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Chapter 1

Introduction

1.1 Summary

Genetic recombination is a vital feature of life on earth; a ubiquitous and essential
damage-repair mechanism and a potent driving force behind evolution. In the case of
pathogenic bacteria, struggling against the harsh selective pressures of an adaptive
immune system and potent antibiotic chemotherapeutics, the need for effective and
rapid adaptability is high. The bacterial armory for procuring pathogenic variants is
diverse, including plasmid uptake, transposons, homologous gene swapping and the
molecular switching of antigens. Temperate bacteriophages provide another avenue
for adaptation through the direct transfer of genetic material between and within
species through transferring useful genes from host to host or by causing
recombination events that generate new gene combinations. The study of phage and
bacterial recombination pathways is critical for understanding the way in which new
pathogens emerge and how multiple drug resistance arises. This chapter aims to
summarise the contribution of bacteriophages to bacterial evolution, the homologous
recombination pathways of bacteriophage A and Escherichia coli as well as

introducing the Orf family of proteins.

1.2 Bacteriophages

Bacteriophages, or phages, are viruses that infect bacteria. Their name literally
means “Eaters of Bacteria” (from the Greek phagein: “to eat”) due to the clear
plagues seen on suitably infected bacterial lawns. They are the most abundant entity
in the biosphere by a large margin, outnumbering their bacterial hosts by a factor of
10 (1) and may even have total numbers in excess of 10% — outnumbering the totality
of all other life forms (2). Phages were arguably first reported by Ernest Hankin in
1896 in water samples taken from the rivers Ganges and Jumna in India (3). The
phenomenon of phages transferring pathogenically relevant information is well
documented; examples include the neurotoxin produced by Clostridium botulinum
and the causative toxin of diphtheria (4). In fact, phages are ubiquitous in the

prokaryotic world and are responsible for a large proportion of the inter-strain
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differences within bacterial species (4). Furthermore, prophages can be found in two-
thirds of the y-proteobacteria and low G+C gram-positive bacteria, where they can

constitute up to 20% of the total genome (5).

1.2.1 Lysis, lysogeny and lysogenic conversion

Temperate bacteriophage infection of a bacterial host yields either a lytic or
lysogenic infection (6). The infection path depends on the type of phage, the
prevailing environmental conditions and on the type of bacterium (7), although,
given the number of integrated prophages in bacterial genomes, lysogeny is more
likely the rule than the exception. A lytic infection does not require phage DNA
integration, only DNA injection into the host, phage protein synthesis, DNA

replication, capsid formation and virion release (8).

During lysogeny, however, phages express genes that lead to the integration and
repression of the phage genome, where the integrated genetic material is termed the
prophage (6). The transcriptional repression of the prophage provides the host
bacteria with lytic immunity to the phage that they carry; that is, they do not lyse
upon infection by other phage particles of the same type (8). Studies of bacterial
genomes have revealed that lysogeny is likely the most common outcome of phage
infection, with many bacteria containing multiple prophages; such as Escherichia
coli K-12 with its 9 assimilated, cryptic, prophages contributing to 3.6% of the total
genome (1).

Phages have the capacity to rearrange their genomes at an accelerated rate, allowing
the acquisition of genes with potentially valuable functions for both phage and
recipient bacteria; such genes are termed morons or lysogenic conversion genes
(LCGs) (4). LCGs increase the reproductive fitness of the phage indirectly by
contributing positively to the survival of the host, for example by providing a protein
or toxin that allows the host to outcompete its uninfected peers or competitors (4).
Alternatively, LCGs can provide advantages in the face of adverse environmental

conditions; whether it be molecular weaponry or resistance to oxidative stress, acidic



conditions or osmotic stress (like many of the cryptic prophages found in the
previously mentioned E. coli K-12 study) (1).

1.2.2 Bacteriophage A

Bacteriophage A infects the Gram-negative prokaryote Escherichia coli and related
Enterobacteria (9). Given the status of E. coli as the pre-eminent prokaryotic model
organism, observing recombination within A is a rational strategy for investigation of
temperate phage recombination. A has a 48,502 base pair genome encoding about 67
proteins (10). Phages with high degrees of similarity to A are termed the lambdoid
phages — specifically defined as phages able to form productive recombination with A
(2). Most of these are infectious agents of E. coli, although a small number also
infect Salmonella enterica Serovar Typhimurium (11). As with other phages, A
displays a significant degree of mosaicism; on comparing two lambdoid genomes,
areas of sequence homology will be evident, with transition to areas of marked

heterology (2) caused by horizontal exchange events.

Like many other bacteriophages, A has its own recombination system, the Red
pathway, to promote genetic exchanges important for DNA repair, replication and
generating genetic variability (12). Phage-stimulated recombination events are
responsible for a number of phenomena: the formation of branched DNA junctions
as a consequence strand exchange or annealing (usually occurring at a break in the
genome), the reshuffling of phage genes and the reshuffling of host genes and

integration of lysogenic conversion genes.

Recombination of any DNA results in the formation of atypical DNA structures. In
order to resolve 3-stranded (D-loops) and 4-stranded (Holliday junctions) structures,
incisions need to be made to allow separation and reformation of the two duplex
DNA strands. Failure to separate joint molecules results in the blockage of phage
DNA packaging (13) and resolution of such artifacts is vital for allowing

transcription and replication



1.3 Homologous Recombination

Recombination was defined by Clark in 1971 as “any of a set of pathways in which
elements of nucleic acid interact with a resultant change of linkage of genes or parts
of genes” (14). Homologous recombination involves the physical interaction of two
similar DNA double-helices through the exchange of single strands (15) or the
invasion of single stranded DNA into an intact duplex (16) and often occurs after
interruption, breakage or collapse of a replication fork (17). Strand transfer at these
sites allows an intact chromosome to provide a template for the damaged
chromosome by initiating DNA synthesis. Migration of initial 3-stranded
intermediates leads to the formation of a 4-branched DNA junction known as a
Holliday junction. Holliday junctions are subsequently resolved by a family of
structure-specific endonucleases, returning the recombined DNA into nicked
duplexes that can be sealed by DNA ligase. Recombination is intimately connected
to the process of DNA replication — in fact the very existence of systems of
homologous recombination are necessitated because DNA replication stalls upon
encountering DNA breaks. Homologous recombination allows the cell to effect

repairs and permit replication continue.

Homologous recombination does not just act to preserve genomic integrity —
paradoxically it can also promote variability (18). For example, if a chromosome that
has suffered a mutation is used in the process of homologous recombination to repair
a damaged but previously non-mutated chromosome, then that mutation would be
transferred to the repaired chromosome. In addition, various rearrangements can
occur at legitimate or illegitimate locations by crossover or splice recombinational

exchanges that may also involve incoming DNA from other sources (18).

Specific groups of proteins are able to initiate, manipulate and terminate homologous
recombination (19). Those that function to execute homologous recombination in E.

coli and A will be discussed next.



1.3.2 Recombination in Escherichia coli

Recombination in E. coli occurs through two main pathways — one initiated by
RecBCD at dsDNA ends, the other by RecFOR at sSDNA gaps. Both pathways
involve the processing of damaged DNA regions to facilitate assembly of RecA for
homologous pairing and strand exchange and ultimately the formation of 4-stranded
Holliday junction intermediates that are processed and removed by RuvABC or
RecG. Components of these recombination pathways in E. coli are shown in Table
1.1. These proteins and their functions will be discussed first followed by a
description of the current understanding of how RecBCD and RecFOR bring about

recombination exchanges important for DNA repair, replication and recombination.



Protein Main Activity
RecA Homologous pairing, strand exchange (formation of joint
molecules)
Chi site-modulated 5°-3° dsDNA exonuclease, initiation of
RecBCD repair at double-strand breaks, loading of RecA at 3’ ssDNA
tails
Binds single- and double-stranded DNA, together with RecR
RecF limits extension of RecA onto
adjacent dsDNA
Binds SSB-coated ssDNA, together with RecR helps
RecO stabilise RecA filaments; helps RecA load onto SSB-coated
DNA and possibly also assists in homologous pairing
RecR Binds dsDNA; RecFOR together are thought to facilitate
RecA loading onto SSB-coated DNA
RuvAB DNA branch migration helicase, unwinding joint molecules
RecG Branch migration DNA helicase; unwinds R loops
RUVC Holliday junction endonuclease, resolution of joint
molecules in combination with RuvAB
DNA polymerase Il DNA polymerase Replication-restart at template lesions
DNA polymerase I,
RecJ, ShcB, ShcBD, DNA polymerase, 5°-3” exonuclease Gap sealing
RecQ
DNA ligase DNA ligase; seals 5’-P and 3’-OH nicks in DNA
Single-stranded DNA-binding protein, binds single-stranded
SSB

DNA for replication and loads multiple DNA replication,

repair and recombination proteins onto sSDNA

Table 1.1: Components of recombination pathways in E. coli. Adapted from Cox et

al. (2000) (20)




RecA

RecA is a 37,842 Da, 353 amino acid protein with a diverse range of activities that
include ssDNA binding, ssDNA-dependent ATP hydrolysis, homologous pairing,
strand exchange and an inducer of LexA autoproteolysis as part of the SOS response
(16; 21). RecA is highly conserved and found in virtually all organisms, with the
notable exception of certain endosymbiotic species that have lost much of their
genomic content (22). Nevertheless, RecA is a vital protein involved in genome
repair and rearrangement. Mutations in RecA are pleiotropic and exhibit various
adverse phenotypes including effects on cell division, chromosome segregation, SOS
induction, mutagenesis and repair, as well as drastically affecting homologous
recombination (23; 24; 25). RecA is essential for almost all pathways of genetic
recombination. A single RecA subunit consists of a large central domain, with two

smaller domains at the N and C termini (see Fig 1.2).

Figure 1.2: RecA monomer showing central core domain (green) and the ATPase domain (red).

The central domain contains a conserved motif known as the RecA fold; a
configuration also found amongst DNA helicases, DNA-transport proteins and
notably the motor protein F1 ATPase, a subunit of ATP synthase (21). RecA
functions in genetic recombination by forming a right-handed helical filament on

sSDNA, consisting of 6 subunits per turn, 3 nucleotides per monomer. This binding
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mode displays a preference for certain sequences, particularly G-T rich sequences
and the y-recombination hotspot (26). Within this nucleoprotein filament, the SSDNA
is stretched and uncoiled in preparation for pairing with a homologous partner strand
(21). Filamentous RecA can bind a total of 3 DNA strands, including the strand on
which it forms a filament; this binding of DNA acts as a co-factor for ATPase
activity that drives the exchange reaction. ATP hydrolysis leads to conformational
changes in the filament that optimise the DNA-protein complex for exchange. When
a region of dsDNA homologous to the bound ssDNA is located, the RecA-
nucleoprotein filament drives exchange and inserts the sSDNA into the dsSDNA,
creating a D-loop structure. RecA will form DNA joints in this manner provided that
a free end exists somewhere in the two DNA molecules (27). The numerous

functions of RecA are summarized in figure 1.3

a d
RecA
RecA
—_—
e
RecA
b —_—
N RecA + LexA
Q - G@
—-
c UrnuD
. RecA R f ‘PjCA

LA

DNA polymerase V

Figure 1.3 : Activities of E. coli RecA: a. strand invasion producing a D-loop structure, b. a three strand
exchange reaction, c. a four strand exchange reaction, d. replication-fork-regression (28), e. RecA co-

protease function f. RecA stimulation of DNA polymerase V translesion-replication activity (21).

Given RecA’s central role in recombination, it is unsurprising that its function is

tightly regulated (29). Three levels of regulation have been proposed: control at the
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level of the SOS regulon, autoregulation by RecA itself and finally regulation by

other proteins.

Crystal structures of RecA show significant disorder in the 25 C-terminal amino
acids and further investigation has revealed that the terminal 17 residues constitute a
regulatory motif (30). Various C-terminal deletions (AC6, AC13, AC17 and AC25)
cause dramatic alterations in the pH-reaction curves for DNA strand exchange (30).
In vivo these deletion mutants exhibit wild type behaviour when exposed to UV or
ionizing radiation. However, treatment with the DNA cross-linking agent mitomycin
confers markedly reduced survival with deletions of 13 or more C-terminal residues.
These results indicate a crucial role for the C terminus in the repair of DNA
interstrand cross links (30). Furthermore, RecA activity is seemingly enhanced
substantially by removal of the final 17 residues (29), with the mutant no longer
requiring divalent magnesium ions for DNA strand exchange (normally essential for
wild type RecA); it shows improved binding to dsDNA relative to the wild type
protein and displaces SSB more effectively (31; 30). The location of the C-terminal
regulatory region within the folded protein may have implications on its interactions
with other protein regulators (29), discussed below (figure 1.4).
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Figure 1.4 : A. RecA structure, showing filament (orange) with one monomer highlighted (light blue,
purple) B. detail of one monomer showing C-terminus (purple) C. primary sequence map showing mutants

studied. Figure taken from (Cox 2007)

RecA is subject to regulatory control by a number of cytosolic proteins. Those
currently known include RecF, RecO, RecR, Dinl, RecX, RdgC, PsiB and UvrD
(29). UvrD is a DNA helicase (32) and as such is able to disrupt the formation of
RecA filaments; the RuvAB branch migration helicase can also displace RecA
filaments in vitro (33). The RecFOR proteins, discussed in more detail later,
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modulate both the assembly and breakdown of RecA filaments. RecF in particular

may have a complex impact on RecA regulation (34).

Dinl protein, when present at the same, or slightly higher, stoichiometric levels as
RecA, has a stabilizing effect on RecA DNA binding, almost entirely preventing its
tendency to dissociate while leaving its LexA coprotease and ATPase activities
unaffected (Dinl also seems to have a complex role in the regulation of the SOS

response) (35).

RecX acts as an effective inhibitor of RecA functions; in vitro relatively low levels
of RecX are able to inhibit RecA-dependent strand exchange, ATPase and co-
protease activities (36). In vivo RecX, as part of the SOS regulon through the LexA
repressor, is up-regulated in response to DNA damage by RecA itself. Loss of
function recX mutants display decreased UV radiation resistance, while
overexpression leads to an even greater increase in UV sensitivity (36). RecX
functions through a proposed filament capping mechanism, possibly acting to limit
the extent of RecA filament formation, and therefore the extent of invasion, at sites
of homologous recombination (37).

PsiB, unlike other RecA inhibitors, does not act to dismantle RecA filaments once
they have formed, but instead binds RecA in free solution (38). Its principal function
seems to be inhibition of the SOS response, as it shows less effect on RecA DNA
binding or ATP hydrolysis. This might point to PsiB levels establishing a threshold
that needs to be overcome by DNA-damage induced LexA-autocatalysis before full

expression of the SOS response is achieved.

SSB

Single-stranded DNA binding (SSB) protein was first isolated and investigated by
Sigal at al. in 1972 (39). The 19kDa subunits of SSB form complexes on ssDNA that
fulfill four important functions. Firstly, it protects sSSDNA in a transient manner,
shielding it from nuclease attack. Secondly it helps eliminate intra-strand secondary

structure to prevent replication skipping of repeat sequences. Thirdly, it prevents
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reannealing of strands separated by the replicative machinery. Finally, it targets DNA
replication, repair and recombination proteins to exposed ssDNA via specific
protein:protein interactions (40). Under electron microscopy, SSB-ssDNA
complexes appear as nucleosome-like beaded loops (41). Such ssDNA-SSB
complexes show resistance to digestion by non-specific nucleases (41). Each
individual SSB-ssDNA complex consists of a homotetramer of SSB that bind in
different modes, differing in the number of bases occluded by each tetramer. Two
major binding conformations protect 35 £2 (known as (SSB)3s) and 65 +£3 (known as
(SSB)es) nucleotides per tetramer (42). The former binding mode predominates at
low salt concentrations (<10 mM NaCl) and high protein:DNA ratios, and results in
the development of long stretches of SSB complexes bound to DNA with only two
subunits of SSB bound to DNA. Alternatively, the (SSB)gs binding mode leads to a
less organised pattern of binding to ssDNA and involves all four subunits contacting
the DNA (42).

SSB physically limits the access of many of the enzymes of DNA metabolism,
including the recombinase RecA. Hence RecA needs to be loaded onto ssDNA by
DNA processing enzymes. In E. coli, recombination is executed by RecBCD at
severed dsDNA ends and at gaps by RecFOR. These pathways ensure that RecA is
loaded onto suitable substrates to promote exchange and ultimately result in a

repaired, integrated, DNA duplex.

RecBCD Pathway

RecBCD recombination in E. coli can be divided into three steps: pre-synapsis,

synapsis and post-synapsis/resolution (fig. 1.5) (43).
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Figure 1.5 : Homologous recombination starting from a double-stranded break utilising the RecBCD
pathway in E. coli. From Wyman, Ristic, and Kanaaret (2004).

Pre-synapsis involves the processing of broken dsDNA to produce ssDNA upon
which the recombination machinery can assemble. In E. coli, end processing is
primarily achieved through the multiple functions of the RecBCD protein complex
(44), which incorporates twin helicases, Chi-sequence recognition and a processive
exonuclease (45). Chi sequences consist of an 8 nucleotide consensus sequence (5'-
GCTGGTGG-3") present on the E. coli genome that act to regulate RecBCD
degradative activities. RecBCD loads at a dSDNA end and translocates along the
dsDNA, preferentially cleaving the 3’ strand. Upon reaching a Chi-site, the cutting of
the 3’ strand is mitigated, while a weaker nuclease activity on the 5’ strand is
stimulated and the complex proceeds at roughly half its previous rate (44; 45). RecA
is loaded onto the resulting 3° ssDNA overhang at this point through an interaction

with RecB (46).
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Each of the components within the RecBCD complex contributes differing functions.
Within the RecBCD complex, RecB acts as a ‘slow’ 3’-5” helicase and provides
nuclease activity (47). RecD serves as the ‘faster’ 5’-3’ DNA helicase (48; 49). Both
helicases complement each other’s function, as they act on the anti-parallel strands of
DNA, by virtue of their opposite and unidirectional helicase activity, they drive the
migration of the RecCD complex in a single direction (48). As with all helicases,
RecB and RecD utilize the energy from ATP hydrolysis to drive holoenzyme
translocation along duplex DNA (50). The y-recognition function resides in the RecC
subunit (51).

The post-synaptic phase of double-stranded DNA break repair recombination in E.
coli uses the invaded DNA molecule as a template and the invading strands as a
substrate for DNA replication to replace missing nucleotides (43). The RuvABC
complex eliminates the Holliday junctions formed to release the restored
heteroduplexes (43; 44).

RecFOR Pathway

RecFOR provide an alternative route for recombination and repair (52). While
RecBCD functions to initiate recombinational repair at dSDNA breaks, the RecFOR
pathway faciliates restoration at sSSDNA gaps resulting from problems encountered
during DNA replication (53). Like RecBCD, RecFOR, in combination with
nucleases and helicases such as RecQ and RecJ, functions to process damaged DNA
and load RecA to allow exchanges that provide a template for repair or to restore a
replication fork. E. coli recF, recO and recR mutants are sensitive to DNA damage
and show moderate defects in recombination (54). The structures of the RecFOR
proteins have been determined from proteins obtained from Thermus thermophilus
(55) and Deinococcus radiodurans (56). Although the precise roles of the three
components have not been fully elucidated, RecFOR appear to primarily function to
help load RecA onto ssSDNA covered with SSB protein, thus stimulating synapsis and
repair. Various combinations of the protein may also help in homologous pairing and

in stabilisation or disassembly of the RecA filament.
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The RecFOR pathway (fig. 1.6) is stimulated by the presence of a duplex region
bordering a ssSDNA region within the same molecule. If RecFR is exposed to DNA
before the addition of RecO, recombination is stimulated, while incubation of RecF

alongside RecO leads to substantial inhibition of RecFOR recombination (57).

RecFR
complex RecO

T ® @

] 5 SB | SSBHSSBI— :> 1’@-@-

“) Rec(F)OR
complex
SSB|
--- @
ATP ADP

Figure 1.6 : Model of the RecFOR pathway: 1. RecFR detects and binds at the dsSDNA/ssDNA interface,
while RecO recognises SSB bound to ssSDNA. 2. RecO displaces SSB and binds ssDNA. SSB remains
associated with ssDNA indirectly via the interaction with RecO. 3. A portion of RecR within the RecFR
complex is exposed and interacts with RecO. 4. A RecFOR complex is formed that can load RecA onto the

ssDNA to mediate homologous recombination (58)

The 40 kDa RecF protein binds ssSDNA, dsDNA and displays dsDNA-dependent
ATPase activity (59; 60; 61). It also associates with with RecR in an ATP and DNA
dependent manner (59). RecF is an ABC-type ATPase, undergoing ATP-dependent
homodimerisation; it is likely that the ATPase activity plays a crucial regulatory role
(62). Its tendency to localize to the sSDNA/dsDNA interface is not an inherent
property of the protein, but likely to be a result of a matrix of DNA-protein and
protein-protein interactions (62). RecF binds DNA in a crab-claw manner; encircling
the dsDNA-ssDNA interface, although not completely (61) (fig. 1.7). It has been
proposed that E .coli RecF bound to DNA specifically interacts with dimeric RecR
and causing it to form a tetrameric RecR clamp on ssDNA which attenuates RecF
ATPase activity as RecR is loaded (61).
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Figure 1.7: RecF (Monomer 1 lobes I and Il cyan and dark blue, monomer 2 lobes I and Il orange and
yellow) bound to DNA (grey) (61)

The 22kDa RecR protein interacts with both RecF and RecO (63). It most likely
fulfils a regulatory role in distinct RecF and RecO-mediated recombination, likely
interacting with RecA as well (62). In solution, RecR forms a dimeric complex on
its own, a hexoheteramer with RecF (2 RecF: 4 RecR) and a heterotetramer with
RecO (2 RecO: 2 RecR). Studies have shown that a modified domain with notable
similarity to topoisomerase and primase-type proteins is actually responsible for
protein-protein interactions with both RecF and RecO, and that RecO and RecF

compete for this binding site (64).

There is evidence that RecR may act as a regulator of RecA. In the presence of both
RecO and SSB, indirectly associated with RecO, the ssDNA-dependent ATPase
function of RecA is usually inhibited, but can be restored by the inclusion of RecR
(55). It is possible that RecR helps target RecA function specifically to the ds/ssSDNA

junctions found in gapped-duplexes.

RecO, a 27kDa polypeptide, displays ssDNA and dsDNA binding properties (co-
ordinated through separate binding sites), along with ssDNA annealing activity that
is stimulated in the presence of SSB (56; 65). RecO is a dimer in solution and forms

protein-protein interactions with RecR (66). In E. coli these interactions are believed
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to result in a RecOR heterotetramer, formed from dimers of RecO and RecR (56). In
D. radiodurans a heterohexamer is assembled from four RecR and two RecO
monomers. The combination of RecO and RecR may constitute a recombination
pathway in the absence of RecF that requires distinct protein-protein interactions, the
presence of different DNA substrates and unique properties (fig 1.8) (57). For
example, RecOR is more efficient than RecFOR at loading RecA onto ssDNA
substrates. RecOR pathway recombination appears to be dependent upon the
interaction between RecO and the C-terminus of SSB (67). This interaction
distinguishes the RecOR pathway since no such interaction is required in RecFOR
recombination (57).

(1 =sSBWSSBMSSBMSSE =

! I <+—— RecO

SSB| |SSB| |SSB| |SSB Second strand
CEE 0202020 XX e
Z EE———
l I RecR (6) RecO-mediated I

ssDNA annealing

i (5) RecA-mediated
(4) l RecA strand invasion
(0) 0 (0) /

A A A
/R R /R\

Figure 1.8: Model for RecOR pathway recombination. 1. ssDNA is coated with SSB 2. RecO recognizes

SSB bound to ssDNA and displaces SSB, while maintaining the protein-protein interaction. In the absence
of RecR, RecO can initiate strand annealing if a complementary single strand is present (a). 3. In the
presence of RecR, RecO-mediated single strand annealing is inhibited 4. The RecOR complex can load
RecA onto ssDNA with RecA-nuceloprotein filament formation causing displacement of SSB. 5. RecA
promotes strand invasion. The displaced strand can be captured and processed as per the preceding steps
(58).
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RuvABC

The RuvABC complex is responsible for the ATP-dependent migration and
resolution of Holliday junctions. Connected duplexes, generated by RecA strand
exchange, are pumped through the RuvAB machinery until the junction is ultimately

resolved by RuvC endonuclease cleavage.

The ruv locus consists of three genes: ruvA, ruvB and ruvC. Mutations in any of the
ruv genes confer sensitivity to UV radiation, ionizing radiation and certain antibiotics
(68). Although these mutant strains are only moderately defective in homologous
recombination, combinations of ruv with recBC sbcBC, recBC sbcA and recG show
30- to 500-fold reductions in recombination (69).

Within the RuvABC complex, RuvA is responsible for targeting RuvB to the
Holliday junction (70). In E. coli, RuvA is a 22 kDa protein that forms stable
tetramers in solution (69; 71). RuvA is able to bind both supercoiled and relaxed
DNA, ssDNA and dsDNA but binds preferentially to Holliday junction DNA; an
affinity that is increased four-fold by the presence of RuvB (72). Holliday junction
binding is structure specific and independent of DNA sequence (69). Upon Holliday
junctions binding, RuvA imposes an open, unfolded square-planar conformation
rather the stacked-X conformation favoured in the presence of metal ions (figure 1.9)
(73). This is important because the spontaneous migration of Holliday junctions
within the stacked-X conformation is radically (approximately 1000-fold) slower
than that observed in the open, square-planar configuration (74).

As in solution, RuvA assembles as tetramers on the Holliday structure. One or two
tetramers can form on each Holliday junction — the presence of two tetramers likely
inhibits junction cleavage by RuvC by sandwiching the junction and physically
blocking RuvC access (75). A RuvA octamer is required for effective migration of

branched DNA molecules in vitro and for replication fork reversal in vivo (76).

The flower-like RuvA tetramer has concave and convex sides — the former being

positively charged and acting as a platform for DNA interaction (69). Conserved
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residues on the concave surface include four negatively-charged pin structures (two
on each monomer), which ensure Holliday junction recognition over duplex DNA

binding and may assist branch migration (77).

Figure 1.9: Holliday junction conformation is influenced by RuvA binding. The junction changes from a

co-axial stacked X structure (A) to a square planar conformation (B). Negatively charged ‘pin’ structures

on RuvA are highlighted at the junction centre (69)
RuvB is a 37 kDa protein containing an ATP binding domain and degenerate DNA
helicase motifs (78; 69). In the presence of Mg®* and adenosine 5'-y-thiotriphosphate,
RuvB can bind DNA in two forms; a single homohexameric ring or dual two-fold
symmetric rings arranged as a dodecamer (79). RuvB functions as an ATP-dependent
molecular motor, specifically targeted to Holliday junctions by RuvA with hexameric

rings assembled on opposing arms acting to drive branch migration (80).

The helicase function of RuvB is Mg?* and ATP dependent and is stimulated by the
presence of RuvA (81). Increasing the concentration of Mg?* correlates with
increased RuvB ATPase activity in line with increased DNA affinity in the absence
of RuvA (69). Circular duplex DNA stimulates the ATPase activity more than that
induced by ssDNA, despite linear dSDNA and circular dsDNA affinities being
similar (81). Despite the hexameric nature of RuvB, the rate of ATP hydrolysis
within this annular structure is lower than expected compared to the rate observed
with RuvB monomers (82). This seems to indicate a functional asymmetry within the
hexamer (69). Crystals of Thermus thermophilus RuvB contained two RuvB

molecules arranged in an asymmetric unit (83) (see figure 1.10). There are known
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examples of other annular, hexameric helicases that interact via three pairs of
asymmetric dimers (69) including phage T7 gp4 and Rho and DnaB from E. coli.

Figure 1.10: Structural differences between the two asymmetric RuvB molecules from RuvB crystals. Only

the N-domain (nucleotide binding pocket) C, backbone is shown taken from Yamada et al. (2001).

RuvAB interactions create a heteromeric helicase of two RuvA tetramers forming an
octomeric core around the Holliday junction, with two hexameric RuvB rings
enveloping opposing DNA duplexes. The action of RuvB rotating the bound DNA is
thought to drive migration of the Holliday junction (figure 1.11). Interestingly,
RuvAB can act to drive recombination through regions of considerable heterology or
act as an ‘anti-recombinase’ through reversal of stalled recombination attempts (69).
There is good evidence that RuvAB interacts directly with RecA, inducing its
dissociation from DNA (84; 85); in this scenario RuvAB acts to promote

recombination by increasing the bioavailability of RecA within the cell (69).
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Figure 1.11 : A. Cartoon representation of the active RuvAB complex (69) B. The RuvAB complex as
modelled by X-ray crystallography (86)

The 19 kDa RuvC endonuclease is the major junction resolution enzyme of E. coli
(87; 88; 15; 89; 90; 16). It forms a homodimer in solution and displays a clear
affinity for Holliday junction structures over duplex or single stranded DNA (91)
(figure). RuvC functions by making paired incisions at the junction crossover (18;
69; 92). This reaction yields nicked duplexes that can be repaired by DNA ligase
(92). RuvC belongs to a class of branch-specific endonucleases known as the
Holliday junction resolvases; a group characterized by homodimerism, branched
DNA recognition and cleavage, high structure selectivity, generally containing <200
residues, with a high level of positively charged residues and often displaying
sequence-specific cleavage, while inducing specific junction folding on the bound
DNA (92). The active sites of these enzymes typically contain 3-4 acidic residues for
divalent cation sequestration that are essential for cleavage, but not for binding (93).
In E. coli RuvC, the catalytic domain is composed of Asp-7, Glu-66, Asp-138, and
Asp-141 (94) (figure 1.12). In terms of cleavage specificity, RuvC shows a
preference for cleaving on the 3’ side thymine dinucleotides with the following

consensus, 5°-"/7TT|®/c- 3° (90).
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Figure 1.12: Ribbon structure of a RuvC endonuclease dimer. Monomers are coloured in green and cyan.

Assembly of RuvA, RuvB and RuvC on the X structure (95) results in the formation
of a complex known as the ‘resolvasome’ (96) (fig. 1.13). RuvC assembly on the
junction is stabilised by interactions with RuvB with the final assembly consisting of
a dimer of RuvC, a tetramer of RuvA and two hexamers of RuvB (figure). The
resolvasome forms sequentially (RuvA - RuvB - RuvC) upon joint DNA
molecules generated by RecA and takes over extension of the joint to form
heterologous DNA duplexes. Alternatively, it can function to reverse the joint and
‘undo’ stalled recombination intermediates depending on which duplexes RuvB can
access for assembly. As the branch migration proceeds the RuvC dimer ‘scans’ the
crossover for its preferred cleavage recognition sequences, whereupon the junction is
resolved, the complex dissociates and the resulting nicked duplexes can to be

repaired by DNA ligase.
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Figure 1.13 : (A) Molecular model of the RuvAB helicase complex incorporating two hexamers of RuvB
(dark blue, purple) sandwiching a single RuvA tetramer (yellow). The direction of DNA translocation is
indicated by arrows in which strands from two duplexes (red and blue) are exchanged during branch
migration. (B) Representation of the RuvABC resolvasome complex based on molecular models of RuvC
(red) and biochemical data indicating a RuvB-RuvC protein-protein interaction necessary for RuvABC to
function in vivo. The Holliday junction has been rotated 90° into the plane of the page relative to that
depicted in A.

Depending on which pair of strands are targeted, Holliday junction resolvase-induced
cleavage can yield either ‘patch’ or ‘splice’ DNA duplexes. Due to the conformation
imposed on the Holliday junction by RuvA, this no longer affects the products of
RuvC cleavage - the orientation of the resolvasome is the only dictator of whether

the products are splice or patch recombinants (97) (figure 1.14).
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Figure 1.14 : Effect of DNA conformers on recombination products (Conformer | and Conformer I1) and

effect of RuvA binding (open junction)

1.3.3 Recombination in bacteriophage A

During the lytic cycle, A not only imposes its own recombination machinery on the
host but also actively inhibits the host’s capacity for autonomous recombination,
achieving this with only a few proteins. Recombination in A is an important field of
study for a number of reasons. In E. coli, and other bacteria, the Red system induces
a hyper-recombinational state where recombinational events involving as little as 40
base-pairs of homology occur with high incidence (98). The recombination
efficiency of Red systems components makes it a potent biomolecular tool (99).
Furthermore, the activities and functions of the Red pathway may have implications

on how other phages execute homologous recombination

Exo, Bet and Gam

The Gam protein is encoded by the gam gene and expresses either a 138 (GamL,
large) or 95 (Gams, small) residue product depending on which one of two possible
translational start sites are utilised (100; 101). Gam is a homodimer is solution
(102) and inhibits host RecBCD exonuclease activity by blocking RecBCD from

associating with DNA ends, possibly by mimicking nucleic acid ends (101).
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The exo gene encodes the 24 kDa A-exonuclease Exo (98; 103), which functions in
an analogous manner to RecBCD by recognising a double strand break and
degrading the 5’ strand to create a 3” overhang (98; 104; 105). Structurally, Exo
forms a trimeric, tapered ring, with the channel averaging 30A at its widest and 15A
at the narrowest (105). The wider opening in the ring accommodates dsDNA, while
only ssDNA can traverse the aperture (105) (see fig 1.15). The nuclease active site of
Exo is arranged to ensure that only the 5° end is targeted for destruction, utilising a

magnesium ion for phosphodiester bond catalysis (105).

Figure 1.15: Exo trimer (green, cyan and purple) binding 12-bp DNA artifact (cyan and yellow)

B is part of an evolutionarily distinct superfamily of single-strand annealing proteins
(SSAPs) that includes the E. coli prophage protein RecT, known as the RecT/Redf3
superfamily (106). The 28 kDa f is encoded by the bet gene, whose role is similar to
that of RecA in E. coli recombination, although B does not bind or hydrolyse ATP.
binds ssDNA at 3’ overhangs and catalyses strand exchange with a homologous
single DNA strand (103). Furthermore, 3 seems capable of driving strand exchange
with mismatched base pairs of up to 8-16 bases (103). In the absence of any DNA
substrates, B tends to form annular structures of approximately 12 subunits (107). On

dsDNA products of annealing B forms a left handed helical filament, with a turn once
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every 100 base pairs, and protects the duplex from nucleolytic attack (107). On
ssDNA, B forms a polymer ring of between 15-18 subunits (107).

Exo and Redp do not act independently, they utilise specific protein-protein
interactions to coordinate degradative and annealing activities (108). The
functionally equivalent protein pairing RecE/RecT in E. coli also work together (106;
108). These partnerships were confirmed by experiments whereby RecE/RecT and
Exo/Redp pairs were functional but the RecE/Redf and Exo/RecT combinations
were not (108), indicating protein-specific interactions between and that coupled

reactions are necessary for DSB repair.

A Rap

A encodes its own activity for resolving branched DNA intermediates generated by
RecA or by the Red system. The product of the rap (ninG) gene functions to resolve
Holliday junctions like the RuvC resolving enzyme. However, it has a relaxed
structure-specificity and cleaves, fork, D-loop and other branched structures more
typical of phage resolving enzymes such as T4 endonuclease VIl and T7
endonuclease 1. A rap mutants exhibit a 100-fold decrease in RecBCD-catalyzed A-

plasmid recombination (109).

A Orf

Another important component of A recombination is the Orf (NinB) protein (110).
Orf appears to provide a functional equivalent of the host E. coli RecFOR
complexes, catalyzing the loading of RecA onto SSB-coated sSDNA. In 2004 Poteete
(111) discovered that bacteria expressing the Red system but lacking recF, recO or
recR, have their sensitivity to ultra-violet radiation and recombinational deficiency
suppressed if carrying the orf gene fused to a promoter (112). Orf could also partially
suppress the UV sensitivity of ruvABC mutants in this genetic background, perhaps
indicating that Orf can divert recombination down a pathway that does not require
Holliday junction resolution (111).
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Purified Orf protein interacts with both DNA and SSB in keeping with some of the
activities found with RecF, RecO and RecR. It shows a distinct preference for
sSDNA over dsDNA and binds equally well to gapped and 5’ tailed or 3’ tailed
substrates. The crystal structure of Orf has been determined and shows that it forms
an asymmetrical, homodimeric, toroid. A shallow cleft across the top of the central
channel is lined with basic residues and DNA could potentially bind along this cleft
or through the central hole (113; 114). The central hole is narrow and it is possible
that the annular structure opens like a clamp and binds DNA in a manner analogous
to RecF manner (115).

If Orf substitutes for RecFOR, it could stimulate the formation of RecA filaments on
ssSDNA substrates coated with SSB (113). Alternatively, Orf may promote the
loading of § onto ssDNA by negating the inhibitory effect of SSB and promoting
strand invasion (113) since B has been found to promote D-loop formation in
superhelical DNA as well as exchanges between colinear ssSDNA and dsDNA in vitro
(116). The presence of a functional connection between the components of the Red
system may explain why recombination supported by Orf works better with the A
rather than bacterial recombinases (113). Orf could encourage A to effect
chromosomal repair through strand invasion of a homologous region of a sister
chromosome if A-exonuclease has created an overhang and Redf is unable to find a

homologous ssDNA filament for synapsis (figure 1.16) (111).
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Figure 1.16 : Model for the role of Orf in A rcombination. A. Free dsDNA is processed by A-exonuclease. B.

Redf can anneal complementary ssDNA overhangs. C. If an appropriate ssDNA is unavailable, Orf could
load RecA onto the ssDNA generated by A-exonuclease. D. RecA catalyses strand invasion of a homologous

chromosome.

Mutagenesis of Orf has been undertaken in an effort to identify which parts of the
protein specify the DNA and SSB binding sites. A severely truncated version of Orf
(AN126), retaining only the C-terminal tail, no longer associates with SSB, while
conversely AC6 and AC19 mutants maintain an SSB interaction, consistent with the
C-terminus being dispensible for SSB recognition (115). However, when these
mutants were tested for DNA binding activity the AC6 mutant showed reduced
ssDNA binding, while the AC19 mutant was unable to bind DNA at all (115; 117).
The C-terminus does, therefore, appear to be important for DNA recognition. The C-
terminus in wild-type Orf forms an alpha helix (aE) in one of the crystllographic
subunits (figure 1.17) that constitutes 19 residues absent in the CA19 mutant. This
region is most likely flexible, able to adopt differing conformations, as it is largely

disordered in the electron density map of the other subunit (113).
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Figure 1.17:Quaternary structure of the asymmetric Orf homodimer (113). The C-terminus of Orfis a

helix in one subunit (green) but disordered

1.4 Conclusion

Recombination is a cornerstone of genetic maintenance and evolution. The pathways
responsible for homologous recombination in E. coli and the lamboid phages act to
process damaged DNA or stalled DNA artifacts through the removal of SSB and the
loading of RecA to promote homologous strand invasion. Numerous proteins act
together to facilitate homologous recombination, many forming annular or helical
structures, with several protein-protein interactions underlying important processes;
such as RecBCD or RecFOR. A Orf provides similar function to the RecFOR
complex, but its protein-protein interactions have yet to be clearly defined.
Rajagopalal et al. (2011) (118) utilized yeast two-hybrid screens across
approximately 93% of the lambda genome to look for prtein protein interactions. It
was found that Orf may produce protein-protein interactions with 5 other proteins;
however, none of these were other recombinationases. Orf may undergo

conformational changes upon ssSDAN binding that allow these interactions.
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Chapter 2

Materials and Methods
2.1 Software

This thesis was written in Microsoft Word 2007. Figures were edited and amended in
Microsoft Paint Version 6 and Adobe Photoshop Elements 9. Gel shift assays were
analysed with Image J (W. Rasband, National Institutes of Health) and the numerical
data processed by Microsoft Excel 2007. Protein and DNA sequences were obtained
from the National Center for Biotechnology Information (NCBI,

www.ncbi.nlm.nih.gov).

2.2 Chemicals and Reagents

Research-grade reagents and chemicals were provided by Bio-Rad, New England
Biolabs and Sigma-Aldrich.

2.3 Proteins

The phage Orf, Orf151, ETA20 and NinH proteins used in this study were purified to
homogeneity by Patricia Reed (2006) (119), Laura Bowers (2008) (117), Fiona
Curtis (unpublished results) and Gary Sharples (unpublished results). Concentrations
of Orf protein are expressed as moles of dimer. T4 polynucleotide kinase was

obtained from Invitrogen.

2.4 Electrophoresis

2.4.1 Agarose Gel Electrophoresis

DNA samples were separated on 1% agarose-TBE gels. Gels were prepared by
melting analytical grade agarose in Tris-Borate EDTA buffer (90mM Tris-borate pH
7.5,2 mM EDTA) in a microwave. Molten agar was then poured into the gel casting
apparatus and allowed to cool. DNA samples were mixed with loading dye (0.25%
bromophenol blue, 0.25% xylene cyanol, 15% Ficoll type 400) to a final
concentration of 20% prior to electrophoresis in Tris-Borate EDTA buffer. A 1 kb

DNA ladder (Invitrogen?) was used as a reference marker.
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2.4.2 Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-
PAGE)

SDS polyacrylamide gels (10-15%) made with 40% 29:1 acrylamide-bisacrylamide
(Sigma) were run on BioRad (Mini Protean I1ll) electrophoresis tanks. Protein
samples were mixed with SDS-loading dye (100 mM Tris-HCI pH 6.8, 200 mM
dithiothreitol, 4% SDS, 0.2% bromophenol blue, 20% glycerol) at 20-25% final
concentration and heated at 95°C for 3-4 minutes. Gels were subjected to
electrophoresis at 140V for 40-50 minutes in Tris-Glycine running buffer (25 mM
Tris-HCI, 250 mM glycine, 0.01% SDS) Proteins were visualized by staining with
Coomassie blue (200 ml methanol, 200 ml dH,O, 80 ml acetic acid, 0.48 g
Coomassie Blue R-250) for 15 minutes and destained in 20% methanol, 10% acetic
acid for 1-2 hrs as required.

2.4.3 Low lonic Strength Gel Elecrophoresis
Low lonic Strength (LIS) polyacrylamide gels (6-8%) made with 40% 29:1

acrylamide-bisacrylamide (BioRad) were run on BioRad (Protean |1 xi)
electrophoresis tanks. Gels were subjected to electrophoresis in LIS running buffer
(6.7 mM Tris.HCI pH8, 3.3 mM sodium acetate, 2 mM EDTA pH8) at 160V for 1.5-
2 hours.

2.5 Protein Concentration Estimations

Protein concentrations were initially estimated with a modified Bradford Assay kit
from BioRad using Bovine Serum Albumin (BSA) as a standard and monitoring
absorbance at 595nm in a spectrophotometer (name of machine?). More accurate
protein concentrations were determined latterly using a NanoDrop 2000 (Thermo
Scientific) micro-volume spectrophotometer; distilled water was used as a blank and

absorbance measured at 280nm.

2.6 DNA Substrates

The 50-nt ssDNA substrate consisted of strand 1 (5'-
GGCGACGTGATCACCAGATG
ATTGCTAGGCATGCTTTCCGCAAGAGAAGC-3") which was annealed to its
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complement to produce a 50 bp dsDNA. Strand 1 was labelled with [y**P] ATP
(Perkin-Elmer) at the 5” end using T4 polynucleotide kinase (10 units); samples were
incubated at 37°C for 60 min and enzyme inactivated by incubation at 65°C for 10
minutes. Labelled DNA was separated from unincorporated nucleotide using
MicroBioSpin columns (BioRad). Annealed DNA substrates were further purified by
separation on 10% polyacrylamide gels in 90 mM Tris-borate, 2 mM EDTA. Gels
were subjected to electrophoresis at 190V for 1.5 hours and labelled products
identified by autoradiography. Bands were excised from the gel and allowed to
diffuse into distilled water overnight at 4°C. $X174 Virion DNA was obtained from
New England Biolabs.

2.7 Biochemical Assays

2.7.1 DNA binding assays
The DNA-binding capability of Orf, Orf151, ETA20 and NinH proteins was assessed

using **P-labelled DNA incubated with serial half dilutions of protein. Protein and
0.3nM %?P-labelled DNA (20 pl mixtures) were incubated in gel binding buffer (50
mM Tris.HCI pH8, 5 mM EDTA, 1 mM DTT, 100 pg/ml BSA, 5% glycerol) for 15
minutes on ice. 12ul of each DNA binding assay was then subjected to
electrophoresis on 4-8% low ionic strength (LIS) polyacrylamide gels. Gels were
then transferred to filter paper and dried for 20-30 minutes on a BioRad gel drier
with a dry ice condenser. Dried gels were exposed to phosphoimager screens and
detected with a Fuji Film FLA-3000 phosphoimager. Images in tiff format were
subsequently analysed with ImageJ software and the data transferred to Microsoft
Excel 2007. Raw data from the density of the bands on the gels was used to calculate

meaningful data using the formula:

% DNApound = [Densityshifted band / (DENSityshifted band + DENSItYunshifted bana)] X 100

34



2.7.2 Nuclease Assays

The nuclease activity of ETA20 proteins was investigated using $X174 Virion DNA
and protein fractions collected from gel filtration [include details of column and
buffer used] in nuclease buffer (50 mM Tris.HCI pH8, 1 mM DTT, 100 pg/ml BSA)
with 1-10 mM MgCl,. Reactions (20 pl) were incubated at 37°C for 30 minutes,
terminated by the addition of 5 pl stop buffer (20 mM Tris-HCI pH8, 0.5% SDS, 20
mM EDTA, 2 mg/ml proteinase K) and incubated for a further 10 minutes at 37°C.
DNA loading dye (5 pl; 0.25% bromophenol blue, 0.25% xylene cyanol, 15% Ficoll
type 400) was added to each sample and then subjected to electrophoresis at 80V for
1-2 hours.

2.8 Gel Filtration

Size exclusion chromatography of His-Orf was performed using a BioLogic
DuoFlow system from BioRad. 1 mg/ml of protein was injected into an AKTA FPLC
system with a 24 ml Superose 6HR 10/30 column (GE Healthcare). Molecular mass
standards (BioRad) contained thyroglobulin (670 kDa), g-globulin (158 kDa),
ovalbumin (44 kDa), myoglobin (17 kDa) and vitamin B12 (1.35 kDa). Proteins were
mixed in a 200 pl volume with 20mM Tris—HCI pH 8.0, ImM EDTA, 0.5mM DTT,
250mM KCI and incubated on ice for 15 min prior to loading 100 ul onto the column

at a flow rate of 0.3-0.5 ml/min.
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Chapter 3
Mutations in A Orf affecting sSDNA binding

3.1 Introduction

Within the Orf family of proteins, the most highly conserved residues lie close to the
central channel (GJ Sharples, personal communication). In 39 of 124 Orf family
proteins these include arginine-41 (R41), glutamine-45 (Q45), asparagine-46 (N46)
and either histidine or tryptophan at position 50 (W50 in A Orf). Since this cavity
could potentially accommodate ssDNA binding site, point mutations in these

conserved residues should help to confirm whether this is the case (fig 3.1)

Figure 3.1: Ribbon diagram highlighting conserved residues around the central cavity of in dimeric A Orf.
R41 is yellow, Q45 is orange, N46 is in green and W50 is in red.

Furthermore, a short motif in Orf (residues 102-108) resembles a portion of RecA
protein involved in intersubunit contacts that ultimately results in nucleoprotein
filament formation on ssDNA (G.J. Sharples, unpublished results) (fig. 3.2) This
motif also appears to be functionally conserved in the human homolog of RecA,
Rad51, and also in the breast cancer susceptibility protein BRCAZ2. This motif in
BRCAZ2 appears to facilitate loading of the Rad51 filament onto DNA by mimicking
a Rad51 subunit (120; 121). Thus, Orf could facilitate RecA loading onto DNA by a
similar mechanism (figure 3.2). The position of this motif in Orf, on the outer
portions of the ring, supports the validity of this model (figure 3.3).
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RecA 25-SIMRLGE-31

Orf 102-SRMVRGE-31

Rad51 85-GFTTATE-91
BRCA2 1523-GFHTASG-1529

Figure 3.2: Conservation of motifs in Orf and BRCA2 that match monomer-monomer interaction motifs
in RecA and Rad51, respectively.

Mutation of Orf residues within this motif, if it is indeed involved in RecA loading,
should affect any Orf-RecA interaction and ultimately, the formation of RecA
nucleoprotein filaments.

A number of site-directed mutants were generated prior to the start of this project to
evaluate the importance of conserved resides in the central cavity in DNA binding
and also to test the possibility that there is a RecA-binding motif in Orf. The mutants
made were Orf Q45A and W50A in the central cavity and R103E and V106E in the
proposed RecA interaction motif (fig. 3.3) All mutants were purified as MBP fusions

by amylose and heparin-agarose chromatography (GJ Sharples, unpublished results).

Figure 3.3: The RecA interaction motif of A Orf

37



Orf protein-protein interactions have previously been the subject of study (see P.
Reed (2006) and L. Bowers (2008)). Investigation of the intra-molecular mechanisms
by which Orf binds ssDNA and how it performs its functions in A-recombination is
an area that has remained, until now, unexplored. The work described in this chapter
aims to elucidate the effects of mutations in conserved residues of Orf in the
suspected sSDNA binding and RecA recognition regions to explore its role in A

recombination.
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3.2 Results

3.2.1 Mutations in the central cavity of Orf affect SSDNA binding
MBP-Orf Q45A and W50A proteins were investigated for their ability to bind 50

nucleotide *P-labelled DNA substrates. Wild-type MBP-Orf was used as a positive
control and increasing amounts of protein were probed in a gel shift assay (fig 3.4)
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Figure 3.4 : Effect of point mutations in the Orf central channel (Q45A and W50A) on ssDNA binding .
Proteins were mixed with 3 nM 32P labelled ssDNA in binding buffer. Samples were incubated on ice for
15 minutes prior to loading on 8% polyacrylamide gels in LIS buffer. A. Sample 32P gels for Wt, Orf
Q45A and Orf W50A: lane 1 no protein, lane 2 500nM, lane 3 no protein, lane 4 500nM, lane 5 no protein
lane 500nM. B. Quantification of ssSDNA binding performed with 0, 15, 31.25, 62.5, 125, 250, 500 and
1000nM of each MBP-tagged Orf protein. Data are the mean of two independent experiments.
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The binding assays reveal that the Orf Q45A and W50A mutants show significantly
reduced ssDNA binding relative to the wild-type Orf protein. Maximal wild-type Orf
binding occurs over 250 nM protein, whereas both mutants only shifted a similar
amount of DNA at 1000 nM. The Orf Q45A mutant appears to affect DNA binding
more severely than W50A, although the binding profiles are similar.

3.2.2 Quaternary structure of Orf Q45A and W50A Orf mutants in solution
It is possible that the mutations in the central cavity disrupt Orf dimer formation and

this is responsible for the reduced capacity to bind sSDNA. To investigate this
possibility, samples of the purified proteins were applied to a 25 ml Superose 12 gel
filtration column. Orf Q45A produced a major peak consistent with dimer formation,
although a smaller peak eluting later from the column suggests that a small
proportion of the protein exists as a monomer. Orf W50A gave a single peak similar
to the profile shown by the dimeric Orf wt (fig 3.5). Dimeric species were also
detected with both proteins when samples were separated on SDS-PAGE without
boiling (fig. 5A). Taken together, the results suggest that the Orf Q45A and W50A
mutants do not grossly affect homodimer formation, although some monomeric

species in Q45A may partly account for its defects in ssSDNA binding.
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Figure 3.5: A. Size exclusion chromatography traces of Orf Q45A and W50A. 12.5% SDS-PAGE analysis
of boiled (+) and unboiled (-) proteins are shown as insets. B. Table showing ratios of SEC data MW and
expected MW to determine quaternary structure. Wt Orf froms dimer in solution (122)
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3.2.3 Mutations in the RecA mimicking regions of Orf affect DNA binding
MBP-Orf V106E and R103E proteins carrying substitutions within the proposed

RecA-interaction motif were investigated for their ability to bind 50 nucleotide **P-
labelled DNA substrates. Wild-type MBP-Orf was used as a positive control and

increasing amounts of protein were probed in gel shift assays (fig 3.6).
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Figure 3.6: Effect of point mutations in the Orf-RecA interaction domain (R103E and V106E) on ssDNA
binding. Proteins were mixed with 3 nM 32P labelled ssDNA in binding buffer. Samples were incubated on
ice for 15 minutes prior to loading on 8% polyacrylamide gels in LIS buffer. A. Sample 32P gels for Wt,
Orf R103E and Orf V106E: lane 1 = no protein control B. Quantification of sSDNA binding performed
with 0, 15, 31.25, 62.5, 125, 250, 500 and 1000nM of each MBP-tagged Orf protein. Data are the mean of
two independent experiments. Error bars represent one standard deviation
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The DNA binding assays revealed that these mutants show significant defects in
ssSDNA binding. V106E exhibited reduced binding; where wild-type Orf bound 73&
of the substrate at 250nM, V106E bound only 34% at the same concentration. While
V106E retained some capacity to bind ssDNA, no DNA binding activity was
detected with R103E under the conditions used.

3.2.4 Quaternary structure of Orf R103E and V106E Orf mutants in solution
To ascertain whether homodimer formation was affected in these mutants, R103E

and V106E were applied to a gel filtration as described previously. While R103E
provided a single peak consistent with the presence of a dimer (or potentially a
trimer), V106E migrated as two distinct peaks; one indicating a dimeric molecular,
the other a higher molecular weight aggregate approximately equivalent in mass to a
hexamer (fig 3.7).
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Figure 3.7 : A. Size exclusion chromatography trace of Orf R103E and V106E. 12.5% SDS-PAGE analysis
of boiled (+) and unboiled (-) proteins are shown as insets.. B. Table showing ratios of SEC data MW and

expected MW to determine quaternary structure.
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3.2.5 Discussion
The data presented in this chapter indicate that the conserved residues within the Orf

ring interior and those that match the oligomerisation motif in RecA protein are
important for ssDNA binding. Mutation of two conserved residues within the central
channel affected ssSDNA binding without influencing homodimer formation. Those
mutations in the proposed RecA-Orf interaction domain also affect sSDNA binding

and at least one of them (V106E) also appears to induce Orf multimerisation.

Within the central channel of Orf, the Q45A mutant protein bound ssDNA with a
higher affinity than W50A. Investigation of the quaternary structure revealed that
while the W50A mutant formed stable dimers in solution, a small proportion of
Q45A may exist as a monomer. If this is the case, this would explain, in part, the
reduced capacity of Q45A to form complexes with ssDNA. In contrast, W50A
appears to form a stable dimer in solution, suggesting that Trp50 is directly involved
in sSSDNA binding in keeping with its high conservation among Orf homologues. It
also supports a model for DNA binding whereby ssDNA is threaded through the
centre of the toroid or open clamp rather than passing across the shallow cleft across

the protein surface.

Both mutant proteins with substitutions in the proposed RecA interaction domain
showed marked defects in sSDNA binding. The significant defect in sSDNA binding
by V106E at 1000nm exceeded that observed with the mutations studied in the
central cavity. This could be due to altered protein folding affecting the tertiary and
quaternary structure, as V106E was found to form relatively high molecular weight
aggregates, as well as dimers. This may indicate a propensity for the protein to
misfold, rather than a decrease in affinity for the substrate. Although the switch from
the non-polar, neutral, amino acid valine to the polar and negatively charged
glutamic acid and the proximity of V106E to the central channel in the Orf crystal
structure may act attenuate substrate affinity, given that DNA is a negatively charged

substrate.
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Significantly, R103E was unable to form any detectable interactions with SSDNA
although it does form a stable dimer in solution. In the Orf crystal structure, Arg103
makes contact with D68 and E70 in the other subunit. Within the wild-type dimer,
these interactions take place between the positively charged arginine and the
negatively charged aspartic and glutamic acid residues. The substitution of the
positive arginine for glutamic acid would severely disrupt these interactions, possibly
preventing intersubunit associations in this portion of the dimer. The gel filtration
data, however, suggest that dimer formation is not impaired. The defects fit with the
model where an inability to close an open Orf clamp would prevent stable binding to
sSDNA.

In summary, the characterisation of two conserved residues in the central channel of
Orf and two residues in the predicted RecA-interaction domain have been found to
have substantial effects on ssDNA binding. The evidence is consistent with the
interior and key intersubunit contacts being involved in DNA binding. Two
mutations (Q45A and V106E) also affect Orf dimer formation and these defects in
quaternary structure may be responsible for the DNA binding deficiencies observed
with these proteins. Investigation of other conserved residues within the central
channel of Orf and the construction of Orf mutants unable to interact with RecA,
while retaining DNA binding, should help in determining whether the RecA-
interaction motif can be functionally separated from ssSDNA binding.
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Chapter 4
Orf-151 Binds both ssDNA and dsDNA

4.1 Introduction

The orf151 gene resides within the E. coli K-12 cryptic prophage DLP12, a remnant
of a previous lambda-like phage insertion (123). Orf151 constitutes one of the most
distantly related members of the 124 proteins in the Orf family and initial functional
analysis has confirmed that it shares DNA and SSB binding activities with its lambda
counterpart (Curtis et. al, unpublished results). Although Orf151 shares only 16%
overall identity with A Orf, it is almost identical to the orf151 gene of phage 82
(Mahdi et al JMB). The main predicted differences between A Orf and Orf151 reside
in the a3 and 3 regions and in the C-terminal a-helix (fig 4.1), the latter previously

linked with both DNA recognition and structural integrity (122).

ol e V. o3

DLP12

DLP12

Figure 4.1: Comparison secondary structure of L Orf determined by X-ray crystallography predicted
(Jpred) secondary structure of Orf151.

An MBP-Orf151 protein was previously shown to associate with DNA and, as with A
Orf, exhibited a preference for substrates containing sSSDNA (117). However, MBP-
Orf151 formed complexes more readily and stably with dsDNA than A Orf and
showed reduced affinity for sSDNA when compared with A Orf (117).

Orf151 interacted with SSB in far-western blots, ELISA and yeast-two hyrbrid
assays (Curtis, F. et al, unpublished results). In these experiments, Orf151 actually
enhanced binding to SSB relative to A Orf; conservation of the SSB interaction, even
in a distantly-related cryptic prophage Orf homologue, highlights the importance of
this association for Orf family function.
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4.2 Results

4.2.1 Orf151 binding ssDNA and dsDNA
The earlier experiments with MBP-Orf used protein that appeared to have been

subject to some proteolysis and contamination with interacting SSB protein (Curtis,
F. et al, unpublished results). We therefore utilised a fresh sample of MBP-Orf
purified by amylose and heparin-agarose chromatography (Parkin, M., unpublished
results). MBP-Orf151 was probed for its SSDNA and dsDNA binding properties on a
50 nucleotide ¥*P-labelled ssDNA and and a complementary 50 bp **P-labelled
dsDNA substrate (fig. 4.2).
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Figure 4.2 : Gel shift experiments showing MBP-Orf151 binding to dsDNA (A)and ssDNA binding (B).
MBP-Orf protein was used at 250, 500, and 1000nM. Lanes 4 and 8 contained no protein. C. MBP-Orf151
binding to both ssDNA and dsDNA. MBP-Orf was used as a positive control. Data are the mean of two

independent experiments. Error bars represent one standard deviation.

The DNA binding assays conducted here confirm that MBP-Orf151 has a
significantly reduced capacity to bind ssDNA compared to MBP-Orf. Binding to
dsDNA is less than ssDNA, though it is less discriminating than Orf, which exhibits
considerable better binding to sSDNA over dsDNA of the same sequence (119).



4.2.2 The quaternary structure of Orf151
The ability of MBP-Orf151, and a previously-purified GST-Orf151 fusion, to form

dimers or higher multimeric species was investigated by size exclusion
chromatography. Proteins (1 mg/ml) were applied to a 25 ml Superose 12 gel
filtration column and the molecular mass of peaks predicted in comparison with

known molecular mass standards (fig. 4.3).
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Figure 4.3: A. Size exclusion chromatography traces of MBP-Orf151 (A) and GST-Orf151 (B).
SDS-PAGE gel analysis showing boiled (+) and unboiled (-) samples are shown in (A). C. Table showing
ratios of SEC data with the experimentally-defined molecular weight and that predicted from the protein
sequence to estimate quaternary structure.

The analysis reveals that MBP-Orf151 forms as a single peak consistent with
formation of a homodimer. However, GST-Orf151 eluted in three, possibly four,

peaks yielding estimated oligomers of 13, 7 and 3 subunits (fig. 4.3). The increased
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multimerisation compared to MBP-Orf151 is most likely due to propensity of GST to
dimerise and oligomerise under certain circumstances (124). Coupled with the
evidence that MBP-Orf151 forms stable dimers in solution, it is likely that gel
filtration yields anomalous size estimates with the fastest-eluting peaks representing
MBP-Orf151 tetramers and octamers. Dimeric species were detected with both
fusion proteins when samples were separated by SDS-PAGE without boiling; an

apparent tetrameric species was observed with MBP-Orf (fig. 4.3A).

4.2.3 Discussion
MBP-Orf151 was investigated for its ability to bind ssSDNA and dsDNA. Orf151 was

found to bind both substrates with a similar binding profile, with a slight preference
for ssDNA. Orf151 bound dsDNA with a higher affinity than Orf (119). There are
several possible explanations for this disparity between the two Orf family proteins.
Orf151, while similar to A Orf, may have originally had a subtly different function
(see Eta20, Chapter 5). Alternatively, an altered primary and secondary structure in
Orf151 may have resulted from its senescence within the E. coli genome; with the
lack of selective pressures normally found acting upon expressed genes, the gene
gradually mutated and changed, resulting in a protein with severely compromised
function. It is intriguing that MBP-Orf151 maintains a dsDNA binding affinity
higher than that of Orf. Orf151 seems to have maintained the ability to form stable
dimers in solution; it may be possible that the structure of Orf151 is more flexible
due to quiescence to allow stronger binding to dsDNA. A crystal structure of Orf151
would provide a useful comparison with A Orf and recent work has yielded crystals
capable of diffraction using MBP-Orf151 (data not shown). In summary, MBP-
Orf151 retains the ability to bind both DNA and SSB in keeping with its homology
with the Orf family of proteins, supporting the idea that all members of this family

share a similar function in phage DNA metabolism.
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Chapter 5

ssDNA binding and endonuclease activities of Eta20

5.1 Introduction

Open reading frame 20 of the temperate Staphylococcus aureus phage ¢ETA (phi-ETA)
(125) was identified in PSI-BLAST searches as a distantly-related homologue of A Orf in
previous work (117; 119). Eta20 has an Orf-like domain with a C-terminal extension
containing a zinc-finger motif related to HNH-family nucleases (126). Eta20 may therefore
function to target and degrade DNA in contrast to its counterpart from A (117). Previous work
(117) confirmed that Eta20 possessed nuclease activity and that this activity resided within
the C-terminal HNH-motif through characterization of an 82-residue C-terminal deletion
(Eta20 AC82). In this Chapter, experiments to confirm these results were conducted and

DNA binding and multimerisation properties were investigated.

5.2 MBP-Eta20 exhibits endonuclease activity lacking in Eta20 carrying an

82-residue C-terminal deletion
To probe the endonuclease function of Eta20 and Eta20A82, protein samples were incubated

with $X174 virion DNA and the samples visualized by agarose gel electrophoresis (fig. 5.1).

Figure 5.1: Endonuclease activity of MBP-Eta20 on circular ¢X174 ssDNA. Lane 1 1,000 kb ladder; lane 3 No DNA
substrate, 500nM ETA-20; lane 4. 62.5 nM protein, lane 5. 125 nM protein, lane 6. 250 lane 7. 500 nM MBP-ETA20.
Eta20A82 did not exhibit any nuclease activity (data not shown)
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5.3 ETA20 binding to single-stranded DNA
DNA gel shift assays with MBP-Eta20 and MBP-Eta20 AC82 were undertaken to investigate

the effect of the removal of the C-terminal HNH-nuclease domain on ssDNA binding (fig.
5.2).
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Figure 5.2: ssDNA binding assays of MBP- Eta20 (A) and MBP-Eta20 AC82 (B) containing 125nM, 250 nM and
500nM protein. (C.)Gel shift experiments showing MBP- Eta20 (A) and MBP-Eta20 AC82 binding to ssDNA. MBP-
Eta20 and MBP-Eta20 AC82 protein was used at 250, 500, and 1000nM. C. MBP-Orf151 binding to both ssDNA and

dsDNA. MBP-Orf was used as a positive control. Data are the mean of two independent experiments. Error bars

represent one standard deviation.

Under the conditions used, MBP-Eta20 was found to bind ssDNA, but only at high
concentrations (>1500nM). In contrast, Eta20AC82 was unable to bind ssDNA even at high
concentrations up to 3000 nM. The ssDNA binding data support the Eta20 being a member of
the Orf family. However, this region alone is insufficient for DNA binding lacks any ssDNA

binding abilities.
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5.4 The quaternary structure of Eta20 and Eta20ACS82
Gel filtration was utilized to investigate whether MBP-Eta20 and MBP-Eta20 AC82 form
homodimers as with MBP-Orf and MBP-Orf151 using a 25 ml superose 12 column (fig. 5.3

and 5.4).
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Figure 5.3: Size exclusion chromatography data for Eta20 at 1mg/ml in buffer A and 150 mM KCL. Table showing
ratios of SEC data with the experimentally-defined molecular weight and that predicted from the protein sequence to
estimate quaternary structure.
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Figure 5.4: Size exclusion chromatography trace for Eta20AC82 at 1mg/ml in buffer A and 150 mM KCL. Table
showing ratios of SEC data with the experimentally-defined molecular weight and that predicted from the protein
sequence to estimate quaternary structure.

The gel filtration data show that both MBP-Eta20 proteins form multimeric aggregates in
solution. MBP-Eta20 also exists as a monomeric species, not seen with the mutant version of
the protein, MBP-Eta20 AC82.

5.5 Discussion

Nuclease activity, SSDNA binding and quaternary structure were examined for MBP-Eta20
and an MBP-Eta20 ACS82 deletion lacking the predicted HNH nuclease domain. Eta20 was
found, under these conditions, to bind ssDNA. This DNA binding activity depended on the
presence of the C-terminal nuclease motif, since no ssSDNA binding was detected with MBP-
Eta20 AC82. The results indicate that, although there is a degree of similarity between Orf
and Eta20 in primary structure, Eta20 does not bind ssDNA in the same manner; instead
Eta20 needs the nuclease domain extensinn far ctahla NNA binding. The endonuclease

volume (MD) i1 the deletion mutant. If Eta20 does

activity of MBP-Eta20 was confirmed a
share an evolutionary ancestor with Orf then its current function is significantly different.

Further study is required to define the precise properties of the Eta20 nuclease activity.
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Investigation of the quaternary structure of both MBP-Eta proteins by gel filtration showed
that wild type Eta20 formed both monomeric and multimeric species in solution, while Eta20
formed only multimers. The absence of the nuclease domain may drastically affect protein
folding and increase the propensity of the rest of the protein to multimerise. Subsequent
circular dichroism (CD) experiments have revealed that both proteins show considerable
aggregation and unfolding (Sanderson, J and Sharples, G., unpublished results); thus only a
small proportion of the proteins may be properly folded, explaining the high concentration
required to detect DNA binding and nuclease activities. The results from this chapter,

therefore, needed to be interpreted cautiously.
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Chapter 6

NinH

6.1 Introduction

NinH is a short, 68 residue, polypeptide located in the ninR region of the phage A genome,

just downstream of rap (ninG) that specifies a Holliday junction rsolvase (ref). It is found in

numerous enterobacterial phages, although its function is currently undefined.

6.2 Bioinformatic analysis of NinH
A number of bioinformatic tools were used in the initial characterization of NinH. A search
was conducted using the protein Basic Local Alignment Search Tool (BLASTp) from the

National Centre for Biotechnology Information (http://blast.ncbi.nlm.nih.gov) using the non-

redundant protein sequence database. Closely-related homologues from several
enterobacterial phages, including P22, ES18 and ST104 were identified. Subsequent
alignment of these sequences using the ClustalW2 multiple alignment tool (127)

(http://www.ebi.ac.uk/Tools/msa/clustalw?2/) illustrates the conservation between these phage

proteins (Figure 6.1). No proteins from sources other than pahge or prophage were found.

Lambda MTEFSVKTIPDMLVE AYGNQTEVARRLKCSRGTVRKYVDDKDGKMHAIVNDVLMVHRGWSERDALLRKN
phi-4795 MTFTVKTIPDMLLE AYGNQTEVARILNCNRATVRKYIGDKEGKKHAVVNGVLMVHRGWGK
Sakai-VT MTFTVKTIPDMLVE AYENQTEVARILNCSRNTVRKYTGDKEGKRHAIVNGVLMVHRGWGK

H19B MTFTVKTIPDMLLE AYGNQSEVARILNCNRATVRKYIGDKEGKKHAVVNGVLMVHRGWGK
Lahnl MTFTVKTIPDMLLE AYGNQSEVARILNCNRATVRKYIGDKEGKKHAVVNGVLMVHRGWGK

1639 MTFTVKTIPDMLVE AYENQTEVARILNCSRNTVRKYTGDKEGKRHAIVNGVLMVHRGWGK
ST64T MTHTVKTIPDMLIE TYGNQTEVARRLSCHRNTVRRYLYDKEARYHAIVNGVLMIHQG

P22 MTHTVKTIPDMLIE TYGNQTEVARRLSCHRNTVRRYLYDKEARYHAIVNGVLMIHQG

PS34 MTHTVKTIPDMLIE TYGNQTEVARRLSCHRNTVRRYLYDKEARYHAIVNGVLMIHQG

ST104 MTHTIKTIPDMLIE TYGNQTEVARRLSCHRNTVRRYLYDKEARYHAIVNGVLMIHQG

Sfl MSVKIQTIPELLIQ TRGNMTEVSRMLNCNRATVRKYAEDKEGKGHAIVDGVLMVHRGW

HK620 MNATIQTIPELLIQ TRGNQTEVARMLSCARGTVLKYNRDSKGERHVIVNGVLMVKQG

Kva MTLSIKTIPDILVE VRGNQSEAARKLACSRNTILRYSRDTKAQFHAIVNGVLMVHQGGRGKACAQ

Figure 6.1: Alignment of A NinH with homologues from phage and prophages. Sfl, Shigella flexneri, etc
NinH was then analysed with Position-Specific Iterated BLAST (PSI-BLAST) in an attempt
to detect more distantly related homologues. This variation of the BLAST tool allows the top
matches from an initial BLAST search to be probed again in an iterative manner to identify
related proteins with lower similarity scores. Identifying such proteins, that have themself
been previously characterized, may shed light on the function of NinH. PSI-BLAST was run

with altered search parameters to return the maximum number of aligned sequences (20,000)
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and the BLOSUM-80 scoring matrix, rather than the standard BLOSUM-62, as this
substitution matrix is recommended for query lengths between 50 and 85 residues (128).
NinH entered four iterations before no further new sequences were identified. Among the
sequences recovered, a significant majority were transcriptional regulators or other DNA
binding factors. These included FIS (factor for inversion stimulation) and NtrC (Nitrogen
regulatory protein C) family transcription regulators. The homologous regions revealed that

NinH possesses a potential helix-turn-helix motif.

6.2.1 NinH helix-turn-helix Motif
The helix-turn-helix (HTH) is a sub-structure that, at its simplest, constitutes 20-25 amino

acids that comprises a two or three turn a-helix, followed by a four-residue turn, flanked by
another a-helix of four turns (129). The helix-turn-helix motif was first identified within
transcription regulatory proteins in model organisms, such as the catabolite gene activator
protein (CAP) from E. coli (130) and the Cro repressor from bacteriophage A (131). Often,
transcription factors that include this motif are dimeric, allowing binding of appropriately-
orientated inverted repeat nucleotide sequences. The final helix has been found to be
generally more important for DNA recognition, as it is this that forms the major point of
contact with the major groove of bound DNA, and is therefore termed the ‘recognition helix’
(129; 132). Helix-turn-helix sub-domains are found in both prokaryotic and eukaryotic
proteins, with several variations based around the same molecular theme (129). Additionally,
although the motif does make specific and non-specific contacts with DNA, it can also act as
an anchor to align residues upstream or downstream of the HTH-motif that are also able to

form specific or non-specific interactions with DNA (129).

To investigate the possibility that NinH contains a HTH-like domain, the sequence was
compared with a selection of known HTH-forming protein sequences using the Dotlet flash

program (http://myhits.isb-sib.ch/cgi-bin/dotlet) (133) with sample sequences taken from

Brennan and Matthews (1989) (132) (data not shown). Results varied, with some of the
sequences returning one or two possible HTH motifs within NinH, while others indicated
there may be more (approximating the amino acid regions 16-38, 35-50 and 42-52). To
visualize this more readily, sequences containing the HTH motif were entered into the Kalign

program (134) (http://www.ebi.ac.uk/Tools/msa/kalign/) alongside NinH (figure 6.2).
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Figure 6.2: Multiple alignment between the predicted NinH HTH region (residues 40-60) with known HTH
containing phage proteins.

This analysis flagged up a region extending from residue 16 to 33 in NinH matching the
HTH-containing portions of several phage regulatory proteins. In order to give a more
definitive answer, the primary sequence of NinH was subjected to analysis with a helix-turn-
helix prediction program available from Institut de Biologie et Chemie des Proteines, Lyon,
France (http://npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/npsa_hth.html) (135)
using a method updated by Dodd and Egan (1990) (136). The resulting analysis predicted,

with 100% probability, that NinH contained a helix-turn-helix motif spanning 22 amino
acids, from residue 17-38 (figure 6.3).

10 20 30 40 50 60
| | | | | |
MTFSVKTIPD MLVEAYGNQT EVARRLKCSR GTVRKYVDDK DGKMHAIVND VLMVHRGWSE RDALLRKN

Figure 6.3: Results of HTH analysis on NinH showing the region (red) predicted to contain a HTH motif.

This area corresponds precisely to the portion aligned with the HTH-containing phage

proteins and also extends the region further by several residues.

To provide a clearer picture of the potential structure of NinH, as well as support the
identification of the predicted HTH motif, the primary sequence of NinH was analysed with

Jpred3 secondary structure prediction software (fig. 6.4). With a high degree of predicted
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accuracy, Jpred assigned the sequence highlighted by the HTH-prediction software as two o-

helices connected by a short linker.

. MTFSVKTIPDMLVEAYGNOTEVARRLKCSRGTVRKYVDDKDGKMHATVNDVLMVHRGWSERDALLRKN :
R HHHHHHHHHH- - ~HHHHHHHHH - ~HHHHHHHH - - - - - ~—EEEEEEE===m=m -—-

Figure 6.4: Jpred3 output for NinH with the probable HTH motif highlighted in cyan

Finally, to unify the findings from Jpred3 and the HTH prediction software, NinH was
subjected to analysis with the tertiary structure prediction program Phyre2
(http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index) (137). Both ‘normal’ and

‘intensive’ modelling modes were used. Under ‘normal” modelling conditions, Phyre2
modelled 47% of NinH with 92% confidence based on a major template containing a 3-
helical DNA/RNA binding fold belonging to the Fis family with 31% identity and 92%
confidence. The major area of shared identity included the previously identified HTH motif.
The 3D model generated consisted of the first three helices arranged in a non-parallel, twisted

conformation as with other proteins containing the HTH domain (fig. 6.5).

Figure 6.5: Jmol representation of NinH including the suspected HTH motif (H2= first helix, T=turn, H3=
recognition helix)

Under ‘intensive’ modelling conditions, Phyre2 made extended predictions concerning the
NinH N- and C-termini, although with a marked increase in uncertainty outside the area
modelled under normal conditions and with minor changes to the HTH-region. A longer a-

helix was modelled, using structural information from the TetR transcriptional regulator from
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E. coli and the Brk repressor from Drosophila melanogastor that both contained an extended
region of similarity (138). Again, Phyre2 was able to predict 47% of the structure with >90%
confidence. Only the extreme termini contained regions with low prediction confidence
(figure 6.6).

Figure 6.6: Extended model of NinH displaying prediction confidence (Red > Blue) based on C. glutamicum XxxX.

From the predicted tertiary structure of NinH, the placement of the HTH is appropriate for a
genuine DNA interaction motif. In conjunction with the consensus obtained from both
Phyre2 and Jpred3, the analysis fits with the designation of NinH as a small, DNA binding

protein containing a HTH-motif.

6.2.2 Investigation of NinH-NtrC family homology

The PSI-BLAST vyielded multiple NtrC protein matches, suggesting that a search of the
literature and further bioinformatics was warranted. Nitrogen regulatory protein C (NtrC) is
encoded by the gInG gene. NtrC regulates genes involved in nitrogen assimilation under
conditions of limited nitrogen availability (139). NtrC appears to be involved in regulating
approximately 2% of the entire E. coli genome, with the vast majority of the operons affected
being associated with transport (139). Under low nitrogen conditions, E. coli activates
transporters that scavenge nitrogenous compounds from the environment or periplasm; NtrC

is part of a two-component system that regulates this response. The second component is
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NtrB, a membrane-associated protein kinase that activates NtrC through autophosphorylation,
after NtrB is autophosporylated during nitrogen and carbon-limited growth. However, given
the bioinformatic findings described above, it may simply be the case that, as a DNA binding
protein, NtrC shares homology with NinH solely with the HTH or a HTH-like domain,

although it is possible that they evolved from a common ancestral motif.

The highest scoring NtrC sequence found by PSI-BLAST belonged to bacteria from
Magnetococcus species. Using the LALIGN multiple subsegment alignment tool with default

search parameters (http://www.ch.embnet.org/software/LALIGN_form.html) (140) set with

the Blosum45 matrix, a homologous segment with an overlap of 32 amino acids was found
with an identity of 37.5%. The area of homology spanned amino acids 8-39 of NinH and
amino acids 468-499 on NtrC. NinH and an area containing the highlighted portion of NtrC
was entered into KALIGN with the output shown in figure 6.7.

NinH MTFsiiTh PDMLUIAYGIDTEUARRLKCSI Iu.*w[:-l IGKMHAW
Nt - -MEAVLIFRMLERTREMR Y KAAD LS LN LIEE MR B LSOl - - - - - -

Consenation I_- . I u I
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Figure 6.7: KALIGN search result in ClustalW format, showing the alignment of NinH and NtrC from E. coli

As before, this alignment is centred on the area highlighted in earlier bioinformatic searches
as likely to contain a HTH motif. A search of the current literature revealed that only the
structure of the N-terminal receiver domain of NtrC has been solved in both inactivated and
activated forms (141; 142). The area of alignment with NinH lies at the far C-terminal end of
the primary sequence; an area yet to structurally resolved. Directed by the aligment produced
by Kalign, the Magnetococcal NtrC was also subjected to a HTH-motif search (135). This
highlighted a sequence starting at residue 477 and returning a HTH-probability of 100% (see
figure 6.8). This motif was found to be common to every NtrC homolog checked in the PSI-
BLAST generated list, all with 100% probabilities of containing a HTH motif.
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Figure 6.8: Result of HTH prediction software on Magnetococcal NtrC protein. The highlighted area is predicted to
contain a HTH motif.

These results are consistent with a short, common, structural motif within NtrC homologues
that is also shared by NinH.

6.2.3 Investigation of NinH-Fis homology

The PSI-BLAST searches highlighted a possible relationship between NinH and the Factor
for Inversion Stimulation (Fis) protein. The specific Fis proteins identified originated from
Chromobacterium violaceum, Candidatus glomeribacter gigasporarum, Burkholderia species
and Haemophilus haemolyticus. Fis is a small, bacterial, nucleoid-associated protein that
defines one of the four major families of prokaryotic histone-like proteins that share
structural resemblances and functional similarities (143). The diverse functions of Fis include
DNA bending and packaging (144), regulation of site-specific recombination events (145)
and transcriptional regulation of a large number of different genes during various stages of
growth (146); among the latter are rRNA and tRNA genes (147) and those involved in
biofilm formation (148), virulence (149), phage integration and excision reactions, as well as
autoregulatory functions (150). Fis was originally discovered due to its requirement in site-
specific recombination involving the Hin and Gin recombinases that function by catalyzing
the inversion of segments of DNA, from where it draws its full name (151). Fis is also
responsible for interacting with the A excisionase (Xis) to catalyse the extraction of the

lambda prophage from the host chromosome (152).

Fis in E. coli is a homodimer of 98 residues, with two a-helices from each monomer forming
a tightly-interacting globular domain with a pair of helix-turn-helix motifs protruding
outwards along the same edge (153) (figure 6.9). The 24 residues present at the N terminus of
each subunit are highly disordered in the absence of DNA (153). Mutational analysis and Fis-
DNA co-crystallization has revealed that when bound to DNA, the N-termini form [-hairpin
arms that can associate with other Fis-DNA complexes (151). The removal of these B-hairpin

arms prevents Fis-activation of DNA invertases (150).
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Figure 6.9: 3-dimensional structure of E. coli Fis showing monomer A (blue) and B (green) bound to double-stranded
DNA (red and yellow) (154).

Fis is one of the most abundant DNA-binding proteins found in E. coli during early
exponential growth, reaching in excess of 50,000 copies per cell just before the
commencement of cell division, while only present at less than 100 copies per cell during
stationary phase (155). Fis condenses DNA by binding 21 base-pair segments via its
nonspecific DNA-binding and bending activities (156). However, Fis is also capable of
forming stable complexes with specific DNA sequences found in regulatory areas of the
genome, as expected given its numerous DNA interactions (157). Sequences of 15 base pairs
have been found to specify high-affinity Fis binding sites, although they are poorly related at
the sequence level (151). Evidence suggests that Fis initially targets DNA regions based upon
the width of the minor DNA groove, followed by induced fit binding to the major groove
following DNA binding; Fis maintains its structural integrity and pulls the DNA over its two
HTH motifs, causing the DNA to bend by ~65° (151). Each HTH is held in place by multiple
side-chain contacts. Of particular importance are the side chains of residues asparagine-73,
threonine-75, arginine-89, as well as the amides from glutamine-74 and threonine-75, which

act to pull the phosphate backbone towards the HTH domains (151). Mutational studies have
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shown that, of these residues, the polar side chain of Asn73 plays an especially vital role in
binding and bending DNA (151).

Three adjacent residues, asparagine-84, threonine-87 and lysine-90, have been found to
stabilize the recognition helix. Of these particular residues, the side chain of Thr87 seems to
be the most important (158), while Lys90 appears to play a significant role in non-specific
interactions (156). Asn84 and Arg85 are the only residues in the recognition helix so far that
have been found to form vital contacts with bases in the major groove; the loss of Arg85
leading to complete loss of all Fis-DNA interactions (158; 156; 151)

The highest scoring Fis homolog from the PSI-BLAST NinH searches belonged to
Chromobacterium violaceum. Lalign (140) analysis highlighted three areas of alignment:
38.7% alignment over 31 amino acids from NinH (residues 11-41) and Fis (residues 46-76)
(figure 6.10), 25% identity over 24 amino acids on NinH (residues 30-53) and Fis (residues
12-35). The final section of overlap was relatively small: 6 amino acids sharing 21.4%
similarity from residue 50-63 in NinH and residue 44-57 in Fis. NinH was also compared to
E. coli Fis using the same approach. This also yielded three sections of overlap with higher
degrees of similarity: 52.6% identity over 19 amino acids 17-35 and 72-90, 28.6% over
residues 45-65 and 60-80, and finally, 30% identity over residues 12-31 and 53-72. Only the
first alignment yielded two discernibly similar regions, that of the HTH motif.

20 30
NinH GNQTEVARRLKCSRGTVRK

Fis GNQTRAALMMGINRGTLRK
80 90

Figure 6.10: NinH and E. coli Fis alignment of HTH domain highlighted by Lalign with an overall identity of 52.6%.
Residues in red indicate vital or important residues in Fis, all bar Asn84 are conserved in NinH. The area of no
homology correlates with the predicted ‘turn’ sub-domain of the HTH motif.

In order to quantify the conservation of these residues, NinH and E.coli Fis were compared
using the T-COFFEE multiple sequence alignment (http://www.ebi.ac.uk/Tools/msa/tcoffee/)
(159) (figure 6.11)
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Figure 6.11: Multiple alignment of lambda NinH and Fis homologues: A. Conservation Score, B. Quality Score, C.
Consensus Score

From this analysis, it is clear that the HTH motif in NinH shares not only the gross
architecture found in HTH motifs, but also all the important functional residues found in the
HTH motif found in Fis; even the neutral polar side chain of the asparagine at position 84 in
Fis is substituted by the biochemically similar serine-30 in NinH. In terms of secondary
structure, the HTH motifs are situated at the far ends of each molecule; NinH towards the N
terminus, Fis towards the C-terminus. As the N-terminal end of Fis is involves other
functions, such as the Fis-dimer and invertase interface, other functions may reside in the C-
terminal region of NinH.

6.2.4 Conclusion

The function of NinH is still yet to be fully defined, but this work indicates that NinH may be
a Fis-like DNA binding protein. Given the high degree of similarity between the HTH-motif
of Fis and that of NinH, it may bind in a similar manner and have a similar or a related
function. NinH could play a role in A gene regulation, or it may have a role in site-specific
recombination. It may have multiple roles in a multitude of processes, much like Fis.
Evidence that NinH does not dimerise may indicate a divergent function as dimerisation is

important for Fis function, although this needs to be investigated (see next section).
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6.3 NinH binding to ssDNA

Both wild-type and histidine-tagged NinH proteins had been purified previously (Curtis, F.
and Bowers, L., unpublished results). DNA binding experiments utilising these proteins and a
50 nt **P-labelled ssDNA substrate showed that NinH is capable of binding single-stranded
DNA (figure xxxx).

IS
.

20 B / / ———HNinH
15 .-""'% /_ s Hiz-MinH
10 T / /

5 ""/ =...—*""'/

0 -—‘?’-4/ : .

0 465875 9395 1875 375 750 1500 3000

ssDMNA binding (5)

Protein Concentration {nh of monomer)

Figure : NinH and His-NinH binding to ssDNA Proteins were mixed with 3 nM P labelled ssDNA in binding
buffer. Samples were incubated on ice for 15 minutes prior to loading on 8% polyacrylamide gels in LIS buffer. A.
NinH binding to ssDNA. B. Quantification of ssDNA binding performed with 0, 47, 94, 188, 375, 750, 1500 and
3000nM of NinH or His-NinH proteisn. Data are the mean of two independent experiments. Error bars represent one
standard deviation.

The results show that NinH is binds ssDNA, although relatively high concentrations of
protein are required. His-NinH appears to have a higher affinity than the purified wild-type

NinH. This may be due to a stabilising effect from the tag that aids protein folding.
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6.4 The quaternary structure of NinH
In order to investigate the quaternary structure of NinH, NinH was applied to a 25 ml

Superose 12 gel filtration column as before.
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Figure : Size exclusion chromatography data for NinH.

NinH yielded a single peak consistent with the formation of a monomeric species in solution
and does not dimerise like Fis. As Fis has a function dependent on its ability to dimerise,
NinH may have a distinct function.

6.5 Discussion

NinH was predicted by bioinformatic analyses to be a HTH-type protein. It displayed limited

ssDNA binding properties and formed a monomer in solution. Given that it shares key

residues found in Fis but does not dimerise, it likely has distinct DNA binding functions,

although it may interact with DNA in a similar manner to Fis but without dimerising.

Alternatively, NinH may dimerise upon association with DNA. Like Fis, it may preferentially

bind dsDNA, rather than sSDNA, and may interact with other proteins. Further work is
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needed to determine the affinity of NinH for dsSDNA and its role in lambda gene regulation

and/or DNA metabolism.
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Chapter 7

Conclusions and future directions

The study of lambda recombination proteins has helped to show that bacteriophages are
capable of conducting recombination with a considerably smaller repertoire of less complex
proteins than that possessed by their prokaryotic hosts. This may not be too surprising since
the problems encountered by a phage are smaller in number and they can always harness host
recombinases as required. In this project, Orf family proteins and mutant derivatives were
probed for their ability to bind DNA and whether they formed oligomers in solution. A
further phage A protein, NinH, was characterised, largely by undertaking a detailed

bioinformatic analysis.

Experiments on the phage A Orf recombinase, revealed that conserved residues in Orf affect
both ssDNA binding and homodimerisation. Mutants (W50A and Q45A) in conserved
residues in the central channel of Orf displayed significant defects in DNA binding. Trp50
could potentially stack with bases to help bind ssDNA. The Q45A mutant also showed
reduced DNA binding and this residue could make contacts with the nucleotide bases, or
alternatively with the backbone. In the case of the latter, some of the defects may in part be
due to reduced homodimer stability. The fact that these mutations show defects in DNA
binding supports a model where sSDNA is accommodated through the centre of the Orf ring.
Since Orf can bind a gapped duplex substrate (Maxwell et al, 2005), and the centre of the Orf
ring is too narrow to encircle dsDNA, the data supports a model whereby the Orf protein
opens, like a clamp, to bind ssDNA. This model also fits with the majority of conserved
residues lining the walls of the Orf aperture. Further investigation into the other conserved
residues in this region, (e.g. R41 and N46), should shed further light on the elements critical
for Orf binding to ssSDNA.

Mutations in the predicted RecA oligomerisation recognition domain have also been found to
be important for DNA binding. This may indicate that the Orf-RecA interaction is coupled to
ssDNA binding, perhaps undergoing a conformational change that enable Orf to act as a
nucleation site for RecA polymerisation. Any such changes in Orf may also facilitae
displacement of SSB from the sSDNA substrate. The Orf R103E mutant was completely
defective in binding ssDNA, yet retained the ability to form dimers in solution. Arg103
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makes contacts with residues in the other Orf subunit so may be important in stabilising
dimer formation. Since dimer formation was not affected by this mutation it may be that
closing of the Orf ring to clamp onto sSDNA is prevented. It is also possible that this residue
contacts sSDNA directly and is important for forming stable DNA complexes. The Orf
V106E mutant also showed a defect ssSDNA binding, although less severe than in R103E, it
was a more impaired in binding than W50A and Q45A. Given the radical nature of the
changes (inserting a negatively charged glutamic acid), it may simply be that the mutations
were too extreme to allow a proper evaluation on Orf function. While R103E formed dimers
in solution, V106E seemed prone to multimerisation, meaning that its reduction in sSSDNA
binding may be due to impaired folding or improper aggregation, rather than decreased
ssDNA binding affinity. Investigation of alternative, less extreme, substitution mutants may
prove useful. Further, more quantitative, analysis of DNA binding should also be conducted.
This could include isothermal titration calorimetry and fluorescence anisotropy. Both mutants
should be tested to see if an interaction with RecA is blocked. Affinity pull-down assays, far-
western blotting, size-exclusion chromatography or yeast two-hybrid assays are all
approaches that could be employed.

Two highly diverged Orf homologues, Orf151 and Eta20 were analysed as aprt of this study.
A distantly-related homologue of Orf (Orf151) from an E. coli prophage showed remarkably
similar properties to its A counterpart. It differed in showing a slightly higher affinity for
dsDNA but otherwise behaved as a homodimer. Given the distant relationship to A Orf and
the ease with which milligram quantities of this protein can be recovered, obtaining a crystal
structure of this protein would be extremely useful. It is possible that an ‘open’ clamp
conformation could be obtained to help explain how Orf binds DNA. Eta20, an Orf
homologue harbouring a C-terminal HNH nuclease domain, was found to be functionally
distinct from Orf. It is possible that Eta20 acts in a solely degradative capacity; in the
evolutionary past it may have targeted degradation at SSDNA gaps, however the results
presented here suggest that it may function to degrade bacterial chromosomal DNA non-
specifically. The ssDNA binding activity of Eta20 depended on the presence of the HNH
nuclease extension; hence the Eta20 AC82 mutant protein failed to bind ssDNA. Eta20 did
not form a homodimeric complex in the manner of Orf, instead the majority of the protein
was in monomeric or multimeric form. It may be that expression in E. coli, rather than its

normal host Staphylococcus aureus, means that proper folding of Eta20 is not achieved.
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Further work on the Eta20 DNA binding and nuclease activities using appropriate SSDNA
and dsDNA substrates would be valuable in defining the possible roles that this phage Orf

variant fulfils in vivo.

Preliminary investigation of the A NinH protein by a bioinformatic approach highlighted
several interesting aspects of this short polypeptide located in the orf and rap operon. As a
small, helix-turn-helix protein, it shares a conserved motif with the E. coli Fis DNA binding
protein. While Fis exists as a dimer, NinH was found to be monomeric in solution, although it
could potentially dimerise when interacting with DNA. NinH was only tested for ssDNA
binding, which it was able to bind to with relatively weak affinity compared to many of the
proteins tested. Further investigation of NinH on additional DNA substrates, including
dsDNA, should help clarify its function and substrate preferences. Its small size may permit
structural determination using nuclear magnetic resonance methodologies. More direct
approaches to examine its impact on site-directed recombination, homologous recombination

and phage gene regulation could also be undertaken.
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