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Function of bacteriophage Orf recombinases

in genetic exchange

Patricia Reed

University of Durham

Recombination events in bacteriophages frequently occur by illegitimate exchange at
short tracts of sequence homology, enabling these viruses to acquire novel genes and
serve as vehicles for horizontal gene transfer. The emergence of new pathogenic
organisms due to the acquisition of virulence determinants from bacterial viruses has
stimulated considerable interest in the mechanisms of phage recombination.

Bacteriophage A encodes its own recombination system, consisting of Exo,
and y proteins. An additional A recombinase, Orf, participates in the early stages of
exchange, supplying a function equivalent to the Escherichia coli RecFOR complex.
The host enzyme complex promotes the loading of the RecA strand exchange protein
onto SSB-coated ssDNA. This thesis describes the purification and biochemical
analysis of the A Orf protein, in parallel with two distantly related homologs from E.
coli cryptic prophage DILLP12 and Staphylococcus aureus phage ¢ETA.

A Orf was found to belong to a family of proteins originating from diverse
lambdoid phage and prophage sources. Members of this family reside within a
conserved genetic module located between phage replication and cell lysis functions.
Orf exists as a homodimer, arranged as a toroid with a shallow cleft running
perpendicular to the central cavity. It binds preferentially to DNA containing single-
stranded regions, and associates with E. coli SSB protein in the presence of ssSDNA.
The Orf homolog from E. coli DI.P12 displayed similar properties. This work
suggests that members of the Orf family function as recombination mediator
proteins, stimulating the assembly of strand exchange proteins onto ssDNA, and
highlights the importance of overcoming the barrier presented by SSB proteins

during lambdoid phage recombination.

xi



Chapter 1: Introduction

Chapter 1

Introduction

1.1 Summary

This thesis describes the purification and biochemical analysis of the Orf
recombination protein from phage A and its homologs, E. coli DLP12 Orf151 and §.
aureus phage ¢ETA Orf20. Background information relevant to the study of these
recombinases is provided i this chapter. A briel description of the diversity of
bacteriophages in nature is provided, their importance as conlributors to the
evolution of pathogenic bacteria and the ongoing studies aimed at unravelling the
pathways of genetic recombination in phages. The A Red recombination system and
interplay between phage and host (E. coli) recombinases will also be discussed

before introducing the main topic — the role of A Orf during recombinational

exchange.

1.2 Bacteriophage A as a model system

Bacteriophages are a highly diverse group of viruses, capable of infecting a wide
range of bacterial hosts. Their name comes from the Greek “phagein” meaning to
eat, literally translated as “eaters of bacteria”. More than 4500 different double-
stranded (ds) DNA phages have been described, though few have been studied in
detail (Hendrix et al., 1999). They vary in morphology, genomic arrangement, mode
of replication, lifecycle and host range. Even those with similar architecture may be

completely unrelated at the nucleotide level. However, groups of phages with a
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comparable gene layout and certain level of sequence relatedness have been
documented. The best characterised family is the lambdoid or ‘lambda-like’
temperate phages, many of which are capable of productive genetic recombination
with A (Juhala et al., 2000; Neely and Friedman, 1998; Miyamoto et al., 1999;
Plunkett et al., 1999; Vander Byl and Kropinski, 2000). Lambdoid genomes display
remarkable mosaicism, with regions of significant sequence homology interspersed
with seemingly unrelated segments (Hendrix ef al., 1999; Juhala er al, 2000,
Highton e al, 1990; Campbell, 1994; Hendrix, 2002). Their mosaic nature is
evidence of the horizontal transfer of genetic material and that regular genome
reorganisation is crucial for their evolutionary success.

Phages can exist as stable particles outside the bacterial cell, however they are
metabolically inert in their extracellular form and the phage genetic material must re-
enter the host in order to replicate. Upon injection, A DNA can take up residence in
the host chromosome in a dormant (lysogenic) state or develop lytically, yielding
progeny phage and Kkilling the host. The decision between these two developmental
pathways is affected by the prevailing environmental conditions and the number of
infecting particles per cell (Herskowitz and Hagen, 1980; Echols, 1983; Friedman,
1983; Weisberg, 1983). The lytic pathway is a productive cycle, during which the
phage replicates its genome autonomously, expresses morphogenetic genes,
assembles progeny phage particles and lyses the cell (Friedman, 1983). In contrast,
the lysogenic lifestyle entails integration of the phage into the E. coli chromosome by
site-specific recombination (Weisberg, 1983) and its genome is subsequently
replicated along with its host. Expression of the lytic genes is repressed by the

prophage and also confers immunity against further A infection. The lytic pathway
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can be restored by exposure to DNA-damaging agents, resulting in repressor
cleavage (in the same way LexA repressor cleavage switches on the host SOS
response) and induction of lytic gene expression. Phage A development and the
complex genetic networks (“the genetic switch”) involved in the lysis-lysogeny
decision have been studied in considerable depth (Herskowitz and Hagen, 1980,
Hendrix, 1983; Ptashne, 2004; Dodd et al., 2005; Oppenheim et al., 2005) but will
not be discussed further here.

The alternate lifestyles adopted by phages, allows them to serve as repositories of
genetic information that can be readily shared among bacterial populations. During
lytic growth, phage-encoded recombinases promote genetic rearrangements that
occasionally result in acquisition of new genes, either from resident prophages or the
host chromosome. Novel properties from an infecting phage can be expressed even
in the prophage state, a process known as lysogenic conversion, which may confer an
evolutionary advantage on the recipient bacterium. This ability to obtain new genetic
material and mediate its transfer to other strains means that bacteriophages are vitally
important for bacterial evolution, especially for the dissemination of virulence
determinants. An assortment of virulence products are known to be encoded by
phages, including toxins, antibiotic resistance factors, type III secretion systems,
surface proteins and extracellular enzymes (Waldor, 1998; Miao and Miller, 1999,
Boyd and Brussow, 2002; Wagner and Waldor, 2002). Numerous bacteria owe their
pathogenicity to products expressed by prophages. Notable examples include the
Cholera toxin of Vibrio cholerae encoded by phage CTX¢ (Waldor and Mekalanos,
1996), the structural (zox) gene of diphtheria toxin, from Corynebacterium

diphtheriae (Buck et al., 1985) and the Shiga toxins produced by phages 933W and
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933V in E. coli O157:H7 (Perna et al., 2001). Even A encodes genes (lom and bor)
that help E. coli strains adhere to human tissues and aid their survival in serum
(Barondess and Beckwith, 1990; Barondess and Beckwith, 1995).

The events that lead to the exchange of genetic material tend to occur at short
tracts of sequence homology. These types of exchanges are often referred to as
illegitimate and are the result of phage-encoded recombinases that display
promiscuous tendencies. Recombination between regions displaying only 30-30 base
pairs (bp) of homology are not uncommon (Yu ef al., 2000). However, examination
of the junctions left from previous recombination events mediated by lambdoid
phages, revealed that as little as 5-10 bp of sequence identity may be sufficient to
secure exchange (Juhala et al, 2000). The remarkable diversity and widespread
genetic mosaicism mentioned previously is a direct consequence of this
recombinational promiscuity.

In order to understand the role phage play in the evolution of bacteria, we first
need to unravel the molecular processes of phage recombination. Since its isolation
in 1951 (Lederberg, 1951), A has served as a pioneering model for numerous
biological systems, for example: gene regulation, transcription termination, site-
specific and general recombination, in addition to the developmental programs
discussed earlier (Gottesman, 1999). As the best characterised of the lambdoid
phages, it has been thoroughly characterised at both the genetic and biochemical
levels (Hendrix et al., 1999, Vander Byl and Kropinski, 2000; Juhala er al., 2000,
Barondess and Beckwith, 1990; Neely and Friedman, 1998; Plunkett et al., 1999).
Phage A therefore provides an excellent model to elucidate the molecular

mechanisms that promote bacteriophage genome rearrangements.
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1.3 Genetic Recombination

Genetic recombination, also known as homologous recombination, is critically
important for the maintenance of genomic integrity (Stahl, 1996, Kogoma, 1996;
Cox et al., 2000). Initial studies suggested that recombination primarily functions in
the repair of chromosomal breaks and to generate genctic diversity within
populations. However, it is now thought that the major role of homologous genetic
recombination in bacteria, and in virtually all cellular organisms, is the non-
mutagenic restoration of stalled or collapsed replication forks (Kreuzer, 2005; Cox et
al., 2000). Every mitotic division in mammalian cells 1s thought involve the
recombinational repair of as many as ten replication forks (Haber, 1999). Similarly,
bacteria grown under normal culture conditions are estimated to require the repair of

a damaged replication fork in almost every cell, in every generation (Cox, 1998).

1.4 E. coli DNA replication

Wild-type E. coli cells grown in rich media at 37°C with suitable aeration will divide
approximately every 20 minutes. The circular E. coli chromosome consists of 4.6
million base pairs (Mbp) and takes approximately 40 minutes to replicate. In order
for an E. coli cell to divide faster than the chromosome can be replicated, the next
round of replication must be initiated prior to cell division and segregation. The
single E. coli chromosome is replicated bidirectionally, by two replication forks,
from a single replication origin called oriC (Prescott and Kuempel, 1972). The semi-
conservative nature of DNA replication requires that a replication fork must perform
simultaneous DNA synthesis on both strands of parental DNA (Watson and Crick,

1953). DNA replication is catalysed in a highly ordered manner by a multisubunit
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enzyme complex, the replisome (Figure 1.1). DnaA initiates replication by binding to
multiple sites at oriC (Messer, 2002) and an association between DnaA and ATP
leads to the localized melting of the adjacent duplex DNA (Erzberger et al., 2002;
Erzberger et al., 2006; Simmons ef al., 2003). This complex is recognised by DnaC,
which facilitates loading of DnaB, the replicative helicase, onto the exposed single-
strand region (Carr and Kaguni, 2002). The helicase acts to disrupt the parental
duplex, unwinding the individual template strands in preparation for DNA synthesis.
Loading of DnaB recruits the clamp loader complex, which in turn loads the
p—sliding clamp. This assembly forms the centre of the replication apparatus (Figure
1.1), coordinating simultaneous leading and lagging strand DNA synthesis
(McHenry, 2003). The clamp loader complex consists of five proteins, 8, 8", DnaX,
(consisting of two T subunits and a truncated version of t called y) and two accessory
factors y and v (McHenry, 2003). The leading strand acts as a template for the DNA
polymerase III (¢) complex, which incorporates nucleotides continuously in the 5’ to
3’ direction. A second polymerase III (o) molecule, tethered to the other by the
clamp loader complex, synthesises the lagging strand discontinuously as a series of
short (1-3 kb) Okazaki fragments from RNA primers, which are synthesised by the
DnaG primase. The polymerase and its associated B-sliding clamp are reloaded
continually onto the lagging strand by the y-complex clamp loader. Completion of
lagging strand synthesis requires degradation of the RNA primers, filling of the gaps
.by DNA polymerase I and ligation of Okazaki fragments. Single-strand binding
protein (SSB) binds to single-stranded DNA (ssDNA) around the replication fork, in
particular on the lagging strand, and helps prevent reannealing of template

sequences, eliminates hairpin formation at palindromic sequences and protects the
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exposed ssDNA. As we shall see later, SSB complexed with ssDNA can present a
problem for recombination and repair proteins as it prevents access to the template

{(see section 1.6).

1.5 Repair of stalled replication forks in E. coli

DNA replication forks frequently encounter a damaged parental template and this
can lead to fork stalling or even replisome disassembly (Cox et al., 2000; McGlynn
and Lloyd, 2002). For example, a replication fork will stall if it encounters a
blockage in the DNA such as a thymine dimer. If it encounters a nick in the template
DNA, one of the sister strands will be released producing a double strand break.
Such situations may arise following exposure to DNA damaging agents, such as
ultraviolet radiation or ionising radiation. However, this type of problem is not
unique to cells subjected to exogenous sources of DNA damage, replication fork
inactivation also occurs frequently during normal aerobic growth. This could be due,
for example, to a lack of processive helicase activity, the presence of bound proteins
or unusual DNA structures, natural replication pause sites in DNA (Rothstein et al.,
2000) or oxidative lesions produced by the action of endogenous hydroxyl radicals
(Keyer er al., 1995). It is estimated that at least 18% of cells suffer some form of
replication fork damage during each replication cycle (Maisnier-Patin et al., 2001).
Consistent with this level of injury is the finding that priA mutants have very low
viability (Marians, 1999). PriA is responsible for reloading DnaB helicase at sites
other than the origin of replication. Hence, replication restart appears necessary in

the majority of replicative cycles.
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Repair of stalled replication forks is accomplished by a variety of methods
including homologous recombination (Figure 1.2). Depending on the nature of the
genetic insult received, different sets of presynaptic enzymes (e.g. RecBCD,
RecFOR) aid assembly of the strand exchange recombinase RecA (see section 1.6).
The 4-stranded Holliday junction, a central intermediate in the process of
homologous recombination, can then be established (McGlynn and Lloyd, 2002; Cox
et al., 2000; Cox, 2001). Exactly which pathways are used and in which situations
remains unclear, however the interconversion between a replication fork and a
Holliday junction remains a fundamental principle of DNA repair (Sherratt, 2003).
Because the Holliday junction lies within homologous duplexes it can be moved via
branch migration by the action of RecG, RecQ or RuvAB and resolved by the action
of the RuvC endonuclease. The actions of the RuvABC helicase-endonuclease
complex will be discussed further in Chapter 8. However, the functions of RecBCD
and RecFOR complexes in loading RecA onto ssDNA are relevant to phage A

recombination and are described in the following sections.

1.6 Genetic Recombination in E. coli

Genetic recombination in E. coli depends almost exclusively on RecA protein, which
binds ssDNA and catalyses strand exchange between the bound strand and a
homologous dsDNA partner (Kuzminov, 1999; Roca and Cox, 1997). Two RecA-
dependent recombination systems operate in E. coli, the RecBCD and the RecFOR
pathways, named after the critical enzyme participants (Clark and Sandler, 1994,
Horii and Clark, 1973) (Figure 1.2). In both pathways, sufficient ssDNA needs to be

exposed to allow RecA nucleoprotein filament formation and targeted assembly of
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RecA is required to avoid problems associated with the presence of SSB protein
(Kowalczykowski et al., 1994; Kuzminov, 1999; Anderson and Kowalczykowski,
1997).

RecBCD is primarily involved in the repair of chromosome breaks, initiating
recombination at DNA ends by generating 3’ ssDNA overhangs (Kowalczykowski,
2000; Kuzminov, 1999; Myers and Stahl, 1994) (Figure 1.2). RecBCD functions as a
holoenzyme, incorporating all of the required functions, helicase activity, nuclease
activity and the RecA loading function (Singleton er al., 2004). The complex binds to
dsDNA ends, unwinds DNA in the 3’ to 5’ direction and degrades both strands via
the RecB helicase and nuclease function (Boehmer and Emmerson, 1991; Yu et al.,
1998) until it encounters a ¥, (chi) site (5-GCTGGTGG-3") recognised by RecC
(Handa et al., 1997). Enzyme activity is modified at the yx site resulting in
preferential degradation of the complementary DNA in a 5" to 3’ direction to
generate 3’ -tailed ssDNA (involving RecD helicase function). RecA is loaded onto
the resected ssDNA through a physical interaction with RecBCD (Kowalczykowski,
2000; Dillingham et al., 2003; Taylor and Smith, 2003). The substrate preparation
step 1s known as presynapsis and is closely followed by synapsis, catalysed by the
RecA protein, during which homologous pairing and strand exchange with the intact
sister duplex occur, resulting in the formation of a Holliday junction recombination
intermediate (Lusetti and Cox, 2002). Holliday junctions can be eliminated by
branch migration using the RecG helicase or by dual strand scission mediated by the
RuvABC complex (Sharples et al., 1999b). The nicked duplex products of resolution

are sealed by DNA ligase.
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While RecBCD action is restricted to DNA ends, the RecFOR pathway
appears to function primarily in the repair of daughter strand gaps, a process critical
in the restoration of stalled replication forks (Cox, 2001; Kuzminov, 1999) (Figure
1.2). In certain circumstances, namely in a recBC sbcBC mutant background, the
RecFOR pathway can mediate repair of dsDNA breaks, though at a much reduced
frequency compared to that seen with RecBCD (Lloyd and Buckman, 1985; Kushner
et al., 1971). A detailed understanding of the RecFOR pathway remains unclear,
however, it is thought that the 5” t0 3’ ssDNA exonuclease Rec] enlarges the ssDNA
region, possibly with the help of other helicases (e.g. RecQ or UvrD), and the
RecFOR proteins assist loading of RecA onto SSB-coated ssDNA (Figure 1.2). As in
the RecBCD pathway, RecA catalyses strand invasion of the homologous duplex
DNA, and recombination intermediates are processed by either RuvABC or RecG.

The RecF, RecO and RecR proteins display a wide range of in vitro activities.
There is good evidence for pair-wise interactions between each of these proteins,
though no direct evidence that they form a tricomponent complex (Webb et al., 1997,
Umezu et al., 1993; Umezu and Kolodner, 1994; Hegde et al., 1996a; Morimatsu and
Kowalczykowski, 2003). RecO binds DNA, associates with SSB and promotes
annealing of homologous sequences, even when one of the strands is coated with
SSB protein (Luisi-DeLuca and Kolodner, 1994; Luisi-DelLuca, 1995; Kantake et al.,
2002). RecF protein binds either ssDNA or dsDNA and has a weak ATPase activity
important in its dissociation from dsDNA; several of these activities are enhanced by
RecR binding (Griffin and Kolodner, 1990; Webb er al., 1995; Webb et al., 1999).
RecR proteins from Bacillus subtilis and Deinococcus radiodurans have been shown

to bind DNA and the RecR protein from the latter forms a ring-shaped tetramer with
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a central hole that could potentially accommodate dsDNA (Lee et al., 2004; Alonso,
1993). However, the structure of E. coli RecR has yet to be determined and the
protein does not appear to bind DNA (Webb et al., 1995; Umezu and Kolodner,
1994). Together, ReckF and RecR limit the extension of RecA on duplex DNA after
the initial filament assembly on ssSDNA and RecOR help RecA regain access to
ssDNA blocked by the presence of SSB protein (Webb er al., 1997). Specific loading
of RecA protein at the 5” end of a dSDNA-ssDNA intersection (i.e. a daughter strand
gap) when SSB coats the ssDNA is mediated by the RecF, RecO and RecR proteins
acting in concert (Morimatsu and Kowalczykowski, 2003). No interaction between
RecF and RecO was detected in these experiments, suggesting that RecR is the key
mediator of RecF and RecO association at dsDNA-ssDNA junctions. RecFOR also
act to safeguard the nascent lagging strand by loading RecA filaments, thus
maintaining the replication fork structure following UV-irradiation (Chow and
Courcelle, 2004). This activity may be detrimental to survival in certain mutant
backgrounds where DNA replication is impaired (Moore ef al., 2003, Petit, 2002). A

model for RecFOR assembly at dsSDNA-ssDNA junctions is illustrated in Figure 1.3.

1.7 A Red recombination

The E. coli recA gene was discovered in 1965 (Clark and Margulies, 1965) and its
mutation eliminates RecBCD and RecFOR mediated recombination pathways
(Figure 1.2) (Clark, 1973; Horii and Clark, 1973). Shortly after its discovery it was
found that A recombination was unaffected by mutation of the recA gene (Brooks
and Clark, 1967, Takano, 1966; van de Putte er al, 1966). This discrepancy was

explained by the discovery that phage A encodes its own recombination system,
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consisting of three adjacent genes (exo, bet and gam), collectively termed the Red
system. The red genes lic within the pL operon and are expressed early in lambda
development after infection of a new host cell or following prophage induction.
Mutation of A exo (reda) and bet (redff) genes eliminates all homologous
recombination in recA mutant strains (Echolas and Gingery, 1968; Franklin, 1967).
The gam gene product serves to inhibit two host nucleases, RecBCD and SbcCD,
both of which are involved in recombinational repair of dsDNA breaks (Karu et al,
1975; Murphy, 1991; Chalker et al., 1988; Kulkarni and Stahl, 1989). Gam ensures
the preservation of phage genomic DNA during rolling circle replication (see section
1.8).

A Exo is a 24 kDa protein with 5’-3 exonuclease activity (Carter and
Radding, 1971; Little, 1967). It requires a dsDNA end, nicks or gaps are not targeted,
and degradation of the 5’-containing strand produces long 3’ ssDNA overhangs
(Cassuto et al., 1971, Cassuto and Radding, 1971; Carter and Radding, 1971; Hill et
al., 1997, Little, 1967). Mononucleotides are released in a highly processive manner
at a rate of 1000 bases per second (Matsuura et al., 2001). The biologically active
form of Exo is a trimer arranged as a ring so dsDNA can be accommodated into the
tapering cavity while the ssDNA product is extruded through the central channel
(Kovall and Matthews, 1997) (Figure 1.4). Since A Gam effectively blocks all E. coli
RecBCD exonuclease activities at DNA ends, Exo acts as an efficient replacement
for the production of ssDNA suitable for recombination.

The bet (redf) gene encodes the 29 kDa f protein, which binds stably to
ssDNA (Radding, 1971) and protects it from attack by single-strand specific

nucleases (Karakousis et al., 1998; Muniyappa and Radding, 1986). § does not bind
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dsDNA directly but it does promote annealing of complementary ssDNA strands
where it remains tightly associated with the duplex product of annealing (Karakousis
et al, 1998; Li et al, 1998, Muniyappa and Radding, 1986). Under certain
circumstances, {§ protein can promote strand exchange by displacing a strand of
duplex DNA. However, it cannot carry out the duplex strand invasion reactions
typical of those performed by RecA (Li et al., 1998). f is also thought to modulate
Exo nucleolytic and recombination promoting activities and the two proteins appear
to form a complex (Cassuto et al., 1971, Cassuto and Radding, 1971; Kmiec and
Holloman, 1981; Muniyappa and Radding, 1986; Passy et al., 1999). The § protein
belongs to a family of annealing proteins which includes RecT from the E. coli
cryptic Rac prophage (Iyer et al., 2002). RecT is a functional analog of p and the two
proteins share 15% sequence identity. The Rac prophage also specifies a functional
equivalent of A Exo called RecE. In E. coli strains carrying the Rac prophage, sbcA
mutations upregulate the expression of RecET and allow efficient recombination in
the absence of RecBCD (Kolodner et al., 1994, Aravind et al., 2000). There is
currently no representative crystal structure available for this family of proteins,
although the structure of §§ protein has been studied by electron microscopy (Passy et
al., 1999). The protein forms multisubunit rings in solution or in the presence of
ssDNA and forms left-handed helical filaments when two complementary strands of
ssDNA are annealed (Passy et al., 1999). Merging of 8 protein rings probably gives
rise to the helical filaments observed in the presence of complementary
oligonucleotides. Recent deletional analysis suggests that each f subunit contains a
stable N-terminal core, a flexible central domain involved in binding DNA and a

largely disordered C-terminal domain (Wu er al., 2006). The human Rad32 protein,
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which has similar ssDNA renaturation properties to § and RecT (Passy et al., 1999,
Singleton et al., 2002), also forms ring-like structures (Figure 1.5). Its single-strand
binding site forms a positively charged groove around the central hub, leaving
nucleotide bases accessible for annealing to complementary ssSDNA (Singleton er al.,
2002; Lyer et al., 2002). It seems likely that Rad52, RecT and P share a structurally

similar mode of ssSDNA binding and annealing (Passy et al., 1999).

1.8 Recombination pathways in A

Two recombination pathways predominate in phage A, strand-annealing and strand-
invasion; both involve the restoration of a genomic dsDNA break by exchange with a
second A genome (Stahl ef al., 1997) (Figure 1.6) and both require the presence of
Exo and § (Muyrers et al., 2000). In vivo experiments have revealed that these
enzymes can promote exchange at relatively short regions of homology (=30 bp)
(Murphy, 1998). When linear A DNA is injected into the bacterial host it circularises,
and assuming it follows the lytic cycle, begins to replicate in the 6 mode (Figure
1.7). Subsequent displacement of the 5” end of the leading strand allows replication
in the o mode, referred to as rolling circle replication (Taylor and Wegrzyn, 1995;
Baranska et al., 2001; Taylor, 1998). The Gam protein specifically inhibits RecBCD
and SbcCD host nucleases to preserve the ends of the phage genome during rolling

circle replication.

The strand-invasion pathway depends on RecA for strand exchange utilising
the 3" ssDNA tails generated by Exo at a dsDNA end (Figures 1.6 and 1.8). RecA,

and possibly f§, initiate strand pairing between the ssDNA and the homologous

duplex resulting in the formation of a recombinant joint (Passy et al., 1999, Stahl et
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al., 1997). The resulting displacement loop (D-loop) contains a 3’-end that can prime
DNA replication, aﬁd extensive DNA synthesis is a potential escape mechanism at
this stage. Alternatively, strand cleavage at appropriate points in the D-loop may
generate a splice-type recombinant product (Stahl er al., 1985; Hill et al., 1997),
whereas further strand exchange into the adjacent duplex DNA of the invading
molecule creates a Holliday junction (Lloyd, 1996). Resolution of the Holiday
junction and subsequent DNA replication will repair the double-strand break and
restore intact chromosomes (Takahashi and Kobayashi, 1990; Szostak et al., 1983).
The A Rap structure-specific endonuclease could potentially eliminate any of the
branched intermediates formed during these exchanges, while the host RuvC
endonuclease could resolve any Holliday junctions (Sharples et al., 2004, Sharples,
2001). Properties of the Rap endonuclease will be discussed more fully in Chapter 8.
The strand-annealing pathway functions independently of RecA and involves,
as its name suggests, pairing of homologous ssDNA partner sequences (Figure 1.6).
This reaction requires two dsDNA breaks to be located at different sites in separate A
genomes and depends upon the ssDNA annealing properties of 3 protein (Stahl e al.,
1997, Poteete, 2001). As in the strand-invasion reaction, Exo resects the overlapping
double-strand ends to yield complementary single strands. p protein then anneals the
two strands and continuing Exo degradation trims the joint so that excess 3’ single
strand branches are assimilated into duplex DNA (Figure 1.6). Sealing of the
resulting nicked duplex by DNA ligase completes the process and the fused genomes
can be packaged into phage heads (Cassuto er al., 1971; Cassuto and Radding, 1971;

Kmiec and Holloman, 1981; Muniyappa and Radding, 1986).

22



Chapter 1: Introduction

1.9 Role of A Orf in phage recombination

Studiés of A recombination in E. coli strains lacking the RecFOR pathway led to the
discovery of a A equivalent of the E. coli recF, recO, and recR genes (Sawitzke and
Stahl, 1992). RecFOR function is necessary for bacterial conjugational
recombination in recBC sbcBC strains. However, they are superfluous in
recombination between A chromosomes in this background, even when A lacks its
own Red recombination system and is dependent upon host recombinases (Sawitzke
and Stahl, 1992; Sawitzke and Stahl, 1994). The functional analog responsible for
replacing RecFOR activity was found to be a single reading frame (ninB) and
subsequently designated orf for suppression of RecO, RecR and Rec F phenotypes.
Orf maps to the 3612 bp ninR region of the A genome within a chain of overlapping
reading frames (Hollifield et al., 1987, Kroger and Hobom, 1982). This accessory
gene segment is conserved in lambdoid phage genomes (see Chapter 3), despite the
fact it can be deleted in its entirety without loss of phage viability. The functional
relevance of most of the putative ninR genes remains unknown, however two, orf
(ninB) and rap (ninG), have been shown to participate in genetic recombination.

Orf substitutes for the RecFOR complex in A crosses but not during host
conjugational exchange (Sawitzke and Stahl, 1992; Sawitzke and Stahl, 1994,
Tarkowski et al, 2002). 1t stimulates the formation of recombinational crossovers
close to an initiating double-strand breaks in both the RecF and Red pathways
(Tarkowski et al., 2002; Sawitzke and Stahl, 1997). Orf can also partially substitute
for recFOR mutants in E. coli recombination when Exo and f are present (1.e. Red-
mediated) (Poteete, 2004). The ability of Orf to substitute for RecFOR under certain

conditions suggests that it may perform the same mechanistic function as the E. coli
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complex (Hegde et al., 1996a; Morimatsu and Kowalczykowski, 2003; Wang, 1993;
Bork et al., 2001; Umezu et al., 1993; Umezu and Kolodner, 1994). Thus, Orf is
likely to contribute to the initial stages of daughter strand gap repair, possibly by
displacing SSB to allow loading of RecA or B proteins (Figure 1.8).

The objective of this study was to elucidate how the 17 kDa A Orf protein
could substitute for a complex of three (RecFOR) much larger host proteins. The Orf
protein will be purified and biochemical analyses conducted to investigate potential
interactions with DNA and SSB. The ultimate aim was to investigate its role in
ongoing strand exchange reactions mediated by Red and RecA. The results should
offer fresh insights into the molecular mechanisms of recombination in phage A at
legitimate and illegitimate sites and how such exchanges influence the emergence of

new pathogenic bacteria.
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Chapter 2

Materials and Methods

2.1 Computer Software

The text for presentation of this thesis was written in Microsoft Word. Figures were
prepared using Adobe Photoshop and Adobe Illustrator. Graphs and numerical
analyses of data were produced in Excel and charts converted for figures in pro Fit.
Percentage DNA binding/cleavage was calculated by quantifying **P-labelled
substrate visualised by Phosphor Imaging using Image Gauge. Images of protein
structures were generated using PyMol (DeLano, W.L., The PyMOL Molecular

Graphics System (2002), http://www.pymol.org). Protein sequences were obtained

from the National Center for Biotechnology Information (NCBI,

www.ncbi.nlm.nih.gov) and potential homologs of phage A Orf were identified by

the PSI-BLAST algorithm (Altschul et al., 1997) using default parameters. Sequence
alignments were constructed using ClustalW (Chenna et al., 2003). The following
residues were considered to be functionally related: (V, 1, L, M), (F, Y, W), (K, R),
(D, E), (85, T), (G, A) and (N, Q). Secondary structure predictiéns and alignments
were generated using the Phyre protein fold recognition server (Kelley er al., 2000).

Protein structures were obtained from the Protein Data Bank (www.rcsb.org/pdb).
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2.2 Materials

2.2.1 Chemicals and reagents
Analytical grade chemicals and reagents used in this study were obtained from
Sigma-Aldrich, BDH Laboratory Supplies, Fischer Science, New England Biolabs,

Amersham-Pharmacia, Difco and Invitrogen.

2.2.2 Growth media and antibiotics
Lurta-Burrows (LB) broth contained, 10 g Difco tryptone, 5 g Difco yeast extract,
0.5 g NaCl, and 2 ml 1M NaOH (pH 7) made up to 1L. SDW and autoclaved at
121°C for 15 min. LB media was solidified with 15 g/l Difco agar. For growth of
BL21-SI strains, LB media was made without NaCl (LBON). Strains carrying a
pMALc2 expression vector were cultured in 1.B broth or agar containing 2 g/L
glucose.

Antibiotic stocks were made in sterile distilled water (SDW), unless specified
otherwise, and stored at 4°C. Antibiotics were added to media at the following
concentrations: Ampicillin (Ap) at 150 ug/ml, chloramphenicol (Cm) at 50 pug/ml,

and kanamycin (Km) at 40 pg/ml.

2.2.3 Bacterial strains and plasmids

Escherichia coli strains used in this work are listed in Table 2.1 and plasmids listed
in Table 2.2. The plasmids specifically constructed for this work (designated pPR)
were generated using standard molecular biology techniques. Plasmids pPR100,
pPR101, pPR111, and pPR112 were generated by subcloning using the restriction

enzymes indicated in parenthesis (Table 2.2). pPR109, pPR110, pPR113 and pPR114
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were constructed by PCR amplification of the relevant sequences using

oligonucleotides matching the 5’ (containing Ndel or EcoRI restriction sites) or 3’

(containing BamHI or HindI1l restriction sites) ends of the required gene. Restriction

of the DNA product with Ndel/BamHI, EcoRI/HindIIl or EcoRI/BamHI was

followed by ligation into the appropriately cleaved vector.

Table 2.1 Genotype and sources of E. coli strains

Strain Genotype Reference
AB1157 thr-1, ara-14, leuB6, A(gpt-proA)62, lacYl, tsx-33, | (Bachmann,
gsr”, glnV44(AS), galK2(Oc), \, rac’, hisG4(Oc), | 1972)
rfoDI1, mgl-51, rpoS396(Am), rpsL.31(stiR),
kdgK51, xylAS5, mtl-1, arg E3(Oc), thi-1
DH3a F'lendAl, hsdR17(r-m), glnV44, thi-1, recAl, (Hanahan,
gyrA (Nal"), relAl, A(laclZYA-argF)U169, deoR, 1983)
(680dlacA(lacZ)M15)
BL21(DE3) F ompT hsdSy(1ymy) gal dem (hclts857 lacUVS- | (Studier
T7 gene I indl Sam7 nin5) and
MofTatt,
1986)
BL21-SI F ompT lon hsdSB(rgmy) gal dcm endA proU-T7 | (Hanahan,
RNAP:: malQ-lacZ Tet 1983) and
US Patent
BL21-Codonplus | F ompT hsdS(rymy) dem* Tet® gal MDE3) endA (Weiner,
Hie [argU ileY leuW Cam"] 1994)
SR2210 F as AB1157 but ruvA200 (Sargentini
and Smith,
1989)
N1057 F-as AB1157 but ruvB4 (Sharples et
al., 1990)
N2057 F as AB1157 but ruvAB60:: Tni0 (Shurvinton
etal, 1984)
GS1922 F as AB1157 but AruvCi:cat (Iloyd,
1991)
GS2053 F as AB1157 but Aruv(Cé64::kan (Mandal et
al., 1993)
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Strain Genotype Reference
CS85 F as AB1157 but ruvC53 eda51::Tn10 {Shurvinton
et al., 1984)
N4454 F as AB1157 but AruvABC::cat (Seigneur et
al., 1998)
Table 2.2 Plasmids
Plasmid Description Source/Reference
pl7-7 Expression vector with T7 ¢ 10 promoter, (Tabor and Richardson,
Ap? 1985)
pET-14b Expression vector for tagging proteins with | Novagen
N-terminal Hisg, Ap®
pET-22b Expression vector for tagging proteins with | Novagen
N-terminal His,, Ap®
pET-24a Expression vector for tagging proteins with | Novagen
N-terminal His,, Km®
pMALCc2 Expression vector for tagging proteins with | NEB
maltose binding protein (MBP), Ap®
pUCI18 Cloning vector, Ap® MBI Fermentas
pHP13 Shuttle plasmid with replication functions DSM7,
from pTA106 (pUC derived), Cm"?
pACYC184 | Control vector for pGS739, Cm*® (Sharples et al., 1990)
pHSG415 | Control vector for pPVA 101, Ap® (Sharples and Lloyd,
1991)
pGS903 A orfin pT7-7 (Ndel-BamHI), Ap® GJ Sharples
pGS904 E. coli orfl151 in pT7-7 (Ndel-BamHI), Ap® | GJ Sharples
pPR100 A orfin pET-14b (Ndel-BamHI), Ap® This work
pPR101 E. iOH orfl5] in pET-14b (Ndel-BamHI), | This work
Ap
pPR109 A orfAC6 in pT7-7 (Ndel-BamHI), Ap® This work
pPR110 A orfAC19 in pT7-7 (Ndel-BamHI), Ap® This work
pPR111 A orfAC6 in pET-14b (Ndel-BamHI), Ap® This work
pPR112 A orfAC19 in pET-14b (Ndel-BamHI), Ap® | This work
pPR113 S. aureus phage ¢ETA orf20 in pMALC2 This work
(EcoRI-HindIII), Ap®
pPR114 A orfin pMALc2 (EcoRI-BamHI), Ap® This work
pLB101 E. Ic{oli orfl51 in pMALc2 (Ndel-EcoRl), Laura Bowers
Ap
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Plasmid Description Source/Reference
pCC146 E. coli ssb in pET-22b, Ap® (Cadman and
McGlynn, 2004)
pCC180 E. coli ssbAC10 in pET-22b, Ap® (Cadman and
McGlynn, 2004)
pFC149 A bet in pET-14b (Ndel-BamHI), Ap® Dr Fiona Curtis
pFC150 A exo in pET-14b (Ndel-BamHI), Ap® Dr Fiona Curtis
pGTI4 E. coli ruvA in pUCIS8, Ap® (Sharples et al., 1990)
pGTII9 E. coli ruvB in pUC18, Ap® (Sharples ef al., 1990)
pGS711 E. coli ruvA and ruvB in pUCI8, Ap® (Sharples er al., 1990)
pGS739 E. coli ruvC in pACYCI184, Cm® {Sanchez et al., 2005)
pGS775 E. coli ruvC in pt7-7, ApR (Sharples et al., 1990)
pCB593 B. subtilis ruvA in pUCI18, Ap® (Sanchez et al., 2005)
pCB59%4 B. subtilis ruvB in pUCI8, Ap* (Sanchez et al., 2005)
pCB559 B. subtilis ruvAB in pUC18, Ap® (Sanchez et al., 2005)
pCB564 B. subtilis recU in pHP13, Cm® (Sanchez et al., 2003)
pCB620 B. subtilis recU (E36A) in pUCI18, Ap® JC Alonso
pCB624 B. subtilis recU (H119A) in pUCI8, Ap* JC Alonso
pFC105 Phage bIL67 ruvC in pET-24a (Ndel- FA Curtis
BamHI), Km"®
pFC182 Phage bIL67 ruvC D8N mutant in pET-24a | FA Caurtis
(Ndel-BamHI), Km®
pFC120 H. pylori ruvC in pT7-7, (Ndel-BamHI), FA Curtis
Apt
pPVA101 | E. coli ruvABC in pHSG415, Ap* (Sharples and Lloyd,
1991)
pMP101 H. pylori ruvC in pMALc2, Ap® GJ Sharples
pLysS Encodes T7 lysozyme active against T7 (Studier and MofTatt,
RNA polymerase, Cm"® 1986)

2.2.4 Oligonucleotides

DNA oligonucleotides (HPSF-purified) were purchased from MWG-Biotech AG.

Those used for PCR (Table 2.3) were synthesised at the 0.05 umol scale and those

for preparation of DNA substrates (Table 2.4) at 0.2 umol. The DNA was supplied as

a precipitate and resuspended in an appropriate volume of TE prior to use.
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Table 2.3 Oligonucleotides used for PCR amplification

Name Nucleotide Sequence (5°-3%) Restriction Site
NinB1 GAGAGGGA;ACATAT GAAAAAACTAA Ndel
NinB2 CCTGCCACCGGATCCACTAACGACA BamHI
MBP-NinB1 AGAGGGAATTCATGAAAAAACTAAC EcoRI
NinB-C6 CATGGATCCCTGTCTCCTCATCTCG BamHI
NinB-C19 GTCTGGATCCGTCTCACCACTTAAC BamHI
Orf151-1 CGGAGGGGACATATGAACCTCTCAC Ndel
Orf151-2 GACGATTTGGATCCCTGTAGATGTG BamHI
Orf151-3 CGGAGGGAATTCATGAACCTCTCAC EcoRI
ETA20-1 ACGTGGTTCATATGCAATACATTAC Ndel
ETA20-2 CTTCCGCCAAGCTTACGATTAGGAG HindIlI
ETA20-C82 TTACAAGCTTGCGCTAGATTGTAGC HindIII
MBP-ETA20-1 | ACGTGGAATTCATGCAATACATTAC EcoRI
Exo-1 TGGCCATATGACACCGGACATTATC Ndel
Exo-2 TGAGGATCCGTCATCGCCATTGCTC BamHI
Bet-1 TAAAACATATGAGTACTGCACTCGC Ndel
Bet-2 TGCAGGATCCTGTCCGGTGTCATGC BamHI
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Name

Sequence 5° - 3’ Length | Reference
(nt)

NH7 GGCGACGTGATCACCAGATGATTGCTAGGCATGCITTCCGCAAGAGAAGC 50 (Whitby,1996)
NHS8 GGCTTCTCTTGCGGAAAGCATGCCTAGCAATCCTGTCAGCTGCATGGAAC 50 (Whitby,1996)
NHI11 GCTTCTCTTGCGGAAAGCATGCCTAGCAATCATCTGGTGATCACGTCGCC 50 (Whitby,1996)
FACS GATTACATTGCTAGGACATCTTTGC 25 This work
FAC6 CCACGAACGTCATAGACGATTACATTGCTAGGACATCTTTGCCCACGTTGACCCAAGTCG 60 This work
FAC7 CGACTTGGGTCAACGTGGGCAAAGATGTCCTAGCAATGTAATCGTCTATGACGTTCGTGG 60 This work
FACS8 GTCTATGACGTTCGTGG 17 This work
FACY CGACTTGGGTCAACGTG 17 This work
$X174-25 | GTAAGAGCTTCTCGAGCTGCGCAAG 25 This work
oX174-50 | GAAAGGTCGCAAAGTAAGAGCTTCTCGAGCTGCGCAAGGATAGGTCGAAT 50 This work
GF-51 CTACCGGTTGGTCACGGGTGACCATTGCTGAAAAACTCGGCGGCAAACAGC 51 J. Yates

Table 2.4 Oligonucleotides used for DNA binding, cleavage and annealing assays in this work.
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2.3 Molecular Biological and Biochemical Techniques

2.3.1 Growth and maintenance of bacterial strains

Primary “overnight” cultures for routine use were prepared by suspending a single
colony in 5 ml of LB or LBON broth. Appropriate antibiotics were included to
ensure the maintenance of plasmids. Cultures were typically grown at 37°C
overnight with gentle aeration (150 rpm) unless stated otherwise. Strains prepared in
this way could be stored for 2-4 weeks at 4°C. For longer-term storage, 2.5 ml of a
fresh overnight culture was mixed with 1.5 ml of 80% glycerol and stored at -20°C.
Experimental cultures, for UV survival studies were typically prepared by diluting
overnight cultures 20-fold into 8 ml of fresh media and incubated at 37°C with
vigorous shaking. Bacterial cell density was measured at Ay, in a Spectronic 20+
spectrophotometer. For protein overexpression, 500 ml or 1L of fresh media were
inoculated with 5-15 ml of an overnight culture and grown in 1L or 2L baffled flasks.
Cultures were incubated at 37°C with shaking (typically at 150 rpm). Strains grown
on solid media were streaked on LB or LBON agar plates using sterile disposable or
Tungsten loops to obtain single colonies. Plates were incubated for 8-16 hours at

37°C and stored at 4°C for up to 3 weeks.

2.3.2 Harvesting bacterial cells from liquid culture

Cells were harvested from liquid culture by centrifugation. Samples <1.5 ml were
centrifuged in an Eppendorf bench top microcentrifuge at either low (4000-6000
rpm) or high (13000 rpm) speed settings. Larger volumes were harvested at 4°C in a

Beckman Coulter Avanti J-E centrifuge using Beckman JA-20 or JA-10 rotors.
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2.3.3 Competent cells

Chemically competent E. coli cells were obtained by the standard calcium chloride
protocol (Sambrook, 2001). Cells, in 40 ul aliquots, were snap frozen in ethanol and
dry ice and stored at -80°C. Electrocompetent cells were prepared by diluting 2 ml of
overnight culture into 100 ml fresh LB broth and growing to Agsgn 0.5-0.7. Cultures
were chilled on ice for 20 min before centrifugation at 4000 rpm for 15 min at 4°C.
The supernatant was discarded and the cell pellet resuspended in 50 ml of sterile ice-
cold 10% glycerol. This step was repeated, resuspending the pellet in decreasing
volumes of‘IO% glycerol to a final volume of 1 ml. Cells were stored after snap

freezing in 40 pl aliquots at -80°C.

2.3.4 Bacterial transformations

Bacterial cell transformations were performed using the heat-shock or
electroporation methods. Plasmid DNA (1-2 ul of stock samples) was added to 40 ul
of competent cells in both protocols. Mixtures for electroporation were incubated on
ice for 1 min before transfer to a 1.5 ml cuvette. Cells were pulsed (2.5 Kv for 5.9
ms) in a BioRad MicroPulser™ and 1 ml of SOC medium (2% tryptone, 0.3% yeast
extract, 10 mM Na(l, 2.5 mM KCl, 10 mM MgCl,, 10 mM MgSO,, 20 mM glucose)
was added immediately. The sample was mixed, transferred to a sterile 1.5 ml
Eppendorf tube and incubated at 37°C for 1 hour without shaking to allow
expression of the plasmid-encoded antibiotic resistance. Cells were pelleted in an
Eppendorf bench top microcentrifuge at 6000 rpm and resuspended in 30-100 pl of
fresh ILB. The cell suspension was spread on appropriate selective media using sterile

plastic spreaders. For transformation by heat-shock, mixtures were incubated on ice

34



Chapter 2: Materials and Methods

for 30 min, transferred to 42°C for 1 min in a heat block or water bath and returned
to ice for 1 min. Cells were rescued in 1 ml SOC or LB and incubated at 37°C for 30-

60 min, then prepared for spread plating as described above.

2.3.5 Measurements of E. coli UV light sensitivity

Bacteria were grown from fresh overnight cultures in 8 ml of LB broth and incubated
at 37°C (unless stated otherwise) with good aeration and appropriate antibiotic
selection. Cultures were chilled on ice and 10-fold serial dilutions down to 10” were
made in chilled broth in sterilel.5 ml Eppendorf tubes. A series of dried LB agar
plates, containing appropriate antibiotics, were spotted with 10 ul of each dilution
and spots allowed to dry before exposure to UV light from a germicidal lamp. Plates
were irradiated at 1 J/m? for 5, 10, 20, 30, 45 and 60 seconds and an unirradiated
plate served as a control. Plates were incubated for 16-24 hours and surviving
colonies within appropriate dilution spots (typically 20-100 colonies) were counted.
The fraction surviving at each dose was calculated (relative to the unirradiated
control) from duplicate experiments and the mean plotted as the log survival against

UV dose.

2.3.6 PCR amplification of DNA

DNA for cloning purposes was amplified by polymerase chain reaction (PCR)
according to the manufacturers instructions using buffers provided in the PCR kit
(Invitrogen™). Typically, 50 pl reactions contained, ~100 pmoles of each
oligonucleotide, the required template DNA, 2.5 units Platinum Pfx DNA

polymerase (Invitrogen™), I mM MgSO,, standard reaction and enhancer buffers
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(1x final concentration), 2 mM of each of the 4 dNTPs and made up to 50 pl with
SDW. Mineral oil (50 ul) was pipetted onto the mixture to prevent evaporation. All
amplifications were performed in a Techgene Thermocycler. Programs varied, but
typically a three-step cycle (repeated 25-35 times) was employed involving
denaturation at 94°C for 40 sec, annealing at 45-55°C for 40 sec and extension at
68°C for 1-3 (1 min for every kilobase amplified). Annealing temperatures varied
according to the calculated T, of the primers, typically the reaction temperature was
set at 5°C below the T, of the primers. If problems were encountered in
amplification, annealing temperatures were reduced, the number of cycles increased,

primer and MgSO, concentrations increased or the template concentration varied.

2.3.7 Purification of DNA, restriction digestion and ligation

Plasmid DNA preparations from 1-100 ml cultures and purification of PCR and
digestion products from agarose gel slices were performed using kits and protocols
supplied by Qiagen. Recovered DNA was stored at -20°C in EB buffer (10 mM Tris-
HCI pH 8.5). Restriction enzymes were purchased from Invitrogen and stored at -
20°C. Digestion products were separated on TBE-agarose gels (see below)
containing 0.4 ul/ml ethidium bromide (EtBr). Digestion products were excised in
gel fragments and purified using Qiagen kits. DNA ligations were incubated for at
least 8 hours at 16°C in the presence of 1-2 units of T4 DNA ligase (Invitrogen).
Ligation mixtures containing a 5:1, 10:1 or 25:1 ratio of insert:vector were

introduced to DH35a competent cells and plated on appropriate selective media.
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2.3.8 Electrophoresis

i. Agarose gel electrophoresis

1-1.5% wlv agarose gel was prepared by melting powdered agarose in Tris-borate
EDTA buffer (TBE: 90 mM Tris-borate pH 7.5, 2 mM EDTA). The solution was
allowed to cool to ~55°C before addition of 0.2 ug/ml ethidium bromide to allow
visualisation of DNA under UV light. Gels (40 ml) were poured into the casting trays
(BioRad Minigels), combs inserted and the mixture allowed to solidify at room
temperature. DNA samples (20 ul) were mixed with 5 pl loading dye (0.25%
bromophenol blue, 0.25% xylene cyanol, 15% Ficoll type 400) and electrophoresised
at 50-100 V in TBE buffer. A A BstEIl or 1 kb ladder (New England Biolabs) was
used as a marker. DNA was visualised under long-wavelength UV illumination using
a BioRad gel documentation system. Gels requiring a higher degree of sensitivity
were stained with SYBR green (Cambridge Bioscience). SYBR green stained gels
were visualised by fluorescence (FujiFilm Fluorescent Image Analyzer FLA-3000,

excitation wavelength 473 nm, visualisation wavelength 532 nm).

ii. SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

. 12.5-15% polyacrylamide gels were made with 29:1 acrylamide-bisacrylamide
(Sigma) and electrophoresed using standard apparatus and protocols (BioRad Mini-
PROTEAN III) in Tris-glycine running buffer (25 mM Tris-HCl, 250 mM glycine,
0.01% SDS). Protein samples were mixed with 0.5 volumes of SDS loading dye (100
mM Tris-HCI pH 6.8, 200 mM dithiothreitol, 4% SDS, 0.2% bromophenol blue,
20% glycerol). Samples were incubated at 100°C for 5 min immediately before

loading. Gels were run at 190 V and stained with Coomassie blue (200 ml methanol,

37




Chapter 2: Materials and Methods

200 ml H,0, 80 ml acetic acid, 0.48 g Coomassie Blue R-250) at room temperature
for 15-20 min. Gels were destained in 20% methanol, 10% acetic acid for 1-2 hours

and stored in distilled water.

iii. Native PAGE

**P-abelled oligonucleotides and annealed substrates were purified on 10%
polyacrylamide in TBE buffer using the BioRad Protean II system. Samples mixed
with loading dye were applied to the gel and electrophoresed at 60 V overnight with
buffer recirculation. The same protocol was used in DNA cleavage assays except
gels were electrophoresed at 190 V for 2 h.

DNA gel retardation assays employed low-ionic strength 4% polyacrylamide
gels. Gels were electrophoresed in LIS buffer (6.7 mM Tris-HCI, 3.3 mM sodium
acetate, 2 mM EDTA) at 160 V for 2 h. Loading dye was omitted from samples
applied to the gel, although a sample of dye was included in the first lane as a

marker.

2.3.9 Protein overexpression

Target protein overexpression was from p17-7, pET or pMALc2 vectors in BL21
(DE3) pLysS, BL21 (DE3) Codonplus or B1.21-SI backgrounds (see Chapters 4 and
5). E. coli strains were transformed with the relevant expression vector and
transformants grown in overnight cultures with selection. These were used to
inoculate fresh medium (LB or LBON) containing the appropriate antibiotics. At

Agsoum ~0.5, overexpression was induced by addition of IPTG or NaCl as described
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(Chapters 4 and 5), followed by a further 3 hours incubation with vigorous aeration.

Cells were harvested by centrifugation at 6000 rpm at 4°C for 10 min.

2.3.10 Protein purification
Full details of purification protocols used in this study are described in the relevant

chapters.

i. Purification buffers

All buffers were derived from those described below; salt, glycerol, imidazole or
maltose concentrations were adjusted as detailed in the relevant sections. PMSF
(phenylmethylsulphonyl fluoride, Sigma-Aldrich) a serine protease inhibitor, was
prepared as per the manufacturers instructions and used as detailed in Chapter 4
(section 4.2.3.1) to inhibt proteolysis of wild-type Orf.

Buffer A: 20 mM Tris-HCI pH 8.0, 1 mM EDTA, 0.5 mM dithiothreitol (DTT), 10%
glycerol.

Lysis buffer (Equilibration buffer). 50 mM sodium phosphate (NaH,PO,) pH 8.0, 300
mM NaCl, 10 mM imidazole.

Elute buffer: 50 mM sodium phosphate pH 8.0, 300 mM NaCl, 250 mM imidazole.

Column buffer: 20 mM Tris-HCI pH8.0, 200 mM NaCl, 1 mM EDTA.

ii. Sonication
Cells were disrupted by sonication using an MSE Soniprep 150 at an ampitude of 7-
7.5 in 20 second bursts. Samples were kept in a water-ice mixture throughout

sonication to help prevent localised heating.
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iii. Buffer exchange

Buffer exchange was performed by dialysis with the required buffer for = 3 hours at
4°C with mixing on a magnetic stirrer. Dialysis tubing (17.5 mm diameter; Medicell
International Ltd) was prepared as per the manufacturers instructions and stored in

SDW at 4°C.

iv. Ion exchange and affinity chromatography

Ion exchange and affinity chromatography was performed using BioRad
Econocolumns. Matrices were prepared and poured following the manufacturers
instructions using the buffers listed in section 2.3.10(1). All columns were run at 4°C,
column flow-through, wash and elute fractions were collected and kept at 4°C. In
some instances proteins were incubated with matrices prior to pouring of the column
as described in the relevant sections of Chapters 4 and 5.

Q-sepharose fast flow medium (Amersham-Pharmacia), was prepared by
decanting the required volume of slurry into the column, and equilibrating with 10
column bed volumes of Buffer A containing appropriate concentrations of salt (see
Chapters 4 and 5). The supernatant following cell lysis was applied to the column in
the same buffer and proteins allowed to bind. Bound proteins were washed with 10
column volumes of the same buffer to remove unbound proteins. Proteins were
eluted from the column on a stepwise salt gradient.

An appropriate amount of ssDNA cellulose powder (Sigma-Aldrich), was
prepared by adding Buffer A and allowing absorption for 20 minutes. Removal of
fines was achieved by mixing of the solution, followed by a settling period, and then

removal of half of the buffer. This was repeated, with the addition of fresh buffer
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each time, until the buffer no longer appeared cloudy. This ensured removal of fines
from the slurry, which can inhibit buffer flow through the column. The required
amount of matrix was then poured in to a column and equilibrated with 10 bed
'volumes of the appropriate buffer (Buffer A + KCl), before addition of the sample.
Bound proteins were washed with 10 column volumes of the same buffer, and then
eluted on a step-wise salt gradient.

Heparin agarose slurry (Sigma-Aldrich) was poured in to a column and
equilibrated with 10 column volumes of appropriate buffer (Buffer A + KCI). Protein
solutions, in the same buffer, were loaded on to the column and then washed with 10
column volumes of the equilibration buffer. Bound proteins were eluted on a salt
gradient.

His-Select™ Nickel Affinity Gel (Sigma-Aldrich) was poured in to a column
and washed with 1 to 2 column volumes of deionised water to remove the storage
ethanol. The matrix was equilibrated with 5 volumes of Lysis buffer (equilibration
buffer), before addition of the recombinant protein soluion. The column was washed
with 10 column volumes of the same buffer and proteins eluted with 5 column
volumes of Elute buffer.

Amylose resin was prepared by equilibrating with 10 column volumes of
Column buffer. Protein solutions were added to the matrix and washed with 12
column volumes of the same buffer. Bound proteins were eluted with Column buffer

+ 10 mM maltose.
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v. Gel filtration

Size exclusion chromatography of His-Orf was performed using a BioLogic
DuoFlow system (BioRad). 0.5 mg/ml of protein was injected onto a S-200 HR
sephacryl (1.6 x 60 cm column bed) column in Buffer A containing 250 mM KCL
Molecular weight standards (BioRad) were run under the same conditions and
contained thyroglobulin (670 kDa), gamma globulin (158 kDa), ovalbumin (44 kDa),
myoglobulin (17 kDa) and vitamin B12 (1.35 kDa). All other gel filtration
experiments were performed using an AKTA FPLC system with a 24 ml Superose
6HR 10/30 column (GE Healthcare). Proteins (1 mg/ml unless otherwise stated) were
mixed in a 200 ul volume with 250 mM KCI Buffer A and incubated on ice for 15
min prior to loading 100 wl onto the column at a flow rate of 0.3 ml/min. A 51-mer
oligonucleotide at 0.1 mg/ml was added last to some protein mixtures. The same
molecular weight standards were used and all column runs were performed at 4°C.
Protein and DNA elution was detected by UV absorption at 260 nm and 280 nm.
Peak fractions were visualised by SDS-PAGE for proteins and on 3% (w/v) agarose

gels with SYBR green staining for DNA.

vi. Protein concentration measurements

Protein concentration was estimated using the BioRad Protein Assay kit, which is a
modified version of the Bradford Assay. Bovine serum albumin (BSA) was used as a
standard. Samples were placed in a 1 ml cuvette and absorbance measured at 595 nm

in a Cecil CE3041 spectrophotometer.

42



Chapter 2: Materials and Methods

2.3.11 5’-end labelling of DNA substrates and DNA substrate assembly

i. **P-labelling

ssDNA oligonucleotides NH7 and FAC6 were 5’-end labelled using T4
polynucleotide kinase (Invitrogen) and y-’P ATP (Amersham Pharmacia). Typical
reactions contained 3 ul of the desired substrate (100 ng/ul), 4 ul 5x Forward
reaction buffer (350 mM Tris-HCI pH 7.6, 50 mM MgCl,, 500 mM KCl, 5 mM 2-
mercaptoethanol), 1 ul T4 polynucleotide kinase, 2 ul y-?P ATP and 10 pul SDW.
Reactions were incubated at 37°C for 1 h followed by 15 min at 65°C to inactivate
the kinase. 30 nl SDW was added to the mix and labelled DNA separated from
unincorporated P ATP using Micro Bio-spin columns (BioRad). The sample was

made up to 50 ul with SDW and 90% recovery of the oligonucleotide was assumed

at this stage.

ii. Annealing

Labelled oligonucleotides were annealed with their complementary partners (3-fold
excess of unlabelled substrate) in SCC buffer (150 mM NaCl, 15 mM sodium citrate
pH 7.0). Samples were incubated at 92°C for 2 min and allowed to cool gradually in
a heat block (Techne Dri-Block® DB-2D) for ~2 h. Loading dye (5 ul) was added
and products separated on native polyacrylamide gels (10% polyacrylamide in TBE
buffer). Gels were wrapped in Saranwrap (cling-film), corners marked with
luminescent marker and exposed to X-ray film for 1-2 min. Bands corresponding to
the correct products were excised using an X-ray film template and eluted by soaking
in TE buffer (10 mM Tns-HCl pH 8.0, 1 mM EDTA) overnight at 4°C.

Concentration of the DNA substrate was estimated by relating the radioactivity
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recovered (measured in a Scintillation counter) to that of the labelled oligo, the

concentration of which was known.

2.3.12 Western blot analysis

Proteins were separated on 15% SDS-PAGE as described (2.3.811) using pre-stained
molecular weight markers (BioRad). Gels were soaked in methanol-transfer buffer
(20% methanol, 10 mM cyclohexylaminopropanesulfonic acid (CAPS)) before
assembly in the transblot apparatus (BioRad). Proteins were transferred onto a PVDF
membrane (BioRad) at 50-100 mA overnight and incubated for 90 min in blocking
buffer (50 mg/ml milk powder in Tris-Tween buffer (10 mM Tris-HCl pH 7.5, 150
mM NaCl, 0.1% Tween)). Blots were incubated with a 1:1000 dilution of
monoclonal anti-His antibody in fresh blocking buffer for 90 min. The membranes
were rinsed in Tris-Tween buffer and incubated with a 1:10 000 dilution of Goat
Anti-Rabbit HRP conjugate (BioRad) in fresh blocking buffer for 90 min.
Membranes were washed in Tris-Tween buffer for 1 h, changing the buffer every 10
min. Blots were visualised using enhanced chemiluminescence (ECL) reagents

(Amersham Pharmacia) for 1 min followed by exposure to X-ray film for 5 min.

2.4 Biochemical Assays

2.4.1 Gluteraldehyde cross-linking

Protein oligomerisation was investigated by cross-linking with gluteraldehyde
(Sigma). Protein samples were dialysed against 1L 100 mM NaHCO; for = 3 hours at
4°C. Protein samples (0.1-0.5 mg in 38 pl of this buffer) were mixed with 2 pl of

0.00025%, 0.0025%, 0.025% and 0.25% gluteraldehyde and incubated at room
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temperature for 2 min. 10 pl of SDS-loading dye was added and reactions boiled for
2 min before separation on 12.5% SDS-PAGE. Protein species were visualised by

staining with Coomassie blue or by Western blotting (section 2.3.12).

2.4.2 Gel retardation assays

Band shift assays to determine protein binding to DNA were performed by mixing
*P-labelled DNA substrates with increasing concentrations of protein in binding
buffer (50 mM Tris-HCl pH 8.0, 5 mM EDTA, | mM DTT, 3% v/v glycerol, 100
ug/ml BSA). Protein was added last in 20 pl reactions and binding mixtures
incubated on ice for 15 min. Samples were separated on 4% polyacrylamide gels in
LIS buffer for 90 min at 190 V. Gels were transferred to 3 mm Whatman filter paper
and dried under vacuum in a gel dryer (BioRad). Dried gels were exposed to X-ray
film overnight at -80°C in autoradiography cassettes. Alternatively, gels were

analysed by phosphorimaging on a GE Healthcare Typhoon 9200 gel imager.

2.4.3 DNA annealing assay

Polyacrylamide gels (10%) in TBE buffer were used to monitor His-Orf stimulated
annealing of a *’P-labelled oligonucleotide with unlabelled DNA. The labelled
$X 174 oligonucleotides (25 nt or 50 nt at 0.1 ng/ul) were mixed with protein in
buffer (50 mM Tris-HCI pH8.0, 1 mM DTT, 100 pg/ml BSA) before addition of
$X 174 virion DNA (20 ng/ul) to the 20 ul reaction. Samples were incubated at 37°C
for 10 min and 5ul of stop buffer (20 mM Tris-HCI pH8.0, 0.5% SDS, 20 mM
EDTA, 2 mg/ml proteinase K) added and incubation continued for a further 10 min.

Samples were separated at 190 V for 1 h and gels dried and analysed as described

45



Chapter 2: Materials and Methods

(2.4.2). Appropriate controls were separated alongside the reactions containing
protein for reference. These included: 1) the labelled oligonucleotide alone, 1i) a pre-
annealed duplex, and 1i1) the labelled oligonucleotide and homologous DNA without

prior annealing.

2.4.4 DNA cleavage assay

Cleavage assays (20 ul) were performed by mixing **P-labelled DNA with increasing
concentrations of protein in cleavage buffer (50 mM Tris-HCI pH 8.0, 1 mM DTT,
100 pg/ml BSA) containing 1 mM MgCl,. Reactions were incubated at 37°C for a
30-60 min prior to addition of cleavage stop buffer (20 mM Tris-HCI pH 8.0, 0.5%
viv SDS, 20 mM EDTA, 2 mg/ml proteinase K) and a further 10 min incubation at
37°C. Controls without protein were subjected to the same reaction conditions and
treatment. Loading dye was added to samples and DNA separated on 10%

polyacrylamide gels in TBE buffer at 190 V for 2 h. Gels were dried and analysed as

described above.

2.4.5 Affinity chromatography

To analyse the interaction of MBP-Orf or MBP-Orf151 with SSB or SSBACI10,
purified MBP-Orf (0.5 mg/ml) or MBP-Orf151 (0.5 mg/ml) was coupled with 200 ul
amylose resin (typically binds 3 mg/ml bed volume, prepared as described in section
2.3.10iv) by incubation at 4°C for 15 min with rotation. The protein-bound resin was
washed, packed in a glass Econocolumn (BioRad; 5 x 50 mm), and equilibrated with
10 column volumes of column buffer (20 mM Tris-HCl pH 7.4, 200 mM KCI, 1 mM

EDTA) prior to use. SSB or SSBAC10 (0.5 mg/ml in column buffer) was applied and
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the column washed to elute unbound protein. Bound proteins were eluted with
column buffer containing 10 mM maltose. Fractions were analysed by SDS-PAGE
and proteins visualised by Coomassie blue staining. SSB and SSBAC10 were also
applied to amylose resin under the same conditions in the absence of MBP-Orf or

MBP-Orf151 as a control.

2.4.6 Far Western analysis

Far Western blotting was used to detect MBP-Orf interactions with other proteins
bound to a PVDF membrane. Prey proteins, SSB, SSBACI0, His-Exo and His-Bet
were separated on 15% SDS-PAGE as described (2.3.8i1) using pre-stained
molecular weight markers (BioRad). The proteins were transferred to PVDF
membrane as described (2.3.12) and blocked in blocking buffer for 10 min. The
membrane was incubated with bait protein (5 ug of MBP-Orf) in blocking buffer for
4 hours at 4°C with gentle agitation. After washing with fresh Tris-Tween buffer
(2.3.12) the membrane was incubated with a 1:1000 dilution of monoclonal Anti-
MBP antibodies (Sigma) for 30 min. The membrane was washed again then
incubated with a 1:10000 dilution of rabbit anti-mouse-IgG peroxidase conjugate
(Sigma) for 30 min with agitation. Final wash and detection steps were as described
in the Western blotting section (2.3.12). Control membranes only exposed to the
secondary labelled antibody were also treated with ECL reagents and exposed to X-
ray film. A control SDS-PAGE gel was stained with Coomassie blue to check for
presence of the prey proteins. In addition, the blotted polyacrylamide gel was stained
to check that the prey proteins had been successful transferred to the PDVF

membrane.
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2.5 Collaborations

The crystal structure of Orf was determined by Dr Karen Maxwell and Prof Aled
Edwards at the Ontario Cancer Institute and Department of Medical Biophysics,
Toronto University, Toronto. Complementation studies using Bacillus subtilis
recombination genes were performed in collaboration with Dr Juan Alonso at the

Department of Microbial Biotechnology, Centro Nacional de Biotecnologia, Madrid.
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Chapter 3

New phage Orf family sequences

3.1 Introduction

A ninB lies within a chain of interlinked open reading frames in the ninR cluster
located between P and Q genes (Kroger and Hobom, 1982). This region shows
remarkable organisation with the end of the preceding gene overlapping the start
codon of the next (Kroger and Hobom, 1982). The ninB gene encodes a protein of
146 amino acids with a predicted molecular weight of 16.6 kDa (Daniels, 1983;
Kroger and Hobom, 1982). Expression of the ninB product was detected in these
early studies but no biochemical analysis was undertaken. A decade later, Frank
Stahl’s group discovered that phage A carried a functional analog of the E. coli recO,
recR, and recF recombination genes located within the ninR region (Sawitzke and
Stahl, 1992). They performed crosses using A containing a series of deletions within
this region to determine which open reading frame was responsible. The analog
corresponded to ninB and was renamed orf for recO-, recR-, recF-like function
(Sawitzke and Stahl, 1992). Plasmids carrying orf were found to be capable of
replacing the functions of E. coli RecO, RecR and RecF proteins during A phage
recombination but not in E. coli (conjugative) recombination (Sawitzke and Stahl,
1994). This latter observation has been challenged by recent evidence suggesting that
Orf can substitute for recFOR mutants in E. coli recombination and DNA repair
when Exo and B are present (Poteete, 2004); this feature will be discussed more fully

later in this work. E. coli recO, recR, and recF encode proteins of 243 (Morrison ef
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al., 1989), 201 (Mahdi and Lloyd, 1989; Yeung et al., 1990) and 358 amino acids
(Blanar et al., 1984), respectively. We were eager, therefore, to explain how a single
phage enzyme of only 146 amino acids could replace the function of a complex of
three much larger host proteins.

Prior to the commencement of this project, little was known concerning Orf.
Few homologs had been identified, the structure was unknown, no biochemical
analysis had been undertaken and, although it had been shown to participate in
recombination, initial studies had failed to define a specific role for Orf in A
recombination. As a first step in the characterisation of Orf, the primary sequence
was investigated by employing modern sequence analysis tools to probe protein
databases. It was hoped that identification of Orf homologs would help in the
elucidation of its biochemical activities, identify conserved functional elements and
reveal its distribution among phage populations. A flowchart outlining a systematic
approach to analysing protein sequences is shown in Figure 3.1. The three-
dimensional structure of a polypeptide essentially determines its activity and function
in biology. Hence, knowledge of the architecture of a novel protein is extremely
valuable, helping us understand possible substrate and ligand binding mechanisms
and allowing us to devise rational mutagenesis approaches and appropriate
biochemical assays. Methodologies used for analysing the protein sequence of Orf,
as outlined in the flowchart, are described in this chapter. The crystal structure of Orf
(Maxwell et al., 2005) was obtained relatively early in these studies, so that the latter
stages of tertiary structure prediction and comparative homology modelling proved

unnecessary. The experimental data arm of the flowchart (Figure 3.1) is addressed in
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later chapters of this thesis, which describe the cloning, purification and biochemical
analysis of Orf.

Using this systematic approach for analysing the Orf protein sequence we
uncovered both closely related and distantly related Orf homologs residing in a
diverse number of phages and discovered that the orf gene is located in a conserved

genomic arrangement within these phages.

3.2 Orf belongs to a family of proteins conserved in diverse phages

The initial step in analysing a protein sequence involves the employment of database
searches to construct pair-wise alignments of homologous sequences. Although there
are many mgthods for searching sequences, the most well known of these is the
BLAST (basic local alignment search tool) suite of programs available from NCBI
(Altschul et al., 1990). Based upon the Smith-Waterman algorithm (Smith and
Waterman, 1981), these programs align sequences on the basis of local similarity
between them. With the introduction of the Position-Specific Iterated BLAST (PSI-
BILLAST) and gapped-BLAST programs (Altschul ef al., 1997) it is now possible to
detect very remote homologs with relative ease. These new programs are more
sensitive to weak, but frequently biologically relevant, sequence similarities. By
compiling multiple, as opposed to pair-wise alignments, distant relationships can be
revealed by PSI-BLAST that would otherwise be indistinguishable from chance
sequence similarity.

The Orf amino acid sequence was entered into the PSI-BLAST program using
the default parameters to search for homologous sequences. The program works by

taking the amino acid sequence and comparing it to protein databases using the
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gapped-BLAST program. A multipie alignment and profile are constructed from the
significant local alignments retrieved, using the input sequence as a template (unseen
by the user). The constructed profile is then used to search the protein database again
for further homologs. The program can repeat the process (iterate) a number of times
or until convergence is achieved, allowing detection of distantly related sequence
similarities. Using this approach we performed the first three steps (database
searching, domain alignment and multiple sequence alignment) delineated in Figure
3.1
The PSI-BLAST search uncovered a number of proteins (or putative proteins)
from a variety of phage and prophage sources that display significant sequence
similarity to A Orf. The predicted Orf homologs recovered by these searches are
listed in Table 3.1. It should be noted that the words homolog and homology are used
with the understanding that significant sequence identity is indicative of homology
(i.e. similarity attributed to common ancestry), it is not absolute proof of such. In
cases of limited sequence identity, putative homology is supported by the position of
orf relative to adjacent gene sequences (see section 3.3). Alignment of selected Orf-
like protein sequences (Figure 3.2) was performed using the ClustalW alignment
software (Chenna et al., 2003). Secondary structure elements taken from the Orf
crystal structure (Maxwell et al., 2005) are displayed above the amino acid sequence.
Most orf homologs are encoded by prophages and phages infecting Gram-
negative bacteria belonging to the p (e.g. Neisseria and Bordetella species) and y
(e.g. E. coli and Salmonella species) subdivisions of proteobacteria. Such a
distribution is not too surprising given that orf resides within the enterobacterial

phage A genome. Lambdoid (lambda-like) phages are prevalent within pathogenic
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bacteria, including those from the P and y proteobacteria families. A number of
lambdoid genomes have been sequenced and found to share many of the same genes
as A (Hendrix et al., 1999; Vander Byl and Kropinski, 2000; Juhala er al., 2000,
Plunkett et al., 1999; Neely and Friedman, 1998; Miyamoto et al., 1999).
Bacteriophages are highly diverse in nature due to frequent recombination-driven
genetic rearrangements (Hendrix, 2002). It is therefore quite likely that functionally
important genes will be retained or transferred between phages of distant common
ancestry. This theory would explain the widespread occurrence of Orf-like proteins
and suggests that it fulfils an important role in phage DNA metabolism.

Many of the Orf homologs found using the PSI-BLLAST program show
significant similarity to A Orf (Table 3.1). It is common practice, when analysing
protein sequences using BLAST programs, to assume that hits with a sequence
identity of >25% and E-values of =102 are significant alignments and not due to
chance occurrence. However, these cut-offs cannot be followed blindly and those
sequences with a low percentage identity recovered in PSI-BLAST searches should
be considered further before being dismissed as unrelated.

In addition to the numerous closely related homologs retrieved, a significant
number of distantly related relatives were found (Table 3.1). Of these, a putative
phage protein (Orf151) encoded by the E. coli K12 cryptic prophage DLP12 and the
Orf20 protein from Staphylococcus aureus phage ¢ETA, designated ETA20, were of
interest because of their relative dissimilarity (<25% identity) to A Orf. To assess
their relatedness in more detail we constructed pair-wise alignments of the two
subject entries with the A Orf sequence (Figure 3.2B and C). Alignment of DLP12

O1f151 and A Orf revealed a number of short conserved segments across the length
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of the proteins with only two internally positioned gaps. The relative absence of gaps
within the alignment supports the idea that the proteins are ancestrally related. In
contrast when ETA20 and Orf were aligned, multiple large gaps were evident and
only a small number of scattered conserved residues were noted, although some of
these coincide with those conserved in the Orf151-Orf alignment. The gaps within
the sequence are to be expected as ETA20 is 77 residues longer than Orf. The C-
terminal region of ETA20 incorporates a zinc-finger motif belonging to the HNH
family nuclease domain (Mehta et al., 2004). The presence of this motif suggests that
ETA20 might function as a nuclease, however, experimental evidence is needed to
confirm this possibility.

The use of alternative sequence alignment programmes, such as EMBOSS
(European Bioinformatics Institute (EBI) alignment programs), yielded different
pair-wise alignments for Orf, Orf151 and ETA20. This 1s not too surprising as the
sequences share limited identity; however, it does cast some doubts over the validity
of the proposed relationship. To help address this ambiguity we applied secondary
structure prediction methodologies on each of the three protein sequences (Figure 3.3
and Figure 3.4).

A significant number of protein structures have been solved over the last 30
years. Analysis of these has revealed multiple examples where proteins lacking
obvious sequence homology share very similar domain folds. Sequence alignments
alone are therefore unreliable tools and this has encouraged the use of secondary
structure and protein fold comparisons to verify homologous relationships (Sandhya
et al., 2003; Geourjon et al., 2001; Errami et al., 2003). Experimentally determined

and predicted secondary structures of proteins have been used to identify related
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protein families possessing sequence identity in the range of 10%-30%. It has also
established that >50% seconda;y structure similarity between a pair of proteins is
generally compatible with functional relatedness (Errami et al., 2003; Geourjon et
al.,2001).

To help in our structural comparisons, we therefore submitted the Orf151 and
ETA20 sequences into the Phyre (Protein homology/analogy recognition engine)
protein fold recognition server, a recent replacement for 3D-PSSM (Kelley et al.,
2000). Phyre allows the identification of structurally related homologs based on
known or predicted secondary structure. The query sequence (either Orf151 or
ETA?20 in this instance) is used initially to search protein databases (PSI-BLAST) for
homologs. The multiple sequence alignments recovered are transferred to the SCOP
(structural classification of proteins) database to form a multiple structural alignment
of homologs retrieved from this database. Finally, secondary structure predictions are
made by PSI-Pred. This last program helps identify remote homologs from a
database of known protein structures based on the profiles obtained from the PSI-
BLAST and SCOP searches.

Phyre analysis of Orf151 revealed that it shares significant structural
relatedness to A Orf with a precision of 95% (the estimated confidence of the
relationship between the two predicted structures). It is evident from these secondary
structure alignments that Orf151 shares many of the structural features present in Orf
(Figure 3.3). Interestingly, the secondary structure predicted for A Orf matches
remarkably well that obtained from the crystal structure (Maxwell et al,
2003)(Figure 3.2). Similarly, ETA20 showed a structural homology to Orf with a

precision of 75% as depicted in Figure 3.4. This result was a little more surprising
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given the limited sequence identity between ETA20 and other members of the Orf
family. The presence of several gaps in the ET A20-Orf alignment may indicate that
the folds of these proteins do differ, with potentially important consequences for
function. It is not uncommon for high confidence values (% precision) to be
recovered from Phyre analysis, even when low percentage identities are noted
between template and query sequences (in fact this is the point/power of fold
recognition). In benchmark tests for example, 75% of query-template matches
generated with an E-value of 0.94 were found to be correct, in terms of being
homologous (Lawrence Kelley, personal communication). Hence, while the Phyre
analysis cannot be used reliably to assert that Orf151 and ETA20 are genuine
structural and functional homologs of Orf, it does confirm that the initial primary
sequence alignments were valid in spite of the limited sequence identity. Moreover,
both Orf151 and ETA20 can be considered as distantly related homologs of Orf, at

least until experimental evidence proves otherwise.

3.3 Conserved genomic location of Orf proteins

The genetic context of orf-like sequences was examined, using the BLAST suite of
programs together with information from GenBank, to assess whether gene synteny
was maintained in phages containing homologs of Orf. A basic alignment for the
relevant regions from each phage genome was assembled to show the gene
organisation surrounding Orf-like sequences (Figure 3.5). S. aureus phages were
omitted from this alignment as the majority of genes from these phages have yet to
be assigned a function making inclusion of the data uninformative. As mentioned

previously, Orf is located within the ninR region of phage A, downstream of the
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replication protein P, and upstream of the Q antiterminator and S/R cell lysis
proteins. A similar arrangement is found among most of the other phage genomes
analysed (Figure 3.5). In addition, a number of open reading frames matching the A
nin genes, notably NinD, NinE, NinF and NinG (Kroger and Hobom, 1982), are
frequently preserved in the intervening region and often in a similar order in each
phage genome. Of these putative genes, NinG (Rap) is known to participate in phage
recombination by supplying a branch-specific endonuclease with the capacity to
resolve Holliday junctions and other DNA branched structures (Sharples et al., 2004,
Sharples et al., 1998; Sharples et al., 1999a). The relative position of Rap mirrors
that of the structurally-unrelated RusA Holliday junction resolvase (Mahdi et al.,
1996). In every case, either Rap or RusA is present at a similar place downstream of
Orf (Figure 3.5). Significantly, Orf151 is found three genes upstream of RusA in
DLP12 with a homolog of NinE located in the intervening region. The evidence
provided by sequence similarity., coupled with the conserved genomic arrangements
highlighted here, therefore supports the notion that DLP12 Orf151 and A Orf do

share common ancestry and are likely to play similar roles in phage recombination.

3.4 Discussion

This chapter summarises efforts to identify proteins homologous to A Orf utilising
currently available database search methods. Multiple homologs of Orf have been
identified and all of these are associated with phage sequences. Those matching Orf
most closely reside in lambdoid phages and are almost certainly genuine orthologs;
the differences in amino acid sequence arising by evolutionary divergence from a

common ancestor. For potential Orf homologs displaying a more distant relationship,

63



Chapter 3: New phage Orf family sequences

we employed secondary structure predictions and evaluated the results alongside data
obtained from the crystal structure of A Orf. E. coli cryptic prophage DLP12 Orf151
and S. aureus phage gETA Orf20 (ETA20) secondary structures were shown to share
significant similarities to Orf. The genomic organisation of phages containing Orf
homologs was also investigated and provided additional support for the similarities
identified by sequence homology. Orf was reliably located between replication and
lysis functions and upstream of alternative Holliday junction resolvases supplied by
cither Rap or RusA.

The conservation of gene sequence and gene arrangement among this group of
phages suggests that Orf fulfils an important role in phage biology. We therefore
decided to purify A Orf and begin an analysis of its biochemical properties. To
confirm the relationship between Ort and the distantly-related proteins identified
here, we initiated a similar study of Orfl51 and ETA20. E. coli DLP12 Orf151
shares only minimal sequence homology with Orf but does match well in its
predicted secondary structure. ETA20 shows even less similarity with typical
members of the Orf family. However, its fusion to an HNH nuclease domain and the
fact that it comes from a Gram-positive phage makes it an interesting candidate for

further study.
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Chapter 4

Purification and quaternary structure of

Orf proteins

4.1 Introduction

A Orf protein appears to influence the initial stages of phage genetic recombination.
In addition to substituting for the E. coli RecFOR complex in A Red-mediated
crosses, it can also promote bacterial recombination in cells expressing the Red
system (Sawitzke and Stahl, 1992; Sawitzke and Stahl, 1994; Poteete, 2004). To gain
a better understanding of the role of Orf in genetic recombination, we decided to
purify the protein and examine its biochemical properties in vitro. The sequence
analysis, described in Chapter 3, identified several distantly related Orf-like proteins
among a diverse group of lambdoid phages. From this study, two putative Orf
homologs, E. coli DLP12 Orf (Orf151) and S. aureus phage ¢ETA Orf (ETA20)
were selected for examination alongside the A protein. Thus the activities of three
diverse representatives of the Orf family could be compared and their functional
relationship confirmed experimentally. In this chapter we describe the cloning,
overexpression and purification of these three Orf proteins; the quaternary structure

of each was also investigated.
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4.2 Wild-type A Orf

4.2.1 Cloning of wild-type orf

The A orf gene was amplified by PCR from A genomic DNA and inserted into the
pT7-7 expression vector to give pGS903 (supplied by GJ Sharples). This placed orf
immediately downstream of the T7 RNA polymerase promoter of phage T7 gene 10,
allowing selective high-level transcription of the wild-type orf gene. The integrity of
the insert was verified by DNA sequencing, and found to be identical to that of the

published genome.

4.2.2 Overexpression of wild-type Orf
E. coli BL21 (DE3) pLysS competent cells were transformed with pGS903 as
described in the Chapter 2 (section 2.3.4). This strain is a T7 lysogen and expresses
T7 RNA polymerase under lac control. The pLysS plasmid (Cm") carries T7
lysozyme that helps eliminate any T7 RNA polymerase that might be expressed in
uninduced conditions. Thé improved regulation of target gene transcription was
considered worthwhile as previous reports suggested that Orf expression from
multicopy plasmids is deleterious to E. coli cells (Sawitzke and Stahl, 1994).
Transformants were grown in LB broth (2 litres) containing appropriate
antibiotics and orf expression induced at Ay, ~0.5 by addition of 1 mM IPTG. The
cells were incubated for a further 3 hours with vigorous shaking. Increased aeration
results in high oxygen transport, which can reduce the formation of inclusion bodies,
therefore increasing protein yield in the lysate (Sambrook, 2001). We found however
that the cells were less viable with too much aeration and the optimum for cells over

expressing Orf protein was between 100 and 150 rpm in an orbital shaker. Cells were
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harvested by centrifugation and overexpression of the ~16 kDa wt-Orf protein

observed by SDS-PAGE analysis (Figure 4.1A, lanes 2 and 3).

4.2.3 Purification of wild-type Orf

4.2.3.1 Lysis

Cells, containing overexpressed A Orf protein, were resuspended in Buffer A
containing 1 M KCl and lysed by sonication (Chapter 2, section 2.3.10ii). A high salt
concentration was used in order to disrupt potential protein: DNA interactions and
mcrease protein solubility. PMSF was added to a final volume of 0.5 mM to inhibit
proteolysis. Inclusion of salt and PMSF in the lysis buffer improved Orf solubility
(Figure 4.1A, lanes 4 and 5). Previously, we found that almost all of the Orf protein
remained in the pellet following sonication (data not shown). Growth conditions
were also experimented with, as reduced induction temperature has been shown to
improve piotein solubility (Bishai et al., 1987, Sambrook, 2001). However, little or
no improvement in protein solubility was detected using reduced growth
temperatures (30°C or 25°C) during induction. Further modifications including
reducing IPTG concentration or length of induction and increasing cell density
before addition of inducer, failed to increase Orf solubility. This is consistent with
Or1f being a relatively insoluble protein rather than excretion into inclusion bodies.
Urea extraction (solubilization) of the sonication pellet could have been attempted,
although small quantities of Orf protein could be recovered from the supernatant
following lysis. Further studies revealed that Orf protein tends to precipitate below a
salt concentration of 250 mM KCIl. Subsequent purification steps therefore

maintained the salt concentration above this level.
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4.2.3.2 Q-sepharose ion exchange chromatography

A Q-sepharose Fast Flow column (10 ml) was equilibrated with Buffer A (pH 7.5)
containing 250 mM KCI. This pH was found to be optimal for Orf binding and it
eluted in a broad peak at 0.4-1.0 M KCl (Figure 4.1B, lanes 7-13). As the Q-
sepharose column was used mainly to help reduce the viscosity of the supernatant, as
well as removing several contaminants, all of these fractions were pooled. The Orf
protein ét this and subsequent stages appeared as a double band (Figure 4.1B). This
appears to be a gel artefact, as size-exclusion chromatography (Figure 4.3A) failed to
separate these species. Such gel artefacts are not unusual and may suggest the
presence of intramolecular disulphide bonds that are not easily disrupted by boiling

in the presence of reducing and denaturing agents.

4.2.3.3 ssDNA cellulose affinity chromatography

Because Orf is involved in the early stages of recombination, we anticipated that it
might associate with ssDNA. We therefore employed a 3 ml ssDNA cellulose
column, prepared to ensure removal of fine particles, pre-equilibrated in 250 mM
KCl Buffer A. The pooled Orf fraction from the Q-sepharose column was applied to
the column and bound proteins eluted with a salt (0.25-1.0 M KCl) gradient
collecting 1 ml fractions. Most of the Orf protein bound this column, eluting at 0.4-
0.6 M KCl (Figure 4.1C, lanes 7-9), and these fractions were dialysed against 2 x 1L
250 mM KClI Buffer A for 3 hours. Since Orf bound to ssDNA cellulose, and was
sufficiently pure at this stage, we analysed its ability to bind *’P-labelled ssDNA in a
gel retardation assay (see Chapter 6). The protein did indeed associate with ssSDNA

in this assay, however, we could not exclude the possibility that a contaminant was
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responsible for the gel shift. An additional chromatography step was therefore added

to further purify the wt-Orf protein.

4.2.3.4 Heparin chromatography

2 ml of heparin agarose was equilibrated in 250 mM KCI Buffer A and the dialysed
fractions from ssDNA cellulose loaded onto the column in the same buffer. Orf
eluted from the column at 0.4-0.6 M KCl (Figure 4.1D, lanes 7-9). At this stage the
protein appeared pure, no contaminants were visualised on 15% SDS-PAGE gels
(Figure 4.1E), therefore the wt-Orf protein was deemed suitable for further
biochemical analysis. Pooled wt-Orf fractions were dialysed against 500 mM KCl
Buffer A containing 50% glycerol and stored in aliquots at -80°C. A total of 1.2 mg

of purified wt-Orf was recovered at 0.6 mg/ml.

4.3 Histidine-tagged A Orf (His-Orf)

Purification of the wild-type Orf protein was significantly hindered by insolubility
problems, resulting in an extended purification protocol and reduced protein yield.
The use of affinity tag fusions has become increasingly popular due the ease of
protein isolation, purification and detection. One commonly used affinity tag utilises
a tandem arrangement of six histidine residues (His,), which binds tightly to nickel
ions. The small size of the tag helps limit potential interference of protein function,
or interactions with partner proteins. We decided to construct a Hisg-tagged Orf
fusion protein in an attempt to recover larger quantities of protein for biochemical
studies. Use of a GST fusion was discounted, as its tendency to form dimers in

solution would complicate an investigation of the quaternary structure of Orf.
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4.3.1 Construction and overexpression of a His-Orf fusion

The pGS903 plasmid construct carrying the A orf gene was digested with Ndel and
BamHI and the released 438 bp insert introduced to pET14b cut with the same
enzymes. The resulting clone (pPR100) generates an N-terminal Hisg-Orf fusion
containing a thrombin cleavage site between Orf and the tag.

BL21 (DE3) pLysS carrying pPR100 was grown in 2L of LB broth containing
chloramphenicol and ampicillin and expression induced as described for wt-Orf.
Similar growth problems were encountered as before and optimal induction
conditions matched those employed with wt-Orf. Cells were harvested by
centrifugation as before and samples of uninduced and induced cultures analysed by
SDS-PAGE. Significant overexpression of the His-Orf fusion protein was evident in

IPTG-induced cells (FFigure 4.2A, lanes 2 and 3).

4.3.2 Purification of His-Orf

4.3.2.1 Lysis

The cell pellet was resuspended in 15 ml lysis buffer (50 mM sodium phosphate
(NaH,PO,) pH 8.0, 300 mM NaCl, 10 mM imidazole). The lysis buffer contains 10
mM imidazole to minimise binding of untagged, contaminating proteins and to
increase purity with fewer wash steps. Cells were lysed by sonication and
experimentation with the salt concentration of the lysis buffer found that 300 mM
NaCl was sufficient to limit protein:DNA interactions and maximise recovery of
soluble His-Orf. Cell debris was removed by centrifugation and supernatant and
pellet analysed by 15% SDS-PAGE (Figure 4.2A). As with wt-Orf, the majority of

the His-Orf protein precipitated with the pellet (Figure 4.2A, lane 5). However, more
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His-Orf was present in the soluble cell extract (Figure 4.2A, lane 4) than was

recovered previously with wt-Orf (Figure 4.1A).

4.3.2.2 Nickel affinity chromatography

A 2 ml His-Select™ Nickel affinity gel column was equilibrated with lysis
(equilibration) buffer and the clarified lysate applied. Bound proteins were eluted
with 5 column volumes of elute buffer (lysis buffer containing 250 mM imidazole)
and 2 ml fractions collected. The increased imidazole concentration causes His-
tagged proteins to dissociate from the matrix, as they can no longer compete for
binding sites on the Ni** resin. All of the His-Orf protein eluted in the first two
fractions (Figure 4.2B, lanes 6 and 7) and these were pooled and dialysed against 250

mM KClI Buffer A. Several minor contaminants were present in these fractions.

4.3.2.3 Heparin chromatography

The dialysed His-Orf fractions were applied to a 1 ml of heparin agarose column and
bound proteins eluted with a 0.25-1.0 M KCI gradient. Most of the His-Orf protein
cluted at 0.5 M-0.7 M KCI fractions (Figure 4.2C, lanes 4-6) and appeared
sufficiently pure on SDS-PAGE for biochemical studies (Figure 4.2). Peak fractions
from the heparin column were pooled and dialysed against 500 mM KCI Buffer A +
50% glycerol and stored in aliquots at -80°C. A total of 2.6 mg of purified His-Orf

was recovered at 1.3 mg/ml.
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4.3.3 Quaternary structure analysis of His-Orf

Since His-Orf was recovered at a higher concentration than wt-Orf, the tagged
protein was used to investigate the multimeric status of the polypeptide using
gluteraldehyde cross-linking and size-exclusion chromatography. The crystal

structure of A Orf became available shortly after these studies.

4.3.3.1 Gluteraldehyde cross-linking of His-Orf

Chemical cross-linking with bifunctional reagents such as gluteraldehyde allow the
recdvery of stable oligomeric species and can indicate the quaternary structure of a
protein in solution. Gluteraldehyde induces covalent cross-links between protein
subunits in close proximity, allowing their visualisation by SDS-PAGE (Silva, 2004;
Hermann et al., 1979, Habeeb and Hiramoto, 1968; Sambrook, 2001).

To investigate the multimeric nature of A Orf, we incubated His-O1f in the
presence of increasing concentrations of gluteraldehyde as described in Chapter 2.
Reaction products were analysed by SDS-PAGE followed by staining with
Coomassie blue (data not shown). Monomeric His-Orf could be seen on these gels in
the absence of the cross-linking agent, but it was difficult to detect protein on as the
gluteraldehyde concentration increased. We therefore decided to analyse His-Orf by
western blotting using monoclonal antibodies directed against the histidine tag. His-
Orf without gluteraldehyde treatment migrated as a monomer as expected (Figure
4.3B, lane 1). Addition of gluteraldehyde above a concentration of 0.025% induced
the formation of a stable His-Orf species of ~33 kDa, consistent with the formation

of an Orf homodimer (Figure 4.3B, lane 3-5).
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4.3.3.2 Gel filtration of His-Orf

To confirm that His-Orf exists as a dimer in solution we applied His-Orf at 0.5
mg/ml to a S200HR Sephacryl column in Buffer A containing 250 mM KCI. As gel
filtration separates proteins according to their molecular mass, it was possible to
investigate the oligomeric status of His-Orf by comparing its elution with known
molecular weight standards analysed under the same conditions (see Chapter 2). The
His-Orf protein eluted from the size exclusion column with a molecular weight of
approximately 33 kDa (Figure 43 A). The His-Orf monomer has a predicted
molecular weight of 18.8 kDa, suggesting that Orf forms a dimer.

These experiments were repeated with wt-Orf and yielded similar results (data
not shown). Wild-type Orf eluted from the gel filtration column at ~29 kDa; the
predicted molecular weight of an untagged Orf dimer is 33.6 kDa. Gluteraldehyde
treatment also generated a cross-linked product with the correct molecular weight for
an Orf dimer (data not shown). Taken together, the cross-linking and gel filtration

data strongly favour the conclusion that Orf exists as a homodimer in solution.

4.3.3.3 Crystal structure of Orf

The 2.5 A crystal structure of A Orf was determined shortly after these studies were
completed and revealed an o+f protein class with a novel fold (Maxwell er al.,
2005). The structure confirmed our findings that Orf exists as a dimer in solution.
The protein monomers comprise 5 a helices and 4 f sheets (Figure 4.3 C), and
interact to form an asymmetrical ring-like structure with a central funnel-like cavity
(Figure 43D). Nine hydrophobic residues (Ile®, Val21, Ile36, Val95, Val33, Val75,

Val86, Leu®9, 1197) from two discrete segments of Orf, namely $1-a1-p2 and o3-
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3-f4, contribute to the dimer interface (Maxwell et al., 2005). The dimer exhibits
asymmetry due to a twist in the backbone at residues Asn-40-Ser-42; however, the
C-terminal tail of the dimer provides additional asymmetry. The last 20 residues of
monomer A (Figure 4.3D) form an a-helix, which extends outwards from the body

of the dimer.

4.4 MBP-Orf

During the purification of wild type and Hisg-tagged Orf, we experienced difficulties
with the solubility of the recombinant proteins. In both cases the majority of the
overexpressed protein after cell lysis associated with the cell debris. Although it was
possible to purify protein from the soluble fractions, the total yield was relatively
poor. We therefore decided to construct a maltose binding protein (MBP)-fusion with
Orf since enhanced solubility of MBP fusion proteins has been observed previously
(Kapust and Waugh, 1999; Braun er al., 2002; Sambrook, 2001). MBP-fused

proteins can be purified in a single step using amylose affinity resin.

4.4.1 Construction of an MBP-Orf fusion

The orf gene was amplified from A genomic DNA using oligonucleotides MBP-
NinB1 and NinB2, designed to introduce an EcoRI site at the 5" end of the gene and
a BamHI site at the 3° end. The PCR product was inserted into pMALc2 cut with
these enzymes, resulting in fusion of MBP (the malE product) at the N-terminus of
Orf (Figure 4.4). The malE gene has a deletion within its signal sequence leading to

cytoplasmic expression of the MBP-Orf fusion protein. The resulting construct,
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pPR114, was sequenced to check that no PCR-induced mutations had occurred

within the orf gene.

4.4.2 Overexpression of MBP-Orf

E. coli BL21 (DE3) Codonplus was transformed with pPR114 as described in
Chapter 2. This strain contains additional copies of tRNA genes that are considered
to be rare in conventional E. coli backgrounds. By increasing their availability, a
reduction in translation rates of overexpressed proteins due to rare tRNA depletion
can be averted (Stratagene data sheet). Cells were grown in 2 x 1L of LB broth
containing glucose and ampicillin. The inclusion of glucose eliminates the
expression of amylase, which could degrade the amylose present in the affinity resin
used for purifying MBP fusion proteins. Overexpression of MBP-Orf was induced at
an Agsym Of 0.5 by addition of IPTG (0.3 mM) and cells incubated with aeration for a
further 3 h at 37°C. Uninduced and induced samples were analysed by SDS-PAGE
(Figure 4.5A, lanes 1 and 2) and a band of ~60 kDa corresponding to the MBP-Orf

fusion protein was observed in lane 2.

4.4.3 Purification of MBP-Orf

4.4.3.1 Lysis

Overexpressed cells harvested by centrifugation (3 g) were resuspended in 30 ml of
column buffer (contains EDTA to inhibit proteases that have a Ca” cofactor) and
lysed by sonication. Samples of the supernatant and pellet were analysed by SDS-
PAGE (Figure 4.5B, lanes 4 and 5). As noted previously a large proportion of the Orf

protein was retained in the post-sonicate pellet. However, a significant amount of the

79







Chapter 4: Purification and quaternary structure of Orf proteins

fusion protein was present in the supernatant, suggesting that attachment of the MBP

domain may have improved the recovery of soluble Orf protein.

4.4.3.2 Amylose affinity chromatography

Aproximately 2 ml of amylose resin was mixed with the clarified cell lysate
containing MBP-Orf in column buffer and incubated with mixing on a rotation wheel
at 4°C for 1 h. A column was poured with the mixture and the flow through collected
before the matrix was washed with column buffer. Bound proteins were eluted from
the amylose matrix in the presence of 10 mM maltose, mést of the MBP-Orf protein
appeared in the first fraction (Figure 4.5B, lane 8). The fusion protein was fairly
dilute at this stage and so the sample was concentrated using Ym30 Centricon
Concentrators. A total of 4.77 mg of MBP-Orf was recovered at a concentration of
4.77 mg/ml in storage buffer. The protein was divided into aliquots and stored at -
80°C. A single band of ~60 kDa was visualised by SDS-PAGE after this single

purification step (Figure 4.5C).

4.4.4 Quaternary structure analysis of MBP-Orf

To ensure that the presence of the relatively large N-terminal MBP tag (43 kDa) did
not grossly affect Orf dimerisation, we analysed the MBP-Orf by chemical cross-

linking and gel filtration as before.

4.4.4.1 Gluteraldehyde cross-linking of MBP-Orf

A gluteraldehyde cross-linking assay was performed with MBP-Orf as described

previously with His-Orf. The formation of apparently dimeric MBP-Orf was noted
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with increasing gluteraldehyde concentrations (data not shown). Larger, possibly
multimeric forms, were seen at very high gluteraldehyde concentrations and these
could be due to non-specific cross-linking of adjacent dimers. MBP is known to be a
monomer in solution (Sharff ef al., 1992; Spurlino et al., 1991), so the dimers seen

here are most likely due to Orf subunit association.

4.4.4.2 Gel filtration of MBP-Orf

To verify the cross-linking data, MBP-Orf (1 mg/ml) was analysed on a 24 ml
Superose-6 gel filtration column in 250 mM KCI Buffer A. The protein eluted from
the gel filtration column at 117 kDa (Figure 4.5D). Since the MBP-Orf monomer has
a predicted MW of 59.6 kDa, the elution profile corresponds well to a homodimeric
protein. The presence of a 60 kDa protein in the elute fractions was confirmed by

SDS-PAGE analysis of the relevant fractions.

4.5 A Orf C-terminal deletions

As noted in section 4.3.3.3, the crystal structure of Orf reveals the presence of an a-
helix at the C-terminus in one of the subunits; the same region is disordered in the
other subunit (Maxwell et al., 2005). The 20 residues containing this helix protrude
from the dimer and are ideally positioned to be involved in DNA binding or protein:
protein interactions. Removal of these C-terminal residues could potentially prove
useful in determining their involvement in binding DNA and/or other recombination
enzymes. Two C-terminal deletions were therefore constructed; the first, OrfAC6
removes a flexible tail of 6 residues extending from the end of the helix, the second,

O1fAC19, eliminates the entire region including the a-helix.
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4.5.1 Cloning of orfAC6 and orfAC19

The truncated genes orfC6 and orfC19 were amplified by PCR from A genomic DNA
using mutagenic primers to generate an Ndel site at the start codon and a BamH]I site
downstream of the required coding sequence. The PCR products were inserted into
pT7-7 using these restriction enzymes and the resulting constructs pPR109 (orfAC6)
and pPR110 (orfAC19) were confirmed by DNA sequencing. The inserts from these
constructs were also transferred into pET14b to give pPR111 (orfAC6) and pPR112
(orfAC19), allowing expression with a histidine tag at the N-terminus. Unfortunately,
due to time constraints, further study of these mutant proteins was not possible.
However, recent studies have revealed that the OrfAC6 mutant displays reduced
ssDNA binding, while removal of 19 residues from the C-terminus completely

f-%4

abolishes DNA binding (FA Curtis and GJ Sharples, personal communication).

4.6 Escherichia coli prophage DLP12 Orf151

As discussed in Chapter 3, Orf151 appears to be a distantly related homolog of A
Orf, located in the E. coli prophage DLP12 (Mahdi et al., 1996). This similarity
encouraged us to purify and analyse the biochemical properties of Orf151 in parallel
with A Orf. In this section we describe the cloning and purification of wild-type,

Hiss-tagged and MBP-fused Orf151 and investigate its multimeric status.

4.6.1 Cloning of E. coli orf151

An orfl51 pT7-7 construct (pGS904), amplified from the E. coli K12 genome, was
available at the outset of this project (supplied by GJ Sharples). The insert from

pGS904 was released by cleavage with Ndel and BamHI and transferred into
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pET14b. The resulting plasmid, pPR101, provided a Hisc-tagged version of the
Orf151 protein. An MBP-Orf151 fusion was also constructed as part of a final year
undergraduate project (LY Bowers). The orf15] gene was amplified from E. coli
K12 genomic DNA and recovered in pMALc2, as with the MBP-Orf éonstruct to
generate pPR116. The integrity of all of these genes was verified by DNA

sequencing.

4.6.2 Orf151 overexpression

BIL.12 (DE3) pLysS competent cells were transformed with each of the three-
overexpression plasmid constructs. Growth and expression conditions were as
described in previous sections of this chapter for the Orf versions of these constructs.
All of the recombinant proteins were highly expressed following induction with
IPTG (Figure 4.6A and Figure 4.7A; note that the wt-Orf151 data is not included).
Cells carrying pPR116 yielded very high levels of overexpressed MBP-Orf151
(Figure 4.7A). In light of the difficulties encountered with A Orf, we did not attempt
the purification of untagged Orf151. Cells expressing His-Orf151 and MBP-Ort151

were harvested by centrifugation as described previously (section 4.2.2).

4.6.3 Purification of E. coli Orf151 proteins

4.6.3.1 Lysis

As with His-Orf, cells overexpressing the His-tagged Orfl51 protein were
resuspended in lysis buffer and lysed by sonication. Cells expressing MBP-Orf151
were resuspended in column buffer prior to disruption by sonication. In both cases

the lysate was cleared by centrifugation and pellet and supernatant samples were
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examined by SDS-PAGE (Figure 4.6B and Figure 4.7B). A significant proportion of
both His-Orf151 and MBP-Orf151 samples remained in the pellet (Figure 4.6B,
lanes 4 and 5, and Figure 4.7B lanes 4 and 5). However sufficient quantities of each

was present in the clarified lysate for use in subsequent purification steps.

4.6.3.2 Purification of His-Orf151

The supernatant containing His-Orf151 was applied to 1 ml of Ni’*-agarose (as in
Section 4.3.3.2) column. After washing, bound proteins were eluted with increasing
imidazole concentration. His-Orf151 bound to the matrix extremely tightly, failing to
elute at 250 mM imidazole, as was the case with His-Orf. An imidazole gradient
from 0.25-1.0 M was employed. Although some of the protein eluted at 300 mM
imidazole, the majority was released between 500 and 800 mM imidazole (data not
shown), along with some contaminating proteins. The pooled fractions were dialysed
in multiple steps to try to remove the imidazole, however, the protein consistently
precipitated at lower imidazole concentrations. The 900 mM and 1.0 M fractions
from the column appeared to contain pure His-Orf151 protein as judged by SDS-
PAGE (Figure 4.6B, lanes 8 and 9). These two fractions were pooled and dialysed
against 500 mM KCI Buffer A + 50% glycerol and stored at -80°C for future use. A
number of contaminating proteins were evident in this purified sample (Figure 4.6C)
suggesting that the His-Orf has a tendency to precipitate out of solution. A total of
4.68 mg of protein recovered at 5.2 mg/ml, however, doubts remain over the

solubility of this preparation.
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4.6.3.3 Purification of MBP-Orf151

The cleared lysate containing MBP-Orf151 (Figure 4.7B, lane 4) was mixed with ~3
ml of amylose resin slurry prepared as described in section 4.3.3.2. The mixture was
incubated with stirring at 4°C for 1 hour prior to pouring of the column. The column
was washed and bound proteins eluted with 10 mM maltose as before. Significant
quantities of MBP-Orf151 eluted from the column in the first six 1 ml fractions,
although some contaminants were visible upon SDS-PAGE analysis (Figure 4.7B
lanes 8-13). The elute fractions were pooled and dialysed against 200 mM KCl
Buffer A before loading on a 2 ml heparin agarose column in the same buffer. MBP-
Orf151 bound tightly to this column, eluting between 800mM and 1M KCI (Figure
4.7C, lanes 6-8). The ~60 kDa protein (consistent with its predicted molecular
weight) was dialysed against 500 mM KCl Buffer A + 50% glycerol and appeared
pure when analysed by SDS-PAGE (Figure 4.7D). A total of 26.25 mg of purified

MBP-Orf151 was recovered at a concentration of 17.5 mg/ml.

4.6.3.4 Quaternary structure analysis of MBP-Orf151

MBP-Orf151 (1 mg/ml) was analysed by gel filtration in 250 mM KCI Buffer A as
described previously for MBP-Orf (section 4.4.4.2). A protein peak, corresponding
to a MW of 113kDa, fits with the formation of a dimer (Figure 4.7 E).

MBP-Orf151 dimers were also seen following exposure to gluteraldehyde at
concentrations above 0.025% (data not shown). Furthermore, Orf151 self-association
was detected in the Matchmaker I1I yeast-two hybrid system (GJ Sharples and MD
Watson, personal communication). We conclude that DLP12 Orf exists as a

homodimer in solution in keeping with its predicted similarity to A Orf.
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4.7 Staphylococcus aureus phage $ETA Orf20

In addition to DLP12 Orfl51, another distantly-related homolog of Orf,
Staphylococcus aureus phage ¢ETA Orf20, was identified in Chapter 3 (Yamaguchi
et al., 2000). Unlike Orf and Orf151, ETA20 carries an additional conserved C-
terminal domain that resembles HNH family nucleases. In this section we describe
the cloning and purification of this protein and an investigation of its quaternary
structure. We also attempted the construction of a truncated protein, eliminating 82
C-terminal residues containing the HNH domain, to probe the putative nuclease

activity of ETA20.

4.7.1 Cloning of ETA20 and ETA20AC82

ETA20 and ETA20ACS82 were amplified from §. aureus phage ¢ETA genomic DNA,
kindly provided by M Sugai (Department of Microbiology, Hiroshima University).
PCR products were cloned into pT7-7 and pET 14b vectors using Ndel and HindIII
restriction enzymes. FA Curtis and LY Bowers generated these constructs.
Overexpression and purification of the wild-type and His,-tagged versions of ETA20
and ETA20ACS82 was attempted but with little success. Since MBP fusions were
successful in obtaining purified Orf and Orf151 proteins, we utilised the same
approach with the S. aureus phage protein.

The ETA20 gene was successfully inserted into pMALc2 and the resulting
construct designated pPR113. The integrity of the cloned gene was verified by
sequencing and found to be identical to the published genomic sequence. Despite

several attempts we were unable to clone ETA20AC82. Time constraints prevented
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further cloning attempts and so studies continued using only the fuil-length protein

fused to MBP.

" 4.7.2 Overexpression and purification of MBP-ETA20

Overexpression of the MBP-ETA20 fusion protein was observed following induction
of BL21 (DE3) pLysS carrying pPR113 (Figure 4.8A). The ~70 kDa correlates with
the molecular weight of MBP-ETA20 (69 kDa) predicted from its sequence.
Harvested cells (4 g) were resuspended in 40 ml column buffer and lysed by
sonication. The cell debris was sedimented by centrifugation and a significant
amount of the fusion protein remained in the soluble fraction (Figure 4.8, B lanes 4
and 5).

The supernatant was mixed with 1 ml of amylose resin and the mixture
prepared and the column poured as described (section 4.4.3.2). Flow through and
wash samples were collected for analysis (Figure 4.8 B, lanes 6 and 7) and bound
proteins eluted with 10 mM maltose. All of the bound MBP-ETA20 eluted from the
column in the first fraction (Figure 4.8B, lane 8). The protein appeared pure enough
at this stage for biochemical analysis and was stored in 500 mM KCl Buffer A +
50% glycerol at -80°C in 20 pl aliquots (Figure 4.8C). A total of 1.6 mg of MBP-

ETA?20 was recovered at 1.6 mg/ml.

4.7.3 Quaternary structure analysis of MBP-ETA20

The purified MBP-ETA20 protein, at 1 mg/ml, was analysed by gel filtration to
investigate its ability to form oligomers. The protein eluted at 6.7 ml close to the

void position (Figure 4.8 D). Thyroglobulin, the largest of the molecular weight
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standards, eluted at 12 ml with an expected molecular weight of 670 kDa. It appears
that MBP-ETA20 forms large multimeric complexes in solution.

A gluteraldehyde cross-linking assay was performed with MBP-ETA20
following the same protocol as outlined in section 4.3.4.1. In the absence of
gluteraldehyde MBP-ETA20 appears as a monomer on SDS-PAGE. However,
addition of gluteraldehyde, even at very low concentrations, resulted in smearing at
the top of SDS polyacrylamide gels (data not shown). Unlike Orf and Orf151, MBP-
ETAZ20 does not appear to form dimers in solution. Instead it has a tendency to form
large protein aggregates. The differences in quaternary structure between these
proteins could be a consequence of the extra C-terminal residues found in ETA20

and certainly warrants further investigation.

4.8 Discussion

The main objective of this study was to purify A Orf and two potential orthologs, E.
coli DLP12 Orf151 and S. aureus ¢ ETA Orf20 (ETA20). Orf was successfully
purified in its native form, as a histidine-tagged protein and as an MBP-fusion
protein. In all three cases, cells grown to an Ay, 0.5 with 3 hours incubation at
37°C after addition of IPTG afforded the best conditions for overexpression. A
substantial proportion of the native and His-tagged Orf proteins precipitated with the
cell debris following cell lysis. This hampered the recovery of large quantities of
these proteins and led us to purify an MBP-fusion version, which proved successful.
Precipitation of MBP-Orf after cell disruption was also observed, but its improved
overexpression and increased solubility allowed the recovery of significantly more

purified Orf protein than had been possible with the native and His-tagged forms.
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Gel filtration and gluteraldehyde cross-linking of Orf showed that it exists as a
homodimer in solution. The crystal structure of Orf, solved by a structural genomics
consortium at the University of Toronto, revealed that Orf does indeed exist as a
dimer, confirming our results.

Two C-terminal deletion mutants of Orf were constructed with the intention of
overexpressing and purifying the truncated proteins and investigating their DNA
binding abilities and/or proteins interactions. The overexpression constructs were
successfully engineered and would have produced both native and histidine-tagged
forms of the mutant proteins. Unfortunately due to time constraints these proteins
were not overexpressed and purified at this stage.

During the purification of Orf it was noted that the protein bound to both
ssDNA cellulose and heparin agarose matrices. As heparin is an analogue of DNA,
binding to this matrix and to ssDNA cellulose is clearly indicative of DNA binding
activity. As Orf is critical for the early stages of recombinational exchange (Sawitzke
and Stahl, 1992, Sawitzke and Stahl, 1994) and supplies an activity analogous to E.
coli ReclFOR proteins that assist strand exchange reactions mediated by RecA (Webb
et al., 1997; Poteete, 2004; Kowalczykowski et al., 1994), it is expected that Orf will
interact with DNA and other recombination proteins. The genetic evidence, coupled
with information drawn from analysis of the crystal structure, encouraged us to
investigate these possibilities using biochemical assays. The results of these
experiments are described in subsequent chapters of this thesis.

The Orf homologs, Orf151 and ETA20, were also successfully purified in
milligram quantities from histidine-tagged and MBP-fusion expression constructs.

Gel filtration and gluteraldehyde-crosslinking indicated that Orf151, like Orf, exists
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as a dimer in solution. In contrast, ETA20 apparently formed a multimeric complex,
indicating that its divergence from Orf, perhaps via the C-terminal HNH extension,
confers a structurally distinct function from that proposed for Orf. Attempts to
construct a C-terminal deletion mutant of ETA20, ETA20ACS82, were unsuccessful.
Further investigation of Orf151 and ETA20 is required to elucidate their roles, if any,

in genetic exchange, and their functional similarities to A Orf.
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Chapter §

Purification of other recombination proteins

5.1 Introduction

As mentioned previously, phage A encodes a third protein, Orf (NinB), in addition to
Exo and @, influential in the initial stages of recombination (Sawitzke and Stahl,
1992; Sawitzke and Stahl, 1994; Sawitzke and Stahl, 1997; Tarkowski ef al., 2002,
Poteete, 2004). Orf can replace the function of the F coli RecFOR complex during
Red-mediated recombination (Poteete, 2004; Sawitzke and Stahl, 1994). A Exo is a
highly processive 5’ to 3’ exonuclease that binds to dsDNA termini and degrades one
chain of the duplex to yield 3’ single-stranded tails (Kovall and Matthews, 1998).
The ssDNA generated serves as the substrate for its molecular partner §§ required for
annealing homologous sequences (Passy et al, 1999). As described in the
introduction, significant progress has been made in our understanding of Exo
structure and activity (Little, 1967; Kovall and Matthews, 1997), DNA binding
properties of § (Kmiec and Holloman, 1981; Muniyappa and Radding, 1986),
interactions between Exo and § (Radding, 1971) and how the Red pathway mediates
recombination (Stahl et al., 1997). Despite these advances, we still do not know how
Exo and B activities are coupled, what regulates Exo degradation and how Orf is
accommodated within the pathway. In order to investigate the potential involvement

and interactions between Orf and Red recombinases both Exo and 8 were purified as

N-His, fusions.

95



Chapter 5: Purification of other recombination proteins

Orf 1s able to substitute for the E. coli RecF, RecO and RecR recombination
proteins (see Introduction). Individually and corporately, RecFOR display multiple
in vitro activities, notably, the coordinated action of all three proteins mediates
loading of RecA onto SSB-coated ssDNA to accelerate DNA strand exchange
(Morimatsu and Kowalczykowski, 2003). SSB disrupts RecO-RecR complexes to
form RecO-SSB complexes (Umezu and Kolodner, 1994), RecO promotes RecF
interactions with SSB and RecR proteins, and RecF acts to stabilize RecO-RecR
complexes in the presence of SSB (Hegde et al., 1996a). Although only RecO seems
to directly interact with SSB, the entire RecFOR complex is associated with SSB.
Given the ability of Orf to replace the functions of the E. coli RecFOR it was
important that we investigate the interaction of A Orf with E. coli SSB. We decided,
therefore, to purify SSB and a C-terminal deletion mutant, lacking the last ten C-
terminal amino acids, SSBAC10. The acidic C-terminal domain of E. coli SSB 1s
disordered (Savvides et al., 2004) and serves as a binding site for many proteins
participating in DNA metabolism (Umezu and Kolodner, 1994; Kantake ef al., 2002;
Handa et al., 2001; Genschel et al., 2000).

In this chapter, we describe the overexpression and purification of A Exo and
B proteins and E. coli SSB and SSBACI10. Analysis of protein: protein interactions

between A and bacterial proteins will be reported in subsequent chapters of this

thesis.
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5.2 Overexpression and purification of E. coli SSB and SSBAC10

Overexpression constructs of E. coli SSB (pCC146) and SSBAC10 (pCC180) were
created as described (Cadman and McGlynn, 2004), and were kindly provided by
Peter McGlynn (University of Aberdeen, Aberdeen, UK). Both harbour the relevant
gene/gene fragment in pET22b (minus the optional C-terminal His-Tag) and
regulated by the vector T7 promoter. The constructs were transformed with BL21
(DE3) pLysS (pCC146) and BL21-SI (pCC180) competent cells as described in the
materials and methods. The BL21-SI cells contain a chromosomal insertion of the T7
RNA polymerase gene under control of the salt-inducible proU promoter. Addition
of 0.3 M NaCl to the growth medium induces expression of the polymerase and
hence any genes cloned downstream of the T7 promoter.

Cells containing recombinant clones were inoculated as small-scale cultures for
overnight growth. B1.21-SI carrying pCC180 (SSBAC10) was grown in LBON (LB
without NaCl) broth supplemented with ampicillin at 150 pg/ml at 30°C. BL21
(DE3) pLysS pCC146 were grown in LB broth supplemented with ampicillin at 150
ug/ml and chloramphenicol at 75 ug/ml at 37°C. The overnight cultures for each
clone were used to inoculate 1 litre of fresh medium (LB or LBON) containing the
relevant antibiotics, and cultures incubated at 30°C and 37°C respectively, with
aeration until A, of 0.5. Expression was induced with | mM IPTG in BL21 (DE3)
pLysS cells or with 300 mM sterile NaCl in BL21-SI cells, and incubation continued
for 3 hours at the relevant temperatures. Cells were harvested as previously described
(Section 4.2.2) and stored at 4°C. Overexpression of both SSB and SSBACI10 was

observed at this time by Coomassie blue staining of SDS-PAGE gels (data not

shown).
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Both recombinant SSB proteins were purified following a published protocol
(Cadman and McGlynn, 2004), although the final gel filtration step was omitted. Cell
bellets were resuspended in 1.0 M NaCl Buffer A, lysed by sonication as described
(Section 2.3.1011) and the lysate cleared by centrifugation (JA-20 rotor, 13 000 rpm,
20 minutes, 4°C). Polymin P was added to the supernatant at a final concentration of
0.4% (v/v). Ammonium sulphate solution was added slowly up to a concentration of
19% (vi/v) (as described by Cadman and McGlynn, 2004). These steps were
performed at 4°C to limit protein denaturation. After precipitation the pellet was
separated by centrifugation (13 000 rpm, 10 mins, 4°C) and resuspended in 100 mM
NaCl Buffer A for further purification. Supernatant and pellet samples were analysed
by SDS-PAGE at this stage and SSB proteins of the expected mass were observed in
each precipitate (data not shown).

SSB and SSBACI10 supernatants were applied to 3 ml Q-sepharose anion
exchange columns, washed with 100 mM NaCl Buffer A, and eluted from the
column with increasing salt concentration. Both proteins eluted between 200 mM
and 1.0 M NaCl (data not shown) and recovered fractions were pooled and dialysed
back into 100 mM NaCl Buffer A. Supernatants were mixed with 1 ml pre-
equilibrated heparin agarose resin on an orbital shaker at 175 rpm for 15 minutes at
4°C before pouring of the column. Bound proteins were eluted from the heparin
matrix between 0.4 M and 1.0 M NaCl. Elute fractions were stored in 500 mM NaCl
Buffer A + 50% (v/v) glycerol at -80°C and appeared >99% pure on SDS-PAGE
(Figure 5.1). A total of 9.6 mg of SSB at 3.2 mg/ml and 11 mg of SSBACI10 at 4.4
mg/ml were obtained. As noted previously (Cadman and McGlynn, 2004), the wild-

type ssb allele present in BL21 strains will result in contamination of the SSBACI10
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mutant sample with trace amounts of SSB. Differences in mobility between full-
length and truncated SSB proteins analysed by SDS-PAGE (Figure 5.1), allowed us
to confirm that no wild-type SSB is apparent in the SSBAC10 sample. We conclude
that any contamination of SSBACI10 is negligible and unlikely to affect subsequent

biochemical assays.

5.3 Overexpression and purification of A Exo

The A exo gene was amplified by PCR from A genomic DNA using Pfx polymerase
and oligonucleotides Exo-1 and Exo-2 that introduce Ndel and BamHI restriction
sites on either side of the coding region. The PCR product was digested with these
enzymes and inserted into pET 14b to give pFC150 (generated by F.A. Curtis). This
construct expresses an N-terminal His,-Exo fusion. The integrity of the cloned gene
was confirmed by DNA sequencing.

B1L.21 (DE3) pLysS pFC150 cells were used to inoculate small-scale overnight
cultures, which were incubated at 37°C with aeration. These cultures were used to
inoculate 1 litre of fresh LB broth supplemented with 150 pug/ml ampicillin and 50
ug/ml chloramphenicol. Expression of the plasmid-encoded His-Exo was induced
with 1 mM IPTG when the culture reached an A, of 0.5 and cells incubated for a
further 3 hours at 37°C. High level expression of Exo protein was visualised by SDS-
PAGE (Figure 5.2).

Cells were harvested by centrifugation (JA-10 rotor, 6000 rpm, 10 mins, 4°C),
resuspended in 10 ml of lysis buffer and disrupted by sonication as described
(Section 2.3.1011). A large proportion of the protein was found in the pellet,

suggesting that His-Exo has a tendency to form insoluble inclusion bodies or that cell
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disruption had been ineffective. However, there was sufficient Exo protein in the
supernatant to proceed with the purification protocol (data not shown). The cleared
lysate was incubated with 400 ul of pre-equilibrated Ni** agarose slurry for 13
minutes at 4°C (as described in section 4.3.3.2) prior to pouring of the mixture into a
column. The column was treated with 3 ml of wash buffer prior to elution of the His-
Exo with elute buffer. The high concentration (250 mM) of imidazole in this buffer
caused the protein to disassociate from the matrix in three 500 ul fractions. The
protein appeared pure at this stage as judged by SDS gel electrophoresis (Figure 5.2),
and was dialysed against 500 mM KCl Buffer A + 50% (v/v) glycerol and stored at -
80°C. The recovered protein was concentrated using Centricon concentrators and 1

ml of pure His-Exo was recovered at a final concentration of 0.74 mg/ml.

5.4 Overexpression and purification of A § protein

The overexpression construct, pFC149 (A ber in pET14b) was made by PCR
amplification of the A bet gene from A genomic DNA using oligonucleotides (Bet-1
and Bet-2) to introduce Ndel and BamHI11 restriction sites essentially as described
above (Section 5.3). This clone was generated by Dr F.A. Curtis.

BL.21-SI competent cells were transformed with pFC149 on media containing
ampicillin and overnight cultures incubated at 30°C for 16 hours. Fresh LBON (1
litre) containing 150 pg/ml ampicillin was inoculated from the overnight cultures and
grown to Agso, 0.5 at 30°C. Target gene expression was induced by addition of
sterile NaCl solution to a final concentration of 300 mM. Large quantities of His-f
were produced under these conditions and clearly visible as a 30 kDa band on SDS-
PAGE (Figure 5.2). Cells were harvested as previously described (Section 5.2),

resuspended in 10 ml of lysis buffer and disrupted by sonication (Section 2.3.1011).
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Approximately equal amounts of His-p protein were observed in the pellet and
supernatant.

The supernatant was applied to 1 ml of pre-prepared Ni** agarose and the
column prepared and washed as described for His-Exo (Section 5.3). His-f was
eluted from the column in 1 ml fractions under an increasing imidazole concentration
gradient. The majority of the His-f protein eluted from the column between 250 mM
and 500 mM imidazole. Fractions were pooled and dialysed sequentially with Buffer
A supplemented with (1) 500 mM KClI and 500 mM imidazole, (1i) 400 mM KCl and
300 mM imidazole, (1i1) 300 mM KCI and 100 mM imidazole, (iv) 200 mM KCl, in
order to prevent protein precipitation. Minor contaminants were present qnd so the
His-p sample was applied to a 1 ml Q-sepharose anion exchange column (pre-
equilibrated with 200 mM KCI Buffer A). Bound protein was washed with 10 ml
wash buffer and eluted in 500 ul fractions on a step-wise KClI gradient (0.2 M-1.0 M,
in 50 mM increments). His-p eluted from the Q-sepharose matrix between 350 mM
and 600 mM KCI and appeared >99% pure on SDS-PAGE (Figure 5.2). Purified
protein was stored in aliquots at -80°C in 500 mM KCl Buffer A + 50% (v/v)

glycerol. A total of 2.6 mg His-f§ was obtained at a concentration of 1.73 mg/ml.

5.5 Discussion
To investigate possible interactions between A Orf and other A and host
recombination proteins in vitro, we obtained purified samples of the relevant protein

partners. E. coli SSB and SSBACI10 were successfully purified in milligram
quantities using a published protocol (Cadman and McGlynn, 2004). In addition, N-

terminal-His, fusions of A Exo and B proteins were purified using standard protocols
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devised for histidine-tagged proteins (Novagen). Untagged versions of these proteins
had previously been purified using FPLC chromotography (Kovall and Matthews,
1997; Rybalchenko et al., 2004, Subramanian et al., 2003 ; Karakousis et al., 1998).
We discovered that it was possible to obtain purified His-Exo in a single step by
affinity chromatography using Ni** agarose. Purification of His-p required the
inclusion of a Q-sepharose anion exchange column, after the Ni** agarose step, to
obtain a sample free of contaminants. The His-Exo recovered was at a relatively low
concentration and had time permitted overexpression and purification would have
been repeated to obtain a more concentrated sample. Analysis of protein: protein

interactions between A and E. coli proteins purified here is documented in Chapter 7.
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Chapter 6

DNA binding properties of Orf proteins

6.1 Introduction

During the purification of A Orf protein, both the wild type and His-tagged versions
of the protein were found to bind heparin-agarose (Chapter 3). Heparin is a highly
sulphated glycosaminoglycan, mimicking the polyanionic structure of nucleic acid
and can therefore be used as a ligand for purifying DNA binding proteins. The
affinity of Orf for heparin suggested that it may bind DNA; this was substantiated by
its association with ssDNA cellulose. An interaction with DNA would not be
unexpected as Orf substitutes for F. coli RecFOR, which facilitate loading of RecA
onto gapped DNA (Morimatsu and Kowalczykowski, 2003), and genetic evidence
indicating that A O1f influences the initial phase of genetic exchange (Poteete, 2004,
Sawitzke and Stahl, 1992; Sawitzke and Stahl, 1994, Kowalczykowski, 2000,
Tarkowski et al,, 2002). RecFOR proteins display a variety of DNA binding
activities in vitro. E. coli RecR does not appear to bind either ssDNA or dsDNA
(Umezu and Kolodner, 1994), however, the RecR protein from Bacillus subtilis
interacts with both (Alonso, 1993). RecF binds linear ssDNA independently of ATP
(Griffin and Kolodner, 1990; Madiraju and Clark, 1991), and forms stable complexes
with dsDNA in the presence of non-hydrolysable ATP (ATPyS) or RecR (Madiraju
and Clark, 1992; Webb e al., 1995, Webb et al., 1999). The RecF protein shows a
marked preference for binding to gapped DNA substrates in the presence of ATP,

and it loads at dsDNA-ssDNA junctions (Hegde et al., 1996b). E. coli RecO can bind
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both ssDNA and dsDNA in the presence or absence of ATP (Luisi-Del.uca and
Kolodner, 1994). RecO also binds to SSB-coated ssDNA and can anneal
complementary ssDNA strands (Kantake et al., 2002; Luisi-Del.uca, 1995).

The affinity of Orf for heparin and ssDNA cellulose matrices and its ability to
replace E. coli RecFOR in recombination, prompted us to probe its ability to bind
DNA. *P-labelled DNA substrates designed to mimic the early intermediates of
genetic recombination were assembled and binding, annealing and cleavage assays
were conducted in the presence of Orf. Similar assays were performed using the Orf-
like proteins, Orf151 and ETA20, to examine their functional relatedness to A Orf.

The analyses performed and results obtained form the basis of this chapter.

6.2 A Orf binds preferentially to ssDNA

Electrophoretic mobility shift assays (EMSAs) were used to assess the ability of Orf
to bind different DNA substrates. A 50-base oligonucleotide NH7 and a 25-nt
ssDNA were 5 -end labelled with **P-ATP as described in Chapter 2. A 50 bp duplex
was assembled by annealing labelled NH7 to its complement NH11. A flayed duplex
(fork substrate, f{dDNA) containing a 30 bp duplex with 20 nt ssDNA arms was
generated by annealing NH7 and NH8. Annealed DNA substrates were purified by
separation on 10% polyacrylamide gels in TBE buffer. These three substrates
represent some of the intermediates likely to be encountered during phage
recombination or replication in vivo.

Initial assays were performed with 0.3 nM **P-labelled DNA substrates in
binding buffer with purified wt-Orf and His-Orf at 10, 100 and 1000 nM. Binding

mixtures were incubated on ice for 15 min before loading on 4% PAGE in LIS buffer

105



Chapter 6: DNA bindings properties of Orf proteins

and separation by electrophoresis as described in Chapter 2 (section 2.8.3iii). Gels
were dried onto filter paper and analysed by autoradiography. Orf proteins efficiently
retarded the migration of both ssDNA and fork substrates, but failed to form stable
complexes with the duplex (Figure 6.1). The N-His; fusion and wild-type proteins
showed very similar DNA binding profiles on these three substrates (Figure 6.1A
and B) as did the MBP-Orf fusion (data not shown). The presence of either of the
fusion tags did not appear to adversely affect the ability of Orf to bind DNA. The
proteins also readily bound to the 25nt ssDNA substrate with affinities similar to
those seen with the 50-nt ssDNA (data not shown). The band smearing observed
when the protein was incubated with dsDNA suggests that Orf forms unstable
complexes which dissociate during passage through the gel (Figure 6.1A and B,
lanes 5-8). A similar binding pattern was observed with ssDNA and forked
substrates, indicating a preference for loading onto ssDNA; with Orf protein binding
the 20-nt ssDNA arms of the flayed-duplex rather than the dsDNA region (Figure
6.1A and B, lanes 9-12).

The gel shift assays were repeated with His-Orf using a broader range of
protein concentrations to see if a clear preference for one of these substrates could be
distinguished. The reactions were performed as described above and the dried gels
analysed by phosphorimaging, using Fuji Image Gauge software to quantify DNA
binding. At low protein concentrations His-Orf binds well to both ssDNA and fork
substrates (Figure 6.1C). Similar binding profiles were obtained and almost all of the
substrate was complexed with protein at 1000 nM His-Orf (Figure 6.1C). In contrast,

His-Orf bound poorly to duplex DNA (Figure 6.1C); even at the highest protein
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concentration it associated with only about one-fifth of the substrate and the
complexes detected were unstable (see band smearing in Figure 6.1A, lane 8).
Stopped-flow fluorescence spectroscopy was used to further probe the
interaction between Orf and DNA, using an Applied Photophysics SX.18 mV
stopped flow instrument. This method can be used to evaluate the interactions
between proteins and their substrates by measuring the change in fluorescence of
tryptophan residues (if they are situated close to the ligand binding site). Assays
performed by GJ Sharples, using the purified proteins obtained during this study,
revealed a quench in protein fluorescence when Orf was mixed with DNA (Maxwell
et al., 2005). Orf contains 7 tryptophans and one or more of these residues must be
occluded when DNA is bound by the protein. Using the substrates described above, a
similar fluorescence quench was detected when Orf was mixed with either ssDNA or
fdDNA, suggesting that the protein binds the two substrates with a similar affinity
(data not shown). The percentage change in fluorescence was much less with the 50
bp dsDNA substrate, indicating the Orf does not bind well to this substrate (data not
shown). This data is in accordance with that obtained in the band shift assays and
supports a preference for A Orf in binding substrates containing a sSONA component

rather than to DNA duplexes.

6.3 Defining the Orf DNA binding site

When the crystal structure of A Orf was determined (Maxwell et al, 2005), two
putative DNA binding sites were identified. The protein forms an asymmetric dimer
with a tapered central cavity, which could accommodate dsDNA at the wider end and

allow passage of ssDNA through the central channel. The interior of this cavity is
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highly positively charged and the aromatic residue, Trp30, present within this region
and could act to stabilise complexes by stacking against nucleotide bases. The
protein also has a U-shaped cleft which traverses the top (wide end) of the central
cavity in which DNA could bind. The cleft contains numerous basic residues and
Trp50 1s again positioned appropriately to help stabilise protein:DNA interactions
within this shallow cleft (Maxwell er al., 2005). In an attempt to define the Orf DNA
binding site, assessing whether ssDNA is threaded through the central cavity or
across the surface cleft, we designed oligonucleotides with a central ssDNA gap, and
37- or 5 -ssDNA overhangs. If ssDNA passes through the central channel of the
dimer then Orf should be unable to bind the gapped duplex since dsDNA cannot be
accommodated within the hole. The 3" and 5’ tailed substrates served as controls and
to investigate any preference for binding to 3” or 5’ ended dsDNA:ssDNA junctions,
as noted with RecF and RecFOR (Hegde et al., 1996b; Morimatsu and
Kowalczykowski, 2003).

A 60-nt ssDNA substrate (FAC6) was 5’-end labelled with *’P-ATP and
annealed to a 60-base homologous ssDNA (FAC7) to give a duplex. The 17-nt
oligonucleotides (FAC8 and FAC9) were also annealed to FAC6, producing a
gapped duplex substrate (FAC6+8+9) containing a 26-nt ssDNA stretch flanked by
17-bp duplexes. The 3’-tailed ssDNA (FAC6+8) and 5’-tailed ssDNA (FAC6+9)
substrates were also made at the same time. His-Orf at increasing concentrations was
mixed with each of these *’P- labelled DNA substrates and binding analysed on 4%
PAGE. His-Orf bound the 60-mer ssDNA with a comparable affinity to that seen
earlier with 50- and 25-nt ssDNA molecules (Figure 6.2A). His-Orf bound poorly to

the 60 bp duplex (Figure 6.2A), consistent with our earlier findings using a 50 bp
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dsDNA. We then examined binding to the tailed and gapped duplex DNA substrates
under the same conditions. His-Orf bound to all three with similar affinities, forming
at least two distinct complexes with each (Figure 6.2B). The slower migrating
complex was more obvious at higher protein concentrations, coinciding with a
reduction in the amount of the faster-migrating complex. This is most likely due to
assembly of more than one Orf dimer onto the substrate, although we cannot exclude
the possibility of some conformational change within the protein:DNA complex
(Figure 6.2B). Some differences in the number of the complexes and their relative
gel mobilities are evident between these three substrates, although no firm
conclusions can be made about what these might mean. Stopped-flow fluorescence
experiments were conducted with all of these DNA substrates and the results
mirrored those obtained by gel retardation (Maxwell ef al., 2005). In particular, the
fluorescence change profiles detected with ssDNA, gapped duplex or the 5" and 3°
overhangs were identical.

A Off protein clearly binds preferentially to substrates containing ssDNA.
The fact that Orf bound equally well to either of the tailed and the gapped duplex
substrates, suggests that DNA is bound within the U-shaped cleft upon the surface of
the Orf dimer. However, binding to the gapped duplex could still be explained by Orf
acting as a hinge protein, capable of opening to allow binding of ssDNA within the
central channel. This hypothesis would be in agreement with a proposed action at
dsDNA-ssDNA gaps, as seen with RecFOR, the face of the dimer where the central
cavity is widest interacting with duplex DNA while ssDNA is accomodated within
the channel itself. This explanation requires some mechanism for separating either of

the two segments of Orf responsible for stable dimer formation. The similar binding
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affinities for ssDNA and the 5’ or 3’ tailed suggests that Orf does not preferentially
load at a particular ssDNA:dsDNA junction. Further discussion of these results can

be found in Chapter 9.

6.4 His-Orf does not act as a ssDNA annealing protein

The E. coli RecO protein has the capacity to anneal homologous ssDNA molecules
in the presence or absence of SSB protein (Luisi-DeLuca and Kolodner, 1994;
Kantake ef al., 2002). We assayed His-Orf for strand annealing activity using 25-
base and 50-base oligonucleotides matching ¢X174 circular ssDNA. Reactions
contained 1, 10, 100 and 1000 nM protein with 0.1 ng/ul *P-5’-end labelled $X 174-
25 or $X174-50 oligonucleotides and 20 ng/ul X174 ss-circular virion DNA in
buffer (50 mM Tris-HCI pH 8.0, 1 mM DTT, 100 ug/ml BSA). His-Orf was mixed
on ice with the labelled oligonucleotides and the virion ssSDNA added last. Reactions
were incubated at 37°C for 10 minutes and stopped by the addition of buffer
containing proteinase K and incubation continued for 10 minutes. Suitable controls
containing labelled substrate and circular ssDNA but no protein were subjected to the
same incubation conditions to measure annealing in the absence of protein. An
annealed sample was prepared by heating at 95°C for 2 minutes and cooling to room
temperature. A third control, containing only the labelled oligonucleotide was
incubated under the same conditions as protein-containing reactions. Annealing
reactions were loaded onto a 10% polyacrylamide gel and run at 190 V for 1 h in
TBE buffer. The gel was dried and the labelled DNA analysed by autoradiography.
His-Orf protein failed to stimulate strand annealing under these conditions,

suggesting it lacks this activity (data not shown). Further experiments (performed by
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GJ Sharples), with homologous 50- and 25-nucleotide substrates analysed on
polyacrylamide gels or stopped-flow assays using DAPI to measure duplex
formation also failed to provide any evidence that Orf can promote strand annealing
_ (data not shown). These results were not too surprising as in the Red recombination
system of phage A,  protein supplies a single-stranded DNA annealing function

(Kmiec and Holloman, 1981; Muniyappa and Radding, 1986).

6.5 A\ Orf does not display nuclease activity
Potential nuclease activity of His-Orf was assayed using the same three substrates
utilised in the initial DNA binding studies. The 50-nt ssDNA, dsDNA and forked
substrates at 0.3 nM were mixed with 10, 100 and 1000 nM His-Orf in cleavage
buffer (50 mM Tris-HCI pH 8.0, 1 mM DTT, 100 pg/ml BSA, 1 mM MgCl,).
Reactions were incubated at 37°C for 1 h before inactivation of the protein by
addition of proteinase K. Samples were incubated for a further 10 minutes at 37°C
before separation of DNA on 10% PAGE in TBE buffer at 190 V for 2 h. Gels Qere
dried and analysed by autoradiography as described previously.

No degradation of the DNA was detected under these conditions, suggesting

A Orf protein does not function as a nuclease.

6.6 E. coli DLP12 Orf151 preferentially binds ssDNA

The DNA binding experiments performed with Orf were repeated with Orf151 to
determine whether the E. coli protein is functionally analogous to the A recombinase.
Initial binding experiments were conducted with MBP-Orf151 using 50-nt, ssDNA,

linear duplex (dsDNA) and flayed duplex (fdDNA) substrates. The protein bound all
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three substrates (Figure 6.3A), however, slightly higher protein concentrations than
those employed with His-Orf were needed. MBP-Orf151 formed two discrete
complexes with the 50-nt ssDNA substrate. A similar binding affinity for 25-nt and
60-mer ssDNA substrates was observed, correlating with the results obtained with
His-Orf on these substrates (data not shown). Unusually, the faster-migrating
complex was more evident at higher protein concentrations, potentially indicating
that the protein undergoes a conformational change or that the ssDNA can adopt an
alternative conformation within the protein complex. Another possibility is that the
appearance of this smaller complex at higher protein concentrations is a consequence
of electrophoresis, with a pair of MBP-Orf151 dimers being displaced from the main
complex resulting in the two species seen (Figure 6.3A). MBP-Orf151 formed a
single stable complex with a proportion of the dsDNA and appeared to bind poorly to
the forked substrate (Figure 6.3A). However, MBP-Orf151 formed two discrete
complexes on fdDNA, the faster-migrating complex again being more evident at
higher protein concentrations.

A larger range of protein concentrations was used to analyse the preferred
substrates and facilitate a comparison with Orf DNA binding activity (Figure 6.3B).
MBP-Orf151 displayed a distinct preference for the ssDNA substrate relative to
either dsDNA or forked DNA (Figure 6.3B). At 1000 nM, the protein bound over
50% of the ssDNA, while only 30% dsDNA and 20% fdDNA were bound by MBP-
Orf151 at the same concentration. MBP-Or1f151 appears to have a lower affinity for
ssDNA relative to Orf, which bound over 90% of the substrate at this protein
concentration (Figure 6.1B). The E. coli protein displays a slightly higher affinity for

dsDNA based on the percentage DNA bound,; it also formed more stable complexes

114






Chapter 6: DNA bindings properties of Orf proteins

with the substrate in comparison to the unstable complexes formed by Orf (see band
smearing in Figure 6.1A and B). In contrast to Orf, which bound fdDNA and ssDNA
with similar affinities, MBP-Orf151 bound poorly to the forked substrate (Figure
6.1). It 1s possible that MBP-Orf151 requires ssDNA arms of longer than 20 nt to
assemble on this substrate, or that binding is hindered by the branch-point.

We also investigated MBP-O1f151 binding to the gapped duplex and tailed
substrates described in Section 6.3. MBP-Orf151, like Orf, appeared to bind equally
well to all three DNA substrates, although a slight preference for 3’-tailed DNA was
noted (Figure 6.4). Three distinct complexes were observed with the 3’-tailed and
gapped duplex substrates, the fastest migrating of these being more obvious at higher
protein concentrations. In comparison, only two distinct complexes were seen with
the 5’-tailed substrate, corresponding to the two faster-migrating complexes, and less
DNA was retarded. This may indicate that the protein recognises 3’-ssDNA ends
more efficiently than 5’-ssDNA ends. Further analysis is required to confirm the
reproducibility of complex formation and determine whether MBP-Orf151 has a
specific preference for certain DNA substrates.

MBP-Orf151 failed to cleave ssDNA, dsDNA, or f{dDNA substrates when
assayed for nuclease activity in a similar manner to Orf (Section 6.3). The protein
also failed to display any annealing activity with homologous oligonucleotides or
those matching $X 174 circular ssDNA (data not shown).

Although there were subtle differences in the way Orf and Orf151 bound the
DNA substrates analysed, these studies clearly show that both bind DNA species
with a significant preference for ssDNA. Neither shows a particular affinity for

branched DNA, nor do they display any nuclease or strand-annealing activity. These
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functional similarities help to validate the relationship between Orf and Orf151
identified by primary and secondary structure analysis, though further investigation

1s warranted.

6.7 Potential nuclease activity of S. aureus gETA Orf20

Electrophoretic mobility shift assays using the same range of ssDNA, dsDNA,
gapped and branched substrates were repeated with the putative A Orf homolog from
§S. aureus phage ¢ETA. The ETA20 protein failed to bind any of the substrates under
these experimental conditions (data not shown). The protein did, however, cleave 50-
nt ssDNA, dsDNA and fdDNA at high concentrations in the presence of 1 mM
MgCl, (Figure 6.5A). No significant preference for single-strand, duplex or forked
DNA was observed, with the protein cleaving approximately 80% of all three
substrates at 1000 nM concentration (Figure 6.5B). The protein encodes an
additional C-terminal extension, absent from Orf and Orf151, which incorporates a
zinc-finger motif belonging to the HNH family nuclease domain (Mehta et al.,
2004). The presence of this motif fits with the nuclease activity identified here.
However, further investigation is required to ensure that the observed activity, only
evident at high protein concentrations, is not due to a contaminating E. coli nuclease.
Comparisons with the ETA20AC82 protein, which is missing the HNH nuclease

domain, may help in this regard.
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6.8 Discussion

In this chapter we investigated the ability of A Orf and two putative orthologs, Orf-
151 and ETA20, to interact with a variety of DNA species, designed to mimic the
intermediates lik¢ly to be encountered during the early stages of genetic exchange.
The Orf and Orf151 proteins showed a preference for binding to ssDNA over duplex
DNA, and both could form complexes with small (25nt) ssDNA species. Subtle
differences in their binding properties were noted, for instance Orf formed a single
complex on ssDNA while Orf151 produced two distinct complexes. A Orf showed
limited binding to dsDNA and an affinity for the forked substrate comparable to that
seen with ssDNA. In contrast, Orf151 could form stable complexes with duplex
DNA, unlike Orf, but bound only poorly to the forked substrate. Both proteins
showed generally similar affinities for 3’- and 5'-tailed DNA and a 26-nt ssDNA
flanked by 17-nt duplexes. Neither protein showed any degradative activity on DNA
or the capacity to anneal homologous sequences, suggesting they do not possess
these activities.

The ETA20 protein did not display any DNA binding activity in these assays,
but did show nuclease activity upon ssDNA, dsDNA and fdDNA. However, the
possibility that this was due to a contaminating nuclease has not been eliminated.
The lack of DNA binding activity with ETA20, coupled with its limited primary and
secondary sequence similarity with A Orf, may suggest that the S. aureus phage
protein is not a genuine member of the Orf family.

The similarities between the DNA binding properties of A Otf and E. coli
DLPI12 prophage Orf151 are, however, suggestive of a functional relationship. These

studies provide the first evidence that the proposed sequence similarities identified in
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Chapter 3 are authentic. Furthermore, they strengthen the notion that Orf family
recombinases, conserved across a diverse number of lambdoid phages, may all

function in a similar manner in the early stages of recombination.
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Chapter 7

Interactions between Orf and other

recombinases

7.1 Introduction

The E. coli SSB protein is directly involved in recombination, disrupting the
secondary structure of ssSDNA and protecting the labile strand from nucleases (Meyer
and Laine, 1990). By disrupting the complicated secondary structure, SSB makes the
ssDNA accessible to recombination and replication enzymes. For example in vitro,
SSB can stimulate strand-exchange reactions promoted by RecA, but this interaction
is dependent upon the concentration and order of addition of RecA and SSB (Meyer
and Laine, 1990; Cox and Lehman, 1987; Muniyappa et al., 1984). In vivo, SSB has
been shown to compete with RecA and other proteins for binding to ssDNA (Tsang
et al., 1985; Menetski and Kowalczykowski, 1985; Kowalczykowski et al., 1987,
Kowalczykowski and Krupp, 1987). The rate limiting step in the formation of the
RecA presynaptic filament is the initial binding of RecA to ssDNA to form a
nucleation site, which once formed, allows RecA to cooperatively polymerise onto
ssDNA and displace the bound SSB (Thresher et al., 1988). As previously
mentioned, the E. coli RecFOR complex counters this inhibitory effect of SSB, by
loading RecA specifically at the 5° end of gapped duplex DNA, thereby accelerating
DNA strand exchange (Morimatsu and Kowalczykowski, 2003). In brief, the RecO
protein interacts directly with SSB in vitro (Umezu and Kolodner, 1994) and can

load RecA protein onto SSB-coated ssDNA (Umezu et al., 1993; Bork et al., 2001).
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The RecOR complex assists RecA to utilise the SSB-ssDNA complex in joint
molecule formation assays and forms a strong physical interaction with SSB in vitro,
although no direct interaction with RecA has been demonstrated (Umezu et al., 1993,
Umezu and Kolodner, 1994). The RecR and RecF proteins do not interact directly
with SSB, but the RecFOR complex as a whole can form interactions with SSB,
mediated by RecO (Hegde et al., 1996a).

As previously discussed in this work, Orf is required for A recombination in
the absence of any of the three E. coli recombination proteins RecF, RecO, and RecR
that assist in RecA-mediated strand exchange reactions (Sawitzke and Stahl, 1992,
Sawitzke and Stahl, 1994; Kowalczykowski et al., 1994; Webb et al., 1997, Poteete,
2004). The ability to replace the RecFOR function in A recombination suggests that
this protein functions in the loading or unloading of B protein, RecA or SSB at the
ssDNA:dsDNA interface. Initial investigation of potential protein:protein
interactions, performed by MD Watson and D Hart, employed the Matchmaker 111
yeast-two hybrid system to identify enzymes that work together in driving
recombination reactions. A number of likely partners were screened and potential
interactions between Orf, f and SSB, and Orf151, Exo and SSB were uncovered
(Table 7.1). In this chapter we describe attempts to authenticate the yeast-two hybrid
data, using purified proteins (Chapters 4 and 5) in a number of biochemical assays.
The ability of Orf, or Orf151, to interact directly with Exo, § and SSB was examined
by far-western blotting, affinity chromatography and size exclusion chromatography.
The assays performed and results obtained are described in this chapter and

discussed in more depth in Chapter 9.
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RecA SSB Exo Beta Orf Orf151
RecA  ++++

SSB ++++ ++

Exo ++++ -+ ++
Beta ++ ++

Orf ++ ++ 4+t
Orf151 ++++  ++

Table 7.1. Yeast two-hybrid analysis of E. coli and A proteins implicated in
genetic recombination.

Experiments were conducted by MD Watson and D Hart and are based on the results
from SD and a-gal plates using pGADT7 and pGBKT7 constructs containing the
relevant genes. Strong (++++) or weak (++) interactions are indicated.

7.2 Far-western analysis confirms an interaction with SSB

Western blot analysis involves the use of an antibody to detect the presence of a
particular protein bound to a suitable membrane (e.g. PVDF). In a far western
(overlay assay), a second protein is added, frequently a recombinant fusion protein
containing a suitable tag. Interactions between the fusion protein and the target
protein bound to the membrane can be detected using antibodies to the fusion-tag
(Sambrook, 2001). Biotinylation or radioactive labelling of the fusion protein can
also be used for detection. The method was originally developed to screen protein
expression libraries with a *P-labelled GST-fusion protein (Blackwood and
Eisenman, 1991; Kaelin er al., 1992). However, it can also be used for membranes
generated by transfer of proteins following SDS-PAGE, and with any number of
fusion tags (e.g. GST, MBP or His).

Purified prey proteins (SSB, SSBACI10, His-Exo and His-f) at 2.5 pg were
separated on 15% SDS-PAGE with pre-stained molecular weight markers and
transferred to a PDVF membrane using a transblotter (BioRad). Negative (His-Orf or

His-Orf151 at 2.5 ng) and positive (MBP-Orf or MBP-O1f151 at 2.5 ug) controls
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were analysed in parallel. The membrane was incubated with the bait protein (MBP-
Orf or MBP-Orf151 at 5 ug) in blocking buffer, to prevent non-specific binding, for
4 hours at 4°C with gentle agitation. Tris-Tween buffer was used to wash the
membrane before addition of monoclonal antibodies directed against the fusion tag
(see Section 2.4.6). Secondary antibody (rabbit anti-mouse-IgG peroxidase
conjugate) was added and the membrane washed in Tris-Tween buffer, with frequent
buffer changes, prior to detection with ECL reagents (Amersham Pharmacia) and
exposure to X-ray film.

Using MBP-Orf as a bait protein, an interaction between MBP-Orf and SSB
was detected, although the signal was extremely weak (data not shown). This was
possibly an indication that: (1) the probe protein concentration was insufficient, (ii)
an increased incubation time with the probe protein was required, or (iii) the protein
interactions are not genuine. It was difficult to discern whether MBP-O1f interacted
with any of the other prey proteins due to the high background signals evident on X-
ray films. No interaction with SSB was detected when MBP-Orf151 was used as the
bait protein (data not shown). It is possible that MBP-Orf or MBP-Orf151 do not
interact with prey proteins under these conditions. Further assays are needed to
determine optimal protein concentration and incubation periods before the possibility
of interactions in this assay can be ruled out. Coomassie blue staining of the
polyacrylamide gel used for blotting confirmed that the majority of the prey proteins
had been successfully transferred to the membrane.

These assays have since been repeated by FA Curtis using MBP-Orf (20ug)
to probe blotted SSB protein (0.5, 1.9 and 3.8 pg) followed by detection with anti-

MBP antibodies. The results showed a clear interaction between MBP-Orf and SSB
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under the same conditions (Maxwell ef al., 2005). The use of 20 ug of pure MBP-Orf
in this assay in comparison to only 5 ug in the initial study could explain the lack of
a clear signal. Subsequent studies have also confirmed that MBP-Orf151 and SSB
interact in far-western blots. Although an interaction between SSB and MBP-Orf was
indicated in the initial experiments, and has since been confirmed using this assay,
the expertments need to be repeated with His-Exo or His-p to validate potential

interactions suggested by the yeast-two hybrid data (Table 7.1).

7.3 Affinity chromatography analysis of protein:protein interactions

Interactions between the RecF, RecO and RecR proteins with SSB were previously
analysed by affinity chromatography (Hegde et al., 1996a). SSB protein was coupled
to Affiprep-10 matrix (BioRad) and various combinations of the RecF, RecO and
RecR proteins were loaded onto the column and bound proteins eluted with a linear
salt gradient.

To probe the interaction of MBP-Orf and MBP-Orf151 with SSB and
SSBACI10, we performed similar affinity chromatography experiments. MBP-tagged
proteins were allowed to bind amylose resin followed by addition of purified SSB or
SSBACI10. Purified MBP-Orf (0.5 mg/ml) or MBP-Orf151 (0.5 mg/ml) was
incubated with 200 ul of amylose resin at 4°C for 15 minutes before washing in
column buffer and pouring of the column. SSB or SSBACI10 (0.5 mg/ml) were
loaded and the column washed to remove unbound proteins. MBP fusion proteins,
together with any bound SSB protein, were eluted with column buffer containing 10

mM maltose and fractions analysed by SDS-PAGE. Control assays with purified
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SSB or SSBAC10 applied directly to the amylose resin showed that neither protein
binds the matrix under these experimental conditions.

A small proportion of SSB protein co-eluted from the amylose column with the
MBP-Orf and MBP-Orf151 proteins, however, the eluted SSB protein was barely
visible on Coomassie blue stained gels (data not shown). Much of the SSB protein
recovered failed to bind the affinity column indicating that any interaction is
relatively weak. Using anti-SSB antibodies to detect the protein in western blots
would help to confirm this interaction, as would repetition of the assay with higher
SSB concentration, or perhaps longer incubation with the MBP-Orf-bound resin.

No binding of amylose coupled-MBP-Orf or MBP-Orf151 was observed when
SSBACI0 was applied to the column. All of the probe protein appeared in the flow
through and wash fractions (data not shown). However, recent studies have shown
that MBP-Orf and MBP-Orf151 can still bind SSBACI10 i far-western blots (FA
Curtis and GJ Sharples, personal communication).

Unfortunately, this assay failed to yield convincing results and further
investigations are required. The use of an FPL.C system to detect protein elution by
UV absorption and the addition of higher concentrations of probe SSB protein may
provide more reliable data. It is possible however that the Orf proteins require
accessory factors to form strong interactions with SSB protein. RecF and RecR
proteins require the presence of RecO in order to interact with SSB (Hegde et al,,
1996a). Furthermore, many recombination mediator proteins only recognise their

cognate SSB when complexed with ssDNA (Beernink and Morrical, 1999).
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7.4 Gel filtration analysis of protein complex formation

Size exclusion chromatography was also employed in order to investigate
interactions among the RecF, RecO, RecR and SSB proteins (Hegde et al., 1996a).
To further examine the interactions between Orf, Orf151, SSB, Exo and f indicated
by the yeast-two hybrid data (Table 7.1) and by far-western blotting, we analysed
complex formation by size-exclusion chromatography. A 24 ml Superose-6HR gel
filtration column was equilibrated in 250 mM KCI Buffer A. A relatively high salt
concentration was used to help alleviate any potential problems with Orf/Orf151
solubility (as discussed in Chapter 4). Elution profiles were analysed with respect to
known molecular weight standards exposed to the same conditions (Figure 7.1A).
The molecular weight of each complex was calculated using the calibration curve
produced by plotting ,, MW against the elution volume of the standards (Figure
7.1B). Proteins (1 mg/ml unless stated otherwise) were mixed on ice and incubated
for 15 minutes before loading on the column. Protein was detected by UV absorption
at 260 nm and 280 nm and peak fractions collected and analysed by SDS-PAGE to

confirm the presence of each protein.

7.4.1 Orf and Orf151 fail to associate with SSB

MBP-Orf eluted with a relative molecular weight of 117 kDa in agreement with the
119 kDa predicted for a homodimer (Figure 7.2A and Figure 4.5D) as noted
previously with His-Orf (Figure 4.3). SDS-PAGE analysis of the peak fractions
confirmed the presence of MBP-O1f protein (Figure 7.2A). Similarly, MBP-Orf151
eluted as an apparent dimer of 113 kDa (Figure 7.2C; predicted MW of 120 kDa) as

previously described (Figure 4.7E). These results confirm that both proteins exist as
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homodimers in solution, supporting the yeast-two hybrid results showing that the
proteins self-associate (Table 7.1). E. coli SSB protein eluted as an apparent tetramer
of 84 kDa (Figure 7.2E; predicted MW of 76 kDa), consistent with its known
oligomeric state. When MBP-Orf and SSB were mixed and incubated on ice before
application to the column, a single broad peak was observed, initially indicating the
formation of an MBP-O1f-SSB complex (Figure 7.2B). However, when the peak
fractions were analysed by SDS-PAGE, the proteins did not appear to co-elute; most
of the MBP-Orf appeared in the early fractions with SSB eluting slightly later
(Figure 7.2B). The elution volume of the single peak correlates with a molecular
weight of 85 kDa appropriate to the position of the SSB tetramer. As the elution
volumes of MBP-Orf (15.298 ml) and SSB (15.32 ml) are similar, the two separate
profiles obscure one another resulting in the appearance of a single peak. When
MBP-Orf151 and SSB were mixed (Figure 7.2D), a single broad peak with a distinct
shoulder was observed. SDS-PAGE analysis of the appropriate fractions confirmed
that MBP-Orf151 and SSB do not coelute (Figure 7.2D). The results suggest that
neither MBP-Orf nor MBP-Orf151 is capable of binding SSB under the conditions
employed.

The experiments were repeated using SSBACI0, in place of SSB, to see if loss
of the C-terminal tail affects Orf/Orf151 binding (Figure 7.3). MBP-Orf and MBP-
Orf151 elution profiles are reproduced here for reference (Figure 7.3A and C).
SSBAC10 eluted at 73 kDa, in agreement with the 71 kDa predicted for a tetramer
carrying a 10 residue C-terminal truncation (Figure 7.3E). When MBP-Orf and
SSBACI10 reaction mixtures were analysed, a single broad peak with a distinct

shoulder was seen (Figure 7.3B). SDS-PAGE analysis of the eluted fractions
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confirmed that the two proteins eluted separately. Similar results were obtained when
MBP-Orf151 and SSBAC10 proteins were mixed (Figure 7.3D). The results suggest

that neither Orf nor Orfl51 is able to bind SSBACIO under these specific

experimental conditions.

7.4.2 Orf does not interact with Exo or

When applied to the gel filtration column, His-Exo eluted as a complex of 50 kDa
(Figure 7.4A), which correlates with the approximate size of a dimeric species (58
kDa). Previous studies, using X-ray crystallography and native polyacrylamide gel
electrophoresis, revealed that His-tagged A Exo trimers have a molecular weight of
85.4 kDa (Kovall and Matthews, 1997; Subramanian et al., 2003). It is possible that
the toroidal structure of the Exo trimer causes it to migrate anomalously in gel
filtration. Alternatively, the salt concentration of the buffers used (250 mM KCl)
could prevent formation of the trimeric complex. The exonuclease activity of Exo is
known to be inhibited at relatively low salt concentrations (200 mM NaCl) and this
could be due to disruption of subunit assembly (Little et al., 1967). The protein was
used at only 0.74 mg/ml and the UV absorption values for this protein were
extremely low (~25 mAu). The assay should, therefore, be repeated with a more
concentrated sample of purified Exo and at lower salt concentrations.

When MBP-Orf and Exo were mixed, two distinct protein peaks were
observed, indicating that there is no interaction between these proteins (Figure 7.4B).
This was confirmed by SDS-PAGE analysis of the elute fractions (Figure 7.4B).
However, because Exo may not be present in its biologically active form (a trimer),

no firm conclusions can be drawn from these results.
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The elution profile of His-f3 compared with the standards suggested that it
exists in a range of forms, with most of the protein eluting in a broad peak (Figure
7.4C). B protein (29 kDa) 1s known to exist in numerous states, forming multisubunit
rings and helical filaments in the presence of Mg”* and ssDNA (Passy et al., 1999).
Species with estimated molecular weights of 45 kDa and 182 kDa (probable
monomer and tetramer, respectively) were observed. However, the absorption values
were extremely low (5 mAu and 3 mAu, respectively), indicating that only a small
fraction of the protein exists in these forms under these experimental conditions. No
protein could be visualised in the elute fractions from these peaks (data not shown).
When His-f§ was mixed with MBP-Orf only a single peak at 131 kDa was seen,
corresponding to the latter protein (Figure 7.4D). On this occasion, §§ protein could
be visualised on SDS gels (as an apparent monomer), however, the two protein peaks
did not coincide (Figure 4.7D).

The above experiments could be repeated using native or histidine-tagged Orf
and Orf151 and these might provide clearer data. However, as we have failed to
show any direct interactions between Orf, Orf151 and SSB, SSBACI10, Exo or f
under the conditions employed here, it may also be necessary to use alternative

methods to substantiate the interactions indicated by the yeast-two hybrid assay.

7.4.3 Orf and Orf151 bind SSB-ssDNA complexes

Gel filtration chromatography has previously been used to investigate complexes,
formed between SSB interacting partners in the presence and absence of ssDNA
(Sandigursky and Franklin, 1994; Kelman er al., 1998, Umezu and Kolodner, 1994).

Since Orf, Orf151 and SSB bind ssDNA in gel shift assays, the experiments
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described above were repeated with the inclusion of a 51-base oligonucleotide, under
the same binding conditions. Proteins (1 mg/ml) were mixed with ssDNA (0.1
mg/ml) and incubated on ice for 15 minutes prior to loading on to the column. The
relative proportion of absorbance at 260 and 280 nm allows the discrimination of
protein and DNA peaks; hence both wavelengths were used in these studies. Neither
MBP-Orf (Figure 7.5A) nor MBP-Orf151 (Figure 7.5C) bound the ssDNA substrate,
indicated by the presence of two distinct peaks; both eluted as apparent dimers (131
kDa and 114 kDa) and were visualised in the collected fractions corresponding to
these peaks (Figure 7.5A and C). The increased absorption at 260 nm of one of the
peaks indicated the presence of DNA, which alone elutes at 33 kDa (Figure 7.5F).
The predicted molecular weight of the oligonucleotide is 15.75 kDa, however it
eluted at almost double this value, probably because of its flexibility. The presence
of DNA within these fractions was confirmed by agarose gel electrophoresis and
SYBR green staining. It is possible that the relatively high salt concentration used in
these assays disrupts electrostatic interactions between Orf/Orf151 and DNA,
preventing complex formation. Alternatively, the protein:DNA interactions may be
relatively unstable and subject to disruption under gel filtration conditions, which
would also be exacerbated by the presence of salt.

In contrast, SSB bound the ssDNA substrate under these conditions (Figure
7.5E) and the estimated size of the complex (150 kDa) suggested that two SSB
tetramers were assembled on the DNA. The fact that DNA is wrapped tightly around
the SSB tetramer and does not significantly alter its size or shape, could explain why
the molecular weight of the free ssDNA is not apparent in this value. SSB protein

was evident in the peak fractions analysed on SDS-polyacrylamide gels (Figure
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7.5E) and DNA was detected by SYBR green staining of agarose gels (data not
shown). Under these experimental conditions, with a salt concentration of 250 mM
(KCI), we would expect SSB to adopt the (SSB),; mode of binding (Lohman and
Overman, 1985). This binding mode is favoured at NaCl concentrations above 200
mM and involves all four SSB subunits contacting the ssDNA and protecting 65 nt of
ssDNA. Since only a 51 nt ssDNA was used here, it seems likely that the complex
identified here is a dimer of tetramers (octamer), suggesting SSB is present in the
highly cooperative (SSB),; mode, where only two subunits of the tetramer contact
the DNA, or m one of the transitional modes observed at salt concentrations between
100 and 200 mM (Lohman and Overman, 1985). It is generally agreed that SSB
under physiélogical salt and SSB concentrations binds ssDNA in the (SSB),; mode,
although it is also thought that at high SSB or low ssDNA concentrations (which can
occur in the cell) that the (SSB);; mode can be adopted (Meyer and Laine, 1990).
The estimated physiological concentration of SSB is 0.5 uM (Lohman and Overman,
1985), however, in this assay SSB was used at a concentration of 1 mg/ml (52.7 uM)
which could explain the binding of two SSB tetramers apparently in the (SSB);;
mode upon the ssDNA substrate. Attempts to quantify the molar ratio of proteins
present in the peaks corresponding to complex profiles, by staining of
polyacrylamide gels with Sypro orange, were unsuccessful. A single fraction
corresponding to the crest of the elution peak was utilised and the protein
concentration was too low due to the dilution factor. Pooling and subsequent
concentration of all protein containing fractions would be required for reliable
quantification. The precise details of whether one or a pair of tetramers can assemble

on the 51-nt ssDNA is not crucial for the experiments described here.
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When MBP-Orf was mixed with DNA and SSB, a single peak of 145 kDa was
observed and the proteins were seen to co-elute when analysed by SDS-PAGE
(Figure 7.5B). The high absorbance at 260 nm indicated the presence of DNA within
this peak and this was confirmed by analysis of elute fractions by agarose gel
electrophoresis and Sybr green staining (data not shown). This result could suggest
the simultaneous binding of an MBP-Orf monomer and an SSB tetramer to the DNA.
However we know MBP-Orf is a dimer in its biologically active form and that SSB
binds ssDNA as a tetramer. No peak corresponding to an MBP-Orf monomer was
seen, making the dissociation of the dimer an unlikely explanation for the smaller
than expected complex size. It is possible that the interaction of an MBP-Orf dimer
with SSB or ssDNA and SSB stimulates a conformational change in the protein
making it more compact and causing it to migrate much more slowly. It is the shape
of a molecule that determines how it elutes from gel filtration columns, thus a
difference in the overall shape of the MBP-Orf-SSB-ssDNA complex could account
for the smaller than expected mass observed.

A similar result was obtained when MBP-Orf151, SSB and ssDNA were
mixed, with a single peak of 195 kDa containing both proteins and the DNA as
determined by SDS-PAGE and Sybr green staining (Figure 7.5D). The simplest
explanation for this result based upon the mass of the complex, involves a dimer of
MBP-Orf151 and a tetramer of SSB binding simultaneously to DNA. If the ssDNA is
bound tightly around the proteins, as seen with SSB alone, the individual MW of the
DNA may not be apparent. An MBP-Orf151 dimer (114 kDa) in association with an

SSB tetramer (84 kDa) would account almost exactly for the size of the complex

seen.
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The above assays were repeated using SSBACI10, in place of SSB, and
produced remarkably similar results (Figure 7.6). The elution profiles suggest that
both MBP-Orf (Figure 7.6B) and MBP-Orf151 (Figure 7.6D) interact with SSBACI10
in the presence of the 51nt ssDNA substrate. This indicates that any direct interaction
between Orf and Orf151 with SSB does not occur via the C-terminus of SSB.

Subsequent experiments, performed by FA Curtis, examined interactions
between purified MBP and SSB in the presence or absence of the 51-nt ssDNA. The
two proteins failed to associate in both cases suggesting that any interaction between
MBP-Orf/MBP-Orf151 and SSB in the presence of ssDNA is not due to the MBP
domain (FA Curtis, personal communication).

The formation of MBP-Orf151-SSB-ssDNA complexes was also examined
using a 25 base oligonucleotide (¢X174-25) under the same conditions. The
oligonucleotide alone eluted at a molecular weight of 15 kDa (Figure 7.7C),
consistent with a high 260 nm absorbance and confirmed by Sybr green staining of
agarose gels. In mixed binding reactions, neither MBP-Orf151, SSB nor SSBACI0
bound this 25-nt ssDNA (Figure 7.7A and B). Formation of MBP-Orf151-SSB or
MBP-Orf151-SSBAC10 complexes was not detected in the presence of this shorter
ssDNA substrate; the proteins formed dimers and tetramers, respectively, and failed
to co-elute (Figure 7.7 A and B). These results suggest that the SSB tetramer requires

a substrate of greater than 25-nt in order to bind and accommodate Orf151.
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7.5 Discussion

We have investigated the ability of Orf and Orf151 to interact with Exo, § and SSB
by far-western blotting, affinity chromatography and gel filtration. We failed to
demonstrate a direct interaction between either Orf, or Orf151 with Exo or § in far
western and gel filtration analyses. It is possible that these proteins do not directly
interact, or the presence of both Exo and § is required for complex formation. Exo
and { are known to interact (Muniyappa and Radding, 1986; Passy er al., 1999) and
it is feasible that Orf, and possibly Orf151, requires the presence of both
recombinases to function appropriately in A recombination.

Gel filtration analysis revealed that neither MBP-Orf nor MBP-Orf151
associated with ssDNA or SSB under the conditions employed. However, Orf-SSB
and Orf151-SSB complexes were formed in the presence of ssSDNA. This could be
due to Orf and Orf151 recognising a conformational change in SSB induced by
ssDNA binding. How can this be reconciled with the far-western assays showing an
Orf/Orf151 interactions with SSB in the absence of ssDNA (this study, unpublished
data and (Maxwell et al., 2005). It is possible that transfer of SSB to the hydrophobic
PVDF membrane under denaturing conditions induces the exposure of epitopes on
SSB, normally hidden when in solution, facilitating the binding of Orf or Orf151.
These epitopes may normally be revealed when SSB encounters ssDNA and serve as
an assembly point for Orf and Orf151. Given the evidence presented here, it may be
that Orf and Orf151 associate with the SSB-DNA interface to mediate the loading of
a recombinase onto SSB-coated ssDNA. Further studies on the interactions between
Orf/Orf151 and SSB in the presence and absence of DNA are necessary to uncover

precisely how these proteins assemble on recombination intermediates. The preferred
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genetic exchange partner for Orf, either RecA or B, has yet to be identified.
Distinguishing between the two is a crucial feature, as it will determine whether

strand annealing or invasion pathways are favoured in A recombination.
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Chapter 8

Complementation of E. coli ruv mutant UV
sensitivity by heterologous RecU and RuvC

proteins

8.1 Introduction

In Chapter 1 we described homologous recombination as a fundamental cellular
process, its key role being the salvage of stalled or broken replication forks (Haber,
1999; Kuzminov, 1999; Cox et al., 2000; Michel et al., 2004). Homologous
recombination ensures accurate repair of a variety of chromosomal lesions and
generates the exchanges and rearrangements fundamental to the diversification of
bacterial genomes. Recombination is initiated at the site of DNA damage by the
action of presynaptic enzymes, exposing sufficient ssDNA for assembly of a RecA
filament. RecA then mediates strand-invasion and strand-exchange (synapsis) with a
homologous (undamaged) duplex. The resulting intermediate, the four-stranded
(Holliday) junction, can also be generated by‘regression of a stalled replication fork
(Seigneur et al., 1998). Once formed, the Holliday junction can be moved by branch
migration and is usually eliminated by paired cleavages at the cross-over. Resealing
of the nicked duplex products by DNA ligase reconstitutes intact chromosomes
(Seigneur et al., 1998, Zerbib et al., 1998). The importance of Holliday junction-
resolving enzymes in homologous recombination and DNA repair is highlighted by
their widespread occurrence in nature (Lilley and White, 2001; Sharples, 2001;

Aravind ef al., 2000).
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In E. coli and many other Gram-negative bacteria, Holliday junctions can be
branch migrated and/or resolved by a number of enzymes, including the RusA
resolvase (Chan et al., 1998), the RecG helicase (Lloyd and Sharples, 1993; Whitby
et al., 1994) and the RuvABC complex (Sharples ef al., 1999b). The RuvC protein is
a homodimeric endonuclease that resolves Holliday intermediates by cleavage at
specific sequences located symmetrically at the crossover (Hagan et al, 1998,
Dunderdale ef al., 1991; Iwasaki et al., 1991; Yamada et al., 2004)(Figure 8.1A).
The RuvA protein forms a four-fold symmetric tetramer that binds specifically to the
Holliday structure, with each of the four arms of the structure being bound within
grooves on surface of the tetramer (Rafferty er al, 1996). Binding by RuvA forces
the junction into an approximately square planar configuration, optimal for branch
migration (Hargreaves et al, 1998). Assembly of the RuvA tetramer onto the
junction promotes loading of two hexameric RuvB helicase-motor proteins onto
opposing duplexes, flanking the RuvA-junction complex, with the DNA fed through
the central cavity of each RuvB ring (Stasiak et al., 1994). Branch migration of the
Holliday junction is achieved by the helicase motor of RuvB drawing DNA through
the complex, each duplex arm rotating within the surface channels of RuvA (Rafferty
et al., 1996, Parsons et al., 1995). The RuvC endonuclease component can bind the
accessible face of the junction and interacts with the RuvAB branch migration
complex to form the RuvABC resolvasome (van Gool et al., 1998; van Gool ef al.,
1999, Davies and West, 1998)(Figure 8.1A, B and C). RuvA and RuvC target the X-
structure directly, while interactions between these two proteins and RuvB serve to
stabilise complex formation (Sharples et al., 1999b; Yamada er al., 2004). RuvC

specifically cleaves between the third and fourth positions in the consensus sequence
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54 TTC -3 (Shah er al, 1994). Thus the RuvABC resolvasome functions to
‘scan’ the DNA as it is drawn through the complex until target sequences are found,
allowing for the twin RuvC active sites to be positioned appropniately for dual strand
cleavage.

Representatives of the RuvA and RuvB proteins are widespread in bacteria,
with orthologs present in diverse species, such as Neisseria sp, Yersinia pestis,
Streptococcus sp and Helicobacter pylori (Sharples et al., 1999b). The possibility
that RuvAB can restore regressed replication forks by branch migration in the
absence of RuvC (Seigneur er al., 1998) may explain their ubiquity in bacteria.
Homologs of RuvC are less prevalent and Gram-positive bacteria lack an identifiable
orthologue altogether, utilising an unrelated resolvase, RecU (Ayora et al., 2004).
Distantly-related RuvC-like proteins have however been identified in phages and
prophages from Lactococci and Streptococci (Bidnenko et al., 1998). Phage A also
encodes a branch-specific endonuclease, Rap, which can eliminate branched
structures arising from A Red-mediated recombination and can function as a Holliday
junction resolvase (Hollifield ef al., 1987; Tarkowski er al., 2002; Sharples ef al.,
1998, Sharples et al., 1999a; Sharples ef al., 2004). Rap is thought to be a functional
equivalent of the E. coli RusA Holliday junction resolvase (Sharples er al., 2002,
Mahdi et al., 1996) and can substitute for E. coli RuvC in Red-mediated
recombination reactions (Poteete et al., 2002).

Although closely related homologs of E. coli RuvC are lacking in many
bacterial species, functional equivalents have been isolated from numerous bacteria
and phages (as outlined above). To explore the importance and functionality of

different Holliday junction resolvases from phage and bacterial systems, we decided
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to investigate their impact on the survival of E. coli ruv mutants after exposure to UV
light. The availability of different of ruvA, ruvB and ruvC mutant combinations
allowed us to probe the requirements for both branch migration and resolution in
vivo. Studies were conducted with Bacillus subtilis RuvA, RuvB and RecU,
Lactococcus lactis phage bIL67 RuvC (67RuvC) and Helicobacter pylori RuvC. The
results described in this chapter, in conjunction with data obtained from in vitro
experiments, have provided significant new insights into the workings of these

enzymes in the removal of branched DNA intermediates.

8.2 B. subtilis RecU suppresses the UV sensitivity of E. coli ruvC

mutants

Bacillus subtilis, a model Gram-positive bacterium, shares most of the recombination
genes found in E. coli and many have been given the same gene designation. These
include recA, recF, recG, rect, recN, recO, recQ, recR, ruvA and ruvB. However,
certain key enzymatic components of the recombinational repair apparatus differ
significantly from those found in E. coli. One example is addAB, encoding functional
analogs of the E. coli recBCD genes (Fernandez er al., 2000). Similarly RecU
appears to function as a structurally-unrelated equivalent of RuvC. RecU is highly
conserved among Gram-positive bacteria and involved in homologous
recombination, DNA repair and chromosome segregation (Ayora et al., 2004;
Fernandez et al., 2000). The protein binds preferentially to three- and four-stranded
junctions, although it can also associate with ssDNA and dsDNA with much reduced
affinity. In the presence of Mg*, RecU cleaves mobile Holliday junctions,

introducing symmetrically-related nicks with a certain sequence specificity (Ayora ef
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al., 2004). RecU presumably functions to resolve Holliday junctions following
branch migration by the B. subtilis RuvAB helicase. However, at the outset of this
study it was unclear if RuvAB and RecU acted in concert in a manner analogous to
the £. coli RuvABC complex (Ayora et al., 2004).

Holliday junction processing in Gram-positive bacteria was investigated by
examining the effect of the cloned B. subtilis ruvA, ruvB, ruvAB and recU genes
(provided by JC Alonso, University of Madrid) on the UV sensitivity of E. coli ruvA,

ruvB, ruvAB and ruvC mutants.

8.2.1 Bacterial strains and plasmids

The E. coli K12 mutant strains used in this study were: SR2210 (ruvA200), N1057
(ruvB4), N2057 (ruvAB60::Tnl0), GS1481 (AruvC::kan), GS2053 (ruvC64::kan) and
CS85 (ruvC53 eda::Tnl0) and all are derivatives of the ruv* wild-type strain AB1157
(Sargentini and Smith, 1989; Sharples et al., 1990; Mandal et al., 1993). Plasmid
constructs were as described (Sanchez et al., 2005; Sharples et al., 1990; Sharples
and Lloyd, 1991) and genes from E. coli and B. subtilis designated as Ec or Bs,
respectively. The ruv mutant and wild-type strains were transformed with the
appropriate plasmids and their vector controls. Successful transformants were
selected on LB agar containing ampicillin for pUC18 vectors or chloramphenicol for
pHP13 or pACYC184 derivatives. The UV sensitivity of transformants was analysed

as described in Chapter 2 (section 2.3.5).
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8.2.2 Complementation analysis

The plasmid constructs carrying B. subtilis RuvA, RuvB or RuvAB failed to improve
the UV sensitivity of the relevant E. coli ruv mutants (Figure 8.2), suggesting that
they are incapable of replacing E. coli RuvAB function. The BsRuvA and BsRuvAB
clones conferred a significant negative effect on wild-type E. coli cells following
exposure to UV light (Figure 8.2). This effect is similar to that observed with
plasmids expressing high levels of EcRuvA (Sharples et al., 1990). In both cases,
this negative effect on the survival of UV-damaged cells is probably a consequence
of RuvA binding the Holliday junction DNA and preventing the access other
junction processing enzymes (Sharples ef al., 1990). The results suggest that BsRuvA
and BsRuvB either cannot function as a complex with EcRuvC or the detection of
any complementation is masked by the negative effect of BsRuvA.

In contrast, plasmids carrying B. subtilis RecU fully restored the UV resistance
of ruvC mutant strains (Figure 8.3), although it failed to improve the UV sensitivity
of E. coli ruvA, ruvB or ruvAB mutants. An additional RecU clone with improved
gene expression did partially improve the UV sensitivity of E. coli ruvA, ruvB and
ruvAB mutants (data not shown). The results show that RecU can act as a Holliday
junction resolvase in vivo by replacing E. coli RuvC function. E. coli RuvC is
dependent upon the RuvAB branch migration complex in order to promote efficient
Holliday junction resolution in vivo (Figure 8.3). The same appears to be true of
RecU as it only managed to restore complete UV resistance to the ruvC mutant
strain. We conclude that: i) RecU requires the branch migration activity of RuvAB
for activity and can function with the E. coli RuvAB system. i1) Any important

contacts that assist in stabilising a RuvABC or RuvAB-RecU complex must be
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conserved between the two species. iii) RecU does not function effectively as a
stand-alone resolvase, implying that it depends on RuvAB for junction targeting or
branch migration to its preferred cleavage sites.

Several RecU mutants have been generated in the putative endonuclease active
site, producing proteins that retain the ability to bind but not cleave Holliday junction
DNA (McGregor et al., 2005). Two of the resolution-defective mutants (E36A and
H119A) were examined for their ability to complement the UV sensitivity of E. coli
ruvC mutants. The RecU mutants failed to suppress the UV sensitive phenotype of
the ruvC mutants (Figure 8.4), confirming the functional importance of these

residues.

8.3 Lactococcus lactis phage blL67 RuvC restores UV resistance to
E. coli ruvA, ruvAB and ruvA BC mutant strains

Lactococcus lactis is a Gram-positive facultative anaerobe used extensively in the
dairy industry for the production of buttermilk and cheese. The use of L. lactis in
dairy factories is not without issues, as they are subject to strong selective pressure
from specific bacteriophages present in the dairy environment. Infection by phages
results in significant economic losses each year by preventing the bacteria from fully
" metabolizing the milk substrate (Coffey and Ross, 2002). L. lactis has evolved a
defensive strategy, known as abortive phage infection (Abi), to deal with the threat
of phage attack. In Abi, normal phage infection is followed by an interruption to
phage development, leading to the release of a small number of progeny particles and
death of the bacterial cell (Snyder, 1995). Studies on L. lactis phage blL66, in an

effort to define the molecular targets of one of these Abi pathways, uncovered an
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operon encoding an endonuclease with homology to E. coli RuvC (Bidnenko et al.,
1998). They found that the phage bl[.66 RuvC-like protein shared 57% sequence
similarity to E. coli RuvC, and 43 % identity to its equivalent from the lactococcal
phage bIL67 (Schouler et al., 1994). Both phage RuvC-like proteins have three of the
four conserved acidic residues (Asp-7, Glu-66, Asp-138 and Asp-141) known to
comprise the active site of E. coli RuvC (Saito et al., 1995).

In an attempt to characterise the RuvC-like protein from L. lactis phage
bIL67, the relevant gene (67ruvC) was cloned in the pT'7-7 expression vector to give
pGS905 (Curtis, 2004). As demonstrated with bIL66 constructs (Bidnenko et al.,
1998), recA mutant strains could not be transformed with the construct, suggesting
both strains share a similar capacity to induce double-strand breaks. A plasmid
construct (pFC105) with improved stability was obtained by transferring the pGS905
insert into pET-24a. As with studies on B. subtilis RecU, these clones were
transferred into E. coli ruv mutant strains to see whether they could improve cell
survival following UV irradiation.

The experiments revealed that phage bIL67 RuvC can suppress the UV
sensitive phenotype of ruvA and ruvABC mutants (Figure 8.5). Further analysis,
carried out by GJ Sharples, confirmed that pFC105 could restore UV resistance in a
ruvAB mutant background (Curtis, 2004). Thus 67RuvC can function as a genuine
Holliday junction resolvase in vivo, although unlike its bacterial counterpart it can do
so independently of the RuvAB branch migration complex. 67RuvC failed to
improve the UV repair defect in ruvB (Figure 8.5) or ruvC (Curtis, 2004) mutant
strains, suggesting that the presence of RuvA protein may block access of 67RuvC to

the junction. A similar, though less extreme, phenotype was detected with the £. coli
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RusA Holliday junction resolvase in ruvB and ruvC mutant strains (Mandal et al.,
1993; Mahdi et al., 1996). Holliday junction cleavage activity by 67RuvC was also
demonstrated in vitro using the purified protein (Curtis, 2004).

To help determine whether E. coli RuvC and 67RuvC share a similar
arrangement within the catalytic site, one of the four conserved residues within
67RuvC, Asp-8 (corresponding to Asp-7 in E. coli RuvC) was targeted by
mutagenesis (Curtis, 2004). The resulting 67RuvC D8N mutant failed to improve the
UV sensitive phenotype of an F. coli ruvABC mutant. This defect, coupled with the
inability of the purified mutant protein to cleave branched DNA substrates (Curtis,
2004), revealed that the bacterial and phage RuvC proteins are likely to share a

common catalytic core.

8.4 Helicobacter pylori RuvC is unable to suppress the UV sensitivity

of an E. coli ruvC mutant
Helicobacter pylori is an important human pathogen responsible for chronic gastritis,
peptic ulcer disease, gastric cancer and MALT (mucosa-associated lymphoid tissue)
lymphoma (Suerbaum and Michetti, 2002) and infects approximately half of the
worlds population (Dunn ef al., 1997). It is well adapted for colonisation and survival
within gastric mucosa and is usually acquired in early childhood, persisting for years
or even decades (Dunn et al., 1997, Feldman, 2001).

H. pylori isolates are extremely diverse in their genetic structure, primarily
though its ability to acquire DNA by natural transformation (Nedenskov-Sorensen et
al., 1990) and an unusually high rate of homologous recombination (Achtman ez al.,

1999; Suerbaum et al., 1998). These features are thought to contribute to rapid
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switching of surface antigens and the ability to adapt to environmental changes
within the stomach. Mutations in the DNA repair systems of other bacterial
pathogens, such as Salmonella sp and Listeria monocytogenes are known to attenuate
virulence (Cano et al., 2002; Merino et al., 2002). A potentially similar defect was
observed in H. pylori ruvC (HpRuvC) mutants which were unable to sustain
infection in the mouse gut (Loughlin et al., 2003). This raises the possibility that
homologous recombination may be important for chronic infections by generating
the diversity necessary to evade an immune response.

Mutations of the ruvA, ruvB or ruvC genes in E. coli results in a slight
reduction in recombination frequency but a significant defect in DNA repair (Lloyd,
1991), whereas mutations in H. pylori ruvC result in significant defects in both DNA
repair and recombination (Loughlin et al., 2003). The H. pylori ortholog of RuvC
possesses all the key resides known to be required for binding and resolution by E.
coli RuvC. However, it lacks 16 amino acids from the C-terminus that are likely to
contact RuvB and stabilise assembly of the RuvABC resolvasome complex. It may
be that the RuvAB branch migration and RuvC cleavage steps are uncoupled in H.
pylori. To investigate this possibility, we examined the effect of plasmids carrying
HpRuvC on the survival of E. coli ruvC mutants after exposure to UV light.

Plasmid constructs (pFC120 and pMP101) carrying the H. pylori ruvC gene
were provided by FC Curtis and introduced into E. coli K12 strains GS2033
(ruvC64::kan), GS1922 (ruvC::cat) and wild-type AB1157 (Sharples et al., 1990,
Lloyd, 1991). The H. pylori RuvC endonuclease was unable to restore UV resistance
to either of the E. coli ruvC mutants (Figure 8.6). There are several possible

explanations for these results. It is may be that HpRuvC cannot interact with the
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RuvAB branch migration complex of E. coli, or it cannot assemble on Holliday
Junction DNA 1n their presence. Alternatively, it may require other H. pylori encoded
recombinases to function effectively in vivo. Perhaps the most likely explanation is
that there were simply problems with gene expression or protein solubility in E. coli
cells. This latter possibility fits with the significant difficulties encountered during
attempts to purify HpRuvC for in vitro analysis (FA Curtis, personal
communication). These negative results serve to highlight the limitations of these in
vivo experiments and are not too surprising given the study of foreign enzymes out of

their proper context.

8.5 Discussion

To further our understanding of Holliday junction processing, we initiated an in vivo
study of three resolving enzymes from a Gram-positive bacterium, a Gram-positive
phage and an important Gram-negative pathogen. Plasmids carrying each gene were
tested for their ability to restore UV resistance in E. coli strains lacking different
components of the well-characterised RuvABC recombination system.

B. subtilis RecU, which cleaves Holliday junctions in vitro (Ayora et al.,
2004), conferred UV resistance upon an E. coli ruvC mutant, but was unable to
complement ruvA, ruvB or ruvAB strains. The results suggest that B. subtilis RuvAB
branch migration proteins are required to target the RecU resolvase, much as in the
E. coli RuvABC system. It seems likely that the combined activity of all three
proteins at Holliday junctions is necessary for recombinational repair in B. subtilis.
Support for such a RuvAB-RecU resolvasome model has been obtained recently.

Mutations in B. subtilis recU and ruvAB genes render cells extremely sensitive to
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DNA-damaging agents, as with E. coli ruv mutants (Sanchez et al., 2005). In
addition, the recruitment of RecU to dsDNA breaks in damaged cells is dependent
upon the presence of RuvAB (Sanchez et al., 2005).

Phage bl.67 RuvC resolves model Holliday junction and fork DNA substrates
with almost equal efficiency, unlike E. coli RuvC, which preferentially cleaves
Holliday junctions (Curtis, 2004). The sequence specificity of 67RuvC also differs
from E. coli RuvC, cleaving preferentially at the consensus 5’-T | */; rather than 5’-
TT|, although both proteins do prefer to cleave 3’of a thymidine residue (Curtis,
2004). In this chapter, we described the ability of plasmids carrying 67RuvC to
suppress the UV sensitive phenotype of E. coli ruv mutants. 67RuvC was able to
restore UV resistance to ruvA, ruvAB, and ruvABC mutant strains, confirming that
the phage protein mediates Holliday junction resolution in vivo. The combination of
in vitro and in vivo analyses gave us a greater understanding of how the structure-
specificity of a bacterial Holliday junction resolvase might evolve to suit the
requirements of phage recombination.

Homologous recombination may play a crucial role in the diversity and
adaptability of the human pathogen H. pylori and mutation of the ruvC gene resulted
in an inability to maintain chronic infections in mice (Loughlin er al., 2003).
However, our attempts to demonstrate that H. pylori RuvC could function as a
Holliday junction resolvase, by suppressing the UV sensitivity of an E. coli ruvC
mutant, were unsuccessful. Further studies are therefore required to unravel the
mechanics of junction resolution in H. pylori

Although this particular study forms only a small part of the ongoing studies

into enzymes involved in Holliday junction resolution, it serves to highlight the

162



Chapter 8: Complementation of E. coli ruv mutant UV sensitivity by RecU and RuvC proteins

importance of these proteins in a variety of orgapisms. It 1s vital that recombination
intermediates formed during replication fork regression or by homologous
recombination are eliminated prior to cell division. The mechanism of branch
resolution has been dissected in considerable detail using E. coli as a model
organism. However the data presented here reveals the importance of having more
than one model system to evaluate the mechanics of DNA repair/replication and

recombination.
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Chapter 9

Final discussion

Bacteriophages contribute to the evolution of new infectious diseases by mediating
the dissemination of virulence factors within and between bacterial populations.
Phage recombinases are able to induce genomic rearrangements at sites of limited
sequence homology, leading to the acquisition of new genetic material. If the
appropriation of novel properties confers a selective advantage to the host, the genes
may be retained and transmitted to subsequent generations. The molecular
mechanisms of phage recombination have received surprisingly little attention,
despite the fact that an understanding of illegitimate exchange would help explain
how phage facilitate the transmission of virulence genes and contribute to the
emergence of new pathogenic bacteria. Of the known temperate phages, A is the best
characterised and its relatives frequently carry important virulence determinants. It
therefore presents an ideal model system in which to study the mechanisms that
promote bacteriophage genome rearrangements.

The work presented in this thesis describes the purification and biochemical
analysis of the Orf recombination protein from phage A and two homologs, E. coli
DLP12 Orf151 and §. aureus phage 9ETA Orf20 (ETA20). The purpose of these
studies was to elucidate how the 17 kDa Orf protein can substitute for a complex of
three much larger E. coli proteins (RecF, RecO and RecR), and to further our
understanding of how it functions in the initial phases of genetic exchange. In this
chapter we summarise the major findings of this study and suggest experiments to

address some of the unanswered questions concerning the function of Orf.
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9.1 A family of phage Orf proteins

The primary sequence of A Orf was used to search databases for homologous
proteins. Multiple matches sharing significant sequence identity were identified and
all were associated with phages, especially among the lambdoid group. More
divergent Orf-like proteins were also found and two of these, E. coli cryptic
prophage DLP12 Orf151 and §. aureus phage ¢ETA Orf20 (ETA20), were shown to
share significant secondary structure similarities to A Orf. The genomic organisation
of phages containing Orf homologs was investigated and revealed that the gene order
was preserved in many instances. The orf genes were located between replication
and lysis functions and upstream of alternative Holliday junction resolvases supplied
by either Rap or RusA. This data provided additional support for the similarities
identified by sequence homology and suggests the Orf protein is functionally

important in phage biology.

9.2 Orf belongs to a group of recombination/replication mediators

To study the activities of A Orf and the two potential orthologs, E. coli DLP12
Orf151 and S§. aureus ¢ETA Orf20 (ETA20) were purified to apparent
homogeneity. A Orf was successfully purified in its native form, as a histidine-tagged
protetn and as an MBP-fusion protein, and we demonstrated it exists as a dimer in
solution. The Orf homologs, Orf151 and ETA20, were also successfully purified in
milligram quantities from histidine-tagged and MBP-fusion expression constructs.
Orf151, like Orf, exists as a dimer in solution. In contrast, ETA20 forms multimeric

complexes, indicating its divergence from Orf.
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Biochemical studies revealed functional similarities between Orf and Orf151;
both preferentially bind ssDNA and interact with SSB in the presence of ssSDNA.
ETA20 failed to show any DNA binding activity; instead it displayed a non-specific
nuclease function absent from both Orf and Orf151. Although further studies are
required, this nuclease activity is consistent with the presence of a C-terminal HNH
domain extension in ETA20. While ETA20 may possess an Orf-like DNA binding
domain and participate in the early stages of phage genetic exchange, it appears not
to be a true otholog of A Orf.

The Orf protein has previously been shown to substitute for the E. coli
RecFOR complex in A-by-A recombination but not during host conjugational
exchange (Sawitzke and Stahl, 1992; Sawitzke and Stahl, 1994). However, Orf can
partially substitﬁte for RecFOR in E. coli recombination when Exo and Bet are
present and partially suppresses the UV sensitive phenotype of ruvAB and rinC
mutants (Poteete, 2004). This latter activity could be due to Orf encouraging a repair
pathway that does not result in Holliday junction formation. The RecFOR proteins
belong to a structurally diverse group of recombination/replication mediator proteins
(RMP’s) that includes phage T4 UvsY and eukaryotic Rad52 proteins (Beernink and
Morrical, 1999). All of these proteins function by helping strand exchange enzymes
overcome the physical barrier presented by ssDNA binding proteins such as SSB and
RPA. They mediate assembly of the required recombinase onto ssDNA in a species-
specific manner enabling presynaptic filament formation and thus allowing
recombination to proceed.

The prototype RMP is the UvsY accessory protein of phage T4. It facilitates

the assembly of the UvsX recombinase onto ssDNA, overcoming the block presented
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by the Gp32 ssDNA binding protein. UvsY binds preferentially to ssDNA and
interacts with both the UvsX recombinase and Gp32. The Gp32 protein, like SSB,
binds cooperatively and with high affinity to ssDNA, eliminating the inhibitory
secondary structures. However, the competitive effects of its binding to the ssDNA
lattice interfere with UvsX loading, in a similar manner to SSB inhibiting RecA
binding (Griffith and Formosa, 1985; Kowalczykowski et al., 1987). It is thought
that the UvsY protein eliminates this competition by binding to the Gp32-ssDNA
complex and weakening it, enabling UvsX to bind, allowing filament formation and
displacement of Gp32. The protein has been shown to stabilise the UvsX-ssDNA
interaction and destabilise Gp32-ssDNA interactions (Kodadek et al., 1989; Sweezy
and Morrical, 1999). The mechanism of UvsY presynaptic filament stabilisation is
unknown; it may induce a conformational change in the ssSDNA causing an increase
in the affinity of UvsX, or it may simply hold the complex together by interacting
with both ssDNA and UvsX (Sweezy and Morrical, 1997, Yassa et al., 1997). The
most recent studies indicate that UvsY interactions with ssDNA play a major role in
its stabilisation of presynaptic filaments, consistent with the theory that it functions
by organising the ssDNA lattice into a favourable conformation for interaction of
UvsX with ssDNA (Liu et al., 2006).

The ReclFOR complex stimulates the assembly of RecA filaments onto gapped
SSB-coated ssDNA, overcoming the rate limiting step of presynaptic filament
formation, thereby accelerating DNA strand exchange (Morimatsu and
Kowalczykowski, 2003). RecO binds preferentially to ssDNA and interacts with
SSB, while the RecOR complex stabilises RecA-ssDNA complexes (Shan et al,

1997). These proteins clearly function in an analogous manner to the UvsY, UvsX
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and Gp32 components of bacteriophage T4, and are therefore classified as members
of the RMP family (Beernink and Morrical, 1999).

Orf and Orf151 proteins shared remarkably similar biochemical properties to
each other, displaying a preference for binding to substrates containing a ssDNA
component rather than those consisting only of dsDNA. Both proteins also associated
with E. coli SSB protein, however they required strict conditions for recognition, the
presence of ssDNA being required for complex formation. This suggests the proteins
require exposure of concealed SSB epitopes, available only when SSB is bound to
ssDNA. Regardless of this requirement, the Orf/Orf151-SSB-ssDNA tripartite
assemblies are analogous to those formed between UvsY, Gp32 and ssDNA in the
phage T4 system and are consistent with the activities of the RecFOR complex. Orf
and Orf151 should therefore be considered as members of the recombination/
replication mediator protein family.

Interactions between Orf and § protein could not be authenticated during this
study and further experimentation is required to elucidate whether RecA or f protein
1s the preferred recombinase partner for Orf.

Formation of complexes between RMP proteins and their cognate SSB bound
to ssDNA appears to be a universal strategy for facilitating the loading of enzymes
that would otherwise be inhibited by SSB (Beernink and Morrical, 1999). A common
role in alleviating the SSB/Gp32 barrier during phage recombination is indicated by
the similarities between the action of Orf/Orf151 and T4 UvsY. The widespread
conservation of Orf and the functional similarity displayed by one of its very distant
relatives (Orf151) highlights the importance of overcoming the barrier presented by

SSB proteins during lambdoid phage recombination.
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9.3 The Orf DNA binding site

In Chapter 6 we described the DNA binding properties of Orf and Orf151. We
discovered that both bind preferentially to ssDNA over dsDNA and form complexes
with gapped substrates and oligonucleotides containing 3" or 5’ ssDNA overhangs.
The crystal structure of Orf indicated two possible DNA binding regions, a positively
charged, tapered central channel, and a shallow U-shaped cleft that traverses the top
of the central cavity and is lined with positively charged residues. The central
channel ranges in diameter from ~20A at the top to 8A at the bottom, and it is
thought that this hole could accommodate ssSDNA throughout and dsDNA at the
widest end (Maxwell et al., 2005). The lack of preference for binding to gapped and
tailed substrates by Orf suggests that the protein interacts with ssDNA regions via
the surface cleft, as dsDNA cannot be accommodated throughout the central channel.
However, until we can prove this theory, either by crystallising Orf bound to DNA,
or by site-directed mutagenesis of residues in the proposed binding sites, we cannot
be certain that DNA is not bound within the central hole.

If the central cavity is the DNA binding site of Orf we have to account for its
ability to assemble on gapped duplex substrates, given that the diameter of DNA
double helix should preclude aperture penetration. The simplest explanation is that
the Orf dimer is a hinge protein, able to open in order to bind at the ssDNA-dsDNA
junction. The electrostatic potential calculations show that the interior of the central
channel is extremely positively charged (Figure 9.1A) due to several conserved
residues (Lys3, Argdl, Lys73 and Lys81; Figure 9.1B; see also Figure 3.2A). This
feature is supportive of a model where ssDNA threads through the central channel.

The residues Trp50 and Asn46 project from opposite sides of each monomer into the
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cavity and could interact with nucleotide bases to stabilise interactions with DNA
(Figure 9.1C). Using a DNA binding site prediction server (University of Osaka;
http://pre-s.protein.osaka-u.ac.jp/~preds/), which calculates potential dSSDNA-binding
surfaces, Orf was considered to be a probable dsDNA binding protein, interacting
with dsDNA in the areas indicated in Figure 9.1D. The prediction method generates
the molecular surface of the protein, calculates the electrostatic potential and uses 63
protein-dsDNA complexes determined by X-ray crystallography to predict the
dsDNA-binding sites on protein surfaces (Tsuchiya et al., 2004). Orf showed limited
binding to the duplex substrates in band shift assays, however it did bind to gapped
and tailed substrates containing duplex regions. It is possible that Orf threads ssDNA
through the central cavity and interacts with the dsDNA region of ssDNA-dsDNA
junctions via the widest part of the cavity opening (Figure 9.2).

However, this still leaves unanswered the question of how Orf loads onto a
gapped duplex substrate. The N-terminal region of the Orf dimer consists of two a-
helices (oA from each monomer) and four f-strands (B1 and 2 from each
monomer) that form an intertwined B-sheet (Figure 9.3A). Calculation of the position
of hydrogen bonds within the Orf dimer was performed using Swiss-Pdb viewer
(GlaxoSmithKline;, www .expasy.org/spdbv/). Hydrogen bonding in this region is
extensive, within and between the monomers. In contrast the larger C-terminal
region is composed of two three-helix bundles (aB, aC and aD) and two anti-
parallel B-sheets (3 and f4) connected by long loops (Figure 9.3A). Hydrogen
bonding within the distal region of the C-terminal (aC, B3 and B4) is less extensive,
and any bonding is between strands and helices within a single monomer.

Asymmetry in the Orf dimer is due to a twist in the backbone at residues Asn40-
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Ser42, the hinge point involving residues Asn40 and Arg4l (Figure 9.3A). We
propose that the stable packing and strong hydrogen bonding within the N-terminal
asymmetric region of the Orf dimer allows it to act as a hinge, allowing for opening
of the dimer in the C-terminal region between the antiparallel B-sheets (Figure 9.3B).
In this model the dimer bends in the region between 2 and aB, possibly at residues
Asn40 and Arg4l, allowing dissociation of the C-terminal 3 and $4 from each
monomer, opening the central channel (Figure 9.3B). The extended conformation of
the ok helix in monomer A, and the disorder observed at the C-terminus of monomer
B suggests that the last 20 residues are flexible and could adopt different
conformations. It i1s possible that these helices stack against the N-terminal region of
the dimer, offering stabilisation of the open conformation.

This model could account for Orf binding to gapped substrates and those with
ssDNA overhangs with equally affinity and help explain the observed weak/unstable
binding to dsDNA. In the ‘open’ conformation, Orf could associate with duplex
DNA via the central cavity, but the interaction would be unstable due to the lack of a
ssIDNA substrate to close around. The highly positively charged nature of the central
cavity certainly suggests that this region is involved in DNA binding and fits well
with this model. Our proposed ‘hinge protein’ model is also in agreement with the
predicted dsDNA binding regions of Orf. While this model can offer certain
explanations we cannot be sure whether Orf binds DNA via the central channel or
within the surface cleft without further expenimental evidence.

Many DNA binding proteins interact with the negatively charged
phosphodiester backbone of DNA via positively charged residues. Orf contains 19

lysine or arginine residues per subunit, most of which lie in the putative binding cleft

173






Chapter 9: Final discussion

or line the walls of the central cavity. Seven of these residues are conserved in
alignments of closely related lambdoid phages, five of which are in the proximity of
the putative binding domains. Residues 48 and 132 (Lys48, Argl32) are positioned
within the cleft, Lys73 and Arg41 project into the central cavity and Lys3 is in a
position that indicates it could interact with DNA in either position. Mutation of
these residues could provide valuable information about the location of the DNA
binding site. The residues TrpS0 and Asn46 protrude into the central cavity and
could stabilise interactions with DNA. If proteins mutated in these residues displayed
an impaired ability to bind DNA, this would provide support for the hinged protein

model with ssSDNA passing through the channel.

9.4 A model for the role of Orf in phage recombination

The A Orf protein can provide a function analogous to that of RecFOR in A
recombination. RecO interacts with ssDNA and SSB and RecFOR act in a concerted
manner at ssSDNA-dsDNA junctions to facilitate the loading of RecA onto SSB-
coated DNA. We have shown that Orf binds ssDNA and gapped duplex substrates
and associates with SSB bound to ssDNA. However, we do not know the precise role
of Orf in genetic recombination and can only provide a basic model for its function
in the early stages of the Red-recombination pathways (Figure 9.4).

When a dsDNA break occurs in the A genome, the dsDNA end is processed by
Exo to generate a 3 ssDNA tail. The highly processive nature of Exo and the small
size (48.5 kb) of the phage genome suggests that the activity of Exo is modulated,
possibly by the B protein (Matsuura et al., 2001; Cassuto et al., 1971; Cassuto and

Radding, 1971). The dsDNA end is probably converted to a § protein coated 3’-
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ended ssDNA by the concerted action of Exo and B, consistent with their known
interaction and DNA binding properties of B protein (Radding, 1971; Muniyappa and
Radding, 1986; Kmiec and Holloman, 1981). It is possible that a monomer of f is
associated with Exo and P protein immediately loads on the free ssDNA exposed by
Exo. Assembly of additional  subunits to form a multimeric ring may halt Exo
progression. This could explain the ability of recombination in A to occur at short
tracts of homology and to occur close to the initiating dsDNA break. If a
complementary ssDNA is available, recombination will occur via the strand-
annealing pathway; f anneals the homologous strands to form a splice recombinant
molecule. It is possible that Orf function is not required for this pathway, perhaps
explaining why it is not essential for Red pathway recombination. It has been shown
that A phage lacking Orf can still recombine via the Red pathway, though
recombinational exchanges occur further away from the dsDNA break (Tarkowski er
al., 2002). However, Orf may function in some way to assist binding of f onto the
ssDNA, perhaps interacting at the SSB-ssDNA interface to serve as a nucleation site
for B. Orf may modulate the Exo/f complex ensuring minimal degradation of the
dsDNA by Exo, promoting efficient binding of § onto the ssDNA and thereby acting
to focus recombination events close to the initiating dsSDNA break. In the absence of
a homologous ssDNA, A recombination will proceed via the RecA-dependent strand-
invasion pathway. It is not known whether P protein participates in this pathway; if it
is loaded onto the ssDNA as in the annealing pathway, this would suggest that RecA
has to displace B for the presynaptic filament to form. Although B protein can
promote strand exchange under certain circumstances, it has not been shown to

promote the duplex strand invasion reactions seen with RecA (Li ef al., 1998). The
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requirement for RecA in the strand invasion pathway of A recombination fits with f§
being restricted to the annealing pathway (Stahl et al., 1997). It is possible therefore
that Orf 1s required to facilitate the polymerisation of RecA onto $-coated ssDNA. If
[ protein is not bound to the ssDNA and instead it is coated with SSB, Orf may bind
to the SSB-ssDNA interface and weaken the interaction, in a way analogous to the
action of UvsY in the phage T4 system, allowing for binding and subsequent
polymerisation of RecA. The Orf protein could also modulate the activity of SSB,
helping RecA displace SSB or compete with § protein for ssDNA binding.

Many questions remain unanswered concerning how the activities of phage and
host enzymes are coordinated and how they function in the molecular processes
leading to genomic rearrangements in lambda and lambdoid phages. The current
model proposed here cannot incorporate all possible proteins involved, or indicate
their activities with any great certainty. The new model (Figure 9.4) can only be
slightly modified from that shown in the introduction (Figure 1.8), by using the
experimental evidence gathered during this study. It depicts Orf functioning in the
Red-mediated strand invasion pathway by recognising the ssDNA-dsDNA junction,
created from a dsDNA end by Exo nuclease action and its association with the SSB-
ssDNA complex. Assuming Orf supplies a function analogous to that of the E. coli
RecFOR proteins, it will facilitate loading of RecA onto the SSB-coated ssDNA.
Whether § protein is present only to modulate Exo activity, or is bound to the ssDNA
and thus requires removal prior to loading of RecA is unknown. To simplify the

diagram, { is indicated solely as a regulatory factor for Exo (Figure 9.4).
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9.5 Future directions

We have performed a basic biochemical analysis of the Orf protein and have
uncovered properties that clearly fit with a role in the initial steps of genetic
exchange. Further work is needed to establish whether bacterial or phage
recombination pathways are stimulated by Orf, and to elucidate its precise action.
The order of assembly of A and host recombination proteins onto ssDNA and the
precise role of these proteins in the strand-annealing and strand-invasion pathways is
not yet fully understood. Many questions remain unanswered and further
investigation is essential for the unravelling of the mechanisms of phage genetic
exchange in the context of the bacterial cell. The future directions envisioned for this

work and the reasoning behind these proposals are outlined below.

(i) Defining the DNA binding site

Site-directed mutagenesis of the residues predicted to be involved in Orf:DNA
interactions could provide evidence for binding within the central cavity or along the
surface cleft. Site-directed cross linking of the C-terminal region of Orf (between (33
and B4 of different monomers) to prevent opening of the proposed ‘hinge’ region
could also help prove this model. Binding of Orf to gapped substrates followed by
circularisation of the DNA could help indicate whether Orf opens to bind around the
ssDNA, threads the ssDNA through the central hole like a bead on a string, or binds
DNA within the surface cleft. Complexes could be visualised by electron
microscopy. The crystal structure of Orf bound to a short oligonucleotide or gapped

DNA substrate would be extremely useful in furthering our understanding of how

Orf mteracts with DNA.

179



Chapter 9: Final discussion

(ii) DNA binding specificity of Orf

Recombination junctions in the genomes of many lambdoid phages tend to occur at
purine-rich ribosome binding sites (Juhala et al., 2000). Investigations, using
synthetic oligonucleotides, into the preference of Orf for binding to purine or
pyrimidine-rich sequences could be investigated using fluorescence quench assays. If
a preference is detected, methods such as “SELEX’ could be employed to identify

the specific nucleotide sequence elements recognised (Pollock and Treisman, 1990).

(iii) Protein:protein interactions between Orf and other A or host proteins

Far western blotting can be employed to investigate the interaction between Orf with
RecA, Exo, B, and other lambda encoded proteins such as EalQ, a putative A SSB
analogue, and Ea47, a DNA-binding protein from lambda, shown to interact weakly
with Orf in yeast-two hybrid studies. Inclusion of a guanidinium hydrochloride
denaturation-renaturation cycle may improve the folding of blotted proteins and
potentially enhance interactions with Orf.

Affinity chromatography could be utilised to identify interacting partners,
binding His- or MBP-tagged Orf to nickel agarose or amylose matrices as described
in Chapter 7. Untagged proteins such as Exo, § and RecA could be passed across the
pre-bound matrix, and co-elution would indicate a positive interaction. Performing
these experiments, and repeating those attempted with SSB (Chapter 7), in the
presence of DNA could help us determine whether joint assembly on DNA enhances
protein: protein association.

Size exclusion chromatography could be used as described in Chapter 7 for
investigating other possible partnerships involving Orf. Experimentation with the salt

concentration and incubation conditions may be required to find the ideal conditions
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for the formation of protein:protein complexes. DNA can be incorporated into the
protein mix as mentioned previously to establish co-assembly of interacting protein
partners upon substrates resembling those likely to be encountered during the initial

stages of genetic exchange.

(iv) Orf-SSB interaction

To gain further insights into the domains involved in the Orf:SSB interactions, the
OrfAC6 and O1fACI19 C-terminal deletion mutant proteins should be investigated for
their ability to bind DNA and SSB utilising the approaches outlined above. The SSB
C-terminal deletion mutants SSBAC10 and SSB113 can be used to examine the loss
of interaction in a reciprocal manner. The C-terminus of SSB has previously been
shown to be important for association with other proteins involved in DNA

replication and repair (Curth et al., 1996; Meyer and Laine, 1990).

9.6 Concluding remarks

This study has provided us with new information about a phage protein involved in
the early stages of genetic exchange. Precisely how this protein functions remains
unclear, in part due to the limited knowledge about its interacting partners and the
molecular mechanisms involved in phage recombination. However we have purified
a novel protein, discovered its multimeric status and uncovered some interesting
biochemical activities in keeping with its predicted role in recombination. The
knowledge gained will hopefully provide a solid foundation for the design of further
experiments, aimed at _increasing our understanding of how phage enzymes
collaborate with the systems of the host to drive the genome rearrangements that

ultimately spawn new pathogenic bacteria.
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