIETYRPKSAFVNEKVIAIGLIADQTDYKPESSNIWDLPKVEFKYFKEWKRDERS

Ssol321 MRLLLTIDTFRQFLPFQNEKIIVIGVM—EIDHINK RKDFRFFTEWDLGNEK
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Sso0845 EEWEHDEYSWTQFYKYLKELIEKWRRKEMYIE WGFNILRFDIPLLIQKGVEHRVG

Ssol321 EMITKFYEYLKGKISEVGSNNLNFFSGKSKILERLFWGFNILRFDIPILTQKGIEYSIG
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Sso0845 SLEELNSLWHNTFTRDYLQMALPLNNMRFKGLQLEYLAEMLREKGVNVPKPYGKGEEVKS

Ssol321 TVSELNLLWSSLWIDYLQAMLPYNKMKIKGMSWERFSYILRTTGYKVPRIPSRGSQVKE
120 130 140 150 160 170

180 190
Sso0845 LYENKKYDEIIKHLEADL

Ssol321 LYIKKDYESILKRNKAKL

B

Sso0845: 14

POLBc : 6

Sso0845 : 74

POLBc : 64

Sso0845: 134
POLBc : 109

Sso0845 : 194
POLBc : 169

LYLDIETYRPKSAFVNEKVIAIGLIADQTDYKPESSNIWDLPKVEFKYFKEWKRDERSEE 73
LSFDIETYTDGGLFPDAEIFDDPII—QISLIINDGGKKGPEKRILFTLGPCKEIDGIEV 63

WEHDEYSWTQFYKYLKELIEKWRRKEMYIEWGFNILRFDIPLLIQKGVEHRVGSLEEL 133
YEFNN EKELLKAFLEFIKKYDPDI-IYGHNISNFDLPYILSR LEKL 108

Figure 5.9: Sso0845 conserved domain and alignment with Ss01321
A BLAST search to identify similar sequences to Sso0845 revealed that only one known
protein shared any identity with this protein. The sequence of the similar protein, S.
solfataricus protein Ssol321 was aligned to Sso0845 using the LALIGN tool (A). The
sequence identity between the two proteins is 36.4 % over 198 aligned amino acid
residues. (:) indicate an exact amino acid match between the proteins (.) indicate a
residue with similar chemical properties. Using CD search one conserved domain was
found in Sso0845 (36.2 % alignment), that of DNA polymerase type B family domain
(POLBc) (B). Red indicates exact matches and blue indicates a residue with similar
chemical properties.
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5.2.2.1 Cloning and expression of Sso0845

The gene for orf Sso0845 was amplified from S. solfataricus genomic DNA by

PCR using Pfu polymerase. BamHl and Sail sites included on the PCR primers were

used to clone the gene into the multiple cloning site of the pQE821 vector (Qiagen). This

gave expression of the protein with an amino terminal 6-histidine tag, to aid purification

of the recombinant protein. The expression of the protein is under the control of the T5

promoter, and is induced by the addition of IPTG to the growth media. The pQE821

vector containing the 0845 opening reading frame was transformed into top 10 cells

(Invitrogen). 0.2 mM IPTG was added to the growth medium (LB) when the ODww of the

cells reached approximately 0.6. After induction the cultures were allowed to grow for a

further three hours at 37 °C before the cells were harvested by centrifugation (15 minutes

at 10,000 x g). The cell pellets were re-suspended in a buffer consisting of 20 mM Tris

pH 8.0, 0.5 M NaCl, 30 mM Imidazole and protease inhibitors (Roche EDTA free

protease inhibitor cocktail tablet. The over expressed protein was purified by a heat step

and Nickel affinity chromatography and gel filtration to produce a near homogenous

preparation of recombinant Sso0845 protein (see figure 5.10).

5.2.2.2 DNA binding of Sso0845

A range of concentrations of the purified protein (0.01 to 20 jiM) were tested for

the ability to retard a duplex containing a CC or GA mismatch compared to a perfect

duplex containing no mismatches. The conditions of the experiment were as described

previously (see section 5.2). No retarded DNA species were seen even for the highest

concentration of protein tested, suggesting that Sso0845 can not bind DNA under these
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conditions (Figure 5.11A). To further analyse the binding ability of Sso0845 for DNA a

range of conditions for the experiment were tried. These included altering the pH (pHs of

5.0, 6.5, 7.0 and 8.0 were tested) and the ionic strength (0, 50, 100, 500 and 1000 mM

NaCl) of the buffer. The addition of ATP to the binding buffer was also analysed with a

range of ATP concentrations from 0.01 to 1 mM being tested. The temperature at which

the protein was incubated with the DNA was also varied from 25 °C to 55 °C in 10 °C

increments. However under no conditions tested was a retardation of the duplex

observed (for simplicity only the results of the different NaCl buffers is shown - figure

5.1 IB). As recombinant Sso0845 can not bind duplex DNA, under the conditions of the

original mismatch experiment nor for a variety of other conditions, it is unlikely this was

the protein responsible for the retardation of the DNA probe seen in the CC mismatch

experiment.

kDa

31.5

21.5

Figure 5.10: SDS PAGE showing the purity of recombinant Sso0845 after the final stage
of purification.
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Figure 5.11: Analysis of the binding ability of recombinant Sso0845 to DNA by gel
electophoretic mobility shift assay.

(A) Increasing concentrations of recombinant Sso0845 were tested for the ability to
bind a 39 mer duplex DNA containing no mismatches (pd), one GA mismatch
(GA) and one CC mismatch (CC). Concentrations used were 0.01, 0.1, 1 and 10
//M. For the perfect duplex and GA mismatch a sample of DNA only (0) is
shown. Buffer conditions were the same as for section 5.2.

(B) Conditions of the EMSA were varied in order to see if recombinant Sso0845
could bind DNA. The results of one of these experiments is shown here. The gel
shows that recombinant Sso0845 can not retard a GA mismatch containing duplex
for any NaCl concentration tested in a buffer containing 20 mM Tris pH 7.6. For
each different concentration of NaCl 0, 0.5 and 10 piM Sso0845 were analysed.
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5.2.3 GA mismatch binding proteins

The flow - through from the cation exchange column showed retardation of a

duplex containing a GA mismatch (figure 5.12). In order to try and identify the protein

responsible for this retarded species the flow through from the cation column was

dialysed into Q sepharose binding buffer, and bound to a Q sepharose column. Bound

proteins were eluted from the column over a linear gradient of 0 to 1 M NaCl. Every

third fraction was tested for the ability to retard a duplex with a GA mismatch in a gel

electrophoretic mobility shift assay. A decrease in mobility of the DNA probe was seen

and those fractions where this was observed were pooled and fractionated via gel

filtration. These fractions were re-analysed for the ability to bind a GA mismatch

containing duplex. Figure 5.13 shows that fractions 12 - 28 of the gel filtration column

showed the ability to retard a GA mismatch containing duplex. There were three retarded

DNA species possibly corresponding to three separate proteins. At this point the

fractions were analysed by SDS PAGE (figure 5.14). Five bands were excised from the

Coomassie stained gel and sent for analysis by MALDI- ToF MS. The proteins were

identified as a small heat shock protein (Sso2427), two hypothetical proteins Sso2363 and

Ssol831, and two subunits of RNA polymerase, subunits A and B (Sso2225 and

Sso2227). Sso2363 is a hypothetical conserved protein relating to the MoxR like

ATPases. These are chaperones used in the assembly of specific enzymatic complexes

conserved throughout all bacterial and archaeal lineages (Iyer et al., 2004). Ssol831 is a

hypothetical protein containing no conserved domains and is only found in S. tokadii and

S. solfataricus.
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The presence of RNA polymerase subunits was concerning as RNA polymerase

can bind both RNA and DNA, hence the retardation seen could be a non specific binding

event of the polymerase. To see if this was the case the different binding species would

need to be separated into different fractions and analysed for protein content. To try and

separate the three species seen, the fractions were loaded onto a hydroxyapatite column.

This resulted in the near - separation of the different binding species (figure 5.15A). The

fractions from the hydroxyapatite column were both silver - stained, to look at total

protein content (figure 5.15B) and Coomassie blue stained to allow for identification via

MALDI ToF MS. All fractions contained at least some of the subunits of RNA

polymerase with the overall purity of the polymerase increasing over the NaCl gradient.

The vast majority of the bands present in very late fractions (fractions after 34) were the

various subunits of the RNA polymerase. As shown fractions 34 and 36 contain

essentially the same protein bands the majority of which were subunits of RNA

polymerase. However the amounts of the subunits relative to one and other differed

between these fractions. This could explain the different binding species seen in the

mobility shift assay. All the binding seen could be due to RNA polymerase, but the

subunit components differed and these different species eluted from the column

differently hence resulting in different binding of the substrate. This is supported by the

fractions from the gel filtration columns, where the larger retardation was seen with early

fractions, hence those containing more subunits of the polymerase.
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Figure 5.12: GA mismatch binding ability from S. solfataricus.
The flow through (FT) from the Source 30S column contained a species capable of
binding a GA mismatch containing duplex.
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Figure 5.13: Three GA mismatch binding abilities from S. solfataricus lysate after gel
filtration. The binding ability to a GA mismatch was followed through Q sepharose
purification and gel filtration. After gel filtration three separate retardations were
observed. Load shows the sample prior to fractionation by gel filtration.
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Figure 5.14 Coomassie stained protein gel of fractions, from a gel filtration column,
corresponding to retardation of a GA mismatch containing duplex.
Fraction number is indicated at the top of each lane. M contains a size marker with sizes
as indicated in kD. The protein bands numbered 1 to 6 were identified by MALDI ToF
MS. Bands 1 and 2 were identified as the B and A subunits of RNA polymerase
(Sso0227 and Sso0225). Band 3 as conserved hypothetical protein Sso2363. Band 4 was
identified as a small heat shock protein of the hsp20 family (Sso2427). Band 5 was
identified as a hypothetical protein (Ssol831).
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Figure 5.15: Binding to a GA mismatch containing duplex of fractions from a
hydroxyapatite column.
(A) The different retardations of the GA mismatch possible caused by different

proteins, seen in the gel filtration fractions (L), were separated by fractionation
using an hydroxyapatite column.

(B) The hydroxyapatite fractions were fractionated by SDS PAGE and stained with
silver to visualise the proteins within the fraction. Bands corresponding to RNA
polymerase subunits were identified through comparison with previous gels.
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5.2.4 RNA polymerase

The experiments were performed in the presence of a large amount of unlabelled

competitor DNA (calf thymus DNA) to try and reduce binding to the labelled mismatch

duplexes by non specific proteins. Considering RNA polymerase was still causing a

retardation of a mismatch duplex, it was thought that perhaps RNA polymerase has a

higher affinity for mismatches over non mismatched DNA.

To test this theory three fractions, containing RNA polymerase, one eluting in low

salt, one medium and one in high salt (fractions 11, 23 and 41 respectively from the

hydroxyapatite column refer to figure 5.15A) would be used to test the ability of RNA

polymerase to bind a range of mismatch containing duplexes compared to a perfect

duplex. Figure 5.16 shows that by eye there seems to be very little difference in binding

affinity between the substrates tested. Also fraction 11, which contained two different

binding species shows no difference in either of the bands for the different substrates. If

there were a specific mismatch targeting protein within this fraction you would expect

one of these bands to be more intense indicating a tightly bound species. Therefore it is

likely that both retardations are caused by two RNA polymerase complexes consisting of

different subunits.

To try to quantify a difference in binding between a GA mismatch containing

duplex and a perfect duplex hydroxyapatite fraction 41 was diluted in a serial dilution and

each dilution tested for the ability to bind the substrates (figure 5.17A). The amount

bound could then be quantified and plotted against the dilution factor to give a binding

curve to compare the affinity for mismatch containing duplexes and perfect duplexes. As

figure 5.17B shows there is only a very slight difference in binding between the perfect
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duplex and the GA mismatch. This very slight difference would not be significant

enough to have selected for RNA polymerase during the experiment as a specific

interaction with the mismatch.

GG GT GG GT
CC PD GA CC PD

GG GT
GA CC PD

Retarded species

Unbound DNA

Fll F23 F41

Figure 5.16: Binding of RNA polymerase to duplex DNA containing mismatched bases.
Comparison of binding of three different RNA polymerase containing protein fractions,
from the hydroxyapatite fractionation (Fractions 11, 30 and 36), to a number of different
mismatch containing duplexes. PD refers to a duplex with no mismatches, and CC, GG,
GT, GA correspond to the mismatch containing duplexes.
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Figure 5.17: Comparison of binding of RNA polymerase to a perfect duplex versus a GA
containing mismatch.
(A) Electrophoretic analysis of binding of hydroxyapatite fraction 41 to a perfect

duplex and a duplex containing one GA mismatch. 400 fmols of radioactively
labelled duplex containing a GA mismatch (GA duplex) or no mismatches
(perfect duplex) was incubated with increasing dilutions of fraction 41. Dilutions
used were undiluted, 1:5, 1:25, 1::250, 1:2500 and 1:25000 also shown is DNA
only Free duplex and bound duplex were separated by electophoresis in 5 %
native polyacrylamide gels and visualised by phosphor imaging.

(B) The fraction of DNA duplex bound to protein was calculated for each dilution and
plotted against the dilution factor. The data were fitted to a model for binding for
both the GA and perfect duplexes.
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5.3 Discussion

The attempt to try and identify a mismatch binding protein and hence one

involved in mismatch repair from S. solfataricus proved unsuccessful. Nevertheless it

has been shown that this organism has proteins that appear to bind mismatches in a

specific manner and hence potentially express proteins that could be used for the repair of

mismatched bases. However the identification of the specific protein or proteins

responsible for the activity was not achieved. In this discussion reasons why this was not

accomplished will be considered. Also included is a discussion on the proteins that were

identified during the course of this experiment.

5.3.1 Discussion of specific proteins identified

The binding analysis of the first fractionation of the S. solfataricus protein extract

(via cation exchange) indicated that there are potentially proteins that bind CC and GA

mismatches. As the pattern of retardation differed for these mismatches it is possible that

like other organisms different proteins recognise these different mismatches.

During the experiment a number of proteins were identified within fractions that

contained a mismatch binding activity. These were all disregarded as not being involved

in DNA repair for a number of different reasons, which will be discussed for each protein

identified. Ideally it was hoped a protein that was conserved in the archaea would be

identified within a mismatch binding fraction. A protein that either had no known

function but contained DNA binding or other DNA metabolising associated domains or

folds, or aligned structurally or via amino acid sequence to proteins that contained these

domains or folds.
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Only one protein identified was a conserved hypothetical protein, Sso2363. This

protein is highly conserved through both the archaea and bacteria and has similarities to

the MoxR like ATPases. These are chaperones that function in the assembly of specific

enzymatic complexes and have no known role in DNA repair nor an obvious role in DNA

binding. However ATPases are usually expressed at a high level within organisms and

are often identified during MALDI ToF analysis as contaminating proteins, which due to

their high abundance mask the identification of other proteins potentially within the

sample.

The hypothetical proteins Ssol831, Sso0845 and Sso2190, also identified during

the course of the experiment, only have homologues in S. solfataricus and S. tokadii and

were therefore deemed unlikely to be involved in an archaeal specific DNA repair

pathway. The identification of Sso0845 was intriguing given the fact it had been

previously identified in a mismatch binding experiment utilising a different methodology

(discussed in section 5.1.7). For these reasons despite only being found in Sulfolobus

species it was decided to analysis the ability of a recombinant Sso0845 to bind DNA.

However under the same conditions as the mismatch experiment, recombinant Sso0845

was found not to retard a mismatch containing duplex and hence be an unlikely candidate

for the mismatch binding activity.

The repeated identification of these hypothetical proteins suggests that they are

likely to exist in S. solfataricus, removing their hypothetical status. However their roles

within the organism remain to be elucidated. Given that Sso0845, 2190 and 1831 are

only found in Sulfolobus species it could be assumed that they may have a role unique to

the Sulfolobus species.
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Lysly tRNA synthetase, alanine tRNA ligase, elongation factor la, Alba, Sso7

and RNA polymerase, the other proteins identified during the experiment within

mismatch binding fractions, all interact with nucleic acids. The aminoacyl tRNA

synthetases charge tRNAs with their specific amino acids and recently they have also

been found to be involved in wide variety of other cellular functions (Martinis et al.,

1999). They have an obvious affinity for tRNA recognising both the stem and loop

structures of the molecule.

tRNA ligases are one of two proteins used to splice introns from tRNA genes.

The only introns S. solfataricus contain are those in tRNA genes and hence require these

proteins, like eukaryotes, to remove them and religate a functional tRNA. These ligases

like the synthetases have an obvious affinity for RNA. Similarly to these proteins

elongation factor la can bind RNA in its role to bring both GTP and aminoacyl tRNA to

the ribosome.

These proteins could have been falsely identified for two main reasons. Due to

the important role of the proteins they will be fairly highly abundant. This could, like the

ATPases, lead to problems with identification of proteins via tryptic digestion of a protein

band excised from an SDS PAGE gel. In a tryptic digest all the peptides from any

proteins present within the band are released and used for the identification of the protein.

If the band was made up of more than one protein then any peptides from a more

abundant protein within the band would mask those from a less abundant protein.

Potentially if a protein which bound the mismatch was that of a similar size and hence in

the same protein band on an SDS PAGE gel as a highly abundant protein then its peptides

could be masked and hence it would not be seen.
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Secondly these proteins as they bind RNA could potentially have an affinity for

DNA and therefore be retarding the mismatched duplexes in a non specific manner. Non

specific DNA binding proteins, such as RNA polymerase, in this type of experiment can

cause false results in the fact they will lead to a retardation of the substrate. Indeed a

highly abundant protein in S. solfataricus, which binds double stranded DNA, Alba was

identified via a fractionation method initially intended to identify protein specific for four

way junctions (MF White personal communication).

5.3.2 Methodology

This methodology had been used previously to identify mismatch binding

proteins, hence the use of it in this study. However there are various problems associated

with a methodology reliant on identification via mass spectrometry. Reliable

identification of a protein via tryptic digestion from a protein band is dependent on how

pure the sample is. The presence of a number of proteins within a sample can lead to

only a few of the proteins being identified and those that are will be the ones that are

more highly abundant (discussed earlier). To try to alleviate this problem and obtain

purer samples to identify the binding proteins within a fraction, without the need for more

chromatography columns that can lead to the loss of material, the samples could be

analysed by 2D gel. This could separate the samples further based on charge of the

proteins as well as size and reduce the number of proteins per band excised for

identification via mass spec analysis.

Identification via tryptic digestion of a protein band can only be used for proteins

that are relatively large (over 12 kDa) and approximately 500 ng minimum is required. A
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protein responsible for an observed binding activity can be very low in concentration and

still cause a retardation, if it has a strong enough affinity for the substrate. An example

similar to this is given by the second Holliday junction resolving protein, Hje from S.

solfataricus, was clearly seen through its activity in fractionated lysate, however the

actual protein responsible for the activity could not be identified via mass spec. The

publication of the genome sequence meant the protein was identified via similarity to Hjc

and later analysis showed despite Hje's high activity it is a very low in abundance protein

hence the difficulty in identifying it from a fractionated protein sample.

In theory the methodology did look promising with what appeared to be specific

retardations for the mismatches being observed. If the proteins responsible for the

retardation are high enough in abundance (extremely low abundant protein would

probably never be identified via this method) maybe a similar methodology could be used

to identify mismatch proteins if a number of changes were implicated. The lysate could

be cleared of highly abundant DNA binding proteins such as RNA polymerase, Alba,

SSB, Sso7, which could interfere with both the binding to the DNA and also the

identification of the proteins. With the advancement in mass spectrometry technology

with new machines capable of not only identification via mass but also sequence perhaps

this type of experiment to identify proteins will become more feasible. This technology

could perhaps identify a protein, which is retarding a duplex directly by excision of the

protein:DNA complex and subsequent mass spec of that band. This is something that

was investigated but at the time the mass spec machines available were not sensitive

enough to reliably identify the protein. The development of new methods for silver
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staining, which retain the sensitivity of the stain but also allow for mass spectrometry,

could lead to the identification of the less abundant proteins within a fraction.

Mismatch repair must excise the mismatched bases, this is achieved in organisms

with a known mismatch repair pathway by the cleavage and removal of the strand

containing the mismatch. Therefore to identify components in mismatch repair pathways

a nuclease activity could be investigated. However this would still rely on mass

spectrometric identification of proteins and have the same problems this causes.

Organisms contain many nucleases and using this method to identify a specific damage

recognising nuclease would be problematic, but maybe the simultaneous search for DNA

repair proteins by both binding and nuclease activity may help reduce these problems,

concentrating only on fractions that contain both these activities.

Mismatch repair was first identified in E. coli through the phenotype of cells

lacking essential components of the system, the mutator phenotype (LeClerc et al., 1996).

This is a characteristic, which is conserved through evolution of cells lacking an effective

mismatch repair system. With the advancement of knock out systems for the archaea in

particular for S. solfataricus (Worthington et al., 2003) perhaps this mutator phenotype

will be observed in a knock out screen and identify mismatch repair components.

Mismatch repair in S. solfataricus and the other hyperthermophilic archaea must

occur as these organisms, despite the extreme environments they live in, do not exhibit a

high spontaneous mutation rate. Given the conservation of the MutL and S proteins in

both sequence and mechanism from bacteria to eukarya, the fact they are missing from

hyerthermophilic archaea is very interesting. These archaea tend to be resistant to a large

number of DNA damage causing agents, however the pathways they utilise to overcome

153



DNA damage still remain a mystery in certain aspects. Specific hyperthermophilic

archaeal repair systems have been suggested but their function remains as yet

hypothetical (see chapter 6). Indeed knock out technology and the observation of an

obtained sensitivity to DNA damaging agents could be used to finally identify DNA

repair pathways deemed "missing" within the hyperthermophilic archaea and provide a

useful tool to discover the in vivo function of many DNA repair and binding proteins.
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Chapter 6: Study of the hypothetical protein Ssol399 a potential member of an

archaeal DNA repair complex.

6.1 Introduction - DNA repair in the hyperthermophilic archaea.

It has been suggested that the hyperthermophilic archaea may utilise distinct

repair systems to maintain genomic stability at the high temperatures they live at

(Grogan, 2000). This has been theorised for a number of reasons. Attempts to identify

repair proteins in archaea based on those found in E. coli and S. cerevisiae have only

proved partially successful suggesting the possible use of non homologous proteins

within the archaea (Aravind et al., 1999). Although hyperthermophilic archaea do not

have a higher spontaneous mutation rate when compared to other organisms, they lack

homologues of known mismatch repair genes (Eisen, 1998).

In 2002 Koonin and colleagues, using a bioinformatic technique that combined

the analysis of conserved gene neighbourhoods with sequence and structural

comparisons, predicted a novel DNA repair system in archaeal and bacterial genomes

(Makarova et al., 2002). These genes appear to be largely confined to thermophiles and

hence could fill a void in thermophilic archaeal DNA repair systems. This analytical

technique had been used previously to identify a formerly undetected prokaryotic

counterpart of the eukaryotic Ku dependent double strand break repair process (Aravind

and Koonin, 2001).

The thermophilic specific gene neighbourhood identified encoded proteins

containing over 20 different COGs (clusters of orthologous groups) most of these being

of unknown function. The neighbourhood was found in all archaeal sequences except
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Thermoplasma acidophilum and the Halobacterium species. Not one single gene was

absolutely conserved across all the genomes but there was a group of five core-conserved

proteins in the majority of the species studied. These were the proteins containing the

following COGS, 1857, 1688, 1203, 1468 and 1518. Interesting the order of these COGS

is also conserved.

COGS 1857 and 1688 are found in proteins of unpredicted function, but it was the

predicted function of the other proteins that lead to the belief this was a DNA repair gene

neighbourhood. The functions being a DNA helicase (COG 1203), recB like nuclease

(COG 1468) and a putative novel nuclease (COG 1518).

Proteins containing COG 1468 belong to the RecB nuclease family. A

characteristic of this family is the presence of a carboxyl terminal motif containing three

cysteine residues thought to coordinate the metal ion required for activity (Makarova et

al., 2002). COG1518 is found in proteins with no known function, however these

proteins do contain a series of conserved acidic residues. Acidic residues are often found

in families of nucleases and used to coordinate the catalytic metal ion (Aravind and

Koonin, 1998; Aravind et al., 2000; Kvaratskhelia et al., 2000). Proteins from a number

of different COGs (1336, 1367,1604,1337,1332) align together with many conserved

residues organised into five common motifs. It is thought that these proteins belong to

the same protein family; other COGs including COG 1688 included at least some of these

motifs and seemed to share the same folds as determined by predicted secondary structure

elements. It is believed that these COGs comprise a superfamily of repair-associated

proteins termed RAMP (repair associated mysterious proteins). Found in close proximity
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to these core COGs in most species is COG1353. It was found that many of the proteins

in this COG encode a putative C terminal polymerase domain (Makarova et al., 2002).

The core helicase of the potential repair neighbourhood COG 1203 has a

superfamily II helicase domain. Most of the COG1203 proteins are fused to a predicted

HD nuclease domain (Aravind and Koonin, 1998). Fusions between helicase and

nuclease domains are a common feature amongst DNA repair systems. For example the

RecB proteins are fusions between superfamily I helicase and eponymous nuclease

domains (Aravind et al., 1999). Those organisms that have an unfused 1203 helicase

usually contain either a second copy of the fusion gene or a stand-alone predicted HD

nuclease (COG2254), which is typically adjacent to the core gene array. This is the case

for a number of hyperthermophilic archaea such as P. abyssi, A. pernix and S.

solfataricus (see figure 6.1).

The putative DNA repair protein, Ssol399 (containing COG 1857), identified by

Makarova et al, had been identified as a potential DNA damage (mismatch) binding

protein (Dr Derek Richard - unpublished observation). This protein was identified using

DNA mismatch affinity chromatography. In brief, mismatch containing oligonucleotides

were immobilised onto activated cyanogen bromide sepharose beads to form a small

affinity column. S. solfataricus extract was passed over the column and any bound

proteins eluted via increasing salt washes. Bound proteins were collected and

precipitated by TCA. The precipitated protein samples were then fractionated via SDS

PAGE and total protein visualised by Coomassie blue staining. The experiment was

repeated using non mismatched duplexes and the results compared. Proteins bands
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specific for the mismatch - containing column were excised and identified via MALDI

ToF MS. During one of these experiments the protein Ssol399 was identified.

Initial studies on a recombinant preparation of Ssol399 purified by Dr Derek

Richard suggested this protein had a strong nuclease activity (figure 6.2). This evidence

together with the genomic location of the Ssol399 gene (located within a potential DNA

repair cluster) lead us to believe this protein could be a novel nuclease acting on an

unknown substrate. Therefore it was decided to analyse the ability of this protein to both

bind and cleave a range of DNA structures to elucidate a potential function of this protein

and hence COG 1857.
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Figure 6.1: Organisation of genes encoding for the predicted novel DNA repair system of
archaeal species. The different genes are colour coded according to COG number and the
numbers written within the boxes correspond to the gene number for each species. Sso S.
solfataricus, Sto S. tokadii, Afu Archaeoglobus fulgidus, Ape, Aeropyrum pernix, Pho
Pyrococcus horikoshii
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DNA 1399

Uncut substrate

Degradation products

Figure 6.2: Denaturing gel electrophoresis showing the degradation of a 50 mer radio -

labeled duplex DNA substrate, by 1 //M Ssol399. The protein was incubated with the
DNA for 15 minutes at 55 °C in a buffer containing 20 mM Tris pH 7.6, 75 mM NaCl
and 15 mM MgCl2. As can be seen this resulted in near complete digestion of the
original substrate suggesting a strong nuclease activity of the S so 1399 protein preparation
purified by Dr. D. Richard.

6.2 Cloning and expression of recombinant Ssol399

The gene encoding Ssol399 was amplified from S. solfataricus P2 genomic DNA

by PCR. The gene was cloned into the multiple cloning site of the expression vector

pET28c (Novagen,) via Ncol and BamHI restriction sites, included at the ends of the PCR

primers. To allow for the use of an Ncol site, the second codon in the Ssol399 gene

sequence had to be changed from CAG to GAG. This cloning strategy would lead to a

change in the second amino acid residue of the protein, from a glutamine to glutamic

acid. Due to the location of this amino acid it was thought this would have very little
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effect on the activity of the protein. Sequencing of the entire gene showed no other

mutations had been introduced.

Expression of the protein in the pET28c vector was achieved via the inclusion of

IPTG to the growth medium. The Tuner™ (DE3) pLacI E. coli strain (Novagen) was

employed for expression of the recombinant protein, as it contains a copy of the T7

polymerase gene required for transcription from the T7 promoter in pET28c. It was

found that this cell line gave a good yield of the recombinant protein, (approximately 10

mg of recombinant Ssol399 per litre of LB growth medium).

The S so1399 gene was also cloned into the pGEX-5X-3 vector (Amersham) for

expression of a GST-1399 fusion protein for use in affinity chromatography experiments

(see section 6.7). The gene was introduced into the multiple cloning sites, found

downstream of the gene for Glutathione S transferase (GST,) via the BamHl and Sail

restriction sites included on the PCR primers. Expression from the inducible promoter

(induced by IPTG) upstream of the GST gene gave GST fused to the amino terminal of

the Ssol399 protein. GST fusions are a useful strategy for not only increasing the

solubility of a recombinant protein but also as an effective aid in purification. GST has a

high affinity for glutathione, which can be immobilised onto agarose beads and used to

purify GST-fusion constructs. If required, the recombinant protein can be removed from

the GST protein by cleavage with Factor X protease utilising the protease site encoded

for on the pGEX 5x-3 vector upstream of the multiple cloning site.
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6.3 Translation start site of Ssol399

The recombinant Ssol399 (rSsol399) protein was purified to homogeneity

(Figure 6.3) by firstly a heat step to precipitate heat lable E. coli proteins. These were

removed by centrifugation and the remaining contaminating E. coli proteins removed via

three chromatography steps, (see materials and methods for details). As figure 6.3 shows

the protein migrates at a slightly larger molecular weight than expected (expected mass

35.9 kDa). SDS PAGE is not an accurate method to elucidate molecular size of a protein

but will give an approximation. To determine the accurate monomeric mass of rSsol399

mass spectrometry was used. The monomeric size of rSsol399 was determined at 35020

Da. This size was smaller than the expected predicted mass of 35853 Da. Further

examination of the spectrum showed a weaker mass peak at 35850 Da, the expected size

(figure 6.4). It was thought that the major peak (35020 Da) was due to the initiation of

translation being at the second encoded methionine (the eighth residue of the protein -

see figure 6.5) rather than the first. The first predicted codon as annotated in the S.

solfataricus database in the genomic sequence of Ssol399 is a TTG codon. It is known

that S. solfataricus can use alternative start codons including both TTG and GTG (De

Vendittis and Bocchini, 1996), however it was not known if indeed this was the true

initiation site. Analysing the sequence alignment between Ssol399 and its homologues

from other archaeal species showed the majority of the homologous sequences aligned

with Ssol399 at the second encoded methionine (figure 6.5). This suggested that perhaps

this methionine was the true start codon of the protein. It was decided to re clone

Ssol399 from this second methionine residue to alleviate the problem with internal

initiation of translation. This was achieved by amplifying the Ssol399 from the genomic
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DNA by using KOD polymerase. The gene was cloned into the pET28c vector and

expressed and purified as the previous construct. This second clone was used for all

subsequent analysis, and mass spectrometry confirmed that its mass was that of the

expected size, 35020. For the GST-1399 affinity chromatography experiments the pGEX

-5X-3 plasmid from section 6.2 that consisted of GST protein fused to 1399 from the first

methionine residue was used.
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Figure 6.3 Coomassie blue stained SDS PAGE gel showing Ssol399 after the final
purification step. Size markers are indicated in kDa (lane M).

35023.3 Da

35853.4 Da

34857.

.... ■ ■■■"■ i ■ ■ ■ ■ i i ■ ■ ■ i ■ ■ ■ ■ i mass
34500 35000 35500 36000 36500 37000

Figure 6.4: Monomeric mass as determined by mass spectrometry of rSsol399 produced
from the pET28c vector. Indicated are the masses of the two major species within the
sample, mass peaks of 35853.4 Da and 35023.3 Da. The expected mass of the whole
protein was 35853.4 Da. It is assumed that the major mass peak (35023.3) corresponds to
the mass of the protein from the second encoded methionine, produced by an internal
initiation event.
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Figure 6.5: Alignment of the N terminal region (amino acids 1 - 59) of the Ssol399
amino acid sequence with homologous protein sequences from other hyperthermophilic
archaea. Indicated by black shading are conserved residues, grey shading indicates
similar residues.
Abbreviations Sso S.solfataricus, Sto, S.tokadii, Afu Archaeoglobus fulgidus, Pab
Pyrococcus abyssi, Pho Pyrococcus horikoshii, Mja Methanococcus jannaschii, Pfu
Pyrococcus furiosus, Pae Pyrobaculum aerophilum, Ape Aeropyrum pernix. Numbers
indicate the number of the orf encoding the various proteins.

6.4 Oligomeric state of Ssol399

A sample of the purified protein was analysed by a calibrated superosel2 gel

filtration column (Amersham) to determine its oligomeric state. The protein eluted from

the column at an estimated size of approximately 150 kDa, which is consistent with a

tetrameric subunit composition for the protein (figure 6.6).

Glutaraldehyde cross-linking showed the major oligomeric state of Sso 1399 as

that of a dimer. The presence of a tetrameric species was also shown but this was at a

very low level (figure 6.7). Glutaraldehyde cross - linking causes the physical linkage of

two lysine residues within a protein. The linkage is resistant to both SDS and high

temperature and therefore linked subunits can be electrophoresed and analysed by SDS

PAGE. The cross-linking of subunits by glutaraldehyde is only efficient if there are
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lysines in relative close proximity across the interfaces between subunits. For rSsol399

it could be the case that a dimer interface has two such lysines, readily cross-linked by

glutaraldehyde seen by this method as the presence of the dimer in figure 6.7. The only

very slight presence of a tetrameric species, when this appears to be the oligomeric state

as determined by gel filtration, implies that perhaps 1399 forms a weaker interaction of

two dimers or the interface of the second interaction has no lysines in close proximity to

allow for cross linking via glutaraldehyde.
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Figure 6.6 Chromatogram showing the elution of rSsol399 from a superose 12 gel
filtration column. The protein eluted after 11.4 ml indicating a mass of approximately
150 kDa.

M 1
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Figure 6.7 Coomassie blue stained SDS PAGE gel of glutaraldehyde cross linking of
rSsol399. Lane 1 shows a control experiment where no glutaraldehyde was added. Lane
2 shows the cross linked rSsol399 showing the presence of a (faint) tetramer (~ 150
kDa), a dimer at~ 70 kDa and the monomeric protein at ~37 kDa. Size markers are
indicated in kDa (lane M).
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6.5 Analysis of the ability of Ssol399 to bind to a range ofDNA substrates

Recombinant Ssol399 was tested for the ability to bind to a range of DNA

substrates by electrophoretic mobility shift assay (see section 2.8.3). A number of

different substrates were used, 3' and 5' flaps, splayed duplex, four way junction and a

perfect duplex of 50 base pairs. For each substrate a range of protein concentrations were

used the maximum being 15 jiM.

In an initial study using the same buffer (20 mM Tris pH 7.6, 75 mM NaCl) for

which nuclease activity had been previously detected for 1399 and using the same

substrate (a 50 basepair double stranded DNA duplex); 1399 did not appear to bind

double stranded DNA (figure 6.8, lanes 4 and 5). Buffer conditions were varied to try

and ascertain whether rSsol399 would bind this substrate under different conditions.

Figure 6.8 shows the results from an experiment testing whether the double stranded

DNA was bound by rSsol399 for a variety of pHs whilst keeping the NaCl concentration

constant at 75 mM. As shown there is no specific binding to the DNA, which would be

shown by a decreased mobility of the DNA probe.

Other buffer constituents were varied, including different salt concentrations with

a range from 0 to 0.5 M NaCl and KC1 being tested. Other additional components to the

buffer, which may be required for binding, were also included such as EDTA, different

concentrations of ATP and metal ions. Flowever under all the conditions tested no

obvious specific binding to the DNA was observed. It was thought that perhaps Ssol399

had a specific substrate specificity and would only bind a certain structure of DNA. To

investigate this, the ability of rSsol399 to bind to both 5' and 3' flaps, splayed duplexes
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and four-way junctions was tested. Again the buffer components were varied but under

no conditions was binding observed to these branched DNA structures.

Figure 6.8 shows the analysis of the effect of pH on binding to a splayed duplex

substrate. A splayed duplex consisting of 25 base pairs of double stranded duplex and

followed by 25 base pairs of unpaired nucleotides to give single stranded arms was used.

This experiment was performed at a temperature of 55 °C. At this temperature the

splayed duplex was beginning to melt. This is shown by the presence of single stranded

DNA, indicated by the presence of the lower band in this lane (lane 3 in the figure).

However in the lanes containing recombinant Ssol399 this melting is not seen suggesting

that perhaps the protein is protecting the DNA. Also in these protein containing lanes,

there is a large level of DNA in the wells at the top of the gel. This suggests the DNA

can not enter the gel. These observations may imply that Ssol399 is having some affect

on the DNA, perhaps binding in a non-specific manner.

To investigate this possibility further a range of different concentrations of

rSsol399 (from 0 to 15 /iM) were incubated at 55 °C with both a splayed duplex and a 5'

flap substrate. Figure 5.10 shows that again these substrates are starting to melt at this

temperature and this is decreased as the concentration of Ssol399 increases. Also at very

high concentrations of protein the DNA is starting to be held up in the wells of the gel

and not penetrating into it. This characteristic of protection of the DNA substrates from

melting was seen for all the substrates tested, both 3' and 5' flaps, and splayed duplexes.
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Figure 6.8: Analysis of DNA binding to a duplex DNA substrate by rSsol399 under a
range of buffer conditions. 0.1 or 10 piM Ssol399 was incubated with 50 nM of radio¬
labeled duplex DNA for 15 minutes at 55 °C. The buffer consisted of 75 mM NaCl and
20 mM tris based buffer of the indicated pHs. Lane 1 contained DNA only with no 1399
protein. Lanes 2 and 3 contained buffer of pH 6.0, lanes 4 and 5 pH 7.6 and lanes 6 and 7
pH 8.0
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Figure 6.9: Analysis of DNA binding to a splayed duplex substrate by recombinant
Ssol399. Binding at 55 °C of Ssol399 to a splayed duplex under different pH conditions
(20 mM tris) and in 75 mM NaCl. Lane 3 contained DNA only with no 1399 protein.
For each different pH of buffer tested two protein concentrations were used of 0.1 and 10
jaM. Lanes 1 and 2 contained buffer of pH 6.0, lanes 4 and 5 7.6 and lanes 6 and 7 8.0

Figure 6.10: Analyses of the protection of melting of DNA substrates at 55 °C by
Ssol399 protein. Increasing concentrations of rSsol399 (0, 0.0001, 0.001, 0.01, 0.1, 1, 5,
10, 15 fiM) were incubated with 50 nM of radio labeled substrate (splayed duplex left
hand panel) (5' flap right hand panel). The reactions were separated by 5 % native
polyacrylamide gel electrophoresis. The buffer for both experiments consisted of 75 mM
NaCl, 20 mM Tris pH 7.6.
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6.6 Determination of possible nuclease activity of recombinant Ssol399

Recombinant Ssol399 protein was tested for the ability to cleave a range of DNA

substrates. Unlike the high level of cleavage seen (figure 6.2) with the original

preparation of this protein, no similar activity was observed under the same conditions for

this preparation (figure 6.11). The conditions of the assays were varied to see whether

1399 could cleave DNA under different conditions. Figure 6.12 shows an experiment

where a number of buffer conditions were varied; in each case a splayed duplex was

incubated with 4 piM of protein for 30 minutes. A splayed duplex was chosen for this

experiment as it encompasses both single and double stranded DNA as well as a junction

between the two. Therefore if the protein could act on any of these types of DNA it

would be observed by the cleavage of this one substrate. In the experiment both pH and

NaCl concentration were varied. Metal ion dependency was also analysed with Mg, Mn,

Co, Ca and Zn ions being tested as metal dependent nucleases can normally utilise at

least one of these ions. Activity with a range of magnesium ion concentrations was also

tested with concentrations of 1, 5, 10 and 15 mM being analysed. However only under a

few conditions can a very slight degradation be seen of the substrate. There is no obvious

nuclease activity seen when compared to that observed with the original 1399

preparation.

A number of different substrates (both 3' and 5' flaps, and three and four way

junctions) were also tested to determine whether perhaps Ssol399 acts on a specific

structure of DNA. However under no conditions tested (again pH, metal ion, NaCl

concentration were varied) was a specific cleavage event observed. However very slight

degradation was observed for a number of substrates (3' and 5' flaps and splayed
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duplexes) under certain conditions. For example figure 6.13 shows a very slight cleavage

of both splayed duplex and 3' flap over time. This is very slight exonuclease activity,

which seems to target both substrates equally as well. It is a similar activity a general

degradation, as observed for the original preparation of this protein, which again seemed

to be a non-specific exonuclease.

time

Uncut substrate

Figure 6.11: Denaturing gel electrophoresis showing no degradation of a 50 mer radio
labeled duplex DNA substrate with 1 /<M Ssol399. 1 piM. rSsol399 was incubated with
the 100 nM radio labeled duplex DNA for 5, 15 and 30 minutes at 55 °C in a buffer
containing 20 mM Tris pH 7.6, 75 mM NaCl and 15 mM MgCl2.
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[Mgcy [NaCl] [pH] Zn Cu Mg

Figure 6.12: Denaturing gel of a 50 mer splayed duplex substrate after incubation with 4
rSsol399 protein at 50 °C for 30 minutes.

Buffer conditions were as followed.
The first set (MgCl2), 20 mM tris pH 7.6, 75 mM NaCl and increasing MgCl2
concentrations of of 0, 1, 5, 10 and 15 mM.
The second set (NaCl), 20 mM tris pH 7.6, 15 mM MgCl2 and increasing NaCl of 0, 10,
50, 100 and 500 mM NaCl.
The third set 75 mM NaCl, 15 mM MgCl2, 20 mM tris pH 5.5, 6.5, 7.5, 8.5, 9.5
The fourth set 20 mM tris pH 7.6, 75 mM NaCl, 15 mM ZnCl2, 15mM CaCl2, 15mM
Co2Cl4, 15 mM MnCl2, 15 mM MgCL
Lanes mark 0 DNA only
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Uncut substrate

Degraded substrate

Figure 6.13 Denaturing gel electrophoresis showing slight degradation of DNA by 1399
over time.
4 piM of Ssol399 was incubated at 55 °C with 50 nM of radio labeled DNA substrate
(either splayed duplex (SD) or 5' flap substrate (5' F)). For the splayed duplex time
points at 0 and 30 minutes were taken. For the 5' flap time points at 0, 5, 10, 20, 30 and
60 minutes were taken. Buffer components for this experiment were 20 mM Tris pH 7.6,
75 mM NaCl, 15 mM MgCl2.
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6.7 Determination of protein interactions of rSsol399

To determine if Ssol399 interacted with any proteins from S. solfataricus GST

affinity chromatography was performed (see figure 6.14). In brief this technique

comprises the fusing of the reading frame of the protein of interest to that of glutathione S

transferase to express a GST- fusion protein. GST has a high affinity for glutathione and

this compound can be immobilised to agarose beads in order to produce a matrix capable

of acting as an affinity column. E. coli lysate containing the GST-fusion protein is then

bound to the beads and contaminating proteins removed by washing the beads in a high

(1 M) salt buffer. To test for interactions, S. solfataricus cell lysate is passed over the

GST fusion column equilibrated in 150 mM NaCl containing buffer. Any interacting

proteins will bind and the non-interacting proteins can be washed with a low salt buffer

wash (150 mM). Bound proteins can be eluted by washes of increasing salt

concentration. For each salt wash the proteins are precipitated by TCA and analysed by

electrophoresis on a SDS polyacrylamide gel. To act as a control the experiment is

repeated but using a GST only column to identify any proteins that bind the agarose

beads or GST protein. Any proteins seen on the acrylamide gel specific to the fusion

protein experiment can be identified via tryptic digestion and MALDI ToF mass

spectrometry.

Trypsin cleaves proteins after arginine and lysine residues to give a series of

peptides. The masses of all the peptides can be measured using a MALDI ToF mass

spectrometer. The protein, from which the peptides originate, can then be identified by

comparison of these peptide masses to those obtained via in silico digestion of all the

encoded open reading frames found in the S.solfataricus genome. The number of
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peptides found and the sequence they cover can then be scored to obtain the most likely

identification of the protein being analysed.

The GST affinity chromatography technique has successfully been used to

identify interacting partners for a number of different proteins (for example Roberts et al.,

2003). However there are problems associated with the technique. For example if a

protein interacts with the amino terminus of the protein of interest this interaction will be

occluded by the presence of the fused GST protein.

Gst-1399 was immobilized on glutathione agarose beads and used for affinity

chromatography as stated in the material and methods. The experiment was repeated in

triplicate and the SDS PAGE gel (figure 6.15) shows the results of one of these

experiments. Three bands of sizes 86, 37 and 18 kDa were seen only in the GST 1399

experiment and not in the GST control experiment. The bands were excised from the

gel and subjected to in gel digestion via the protease trypsin. The tryptic peptides were

then analysed via MALDI ToF mass spectrometry and the results compared to a database

to identify the proteins. The 86 kDa band was identified as Sso0421, a member of the

AAA family of ATPases. The 36 kDa band was identified as Sso0947, a hypothetical

protein of unknown function. The 18 kDa band was identified as Sso0606, a putative

transcription factor.
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GST control column

Cell lysate

GST-fusion column

Glutathione agarose beads

Wash to remove unbound proteins

Beads containing
bound proteinsV V

Increasing NaCl or KC1 washes to remove bound proteins
Followed by TCA precipitation of the fractions and SDS PAGE

Control fusion
Excision of fusion

experiment specific
bands. Tryptic
digestion of the
proteins and
identification via
MALDI Tof MS

Figure 6.14 Overview of the protocol for GST affinity chromatography. GST-fusion
protein is bound to glutathione agarose beads. Cell lysate is passed over the column and
the column is washed to remove unbound proteins. Any bound proteins are eluted with
washes of increasing salt concentration. Bound proteins are precipitated and analysed by
SDS PAGE. Proteins are identified by tryptic peptide mass fingerprinting.
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Figure 6.15: SDS PAGE analysis of GST-1399 affinity chromatography fractions (Sypro
ruby stained). Sulfolobus solfataricus total cell extract was passed over a column
containing GST-1399 fusion protein (1399) immobilized on glutathione agarose beads.
Proteins bound to the column were eluted in 250 mM, 500 mM and 1 M NaCl washes. A
GST only column (c) was used as a control. Lane M contains a molecular weight marker
(Mark 12™, Invitrogen) with sizes indicated in kDa. Arrows indicate those bands
specific for the Ssol399 column and identified via MALDI ToF MS as Sso0421 (number
1), Sso0947 (number 2) and Sso0606 (number 3).
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6.8 Discussion

It originally appeared that the conserved hypothetical protein, Ssol399, had

nuclease activity. However, as the results shown in section 6.6 indicate this activity was

not present in a subsequent preparation of the protein. Under a few conditions a very

slight nuclease activity was observed, but only a tiny proportion of the activity seen with

the original preparation. This implies the original activity was due to a contaminating

non-specific nuclease from E. coli. The original preparation was purified by a heat step,

a heparin column and gel filtration and appeared to be of single band purity as determined

by a Coomassie blue stained SDS polyacrylamide gel. However, a very small amount of

an E. coli nuclease, undetectable by Commassie blue staining, could have been carried

over during the purification and be responsible for the activity observed. The use of a

third chromatography column for the purification of the latter preparation could have

meant this contamination was mostly removed. A small level may have remained,

indicated by the very slight degradation of the substrate, of similar pattern to that seen

with the original preparation, seen under some conditions.

This work highlights the requirement of extremely pure samples of protein for

biochemical analysis when dealing with nucleases and indeed other proteins commonly

found in E. coli. This can be achieved by good purification techniques and the use of

affinity tags. A great advantage of S. solfataricus proteins is their heat stability, which

generally means recombinant S. solfataricus proteins expressed in E. coli can be of a very

high purity.

To test for nuclease activity a wide number of buffer constituents were analysed.

Nucleases, for example the restriction enzymes, can be very sensitive to conditions, only
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showing activity in a certain environment. For example enzymes can be both salt

concentration and pH dependent. Both the metal ion type and concentration can also

have a major affect on the activity of the enzyme. To ensure that recombinant Ssol399

was fully analysed for nuclease activity many buffer conditions were assayed. However

under no conditions was a strong nuclease activity observed.

Various nucleases have evolved to be specific for a certain structure of DNA, for

example the Holliday junction resolving enzymes mainly only act on four - way junctions

(reviewed in (Lilley and White, 2001). However no nuclease activity for Ssol399 was

identified for any of the substrates tested. This led to a number of questions, the first

being whether the recombinant 1399 protein was folded correctly. It is strongly

suggested, by both the glutaraldehyde cross - linking and the gel filtration analysis, that

rSsol399 has a quaternary structure of at least a dimer. The presence of an interaction

between monomers of Ssol399 implies that the protein must be folded. A sample of the

protein was also sent for analysis via circular dichroism spectroscopy, which can be used

to predict secondary structure elements in proteins. The spectrum showed that the

Ssol399 protein did indeed have secondary structure. This conclusion is also supported

by initial crystal trials where protein crystals were obtained. This suggests that the

protein must have an ordered structure to allow for crystal growth.

A crystal structure of Ssol399 may help to determine if 1399 is indeed a potential

nuclease. A three dimensional structure could be compared to other known nucleases and

DNA binding proteins structures in order to see whether Ssol399 adopted a similar fold.

Ssol399 was also analysed for any ability to bind a number of DNA substrates.

To maximise the analysis of a binding potential the experiments were repeated under a
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number of different buffer conditions. Using the EMSA technique no specific binding

was seen for any of the substrates tested. However this does not completely rule out a

possible DNA binding ability of 1399, DNA binding activity may be undetectable via this

method. This technique depends on the ability of a protein to bind a DNA substrate

tightly and this complex needs to be maintained for several hours under an electrical

current. Given that DNA binding proteins are usually oppositely charged to DNA, unless

the protein binds with high affinity to the DNA the conditions of the experiment can lead

to a dissociation of the complex before it has entered the gel. Other less harsh forms of

binding experiments such as ITC could be employed to analyse binding ability.

The presence of Ssol399 did seem to protect DNA substrates from melting at

high temperatures. Given that S. solfataricus is a hyperthermophilic organism, existing at

temperatures of 80 °C, protection of the DNA is an important requirement. However this

characteristic will require further study to understand any role it may have.

Proteins that act on DNA may not actually physically interact with the DNA, but

may require a scaffold protein to target them to it. The presence of additional proteins

can also be required for either the activity of nucleases or can stimulate their activity. For

example the human Mus81 nuclease activity is absolutely dependent on an interaction

with an additional protein, Emel neither of which show nuclease activity independently

(Ogrunc and Sancar, 2003). Other nucleases can be stimulated, often by unknown

mechanisms, by the presence of other DNA binding proteins. Potential protein

interaction partners of a protein of interest can help to elucidate its function and also

could identify a protein requirement, essential to its activation.
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GST-affinity chromatography of Ssol399 lead to the identification of three

potential interacting proteins. However these proteins did not obviously lead to a specific

role and are hard to determine if indeed they truly interact with Ssol399 or were

randomly identified. ATPases are quite often identified via this technique with a wide

range of different GST fusion proteins (unpublished observation). This could be because

this ATPase is expressed at a high level with S. solfataricus (identified via 2D

electrophoresis unpublished observation). Or the ATPases could be interacting with a

second protein, which is interacting with the fusion protein.

The putative transcription factor, Sso0606 was identified as a potential interacting

partner of Ssol399. This is a hypothetical member of the Lrp transcription factors and

contains a conserved winged helix DNA binding domain. The identification of DNA

binding proteins using this type of methodology when using a potential DNA binding

protein can lead to false interactions made through DNA. If the GST-fusion protein binds

DNA then other DNA binding proteins can also bind the bound DNA and be eluted

during the increasing salt washes. This sort of false interaction can be removed by

DNase treatment of the lysate before loading onto the column. Repeating the experiment

in the presence of ethidium bromide, which can prevent the interacting of certain DNA

binding proteins to DNA can also help to identify if this interaction if true or via DNA.

GST-fusion chromatography can be a powerful technique to identify interacting

protein partners. However the interaction has to occur under the conditions of the

experiment. If indeed a protein interacts with the terminus to which the GST is fused, in

this case the amino terminus, this would not be observed. The technique also requires
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enough of the interacting protein to be present in order to be precipitated and identified

viaMALDI ToF mass spectrometry.

A true interaction between two proteins would need to be verified via a second

technique. ITC, gel filtration, immuno - precipitation and two hybrid methods have all

been successfully used to verify protein - protein interactions. Ultimately a physical

interaction between two proteins needs to be understood in terms of a functional

characteristic.

The S. solfataricus genes with Sso numbers 1399, 1400, 1401 and 1402 have been

shown by Dr Robert Dorazi to be co transcribed (unpublished data). Genes that are co

transcribed usually encode proteins that have a related function. For example the E. coli

lac operon, three genes are co transcribed that encode proteins required for the

metabolism of lactose (Eron and Block, 1971). Given that Ssol399 is co - transcribed

with a gene encoding a DNA helicase, a role of this protein in some form of DNA repair

is still implied. No DNA binding or nuclease activity of the recombinant protein was

detected. It is possible that Sso 1399 may interact with one or more of the proteins

encoded within this region of a predicted DNA repair complex. Any such interactions

were not detected by the GST affinity chromatography experiment. This may have been

for a number of reasons for example the proteins could be expressed at a very low level

or could interact with the N terminus of 1399. The presence of a complex between

Ssol399 and other members of this repair operon could be required to activate Ssol399.

This is a theory that needs to be tested in order to try and understand the function of

Sso 1399 and potentially the role of this conserved gene neighbourhood in the

hyperthermophilic archaea.
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7: Final conclusions and future work.

This thesis has focused on the study of the Holliday junction resolving enzymes

from S. solfataricus. While unique features of the archaeal enzymes were identified, for

example the lack of a sequence preference, these enzymes highlight the use of a

conserved metal binding motif for binding the metal ion, which is essential for the

hydrolysis of the DNA backbone. This motif, which identifies the nuclease superfamily,

is used for the process of DNA cleavage for a number of different enzymes. Changes

within specific subgroups of this nuclease family allow for the recognition of a range of

different DNA targets encompassing a preference for nucleic acid sequence or structure.

The restriction enzymes utilise this motif along with their specific recognition domains to

cleave particular recognition sequences specifically. The Xpf/Mus81 family have

evolved to target a number of structure specific targets. The Hjc family goes a step

further in specifically cleaving only one structure, the four - way junction. It is possible

the members of the Hjc family have evolved a novel mechanism to achieve this high level

of specificity. This potential mechanism could involve a serine residue to complete the

active site, an event that only occurs when the correct substrate is bound to the protein.

To test this theory further work is required. This could involve the use of spin labelling

the enzyme to observe, by EPR, whether the flexible loop containing this conserved

essential residue moves in the presence of DNA. A co - crystal structure of DNA and a

Hjc family member could also help to understand what role the serine residue has on the

catalytic mechanism. Despite many years of study the molecular mechanism of four -

way junction recognition by these enzymes is not fully understood. The determination of
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the structure of a protein: DNA complex structure could help to elucidate the basis of four

- way junction recognition and indeed provide insights into general structure specific

DNA recognition.

This year has seen the fortieth anniversary of the proposal of the Holliday

junction. Over the years the role of the Holliday junction has expanded and it is now

recognised as an important key intermediate in many processes. Evaluation of the

resolution of this structure and the identification of the proteins that perform this function

have lead to a strong understanding of the latter stages of recombination. However many

questions still remain to be answered, such as what controls the process of recombination,

the identification of the elusive Holliday junction resolving enzyme in eukaryotes and

also the proteins involved in the branch migration pathway in eukaryotes and archaea.

Perhaps the study of branch migration in archaea will provide insights into the eukaryotic

processes.

Many processes involving DNA are interlinked by the interactions made between

proteins. The sliding clamp PCNA interacts with a wide number of replication, repair

and recombination proteins underpinning a possible method of control for these

processes. The interaction of PCNA with certain proteins can lead to their stimulation, or

can infer directionality to a process or tether proteins such as the mismatch repair proteins

to the DNA. Mismatch repair is an important form of DNA repair and is generally a

highly conserved process between species. The apparent lack ofmismatch repair proteins

in the archaea is an intriguing feature of this domain. However the identification of novel

repair clusters specific to the hyperthermophilic archaea could provide possible

explanations for the lack of mismatch repair and other DNA damage sensing proteins.
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The identification of possible novel DNA repair processes highlights the need for further

work to fully understand archaeal DNA repair and provides insights into the evolution of

the DNA repair pathways.
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