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Abstract

Bacteriophages are known to disable host functions in order to impose their own enzymes to hijack the
bacterium for maximal replication of the virus. One well-characterised example of this is the Red genetic
recombination system of phage A which blocks host RecBCD and replaces it with an exonuclease and synaptase
to promote genomic rearrangements. Other substitute enzymes from A include Orf, which can replace the RecA-
loading activity of RecFOR, and Rap, which can substitute for the RuvC Holliday junction resolvase. This study
has investigated the DNA binding activities of three gene products from the ninR region of phage A that are
linked to genetic recombination. These are Orf (NinB), Rap (NinG) and NinH, the latter an uncharacterised
protein of 68 residues. DNA binding analysis with selected substitution mutants of the Orf protein established
that the central channel and adjacent regions are critical for binding to single-stranded DNA. The predicted
HNH catalytic site of the Rap DNA structure-specific endonuclease was also investigated by site-directed
mutagenesis confirming that the HNH domain is essential for Holliday junction cleavage and may also
participate in branched DNA binding. Finally, the NinH protein which resembles the bacterial nucleoid
associated protein (NAP) Fis, was also analysed for its ability to bind double-stranded DNA. The in vitro data
showed that NinH binds DNA and preferentially favours bent duplex substrates, consistent with its similarity to
Fis. NinH could not compensate for the loss of various NAPs from E. coli in deletion strains, including a fis
mutant, and generally conferred a negative effect on the growth of these strains. Thus NinH may play a role in
perturbing normal bacterial replication to promote phage production. The results offer several new insights into
the properties of these three DNA binding proteins and their possible roles in phage DNA replication and

recombination.
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Chapter 1. Introduction

1.1 Bacteriophage

Phages are a group of viruses that specifically target and infect bacterial hosts; the name bacteriophage taken
from Greek meaning 'bacteria eater'. Phage were first documented by Ernest Hanbury Hankin in 1896 while
testing the biological properties of water said to have healing powers [1], with subsequent studies by Twort in
1915 [2] and d'Herelle in 1917 [3] confirming that bacteriophages were the agents responsible for counteracting
the bacterial pathogens being treated. Since that time many diverse groups of these bacterial viruses have been

studied and categorised, often in considerable detail.
1.2 Phage Genetics

Bacteriophage A belongs to the Siphoviridae family, a large group of double-stranded DNA tailed phages that
have been studied extensively over the last 60 years [4-8]. A-like phages exhibit significant genetic diversity
through mosaicism of their genome whereby gene segments are shuffled between phages and prophages via
short regions of sequence homology at either legitimate or illegitimate sites [4, 9-12]. The capacity to acquire
genes by horizontal transfer is important as it allows the phage to obtain novel functions that may confer an

evolutionary advantage [13].

Diversity is also generated from mutations, with the development of virulence factors and resistance factors
increasing pathogenicity to improve the chance of survival along with regulatory adaptive responses for genome
flexibility. While point mutations are traditionally associated with slow micro-evolution, allowing for a genetic
advantage to eventually proliferate over a fellow organism without it, small mutations in a virus can result in the
rapid development of structural genes to increase pathogenicity without the acquisition of additional genes. The

potential for random mutagenesis offers a strong advantage for an organism under selective pressure [14].

While recombination between sites of limited homology generates the extensive mosaicism seen in A [4, 15],
recombination generally functions to maintain genome integrity by restoring DNA breaks that might arise from

a variety of sources [16, 17].
1.3 Phage A Replication

Temperate phages, such as A, can follow two alternative replication strategies upon entering a host. In the
lysogenic phase, the phage remains dormant integrated within the bacterial genome, whereas in the lytic phase it
replicates and lyses the host to release new virion copies (Figure 1.1) A integrates at a single site on the
Escherichia coli genome to generate a lysogen, with the embedded prophage replicating with the host
chromosome [18, 19]. DNA damage or other changes in host physiology result in activation and the phage
passes from the lysogenic to the lytic phase, where the host machinery is harnessed to synthesise viral DNA,

RNA and proteins and ultimately release mature phage particles through a programmed lysis event (Figure 1.1).
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Figure 1.1. Replication cycle of a phage inside a bacterium host. The linear phage DNA can either close to
form a circle at the cohesive site (cos) and integrate into the host DNA to be activated at a later time or enter
rolling circle replication; immediately assembling new phage particles using the host machinery to build and
package new phage. [20]

In the prophage state bacteriophages can confer useful properties upon the lysogen by expressing genes for
toxins, enzymes or antibiotic resistance mechanisms [21-24]. Such events have been well documented as many
virulence traits have been horizontally acquired from integrated phages. For example, the kidney-damaging
Shiga toxin from Shigella species was picked up by a lambdoid phage and transferred to E. coli resulting in the
evolution of the important pathogenic strain 0157:H7 [25]. Subsequently other E. coli strains have been
identified and catalogued into a Shiga toxin E. coli group, STEC. The potent toxins responsible for cholera and
diphtheria were also delivered to their bacterial hosts by bacteriophages [26, 27]. Other non-toxin protein factors
have been donated to E. coli by phage A such as the lom and bor genes which code for an outer membrane
protein which promotes adhesion to human host cells and the promotion of resistance to serum antibiotic
activity, respectively [28, 29]. As phage A is the best characterised phage, and its host is the model bacterium E.
coli, A gene functions have been dissected in detail, particularly with respect to its mechanisms of genetic

recombination.

1.4 Homologous Recombination

Genetic or homologous recombination, along with replication and repair, are the processes which maintain a
genome composed of DNA [16, 17]. Genetic recombination was defined by Clark [30] as being any set of
pathways in which elements of nucleic acid interact with a resultant change of linkage of genes or of parts of

genes. Unlike site-recombination, as in A integration and excision, homologous recombination occurs between
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relatively large sections of DNA (>100 bp) and sequence identity is used to ensure that the correct partners are
involved in the exchange[31]. Recombination occurs when ssDNA is exchanged between DNA duplexes [32-
34] and facilitates rearrangements that stimulate diversity or to repair damaged DNA, often resulting from

problems in DNA replication at stalled or collapsed replication fork structures [16, 35].

The process of recombinational DNA repair, typically at a double-strand break. begins with either two duplexes
exchanging single strands of DNA [36] or from a single unattached strand being spliced into a section of duplex
DNA [34]. The strand that enters a duplex in either of these pathways can serve as a template for DNA synthesis
to help replace the broken section on the damaged molecule or to restart replication. The four-stranded branched
structure that arises from reciprocal strand exchange is known as a Holliday junction, named after Robin
Holliday who originally proposed a model for genetic recombination in 1964 [37] (Figure 1.2). Once formed,
the Holliday structure can be resolved by a group of endonucleases known as Holliday junction resolvases,
which cleave opposing strands in the junction to restore separate duplexes. There are multiple pathways for
formation and resolution of Holliday junctions, often dictated by the nature of the substrate or the enzymes that
arrive first at the site. Phage A makes use of two recombination systems, those of its host, E. coli, including a

variety of Rec and Ruv proteins, and those encoded by its own genome, the Red system [38-40].

\S, U/

Figure 1.2. Holliday junction in 'stacked X" structure. Representational diagram of a Holliday junction held
in a square planar shape as it would be found when bound by Holliday junction resolvases. The graphic shows
how the exchange of single strands of DNA between two duplexes creates two new duplexes containing one
strand from each, yielding heteroduplex DNA. [41]

1.5 Genetic Recombination in E. coli
1.5.1 RecA

In E.coli, homologous recombination is initiated by the action of a 38 kDa protein called RecA [34, 42-44], that
is highly conserved in most cellular organisms [45]. The protein is a sSSDNA-dependent ATPase [46] and
assembles as a multimeric helical filament onto the DNA strand(s) that need to be paired for recombination [44,

47-52] (Figure 1.3). RecA targets single stranded DNA sections, often favouring sequences which include the
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crossover hotspot instigator, Chi/y, which contains the target sequence of 5'-GCTGGTGG-3' responsible for
altering the exonuclease activity of another recombinase RecBCD [48]. RecA monomers assemble to form a
nucleoprotein filament which has been demonstrated by electron microscopy to produce a right-handed helical
filament so that the DNA can be used to search for a homologous duplex [53-57]. Nucleation of a DNA strand
by RecA requires 4-5 protein monomers to bind initially in a reaction that is potentiated by ATP binding, which
will later be needed for protein disassociation from the DNA [58]. Once the filament has nucleated on ssSDNA,
RecA will continue to polymerize, extending the filaments along adjacent DNA stretches [59]. Experiments
using fluorescently tagged RecA showed that the filament extends along any adjacent dsDNA by 2-7 monomers
[60].

RecA o

Nucleati

(sflotwﬁia on OO
N/ NINININS aVEVL YN/ N NN N
5 %

d 8 c?
Extension
[fast 5'>3) &9 ‘/

Figure 1.3. RecA assembly onto SSB bound DNA in a gapped duplex substrate. RecA monomers displace
SSB in the 5' to 3' direction to form a nucleoprotein filament that extends onto the adjacent duplex in
preparation for pairing with a homologous duplex to initiate recombinational exchange. [61]

Once the filament assembles a search for a homologous duplex occurs with hydrolysis of bound ATP activating
the exchange of DNA strands between the homologous partners in the 5'-3" direction resulting in a 3-stranded D-
loop structure that can be extended to form a Holliday junction [47, 62-64]. ATP hydrolysis also aids
dissociation of RecA from the DNA following completion of strand exchange [65]. It is important that RecA
can be recycled from the nucleoprotein filament to ensure recombination at other damaged sites and to prevent
excessive levels of recombination, which can lead to genetic instability [59]. A number of helicases function as
part of the SOS response, which is activated by the removal of the LexA repressor[66-68], which counteract
overactive RecA action to remove toxic recombinase filaments [69]. One such protein is UvrD (DNA helicase
I1), a dimeric helicase of the helicase superfamily I [70]. UvrD is known to preferentially bind to 3' single-strand
overhangs [71] and translocate in the 3'-5' direction but has also shown capability to begin strand unwinding

from a nicked DNA substrate or a blunt double-strand end [72]. UvrD is capable of directly removing RecA
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complexes for fork clearance in DnaE or DnaN mutants to facilitate replication restarts [73, 74]. Once the

blocked fork is cleared UvrD helicase action can unwind the DNA strands promoting fork reversal [74].
1.5.2 SSB

Single-stranded DNA binding protein, SSB, is a 19 kDa tetrameric protein that protects exposed strands during
DNA replication, recombination and repair [75, 76]. SSB shields ssDNA from DNA damaging agents, such as
reactive oxygen species, and also protects it from exonucleases and endonucleases, which could destroy the
DNA before it can be restored or lead to double-stranded breaks. SSB also limits the formation of intrastrand
secondary structures, thus avoiding potential deletion and expansion of repeat sequences. Further to this
structural aid, SSB also prevents interstrand re-annealing during DNA replication and similar reactions that
might block recombination. Finally, SSB, via a negatively charged C-terminus, serves as a marker for a subset
of replication, recombination and repair proteins which recognise and assemble at their required sites via

protein-protein interactions [77-80].

While SSB promotes RecA strand exchange by eliminating secondary structures, it also tends to inhibit RecA
nucleation by preventing the protein from accessing its sSSDNA substrate. Hence, in order for RecA to assemble
on ssDNA bound by SSB, it requires the action of other proteins to facilitate filament formation. The two sets of
proteins that work to load RecA onto SSB-bound DNA are RecBCD and RecFOR [30]. Each set of proteins
specialises in different recombination situations, RecBCD loads RecA at DNA ends, typically dsDNA breaks
[81], while RecFOR help RecA nucleation at sSSDNA gaps arising from problems during DNA replication [82].

1.5.3 RecBCD

RecBCD comprises a 330 kDa complex of three constituent proteins encoded by the recB, recC and recD genes
[83-87]. The complex acts as a bipolar helicase and exonuclease as it degrades DNA from a double-strand
break. The exonuclease activity is modified and attenuated upon encountering an 8 bp y site (5'-GCTGGTGG-

3") resulting in increased cleavage of the 5' strand but preservation of the 3' single strand [17, 88].

The individual subunits of the complex have distinct functions. RecB is a 3' to 5' helicase and exonuclease,
unwinding the DNA at an end and nicking the unwound single strands [84]. RecC recognises the y site and
prevents further degradation of the 3' strand for loading of RecA and initiation of recombination. y sites are
over-represented in the E. coli chromosome and preferentially orientated away from the replication origin [89].
Thus RecBCD action serves to underpin DNA replication at breaks by facilitating the initiation of
recombination to re-establish replication forks close to the occurrence of a break [85]. RecD is also a DNA
helicase but in the 5' to 3' direction, making it the inverse counterpart to RecB [90]. However, unlike RecB,
RecD requires single stranded DNA for activity whereas RecB can act at double stranded ends. RecBCD uses
the ATP-driven helicase activities of both the RecB and RecD subunits as motors to allow the protein complex
to translocate along the DNA from a double stranded end [87, 91, 92]. This feature ensures that the RecBCD
complex will unwind dsDNA breaks into single stranded DNA, before moving off once the DNA has been

secured for RecA assembly onto the recognised y site [93]. This begins the repair of the DNA strands by
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recombining them with other homologous strands resulting in the formation of a Holliday junction
intermediate[94] to later be resolved by the RuvABC complex [95] (Figure 1.4).

a
b
5
d = -
RecA { 3’

e .\

{B —

_
0@
3

Figure 1.4. Action of RecBCD at one end of a double-stranded DNA break. The RecBCD complex
recognises the DNA end (a) and begins unwinding and degrading the DNA while SSB binds onto the resulting
single strand (b). Once at the y site degradation switches from the top strand to the bottom strand (¢) and
RecBCD loads RecA onto the 3'-ended strand (d). RecBCD dissociates from the DNA (e) and the newly
assembled RecA-ssDNA filament invades a homologous undamaged partner to form a 3-stranded D loop (f)
[96].

This facilitated loading of the RecA protein onto DNA compensates for the inhibitory effect of ssDNA bound by
SSB protein, allowing the RecBCD complex to control the initiation of recombination by the action of RecA[86,
97-101]. While the RecBCD complex can only repair DNA damage by double stranded breaks, the sister
RecFOR pathway is less constrained. RecFOR specialises in the repair of daughter strand gaps, which can occur
when replication forks stall or skip past lesions in the template [102, 103] while also being able to substitute for
the action of the RecBCD pathway if needed. This latter feature is known because strains which have lost
RecBCD activity due to mutations in the genes for RecB, RecC or RecD are still able to repair dsDNA breaks
when the RecFOR pathway is active [104, 105].
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1.5.4 RecFOR

The RecFOR complex is made of three proteins, often composed of RecFR, RecOR and RecFOR functional
units, which help to load RecA monomers onto a sSSDNA substrate that has been bound by SSB. The RecF
subunit of RecFOR is a 40 kDa protein [106] which acts to load RecA proteins onto the single strand gaps found
in damaged duplex DNA[107]. RecF binds double stranded DNA when partnered with ATP, the hydrolysis of
this ATP catalyses the release of the RecF from the DNA once RecA has been loaded [108].

RecO is a 26 kDa protein[109] made up of three domains for protein-protein and protein-DNA interactions[110,
111]. The protein binds ssDNA and promotes annealing of homologous strands depending on which protein
partner RecO binds [112]. When bound to SSB, RecO promotes further single strand annealing, however if

RecO is bound within a RecFOR or RecFR complex the opposite effect is observed [113].

RecR is a 22 kDa protein which assembles into tetramers with a central channel wide enough to encircle dsSDNA
[114], however the protein is unable to bind DNA when it is not co-bound to one or other of the RecF and RecO
proteins [115, 116]. When bound to RecO in a RecOR complex the complex prevents DNA from re-annealing
and instead stimulates the loading of RecA onto DNA by RecF [62, 117-120]. RecR therefore regulates the
amount of RecA activity through its displacement of SSB from RecO-SSB complex to change the priority of the
RecFOR proteins in annealing DNA or for RecA loading [62, 112].

RecFR
complex RecO
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Figure 1.5. Summary of RecFOR activities. (1) RecO recognises SSB bound to ssDNA while a RecFR
complex binds at the junction between single and double stranded DNA. (2) RecO binds to SSB, via the SSB C-
terminus, and loads onto the ssDNA in its place. (3). RecR binds to the ssDNA via its association with RecO.
(4) The now complete RecFOR complex, plus or minus RecF, facilitates nucleation of RecA onto the sSDNA
substrate to initiate homologous recombination. [121]

1.5.5 RuvABC

Strand exchange promoted by RecA ultimately leads to the formation of a four-stranded Holliday junction
intermediate that must be resolved to restore the duplexes and complete the recombination process. Holliday

junction resolution is performed by yet another complex of three proteins known as RuvABC, which completes
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the DNA recombination by cutting the DNA structure using paired incisions to yield nicked duplexes that can be
sealed by DNA ligase [36]. The three proteins have been shown to be important for genome maintenance since
mutation of ruvA, ruvB or ruvC leads to sensitivity to UV radiation, ionizing radiation and certain genotoxic
antibiotics [122].

RuvA is a 22 kDa protein that forms a tetramer with grooves across one surface that can accommodate the four-
stranded branched structure of the Holliday junction [123, 124] (Figure 1.6). The junction bound by RuvA is
held in a square planar configuration with each arm of the junction pointing away from the crossover and in an
ideal orientation for symmetrical cleavage [125]. The junction binding surface is positively charged enabling
binding of the negatively charged phosphodiester backbone of DNA and hold it in place [123] (Figure 1.6). Four
pairs of negatively charged residues at the centre of the tetramer determine Holliday junction specificity by

preventing binding of linear duplex DNA [126].

Figure 1.6. Model of Holliday junction bound by the RuvAB complex. A tetramer of RuvA at the centre
holds the junctions in a square planar conformation. Negatively charged 'pins' (red circles) on each RuvA
monomer prevent linear duplex binding. Two hexameric rings of RuvB assemble on opposing duplexes via
protein-protein interactions with RuvA. Holliday junction branch migration is achieved by drawing the duplexes
through RuvB ATP hydrolysis across the RuvA surface to generate heteroduplex DNA [127].

Once RuvA has bound a Holliday junction it acts as a target for the loading of RuvB onto the protein-DNA
complex. RuvB is a 37 kDa protein with an ATP binding domain which assembles onto a Holliday junction
when in the presence of both ATP and magnesium, either as one homohexameric ring or as a pair of two-fold
symmetric rings [128]. Pairs of RuvB rings contact the RuvA tetramer from opposing sides which drives
formation of heteroduplex DNA, via branch migration, using the RuvB ATP fuelled motor [129]. The RuvAB
complex is also believed to interact directly with RecA to release it from DNA [130, 131]. With RecA removed,
the Holliday junction is ready to be cleaved and the joined molecules returned to separate duplexes to complete

the recombinational exchange.

RuvC is a 19 kDa endonuclease which acts as the resolving enzyme in the Holliday junction resolution process

[34, 36, 95, 132, 133]. RuvC functions as a dimer allowing for symmetrical paired incisions on either side of the
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junction at the site of strand crossover [123, 134, 135] resulting in two nicked duplexes, which can be repaired

by DNA ligase activity to complete the recombination process [135] (Figure 1.7).

G
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Figure 1.7. Holliday junction resolution by RuvC. (A) Holliday junction in a folded, stacked-X, confirmation
prior to manipulation by RuvAB and subsequently by RuvC. (B) RuvC partially opens up the junction core and
introduces symmetrical paired incisions in the presence of magnesium ions. (C) Junction resolution produces
two nicked DNA duplexes that can be repaired by ligase action completing recombination. [136]

1.6 L Red Recombination

When the phage infects a host cell it shuts off many of the host recombination pathways in order to control
conditions to suit its own DNA replication and recombination strategies. The phage A recombination pathway is
known as the Red system, discovered when A was found to be capable of undergoing recombination inside cells
which were defective in the recA, recB or recC genes [137]. As with many of the bacterial pathways described
above, the Red system is composed of three proteins coded by a cluster of genes necessary for recombination. In
this case the genes all lie within the P operon coding for the proteins known as Redo/Exo, Redp/Bet and
Redy/Gam [138, 139].

1.6.1 Exo

Exo is a 24 kDa exonuclease, also known as A exonuclease, which attacks dsDNA ends, degrading one strand in
the5' to 3' direction [140-146]. Exo assembles as a ring made of three monomers, forming a tapered central
channel that is 30A wide at the one end but only 15 A wide at the other (Figure 1.8). This allows dsDNA to
enter at the wide end but only single stranded to exit the narrow end of the tunnel, thus ensuring that any DNA

passing through the trimer is degraded with enhanced processivity [147, 148].
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Figure 1.8. Quaternary structure of A Exo trimer. View from the narrow end of the channel. The unbound
structure (left) shows three exo proteins (red, blue and yellow) forming a trimer with the location of magnesium
ions as green spheres in the active site of each subunit (PDB: 1AVQ). Bound structure (right) shows a 12 bp
symmetric DNA duplex (cyan) entering an exo trimer (cyan, purple and green) at the wider end being degraded
to a single strand to fit through near face narrower end (PDB: 3SLP). [147]

1.6.2 Bet

Bet is a 29 kDa protein which binds the 3'-tailed ssSDNA exposed by the exonuclease action of Exo and
promotes strand annealing with complementary single strands generated from other A DN A molecules [149].
Bet associates with Exo to allow loading directly onto newly formed single strands, overcoming any inhibitory
problems from host SSB assembly, and also stimulates Exo nuclease activity when together in a protein-protein
complex [144, 150, 151]. Bet has been shown to assemble into different multimeric structures depending on
whether DNA is present or not (Figure 1.9). In the absence of DNA Bet forms an inactive ring structure
composed of 12 subunits. In the presence of sSDNA Bet assembles into a 15-18 subunit ring that is capable of
strand annealing. Once complementary strands of SSDNA have been annealed to form dsDNA, Bet arranges into
left-handed helical filaments, potentially as a result of ring structures merging [152]. The action of Exo and Bet
resembles the recombination reactions performed by RecBCD and RecA at a DNA break, although Bet is
largely restricted to strand annealing, whereas RecA predominantly performs strand invasion reactions [151,
153].

Figure 1.9. Electron micrograph of Bet rings and helices. The arrow shows a Bet ring associated with a
helical tail where protein has been incubated with partial duplex DNA [152].
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1.6.3 Gam

Gam acts to inhibit the exonuclease activity of RecBCD which would normally destroy the phage engaging in
rolling circle replication. Gam is a 16 kDa dimer which binds the host RecBCD complex, preventing it from
binding and degrading DNA, possibly as a DNA mimic [154-157]. The elimination of RecBCD means that the
Red system is needed for the repair of double strand DNA break and means that the phage recombination

pathway now predominates.

1.7 Orf

While Exo, Bet and Gam replace the action of RecBCD, A also encodes a function that substitutes for the
recombination pathway directed by the host RecFOR complex. For this purpose phage A codes for a single
protein called Orf [158, 159]. Genetic evidence suggested that Orf was a phage replacement protein for RecFOR
alongside biochemical analysis showing that it preferentially bound to ssSDNA and could also associate with the
E. coli SSB protein [160]. Orfis a 17 kDa protein encoded by the A gene ninB which is located in the ninR gene
region along with two other DNA binding proteins which are the focus of this thesis: ninG and ninH [158, 159,
161].

Figure 1.10. Calculated electrostatic properties of surface residues from the crystal structure of A Orf
protein. Areas in blue have a positive charge whereas those residues with a negative charge are in red. [160]

Unlike the Red system, Orf appears to serve primarily in replacing recombination for the phage itself, rather
than additionally for the host bacterium [158, 162]. However, Orf is capable of aiding E. coli recombination if
cells deficient in RecFOR carry the phage Red system proteins of Exo and Bet [163]. The crystal structure of
Orf protein revealed a homodimer arranged as a toroid with a protrusion of the C-terminal helix and a cleft
running perpendicular across the front of a central channel [160] (Figure 1.10). Like the Red protein Exo, the
channel is wider at one side of the ring than the other, potentially allowing dsDNA to fit at one end with ssDNA

passing through the dimer. However, the dimensions are considerably narrower than with Exo, making it
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possible that even ssDNA could not be bound at the centre of the ring. Unlike Exo, displays preferential binding

to ssDNA substrates, including DNA containing a single strand overhang and gapped duplexes[160].

Orf is able to bind dsDNA substrates, despite the central channel not being wide enough to accommodate duplex
DNA, suggesting that the cleft across the face of the protein dimer is the most likely candidate for the DNA
binding site. However, the central channel contains many positively charged and highly conserved residues,
implying that this area could bind DNA via the negatively charged phosphodiester backbone. It has been
suggested that the dimer may be able to open up its structure so that DNA, perhaps at the junction between

double and single-stranded DNA, could traverse the channel when bound [164].

1.8 Rap

Another of the genes in this ninR region, ninG, specifies a Holliday junction resolvase called Rap that is a
functional equivalent of the host RuvC protein [36, 165-168]. Studies on the interaction of the genes from the
ninR region and the bacterial RecBCD dependent pathways revealed that Rap is key to the propagation of the
phage since A rap mutants show one hundred times less recombination than that of wild type phage [169, 170].

There is also significantly less recombination in the phage Red pathway following mutation of rap [161].

The ninG gene appears to be analogous to rusA, encoding another structurally distinct Holliday junction
resolvase, as many lambdoid phages have either rap or rusA at the same location in their genomes [171]. RusA
is highly specific for resolving the 4-stranded Holliday junction structure, despite being able to bind many
different branched sequence substrates [172, 173]. Rap can resolve Holliday junctions by symmetrically paired
incisions as with RusA and RuvC, however, it can also cleave 3-stranded junctions, such as D-loops, flaps and
Y-junctions[167, 168]. This ability to cleave three stranded junctions may allow Rap to complete the processing
of splice recombinants generated by strand annealing via the Red system [174]. Thus Rap may serve as a

general debranching endonuclease as well as a Holliday junction resolvase during phage recombination.

1.9 Aims

The aims of this project were to further characterise the three proteins; Orf, Rap and NinH. Specifically, to
identify how the central channel and surface cleft of the Orf protein interact with sSDNA to complete research
for a publication (Appendix A). The NinH protein was investigated to establish which DNA substrates it was
capable of binding and whether NinH behaved similarly to the highly homologous Fis protein, both through
DNA binding studies and through in vivo tests analysing if NinH could attenuate any loss in function through
mutations in Fis and similar nucleoid associated proteins. And finally work on the Rap protein was undertaken
to confirm the predicted HNH catalytic domain and investigate the effect that mutations within this region

would confer on the binding and cleavage of a Holliday junction structure.
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Chapter 2. Materials and Methods

2.1 Strains and plasmids

Table 2.1 Escherichia coli strains

Strain Genotype Source

W3110 F 2" IN(rmD-rrnE)1 rph-1 Hayashi, K etal. [175]

DH5a F ®80lacZAM15 A(lacZYA-argF) U169 recAl endAl Invitrogen
hsdR17(r,, m,") phoA supE44 thi-1 gyrA96 relAl A’

Machl TIR | F ®80lacZAM15 AlacX74 hsdR(r,’, m,") ArecA1398 Invitrogen
endAl tonA

BL21-Al F ompT hsdSg(rg” mg’) gal dcm araB:: T7RNAP-tetA Invitrogen

BL21- F ompT hsdSg(rs” mg?) gal dem (DE3) pRARE (Cam") Novagen

Rosetta

(DE3)

BW25113 rrnB3 Alacz4787 hsdR514 A(araBAD)567 Keio collection [176]
A(rhaBAD)568 rph-1

JW3229 As BW25113 but Afis::kan Keio collection [176]

IW1702 As BW25113 but AihfA::kan Keio collection [176]

JW0895 As BW25113 but AihfB::kan Keio collection [176]

JW1225 As BW25113 but Ahns::kan Keio collection [176]

JW2644 As BW25113 but AstpA::kan Keio collection [176]

Table 2.2 Plasmid constructs

inserted into pET22b cut with Ndel/Xhol. A C-terminal
histidine-tagged fusion. Ap'

Plasmid Details Source
pT7-7 overxpression vector, T7 promoter, Ap'
pET14b overxpression vector, T7 promoter, Ap'
pET22b expression vector, MCS, pelB coding sequence, T7
promoter, lacl coding sequence, pBR322 origin, Ap', f1
origin for ssDNA production
puUC18 cloning vector, MCS at lacZ region
pFC109 PCR product from A c1857 Sam7 cut with Ndel/HindlIlI FA Curtis, unpublished
and inserted into pT7-7 cut with Ndel/Hindlll, Ap'
pFC110 PCR product from A ¢c1857 Sam7 cut with Ndel/HindllI FA Curtis, unpublished
and inserted into pT7-7 cut with Ndel/HindIll, Ap'
pNinH- Xbal-Hindlll insert from pFC109 inserted into pUC18 PD Townsend, unpublished
puUC18 cut with Xbal-HindllI
pN-His-Rap | PCR product from A c1857 Sam7 cut with Ndel/HindIlI PD Townsend, unpublished
and inserted into pET22b cut with Ndel/Hindlll. An N-
terminal histidine-tagged fusion. Ap'
pC-His-Rap | PCR product from A ¢1857 Sam7 cut with Ndel/Xhol and | PD Townsend, unpublished
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pRapC101S | Site-directed mutagenesis of pN-His-Rap PD Townsend, unpublished

pRapD113A | Site-directed mutagenesis of pN-His-Rap PD Townsend, unpublished

pRapH116T | Site-directed mutagenesis of pN-His-Rap PD Townsend, unpublished

pRapR127A | Site-directed mutagenesis of pN-His-Rap PD Townsend, unpublished

pRapN132A | Site-directed mutagenesis of pN-His-Rap PD Townsend, unpublished

pRapN141D | Site-directed mutagenesis of pN-His-Rap PD Townsend, unpublished
2.2 Cloning

2.2.1 Restriction digests

Reaction mix contained 1 pg DNA, 1-2 units of restriction endonuclease in appropriate reaction buffers. Digests
were typically incubated at 37°C for 120 minutes. The following enzyme combinations were used, Ndel and
BamHlI in reaction buffer 2 (50 mM NaCl, 10 mM Tris-HCL pH 7.9, 10 mM MgCl,, 1 mM DTT) or Xbal and
HindlI1l in buffer 3 (100 mM NaCl, 50 mM Tris-HCL pH 7.9, 10 mM MgCl,, 1 mM DTT). Enzymes and

premade reaction buffers were obtained from New England BioLabs.

2.2.2 Ligation

Ligation mixes contained 8 pg insert DNA, 3 pg vector, 1 unit T4 DNA ligase in DNA ligase buffer (30 mM
Tris-HCI pH 7.8, 10 mM MgCl,, 10 mM DTT, 1 mM ATP) and incubated at 21°C overnight. Buffers and

enzymes were supplied by Promega.

2.3 Protein expression
2.3.1 Transformation

E. coli cells were grown in LB broth (casein enzymic hydrolysate 10 g/L, NaCl, 10 g/L, yeast extract 5 g/L, pH
7.5) to an Agsonm Of 0.6, measured by Boeco S.30 spectrophotometer, then pelleted by centrifugation at 5,000
rpm for 10 min in a Boeco U-320R benchtop centrifuge. The supernatant was discarded and the bacterial pellet
resuspended in 100 pl of 100 mM CaCl, per 1 ml of centrifuged culture. 0.1-0.5 pg of plasmid DNA was added
to 250 ul of competent cells and incubated on ice for 20 minutes followed by 45 seconds at 42°C. Cells were
returned to ice and 300 pl of LB broth added and incubated for a further 20 minutes at 37°C. 250 pl of the cell
culture was spread onto LB agar supplemented with the relevant antibiotic (100 pg/ml ampicillin or 50 pg/ml

kanamycin) and incubated overnight at 37°C.
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2.3.2 Plasmid DNA preparation

All buffers for this procedure were supplied by QIAGEN as part of the QlAprep Spin Miniprep Kit and used
according to the manufacturer's instructions. 5 ml of an overnight culture was pelleted at 5,000 rpm for 10
minutes and the supernatant discarded. The pellet was resuspended in 250 pl of buffer P1 (50 mM Tris-HCI pH
8.0, 10 mM EDTA, 100 pg/ml RNaseA)and transferred into a microcentrifuge tube with 250 pl of buffer P2
(200 mM NaOH, 1% SDS)and mixed by inverting. After 3 minutes the reaction was stopped by the addition of
350 pl of buffer N3 (4.2 M Gu-HCI, 0.9 M potassium acetate, pH 4.8) and mixed by inverting. The solution was
centrifuged for 10 minutes at 13,000rpm in a MSE Microcentaur and the supernatant loaded onto a QlAprep
spin column and centrifuged for 1 minute at 13,000 rpm again with the flow through discarded. The column was
washed with 500 pl buffer PB (5 M Gu-HCI, 30% isopropanol) and 750 ul buffer PE (10 mM Tris-HCI pH 7.5,
80% ethanol), centrifuging for 1 minute at 13,000rpm at each stage. Plasmid DNA was eluted by addition of 30
ul buffer EB (10 mM Tris-HCI, 0.5 mM EDTA, pH 9.0), leaving to stand for 1 minute then centrifugation for 1
minute at 13,000 rpm.

2.3.3 Protein overexpression

Small scale samples were used to confirm protein overexpression from BL21-Al or BL21-Rosetta(DE3) strains
transformed with plasmid constructs. 500 pl of an overnight culture was added to 4.5 ml LB broth supplemented
with antibiotic and grown to Agsgnm 0f 0.5. The culture was split into two and one half was induced with 1 mM
IPTG (and 0.2% arabinose for BL21-Al strains) while the other half served as an uninduced control. Both
cultures were incubated at 37°C with shaking at 200 rpm and 500 pl samples removed from each at 1, 2 and 3
hours. These samples were pelleted for 2 minutes at 9,000 rpm and the supernatant discarded. Cell pellets were
resuspended in 50 pl Buffer A (20 mM Tris-HCI pH 8.0, 1 mM EDTA, 0.5 mM DTT, 75 mM KCI) and 50 pl
SDS loading dye (50 mM Tris-Cl pH 6.8, 100 mM dithiothreitol, 2% SDS, 0.1% bromophenol blue, 10%
glycerol) prior to separation on 10-15% SDS-PAGE.

Once protein overexpression was confirmed, large scale cultures were prepared for protein purification. Each 1
litre flask of LB broth supplemented with antibiotic was inoculated with 20 ml of an overnight culture and
grown at 37°C and shaking at 180 rpm to an Agsonm 0f 0.6. IPTG (1 mM) or arabinose (0.2%; for BL21-Al
strains) and incubated for a further 3 hours under the same conditions. Cells were recovered by centrifugation at
4,000 rpm for 10 minutes in a Beckman-Coulter JLA 8.100. The supernatant was discarded and pelleted cells
resuspended in 20 ml of Buffer A, or His-binding buffer (20 mM Tris-HCI pH 8.0, 200 mM NaCl, 1 mM
EDTA) in the case of histidine-tagged proteins.

2.3.4 Protein purification

NinH, His-NinH, MBP-Orf and His-Orf proteins were purified prior to the start of the project by GJ Sharples,

FA Curtis, LY Bowers. His-Rap proteins were purified during the project as described below.
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2.3.4.1 Histidine-tagged fusions

The bacterial cell suspension was sonicated in an MSE Soniprep 150 for 180 seconds at medium power and then
centrifuged for 20 minutes at 13,000 rpm in a Beckman-Coulter JA 25.50. The supernatant was mixed with 2 ml
Ni-NTA His-affinity resin (Sigma) and incubated for 1 hour at 4°C with gentle agitation on a Stuart Scientific
SRT1 roller mixer. The resin was recovered by centrifuging for 3 minutes at 3,000 rpm and loaded into a
column, the supernatant was retained as the flow through containing unbound proteins. The column was washed

with 10 ml His-binding buffer and eluted with a 0-250 mM gradient of imidiazole in His-binding buffer.

2.3.4.2 Heparin columns

Purified proteins from the Ni-NTA resin were dialysed overnight into buffer (20 mM Tris-HCI pH 8.0, 1 mM
EDTA, 0.5 mM DTT) before further purification on a 1 ml heparin-agarose (Sigma) column and eluted using a
0 Mto 1 M KClI gradient in 0.1 M intervals in 1 ml fractions in Buffer A. Peak fractions from the heparin
column were dialysed overnight into storage buffer (20 mM Tris-HCI, pH 8.0, 1 mM EDTA, 0.5 mM DTT, 50%
glycerol) and stored in aliquots at -80°C Protein purity was confirmed by analysis on SDS-PAGE.

2.4 Gel electrophoresis
2.4.1 Agarose gel electrophoresis

Agarose gels were made with 1.5% agarose in 1x TBE buffer (90 mM Tris-Borate, 2 mM EDTA). DNA
samples were mixed with 6x DNA loading dye (New England BioLabs) and loaded onto the gel at 50 V in 1x

TBE buffer for 40 minutes before visualisation under UV light in a Bio-Rad GelDoc system.

2.4.2 SDS-PAGE

Protein samples for SDS-PAGE were mixed with SDS loading dye (15 pl protein sample and 5 pl dye) and
denatured at 95°C for 5 minutes. 15 ul samples were separated on 15% SDS-PAGE for 90 minutes at 180 V in
1x SDS-PAGE running buffer (25 mM Tris-HCI, 200 mM glycine, 0.1% SDS). Gels were stained with
Coomassie blue (40% methanol, 10% acetic acid, 0.025% Coomasie Brilliant Blue R-250) for 20-30 minutes

and washed with destain (40% methanol, 10% acetic acid) until protein bands were visible.

2.5 Bacterial growth curves

Each well on a 96-well plate contained 10 ul overnight bacterial culture and 90 ul LB broth with the appropriate
antibiotic. Cultures were grown with continuous shaking in a Biotek Synergy H4 plate reader at 37°C for 14

hours. Readings at Agsonm Were taken every 15 minutes.
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2.6 DNA binding and cleavage

2.6.1 *P-labelling of DNA

For DNA binding and cleavage assays, a single strand from each substrate was labelled with [y**P] ATP at the 5'
end using 1-2 units of T4 polynucleotide kinase (Invitrogen). Labelled DNA was separated from unincorporated
nucleotide using micro-BioSpin P30 gel columns (BioRad). Annealed DNA substrates were further purified by
separation on 10% polyacrylamide gels in 90 mM Tris-borate, 2 mM EDTA. Bands were excised from the gel
and transferred to microcentrifuge tubes containing sterile distilled water. Labelled substrate was recovered after

incubation at 4°C overnight.

2.6.2 DNA binding assays

Protein samples in 1x GBBG (50 mM Tris-HCI pH 8.0, 5 mM EDTA, 1 mM DTT, 100 pg/ml BSA, 5%
glycerol) was added to a binding mixture containing 1.5 nM *P-labelled DNA and 1x GBBG (20 pl total
volume) and incubated on ice for 15 minutes. Controls without protein contained 2 pl 1x GBBG in place of the
2 ul protein sample. 12 pl of each sample was loaded on a 4% polyacrylamide gel and electroporesed at 160 V
for 75 minutes in 1x LIS buffer (6.7 mM Tris-HCI pH 8.0, 3.3 mM sodium acetate, 2 mM EDTA).

2.6.3 DNA cleavage assays

Rap protein was added to a reactions (20 pl in total) containing 3 nM DNA, 1 mM MnCl, in cleavage buffer (50
mM Tris-HCI1 pH 8.0, 1 mM DTT, 100 pg/ml BSA) and incubated at 37°C for 30 minutes. Reactions were
terminated by addition of 5 ul of 5x cleavage stop buffer (20 mM Tris-HCI pH 8.0, 0.5% SDS, 20 mM EDTA, 8
units/ml proteinase K) and incubated at 37°C for a further 10 minutes. The sample was then mixed with 4 ul of
6x loading dye and 10 pl loaded onto 10% TBE gel (90 mM Tris-borate, 2 mM EDTA) and electrophoresed for
105 minutes at 190 V.

2.6.4 Imaging gels containing **P-labelled DNA

Following electrophoresis, gels were transferred onto 3MM blotting paper and dried in a Biorad model 583 Gel
Dryer for 20-40 minutes. Dried gels were placed in phosphorimaging screens and scanned on a Fuji FLA-3000
after overnight exposure. Gels were also exposed to X-ray film and exposed for varying lengths of time before

developing in an Xograph Compact X4.
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2.7 Data Analysis
2.7.1 Imaged

Gels for quantitative analysis were exposed to a phosphorimaging screen for 1-18 hours and scanned using a
Fuji FLA-3000 fluorescent imager with the resulting images saved in TIFF format. Images were then analysed
with the image analysis software tool ImageJ (imagej.net). Lanes were selected using the 'rectangle’ tool (Figure
2.3.A) and band density analysed on a grey-scale giving peaks of light intensity for each band (Figure 2.3.B).
The background was removed by drawing the 'straight' tool through the baseline and peaks were separated by
use of the same tool through the lowest point between peaks (both shown Figure 2.3.B). The area beneath each
peak was selected using the ‘wand' tool resulting in a numerical value according to the density of each band
(Figure 2.3.C). Values were converted from peak area into a percentage of bound DNA in each lane derived
from the total density of bands. Data are the mean of three independent experiments and the binding percentages
averaged and standard deviation determined. Bound DNA is represented as a bar, with shading used to
distinguish different protein-DNA complexes if more than one was evident; light grey represents the first

complex formed by DNA binding while dark grey shows the formation of a second complex.
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Figure 2.3 ImageJ processing of gel shift experiments using **P-radiolabelled DNA. (A) The rectangle tool
(yellow) was used to select each lane. (B) The band density was plotted for each lane from left to right was
represented graphically and peaks corresponding to bound and unbound DNA delineated by the line tool. (C)
The area of each peak was calculated and used to determine the percentage of DNA bound from the total band
density in each lane.

26



2.7.2 Growth curve analysis

Data from the Biotek Synergy H4 plate reader was exported from the Biotek Gen5 analysis software into
Microsoft Excel. Absorbance values from wells containing media alone were subtracted from the rest of the
data. Each 96-well plate contained three replicates of each bacterial strain and each set of data was averaged.
Three independent plates were set up and the triplicate averages within each plate were averaged between the
three experiments with a standard deviation calculated between values for each of the three plates. Absorbance

values were plotted on a line graph against time of incubation.

2.7.3 Growth difference analysis

The averages of each set of three experiments were taken and standardised to starting point of the negative
control of the blank vector pT7-7 for each strain. The starting absorbance of each strain with pT7-7 was
subtracted from the absorbance at every time-point for both the growth curves of pT7-7 and pFC109 so that all
sets of data start at zero. Next the difference in growth between bacteria containing pT7-7 and pFC109 was
calculated for each strain by subtracting the value for pT7-7 from the value for pFC109 at each time-point
leaving the difference in growth, positive or negative, when bacteria contain the ninH gene expressed from
pFC109. Finally the effect on growth of pFC109 in each mutant relative to wild type was calculated by
subtracting the value for the difference in growth in wild type from the difference in growth for each mutant
giving a negative value for where the mutant grows less than the wild type does at that time point and positive
where there is more growth. Values were plotted on a line graph showing growth +/- relative to the wild type

value of constant zero.
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Chapter 3. A Orf DNA binding

Genetic studies have shown that bacteriophage A Orf protein is involved in phage recombination [158, 162],
likely in the early stages of strand exchange. Consistent with this, purified Orf binds preferentially to ssSDNA
over dsDNA[160], The crystal structure of the apo form of Orf revealed that the protein forms a ring shaped
dimer although the precise DNA binding site was not immediately obvious [160, 177]. It was suggested that
sSDNA could pass through the central channel of the protein although the cavity is very narrow at one end. In an
effort to pinpoint the region that interacts with DNA, six substitution mutants (Figure 3.1.A) were made around
the central channel of Orf, residues selected based on how well-conserved they are among Orf family proteins.
DNA binding experiments were undertaken to confirm whether or not these mutant proteins would show any

defect in association with different DNA substrates.

The mutant proteins had previously been purified as N-terminal MBP tagged fusions and tested for their
capacity for binding ssDNA but follow up binding experiments were conducted on a 60 bp double stranded
DNA substrate and a bubble structure of the same sequence featuring a twenty nucleotide unpaired region
flanked by 20 bp duplexes on each side which has some features that resemble the D-loop structure that is
commonly found in DNA during replication and recombination (Appendix A), although it is missing the
invading strand. Mutant proteins were incubated on ice with the **P labelled DNA substrates (as described in

2.6.2) and the results of the gel shift analysis are shown in Figure 3.1.B.

3.1 Orf binding to duplex and bubble

A B DSg, — BB,, <=
wt K48A R103E W137A wt K48A R103E W137A
- Q45A W50A V106E - Q45A W50A V106E
-
- v

abcdefghijkImnoop

R103E

Figure 3.1. Location of Orf mutants and DNA binding analysis. (A) Location of mutated residues around
central channel of Orf. (B) Orf mutant binding to double-stranded DNA (lanes a-h) and bubble DNA (i-p) in gel
shift assays. Binding mixtures contained 0.15 nM *2P-labelled DNA and MBP-Orf protein at 250 nM and were
detected by autoradiography [178].

The DNA binding mixtures contained 0.15 nM 3?P-labelled DNA and MBP-Orf proteins at 250 nM. Wild-type

protein at this concentration bound most of the duplex DNA (DSg) although the interaction is relatively weak,
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with smearing indicative of unstable protein-DNA complexes (Figure 3.1.B lane b). Three stable complexes
were formed with wt MBP-Orf and likely represent assembly of more than one dimer onto the DNA. MBP-Orf
wt bound all of the BB, bubble DNA, forming stable complexes with similar migration although the two faster-
migrating species are located close together in the band shift (Figure 3.1.B lane j). Some smearing was still
evident with MBP-Orf wt consistent with unstable binding, however, the improved binding relative to DSg s in
keeping with the availability of ssDNA in the bubble structure.

The MBP-Orf Q45A mutant (Figure 3.1.A) showed a slight reduction in binding to the duplex compared to the
wt as judged by the increase in unbound substrate (Figure 3.1.B lane c). This residue may assist in stabilising
binding to DNA, although Q45A is still capable of forming complexes with a similar pattern to the wt. With
bubble DNA, Q45A showed a significant reduction in binding compared to the wt (Figure 3.1.B lanes j and k)
with much more of the substrate remaining unbound or smeared. The pattern of complexes also differs, with
Q45A lacking the two closely-migrating complexes observed with the wt. The Q45A mutant may therefore have
a more important role in stabilising contacts with sSDNA than with dsDNA, or at the junction between these in a
bubble substrate.

The K48A mutant is located beyond the rim of the central channel, although it lies within a groove on one face
of the protein that runs perpendicular to the cavity and could contribute to DNA binding (Figure 3.1.A).
Compared to the wt, the K48A mutant has much less DNA binding activity. A faint band is visible at the top of
the gel with both DSgy and BB, substrates although most of the DNA (Figure 3.1.B lanes d and I) in a band of
similar position and intensity to the no protein control, showing that the majority of DNA has not been bound by
this mutant protein. There is a relatively dense band present with BB, just above the position of unbound DNA
suggesting that K48A does form a weak complex with bubble DNA (Figure 3.1.B lane I) although it is at a

position well below the complexes observed with the wt on either duplex or bubble substrates.

The next three lanes (Figure 3.1.B lanes e-g and m-0) contain W50A, R103E and V106E which lie close
together in a cleft at the entrance of the central cavity. All three of the mutants failed to form protein-DNA

complexes with duplex and bubble indicating that they lack DNA binding activity.

Finally the W137A mutant showed similar binding to the wild type protein on both substrates. On dsDNA the
mutant mirrors the pattern of a faint band at the top, a denser band running to the middle with a smear of
unstable complexes down to the unbound substrate (Figure 3.1.B lane h). On bubble DNA a similar pattern is
observed (Figure 3.1.B lane p), with the closely-migrating pair of complexes present but with more of the faster
mobility complex, also seen with K48A. The presence of some unbound DNA does indicate a slight reduction in

DNA binding not too dissimilar from that noted with Q45A (Figure 3.1.B compare lanes b, ¢, h and j, k, p)

3.2 Possible Orf clamp model for binding to ssDNA

Analysis of the Orf crystal structure revealed that hydrogen bonding is extensive in the N-terminal intertwined
B-sheet region of the Orf dimer, which corresponds to the RAGNY A motif [179], whereas hydrogen bonding

within the distal region of the larger C-terminal section is considerably less extensive. It is possible that stable
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packing and strong hydrogen bonding within the N-terminal asymmetric region of the Orf dimer allows it to act
as a hinge, permitting opening of the dimer in the C-terminal region between the antiparallel B-sheets. This
would allow ssDNA access to the interior of the central channel which is highly positively charged and where
several of the most conserved residues of the Orf family reside. Two approaches were devised to test whether
the clamp model of OrfDNA binding was genuine. In the first, one of the two cysteines in Orf (Figure 3.2.A),
Cys74 would be labelled with 1.5-IAEDANS dye to assess the open and closed states of the Orf dimer by
fluorescence resonance energy transfer (FRET) with any of the nearby tryptophan residues; closing of the ring
should occur in the presence of DNA and result in an increase of fluorescence. Orf contains two cysteines, so to
avoid confusion by labelling both, Cys52 was replaced by theonine using site-directed mutagenesis (Figure
3.2.A). In the second approach, we attempted to force the Orf ring into a permanently closed state by adding two
cysteines at His63 and Pro87 that have the potential to form a disulphide bridge (Figure 3.2.B). This should lock
the ring in a closed position in the absence of a reducing agent such as dithiothreitol (DTT) but allow it to open
in its presence. DNA binding should be affected under these different condition, particularly the assembly onto a

gapped duplex DNA substrate.

: Cys52
4 )
Z} » /.‘/

~

-Cys74

_

Figure 3.2. Location of residues in Orf relevant mutations used to investigate a hinge model of dimer
opening. Orf subunits are coloured green and blue, tryptophans in Orf are coloured in purple. A. Cys52 was
mutated to threonine. B. His63 and P87 were mutated to cysteine (PDB: 1PC6) [160].

Both C52T and H63C+P87C proteins were purified as N-terminal His-tagged fusions and binding to ssSDNA
evaluated in the presence or absence of DTT. The DNA binding assay was performed (as described in 2.6.2) and

gel images analysed and quantified using ImageJ (following the method stated in 2.7.1).
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Figure 3.3. Representative Orf binding gel. Orf (1.52625-200 nM) binding to 0.15 nM **P-BB20. Complexes
1 and 2 are indicated. Gels were used to generate data for Figure 3.4 A and B. Gel A shows binding without
DTT. Gel B shows binding with DTT present in the binding buffer.
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Figure 3.4. Orf mutants binding to ssDNA in gel shift assays. Binding mixtures contained 0.15 nM 3p-
labelled DNA (Appendix A), with and without DTT and detected by autoradiography; error bars on graphs C
and D represent standard deviation of n=3
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Orf wt protein without DTT shows a typical binding curve (Figure 3.4.A) with an increase in protein
concentration correlating with an increase in percentage of bound DNA up to a maximum where at 1000nM all
of the DNA is complexed with the protein. The first and second complex bars represent two different bands in
the gel, the first where Orf has bound the DNA retarding it up the gel to one level, and the second when
presumably a second Orf dimer assembles on the sSDNA structure retarding it even further up the gel to form a
second band.

When DTT is introduced into the binding mixture the DNA binding activity of Orf is noticeably reduced,
especially at the higher protein concentrations (Figure 3.4.B). The total amount of bound DNA is less than 80%
at 1000 nM rather than the complete binding of sSDNA at this concentration

in the absence of DTT (Figure 3.4.A). In addition, the appearance of a second protein-DNA complex only
begins at 250nM protein in the presence of DTT, whereas 4-fold less protein is required to observe a second
complex in the absence of DTT. Interactions between Orf dimers, stabilised by contacts between Cys52 and/or
Cys74, may be disrupted by inclusion of DTT or there may be more indirect effects on the Orf wt structure

influenced by reduction of any disulphide binds.

The H36C+P87C mutant, which adds a potential disulphide bridge by introducing another pair of cysteine
residues, has a greater affinity for DNA binding than the wild type protein (Figure 3.4.C). Comparing the wild
type and mutant in conditions without DTT (Figure 3.4.A and C) there was much more DNA bound at most
protein concentrations by the mutant than the wild type. The mutant protein reaches 100% binding saturation at
250nM protein concentration, a 4 times lower concentration than required for wild type. Although the second
complex is first formed at the same concentration by both mutants there is more of the complex visible at every
concentration where it is present ranging from 2.35 to 3.47 times as dense a band in the mutant. This implies
that the extra disulphide bridge possible in the mutant protein is improving the DNA binding capability of Orf,

supporting the claim that the clamp action is important for protein activity.

As with the Orf wt, the addition of DTT resulted in some reduction in DNA binding with H63C+P87C (Figure
3.4.D), although binding was still better than the wt in the absence or presence of DTT. Complete binding
saturation was not reached until 1000 nM of the mutant protein concentration, 4 times the concentration required
to shift all of the DNA with H63C+P87C in the absence of DTT. The second complex also required more
protein to form, with only 32.21% of the ssSDNA bound into a second complex at the maximum protein
concentration (reduced from 73.50% at 1000 nM without DTT addition). The improved binding of this mutant
over the wt Orf with or without DTT, does suggest that disulphide bridges are forming and somehow allowing
for a more stable association with sSDNA. The substantial improvement in formation of a second protein-DNA
complex in the absence of DTT suggests that the closed ring assembly promotes more stable loading of multiple
subunits, rather than the open form which should be favoured in the absence of DTT. Alternatively, the
additional cysteines may simply contribute additional contacts for dimer multimeristation which are limited

under reducing conditions.

The C52T mutant was engineered to remove an additional cysteine, which would hopefully not affect Orf
binding to DNA. Surprisingly, the C52T mutant showed the greatest total DNA binding of any of the tested

proteins in the absence of DTT, binding all of the substrate at 125 nM, half the concentrations required by
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H63C+P87C and an eighth of that with Orf wt (Figure 3.4.A, C and E). However, the C52T mutant did struggle
to form the second complex, despite reaching binding saturation at 125 nM a second complex is not formed until
500 nM protein, whereas the other two proteins are able to form this complex at concentrations as low as 62.5
nM. This is the first indication that formation of this complex is not correlated with maximal binding as
suggested by the binding profiles of the wt and H63C+P87C.

When DTT is present in the binding mixtures (Figure 3.4.F ), C52T displays rather weak binding and a second
complex does not form even when all the DNA is bound at 1000 nM protein. Both wt and H63C+P87C exhibit
some binding at 7.81 nM and above whereas no binding was detected with C52T until 31.25 nM. The Cys52
substitution to threonine therefore confers improved binding in the absence of DTT, suggesting that this residue
normally limits the capacity to associate with sSDNA, perhaps by holding the dimer in a more closed state. In
contrast, the C52T mutation reduces DNA binding when disulphide bonds are reduced in the presence of DTT
as the closed state is less likely to be maintained. The reduction in formation of the second protein-ssDNA
complex does show that Cys52 is important for stabilising the formation of multiple complexes on the DNA and
this in turn may affect binding affinity.

3.3 Binding of H63C+P87C to bubble DNA

The H36C+P87C mutant and wild type Orf proteins were also tested under the same conditions for their
binding to the bubble DNA structure. If the clamp-opening model for Orf is correct, assembly should depend on
clamp opening as the ssDNA is flanked by duplexes and binding should be more stable as the protein once

bound should be contained, preventing it from sliding off the substrate.
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Figure3.5. Orf mutants binding bubble DNA in gel shift assays. Binding mixtures contained 0.15 nM *?p-
labbelled DNA (Appendix A), in the presence or absence of DTT and detected by autoradiography; error bars
represent standard deviation of n=3

In the absence of DTT, wt Orf showed a similar binding isotherm as seen under the same conditions with ss-
DNA (Figure 3.4.A and Figure 3.5.A), although only 68.65% of the bubble DNA was bound at 12000 nM
protein, whereas all the sSDNA was bound at this protein concentration. The formation of a second complex was
observed from 62.5 nM as noted with the wt on ssDNA.

In contrast to sSSDNA, the introduction of DTT led to significantly improved DNA binding by wt Orf on the
bubble DNA (Figure 3.5.B). The protein was able to bind well at all concentrations, starting with 44.38% of
total bubble DNA bound at the lowest concentration of 7.81 nM, up from 10.57% was ssSDNA at this
concentration (Figure 3.4.B and Figure 3.5.B). Although the protein never bound all of the DNA at any
concentration, it did reach 90% bound from 250 nM and shows a great capacity for the formation of the second
complex. The second complex was formed at 15.62 nM protein concentration, earlier than any other protein
tested, and on average 4.7 times as much when DTT was present than absent. The results are consistent with
assembly on one or both strands and that binding is more stable than sSDNA due to the presence of flanking
duplexes. Why the formation of the second complex on bubble DNA is favoured in the presence of DTT with

the bubble structure rather than ssDNA is not clear.

H63C+P87C behaved very like the wt on bubble DNA in the absence of DTT, regardless of whether DTT was
present or not (Figure 3.5.). None of the three conditions, wt -DTT, H63C+P87C -DTT or H63C+P87C +DTT,
differed significantly in the total amount of DNA bound (Figure 3.5.). The binding observed with H63C+P87C

was generally poorer than on ssDNA, possibly suggesting that restrictions in clamp opening by the introduced
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cysteine pairs hampers assembly on bubble but not on ssDNA. The improved binding to the bubble noted with
the wt in the presence of DTT does not occur with H63C+P87C (Figure 3.5.). H63C+P87C without DTT forms
a second complex slightly earlier than both wt -DTT and H63C+P87C +DTT (Figure 3.5.C), although these

difference may not be significant.
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Figure 3.6. Summary of Orf wt and H63C+P87C DNA binding to bubble DNA. Binding mixtures contained
0.15 nM **P-labbelled DNA (Appendix A) with and without DTT detected by autoradiography, error bars
represent standard deviation of n=3

3.4 Discussion

The significant loss of DNA binding found with the W50A mutant confirms that the central channel has at least
some involvement with forming DNA-protein complexes. The tryptophan residues from both subunits of the
dimer are exposed on both sides of the channel (Figure 3.1.A) suggesting that DNA must enter the channel to
some degree. However, despite being close to Trp50, the Lys48 residue, which is situated outside of the channel
on the outer face of the subunit, also shows a major reduction in DNA binding. Therefore the DNA must in
some way associate with the outside of the protein dimer as well as the central channel, in this case DNA may
be wrapped around the protein and into the cavity to reach the Trp50 and Lys48 residues on each subunit.
Surprisingly the Q45A mutant does not show a similar loss in DNA binding despite the residue being situated
between Trp50 and Lys48 on the rim of the channel and one of the more highly conserved residues in the Orf
family. While GIn45 is non-essential for DNA binding the Val106 residue which sits next to GIn45 at the rim of
the central cavity is shown to be of great importance to stabilising protein-DNA interactions as the V106E
mutant shows a dramatic loss of binding with only a slight smear of unstable complexes detected. However, the
V106E mutant was found to aggregate in solution suggesting that the mutation affects protein folding which
could prevent assembly of stable dimers needed for DNA binding [178]. The R103E mutant, which also lies on
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the lip of the channel showed a complete loss of DNA binding and as this protein was able to fold properly
under normal conditions, may well be key in forming complexes with DNA targets. While Arg103 is located
more along the cleft structure along the face of the dimer than the channel itself, the mutant could contribute to
stabilising binding to DNA within the channel. Both the R103E and V106E mutants are more significant
changes than the alanine substitutions present in the other mutants, introducing a negatively charged glutamic
acid. Since DNA binding regions are often positively charged to allow association with the negatively charged
phosphodiester backbone, these introduced residues could be repelling DNA from binding to cleft or within the
cavity. With the exception of Q45A, the further away from the cleft at the channel entrance the mutation resides,
the smaller the loss of DNA binding activity is observed. This suggests that DNA is indeed binding through the
cleft as opposed to through the channel as would be expected with the obvious spatial constraints of the channel
width. However, the loss of binding found with the W50A mutant suggests that DNA is associating with the
channel to some extent, potentially nestled into the cavity while bound to the cleft to increase stability, further

endorsing the proposal of a hinge action to allow DNA to enter the central cavity of the dimer.

The mutants made to investigate a clamp-like mechanism of Orf binding did not behave entirely as expected.
DTT should have only had an effect on the H63C+P87C mutant, while the C52T mutant was expected to behave
in the same manner as the wt. Overall sSDNA binding was similar between the wt and the H63C+P87C mutant,
however, the addition of the extra cysteine residues did stabilise formation of a second protein-DNA complex
with the mutant in either the presence of absence of DTT. This suggests that the introduced cysteines do affect
assembly of multiple Orf dimers onto the same DNA strand possibly through disulphide bridge formation,
without affecting initial protein-DNA interactions of single Orf dimers. The C52T mutant showed some
deficiencies in DNA binding, particularly in its inability to form two complexes when DTT was present,
suggesting that Cys52 is important for inter-dimer contacts on DNA. While C52T does not form second
complexes as readily as the wt without DTT, when DTT is present the protein both initially struggles to bind
DNA at lower concentrations and fails to form any second complex at any tested protein concentration. The loss
in overall binding with DTT is not a trend shown with either the wt or H63C+P87C which may be a case of

DTT interfering with overall protein folding or stability.

Contrary to the behaviour with ssDNA, DTT significantly improves the binding of wt to the bubble structure
whereas the H63C+P87C mutant showed similar binding to BB irrespective of the presence of DTT. The
attempt to lock the protein structure closed or open with the additional disulphide bridge does appear to
eliminate the enhanced bubble DNA binding evident with the wt. While this does not follow the Orf model,
which would expect the clamp mechanism to be crucial to stabilising the DNA-protein complexes, the
differences in binding observed with ssDNA and bubble DNA suggests that Orf may bind differently to the two
substrates. Indeed, a potential closed structure of the Orf dimer without DTT confers significantly improved
binding to ssDNA with the H63C+P87C mutant, outperforming both the wt without DTT and itself with DTT.
Furthermore, the highest affinity for ssDNA was observed with the C52T mutant, which if Cys52 is potentially
stabilising the protein to an open clamp structure, despite not being directly involved, would compound the

notion that ssDNA, unlike the larger bubble structure, needs to be clamped in place for binding.
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Chapter 4. NinH

Efforts to identify the function of uncharacterized open reading frames in the A genome revealed that the product
of the ninH gene, located immediately downstream of rap (ninG) shares significant homology with the DNA
binding region of E. coli Fis (Factor for Inversion Stimulation; Figure 4.2.A)[180]. The N-terminus of the 68
residue NinH protein appears to have a helix-turn-helix (Figure 4.2.B) closely related to that present at the C-
terminal end of Fis. The region of homology between the two proteins encompasses the three-helix bundle that
constitutes the DNA binding module of Fis (Figure 4.2.A). Remarkably, NinH possesses nearly all of the
residues known to be involved in contacting DNA as determined in Fis-DNA crystal structures [181]; the single
exception is Asn84, which is substituted with a serine in Fis (Figure 4.2.A and C). This residue in Fis contacts
the backbone and an adenine base, but can adopt alternative conformations depending on the DNA sequence and
is not essential for binding to high-affinity sites [182-185]. The bioinformatic analysis therefore indicated that

NinH may be a phage counterpart to the Fis protein.

helix-turn-helix
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Figure 4.1. Sequence alignment of representative NinH proteins. The NinH protein from phage A (P03771)
was aligned with homologous representatives from E. coli O157:H7 phage VT2-Sakai (P69177; VT2-Sa), E.
coli O84:H" phage Lahnl (Q777WS6; Lahnl), Salmonella phage P22 (Q38669), E. coli 081 EDla (081;
B7MPXO0), Shigella flexneri 2a prophage (AOAOC7N204), Hafnia alvei (Hal; G9Y3Q3), Klebsiella variicola
At-22 (Kva; D3R9E5), enterobacteria phage HK620 (Q9AZ09), Erwinia billingiae Eb661 (Ebi; D8MV69),
Siccibacter turicensis DSM 18703 (Stu: C9XYF4) and Providencia alcalifaciens DSM 30120 (Pal; B6XGT3).
The percentage identity with A NinH is shown on the right of each sequence. Conserved residues are
highlighted. Secondary elements derived from the JPred4 server and the predicted helix-turn-helix motif,
encompassing a2 and a3, are indicated above the alignment [186].
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Figure 4.2. NinH homology to Fis protein. A. Sequence homology between NinH and Fis. The region of
similarity spans oB and the helix-turn-helix (aC and aD) binding motif of Fis. Residues involved in DNA
contacts in Fis are indicated by a filled circle below the Fis sequence. B. Model of NinH generated by Phyre2
based on the crystal structure of Fis. C. Crystal structure of the Fis-DNA complex showing the region
homologous to NinH. Matching residues are coloured as in part A. D. Residues in Fis that are known to contact
DNA. With the exception of N84, all of these are present in NinH (G.J. Sharples, unpublished results).

4.1 Nucleoid-associated proteins

Fis is a member of a family of proteins called nucleoid-associated proteins (NAPSs) involved in chromosome
packaging within the cytoplasm of bacterial cells to form the nucleoid [187, 188]. NAPs are also responsible for
unwinding the supercoiled nucleoid structure [189] so that DNA can be exposed for transcription and assembly
of transcription factors within the superstructure [190-193]. NAPs influence the conformational shape of the
chromosome by bending and unbending the DNA depending on the requirements of the cell [188, 190-193]. The

nucleoid superstructure is rearranged in Escherichia coli, for example, when the cell enters the exponential
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growth phase when a different set of genes needs to be upregulated[188]. Folding of the bacterial chromosome
into the nucleoid structure has been studied since the 1970s, however, detailed analysis of NAP provision within
an E. coli cell was not undertaken until 1999 [194, 195]. With the development of improved techniques for
separating and identifying proteins, it has become easier to visualise the dynamics of protein action and
interaction within the nucleoid [196]. Without the coordinated action of multiple NAPs within the cell, bacteria
would not be able to function properly, adversely affecting DNA supercoiling and the expression of vital
enzymes, including virulence factors[197] Along with Fis, three other NAPs (IHF, H-NS and StpA) are

important in nucleoid formation.

Integration Host Factor (IHF) is a transcription factor that binds to a large array of DNA targets in the regulatory
regions of E. coli [198] and is essential for both efficient site-specific integration and excision of A [199, 200].
IHF is known to affect genome organization [201] as well as transcription [202], transposition [203] and site
specific recombination [204]. IHF introduces a sharp bend (>160°) into its substrate DNA to allow other NAPs
to act on the target site as co-transcription factors [205]. Protein-DNA crystal structures reveal that IHF forms a
small heterodimer of highly homologous IHFa and IHFf3 subunits [206].

H-NS was defined by Lammi et al. in 1984 [207]. H-NS has a preference for binding already curved DNA as
well as being capable of bending DNA once it has been bound [208]. Like IHF, H-NS acts as a global regulator
of transcription, affecting the expression of many gene targets [209] in addition to maintaining genome stability
[210]. In solution H-NS forms a dimer and fully coats its target DNA to repress gene activation from other

transcription factors [211-213].

StpA is a paralogue of H-NS known to be capable of forming heterodimers between the two proteins [214] and
in many cases share the same DNA targets in E. coli [215]. While deletion of the stpA gene has minimal affects
on cell H-NS activity, the activity of StpA when H-NS has been mutated is severely reduced, suggesting that
StpA mostly acts as a heterodimer with H-NS [188].

4.2 Fis

Fis is one of the NAPs that is closely associated with cell growth as its levels rise markedly as bacteria enter the
exponential phase [216]. A key role of Fis is to activate Gin and Hin, a pair of site-specific recombinase proteins
which act to invert sections of DNA giving it the name Factor for Inversion Stimulation, Fis [181]. The fis
operon is autoregulated by Fis repression but stimulated by unwinding of supercoiled DNA as the cell prepares
for large scale transcription in exponential growth, hence the high levels of Fis protein during cell proliferation
[217]. Crystal structures of Fis protein reveal that the aC and aD helices at the C-terminus of each 98-residue
subunit fold into a helix-turn-helix domain [218-221]. When bound to DNA each HTH domain is bound to the
phosphodiester backbone of DNA along the major grove through nine contact points with the side chains of
Asn73, Thr75 and Arg89 further anchoring the complex [181].

Once bound to DNA, Fis bends the DNA to compact and condense extended sections of the strand by forming

stable DNA loop structures, folding the DNA back on itself [222]. Despite Fis having a non-discriminate
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affinity for binding onto any section of DNA it is only seen to form stable complexes with regions of DNA
which contain regulatory genes [191], implying Fis has a global effect on gene regulation. In particular Fis has
been shown to control transcription when the cell is under exponential growth. This is in part achieved through
the repressive actions of Fis on the gyrA and gyrB genes which code for the subunits of DNA gyrase [223, 224]
and also of the topA gene which encodes topoisomerase | [225]. By regulating these genes Fis can control if and
when DNA supercoiling can be undone for mRNA access for transcription and maintaining the supercoiled

structure that it has folded.

4.3 NinH protein

With what we know of how Fis functions, it should be possible to evaluate whether the phage A NinH protein
behaves in a similar way, perhaps to replace Fis activity in phage transcription, genome packaging or site-
specific recombination. In this chapter, the capacity of NinH to bind DNA will be investigated using a number
of different DNA substrates. In addition the effect of plasmids carrying NinH will be investigated in E. coli
mutants lacking key NAPs, namely Fis, IHF o, IHF B, H-NS and StpA.

4.4 Binding of NinH to bent DNA structures

NinH protein was examined for its ability to bind four DNA substrates of 60 nucleotides in length: single-
stranded, double-stranded and two bent DNA duplexes. The bent structures were formed by addition of extra
adenine residues at the centre of one strand of the duplex, causing it to bend to accommodate the extra
nucleotide. BY1 contained a single additional adenine, while BY 3 contained a group of three adenines
(Appendix A). Adenine insertions of 1-3 nucleotides are known to introduce a kink of 50-70° in duplex DNA
[226, 227]. Increasing concentrations of NinH were added to these substrates on ice (as described in 2.6.2) and

binding monitored by gel shift assays with results analysed using ImageJ (as described in 2.7.1).

’ ' -2nd complex

- 1st complex

-unbound DNA

100 200 O 1.563.1256.25 125 25 50 100 200
Protein concentration of NinH (nM)

Figure 4.3. Representative NinH binding gel. NinH (1.52625-200 nM) binding to 0.15 nM *P-BY3.
Complexes 1 and 2 are indicated.
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Figure 4.4. NinH binding to various DNA substrates in gel shift assays. Binding mixtures contained 0.15 nM
%2p_labbelled DNA (Appendix A) detected by autoradiography; error bars represent standard deviation of n=3.

NinH bound to all four of the DNA structures tested, although it did not bind fully to any of them at
concentrations up to 200 nM (Figure 4.4.A-D). NinH displayed the lowest affinity for single stranded DNA,
which at the highest protein concentration showed only 51.7% of the DNA bound in a single complex (Figure
4.4.A). The limited binding to single stranded DNA fits with it being a NAP-like protein which should
preferentially bind dsDNA. This was confirmed with the improved binding of NinH to double stranded DNA
with 81.6% of the DNA bound at 200 nM protein (Figure 4.4.B). Although there appears to be lower binding in
double-stranded than single-stranded at lower concentrations the results are not statistically dissimilar between
the two data sets with the error bars overlapping. While there is little difference in binding affinity at lower
concentrations, the higher concentrations show drastically different results with the two substrates (Figure 4.4. A
and B). This may in part reflect the emergence of a second protein-DNA complex observed from 25-200 nM

NinH. The complexes probably represent the assembly of one and then two dimers of NinH protein.

Since NinH resembles NAP proteins such as Fis, we also examined its binding to DNA that already contains a
bend to assess whether this would enhance binding. NinH showed a linear binding curve that appears to show a
greater binding affinity than that seen with dsDNA (Figure 4.4.B and C). However, there is in fact little
difference between the total DNA bound in both experiments. While the average amount of DNA bound is
higher with BY 1 than dsDNA up to 100 nM, it is only significantly higher between 1.5625 and 25 nM with all
other lanes possessing overlapping standard deviation error bars. Binding is slightly reduced with NinH on BY1

compared to dsDNA at higher protein concentration, possibly due to its reduced ability to form a second
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complex on BY3. NinH bound 1.6% of the dsDNA into a second complex at 25 nM protein whereas a second

complex was not observed until 50 nM NinH with BY1. The contrast between the similarity in total binding and
the difference in second complex formation between dsDNA and BY 1 suggests that the bend introduced into the
double helix interferes with the assembly of additional NinH protomers to the complex once the first has bound.
This could be due to a reduction in the length of DNA available for binding or steric hindrance between subunits

assembling on the DNA.

NinH was also tested on the BY 3 substrate, containing a 3 nucleotide insertion, and showed better binding to
this substrate than dsDNA or BY1 (Figure 4.4.D). NinH bound 95% of the DNA at 200 nM protein and also
showed greater binding to BY3 at 12.5-100 nM than that of dsDNA (Figure 4.4.B, C and D). However, NinH
bound less well to BY3 than to BY1 at lower protein concentrations. The major difference in binding may again
be influenced by the ability to form two protein-DNA complexes. NinH with BY 3 showed the formation of a
second complex from as low a protein concentration as 12.5 nM and formed a significantly greater amount of
this complex than dsDNA and BY1 at every protein concentration except for 50 nM where the standard
deviations between BY3 and dsDNA overlap. Hence the bent DNA structure containing a single adenine
insertion (BY1 - Appendix A) exhibits reduced second complex formation with NinH compared with linear
dsDNA, whereas a DNA substrate with a more significant bend resulting from insertion of three adenines (BY3

- Appendix A) shows a much greater capacity to allow assembly of two NinH complexes.

4.5 Effects of plasmids carrying the ninH gene on selected NAP mutants

To investigate whether NinH could act to replace host function in E. coli missing various NAPs we examined
the effect of introducing NinH on growth of a selection of NAP mutants obtained from the Keio collection
[176]. A wild type E.coli strain alongside five isogenic mutant strains lacking a single NAP (IhfA, IhfB, Fis, H-
NS and StpA) were transformed with pFC109 carrying the ninH gene in the expression vector pT7-7, although
the T7 promoter is inoperative in these strains. As a negative control each strain was also transformed with pT7-
7 to confirm that any effects observed were due to the presence of ninH and not the plasmid vector itself.
Growth of the twelve transformed strains was monitored by measuring the absorbance at Agsonm (as described in
2.7.2).
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Figure 4.5. Growth of NAP mutants carrying NinH. Cultures were grown in LB media supplemented with
ampicillin. Readings were taken every 5 minutes, results are an average of three independent experiments with

standard deviation indicated by error bars.

The wild type strain shows that inclusion of the ninH gene had little impact on bacterial growth, although it did

reach stationary phase slightly earlier than the control (Figure 4.5.A). Growth of the wild type strain carrying

pT7-7 peaked after 9 hours 20 minutes at Agsonm 1.02 while the wild type carrying NinH peaked after 8 hours 40

minutes at Agsonm 0.99. The strain containing pFC109 started at a slightly higher optical density, however, both

strains appeared to enter exponential phase at a similar time and grew at the same rate during this period. Hence

it seems safe to conclude that there are no major differences in growth and that NinH has no detrimental effects

in a strain that is wild-type for all of the NAPs tested here.
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pT7-7 pFC109
mean S.D. mean S.D.
wit 56.7 104 51.7 5.8
ihfA 78.3 2.9 71.7 24.7
ihfB 76.7 12.6 81.7 115
fis 71.7 7.6 107.7 5.8
hns 87.7 7.6 80 5
StpA 75 8.7 93.3 5.8

Figure 4.6. Doubling times of NAP mutants carrying NinH. Time taken in minutes for absorbance reading to
double from 0.25 to 0.5 Agsonm. The standard deviation (S.D.) based on three independent experiments is shown.

Analysis of strains lacking different NAPs showed that all of the mutants exhibited a reduced growth with none
of them reaching as high an Agsonm as the wild type with or without NinH (Figure 4.5.A-F). When the cell was
deficient in IhfA, one of the subunits of integration host factor, the growth curve entered stationary phase at
Agsonm 0.78 in cells carrying the vector, well below that of the wild type and also below the 0.85 observed when
the NinH plasmid was present (Figure 4.5.B). While ihfA carrying pT7-7 showed a peak of growth at 4 hours 30
minutes before the same strain carrying pFC109 in addition to entering exponential phase approximately an hour
earlier, the doubling times between the two strains were very similar (Figure 4.6.).Contrary to the earlier
exponential growth of ihfA with pT7-7 the opposite effect was seen with strains missing IhfA's partner subunit,
IhfB. After 11 hours the ihfB mutant pT7-7 peaked at an Agsonm 0f 0.86, 2 hours after the strain containing the
NinH gene peaks at 0.80 (Figure 4.5.C). This suggests that NinH can help promote growth when the B subunit of
the host IHF NAP is deleted (ihfB), but has a detrimental effect when the cell is missing the o subunit (ihfA).

However, once again the doubling times while under exponential growth remain similar between both strains.

The two strains which did show significantly different doubling times were the fis and stpA mutants for which
the doubling times with pFC109 increased by an average of 36 and 18.3 minutes respectively (Figure 4.6.). Both
fis and stpA mutants showed similar growth curves with pFC109 and pT7-7 entering log phase growth at the
same time, however, the strains carrying the vector grew at a higher rate and reached stationary phase earlier (4
hours earlier in fis, 2 hours in stpA) at a higher maximum absorbance (Figure 4.5.D and F). These results differ
from the two ihf mutants with expression of NinH clearly conferring a negative impact on growth rate. It is
interesting that NinH, despite its homology to Fis does not appear to be able to improve the growth of the fis

mutant, instead it results in a further reduction in growth.

The H-NS defective strain showed a result more similar to that of ihfA where the two growth curves of the
vector and NinH give a similar growth rate but the strain carrying pFC109 shows a significantly delayed entry
into exponential phase (Figure 4.5.B and E). The hns mutant containing the vector alone entered log growth

within the first 30 minutes of incubation, whereas the culture carrying the NinH construct did not enter
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logarithmic growth until after 3 hours of incubation. What separates hns from the other results is that the hns
carrying pT7-7 and pFC109 reach a similar absorbance before entering stationary phase, peaking at 0.88 (pT7-7)
and 0.86 (pFC109) (Figure 4.5.E). The major effect of NinH on cells deficient in H-NS is to delay entry into the

exponential phase of growth.

To further analyse the effect of NinH on these mutants compared to the effect wild type, the difference in growth
between the mutants containing the vector (pT7-7) or NinH (pFC109) was compared to the difference between
these plasmids in the wild type as described in (link growth difference explanation in methods). This gives a
graph showing the growth rate increase or decrease conferred by NinH for each mutant compared to the

corresponding growth rate for that time point in wild type cells.

Growth Difference to Wild Type

0.2+
— Wt
0.1' — StpA
0.0 = hns
— fis
5'0'1' — ihfB
-0.2- — jhfA
-0.3 1
'0.4 T 1 1 1 1 1 1

r rr 1 1 1T 1 1
QW IPRN PR IR PN PN SN IR IR OCOOND
A S S S S eSS

Time (Hours)

Figure 4.7. Difference in growth conferred by ninH plasmid in mutants compared to that in wt. The
baseline value for the wild-type corresponds to the difference in absorbance between pFC109 and pT7-7 at each
time point. Similarly each mutant pT7-7 was minused from mutant pFC109 and the difference in growth the
NinH containing plasmid plotted against that difference in the wt (as described in 2.7.3). Readings were taken
every 5 minutes.

Growth in the exponential phase of the ihfB is substantially improved when NinH is present compared to the
difference between pT7-7 and pFC109 in the wild type (Figure 4.7). The graph also highlights the effect of
NinH on delaying the entry into log phase of the other four mutant strains. Exponential growth occurred at
approximately 1-8 hours which can be observed as the lines split at 30-60 minutes before rejoining close to the

baseline after about 8 hours.
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While the growth of ihfA appears slower with pFC109 than the vector control (Figure 4.5.B), the rate of log

phase growth from 2.5 hours with pFC109 over pT7-7 was faster than of that in the wt (Figure 4.7). Along with
the doubling time of ihfA being lower with pFC109 than the with the vector control (Figure 4.6) it is shown that,
while entry into log growth is delayed by the plasmid for NinH, the bacteria recover their growth rate quickly, a

trait not shared by all the mutants.

Indeed the fis mutant takes the longest time to reach wt growth levels after delayed entry to the exponential
phase, only just returning to the baseline at the end of the 14 hour incubation. Although this mutant starts to
return to the baseline after its peak at 3 hours 45 minutes this coincides with the peaks of hns, stpA, and on the
other side of the baseline, ihfB. This is a result of the wild type strain coming towards the end of its log phase
where growth begins slowing down around 4 hours once it has reached an Agso,m 0f 0.8 (Figure 4.5.A). As such
the only mutant which shows an improved log phase with the ninH plasmid is ihfA. While ihfB differs from the
others by entering log phase more quickly, the growth difference returns to baseline at the same time as the other
mutants showing that the plasmid does not confer the enhanced growth seen with ihfA (Figure 4.5.B and C).

4.6 Discussion

Given its similarity to Fis, NinH bound to the different DNA substrates in the expected manner. The limited
association with ssDNA was anticipated as the primary function of NAPs involves binding and manipulating
dsDNA for compaction into the nucleoid. NinH displayed much better binding to dsDNA with more than one
subunit assembling on linear duplex substrates. In addition, binding of NinH to bent DNA was in keeping with

Fis action as a topological regulator on of supercoiled DNA [228].

Surprisingly, while DNA binding with the BY1 substrate was better than that with dsDNA, the formation of a
second complex was considerably reduced on the bent DNA structure. As there was no reduction in total protein
binding to DNA between these substrates, the decrease in second complex formation with BY1 implies that the
single additional base in one strand of BY 1 interrupts the assembly of additional NinH subunits. NinH,
presumably as a dimeric species as with Fis may assemble alongside each other on linear DNA with the bend
restricting binding of the second dimer. A second complex is also not formed by NinH on ssDNA which could
be due to flexibility in the mobility of the backbone. Interestingly the more significant bend conferred by
addition of 3 nucleotides, BY 3, results in the largest amount of second complex formation, considerably more
than that seen with linear duplex DNA. This fits with the similarity between NinH and Fis, since the latter would
have been expected to show greater binding to DNA structures with more highly bent or supercoiled DNA.
Nucleoid DNA has an irregular shape as the double helix is folded upon itself may times. Fis maintains this
structure by holding the bent DNA in place, allowing protein-protein interactions to stabilise the assembly [222].
It may be that the precise position of the minor groove in each of these substrates dictates whether a second

dimer can assemble [181]. The BY3 structure, having a greater bend angle than that of BY1, may be more
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similar in topology to supercoiled DNA and therefore closer to the natural target of NinH explaining its high
affinity for BY3. There may be certain disadvantages to Fis/NinH having string binding for a slightly bent DNA
structure. Before cell division the nucleoid DNA needs to unwind from its supercoiled package in order to
divide. Cells defective in the fis gene observed under a microscope with live/dead bacterial staining (experiment
number (Data not shown) show reduced viability with elongated cells that fail to undergo normal cell division.
Recent microscopy analysis has confirmed that the presence of NinH exacerbates this effect with most cells
showing filamentation in ihfB and fis mutants (GJ Sharples, personal communication). The DNA superstructure
needs to be switched efficiently in an analogous fashion from uncoiled to supercoiled and vice versa. Binding
affinity for an intermediate step on slightly bent DNA could impede the coiling and uncoiling processes, thus

interfering with replication.

In vivo, NinH interacts more with mutations in the Ihf subunits than with its homologous partner, Fis, in
particular in negating the loss of the IhfB subunit. It may be that NinH can help DNA bending alongside the
IhfA subunit, as this subunit can function independently of IhfB [229]. It seems unlikely that NinH and ThfA
could form a functionally similar heterodimer. The growth rates do not differ significantly with NinH in either
ihfA or ihfB mutants and the improvement upon ihfB does not reach that of wild type E. coli. NinH is clearly
unable to support IhfB in the absence of IhfA, since the ihfA mutant shows reduced growth compared to the
vector control. It is not clear why the presence of NinH further inhibits the growth of ihfA when there is no
effect on the initiation of log phase in the wild type strain. NinH binding to DNA in the absence of this nucleoid
protein must somehow negatively impact on proper nucleoid formation, delaying entrance into exponential
growth.

It is also unclear why NinH causes further delays to cell growth rate in the fis and stpA mutants in addition to the
delayed log phase entry exhibited by all of the mutants, except ihfB, while the plasmid has little affect on the wt.
Since StpA forms a heterodimer with HN-S [214], one would have expected a similar effect on the hns mutant.
NinH could also have an effect on global gene regulation; Fis autoregulates its own expression in order to allow
DNA unwinding during cell proliferation but is switched off entirely during stationary phase [230]. The effects
of NinH in causing cell filamentation do suggest that there are problems with modulating the nucleoid in

preparation for DNA replication and entry into phases of rapid growth and cell division.
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Chapter 5. Rap

5.1 Mutation of the HNH nuclease domain of Rap

Six point mutations were made in highly conserved residues within the predicted catalytic site of Rap protein.
This region of Rap shows characteristic features of the HNH endonuclease family [231] including a cluster of
cysteines involved in coordinating zinc binding and acidic and polar residues that bind magnesium or
manganese for catalysis. The diagram below highlights the six residues in Rap that were targeted for
mutagenesis and why these were selected based on their high degree of conservation among Rap (NinG) family

proteins (Figure 5.1).

Six mutants in the rap gene were made in the N-His-Rap overespression construct using site-directed
mutagenesis (PD Townsend, unpublished results). The mutants were selected to confirm the importance of
highly conserved residues from the Pfam entry for NinG (PF05766; Figure 5.1). One of the cysteines from the
zinc finger motif was replaced by a serine (C101S) to examine the importance of zinc binding for binding and
cleavage of branched DNA. Conserved polar residues that may contribute to phosphodiester backbone cleavage
were also targeted (D113A, H116T, R127A, N132A, N141D). Several of these residues match conserved
catalytic residues found in T4 endonuclease VII [232] and Geobacter metallireducens Gmet_0936 [233]. The

following residues were chosen to match known mutants from T4 endonuclease VII.

C101S corresponds to C23S in T4 endonuclease VII [234] with the sulphur in cysteine replaced by the oxygen
group in serine. The C23S mutant is known to be defective in zinc binding and fails to bind or resolve Holliday
junctions. This mutation in Rap will hopefully give us similar information indicating that the zinc finger domain
plays a structural role. D113A corresponds to the H38 mutants in T4 endo VII [235]. The acidic charge of
aspartic acid is replaced with the small hydrophaobic group in alanine. This residue may be involved in binding
magnesium or manganese for junction resolution. However in T4 endonuclease VII this residue appears to point
away from the active site. However, it is likely that Rap differs here as it lacks an equivalent of D40 in T4 endo
VII. In Rap sequences, residue 113 is usually either an aspartic acid or histidine (Figure 5.1). H116T matches
H41T mutants of T4 endo VII [235], whereby the histidine ring is replaced with the smaller polar threonine
residue. H41T mutants cannot cleave junctions but retain some DNA binding activity. This residue is conserved
in all the HNH family nucleases [236]. This is likely to be an active site mutant involved in binding magnesium
or manganese. N141D is the equivalent of the T4 endonuclease VII N62D mutant [232], Aspartic acid replacing
asparagines would not necessarily block metal ion binding but it does prevent resolution in T4 endonuclease
VII. This residue is never an aspartic acid in the HNH family [236]. This is likely to be an active site mutant

involved in binding magnesium or manganese.
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Figure 5.1. Conserved residues in Rap selected for mutagenesis. The HMM logo was taken from Pfam [237]
entry PF05766 based on 590 sequences from the NinG/Rap family. The letter height denotes the extent of
sequence conservation of each residue. The four cysteines comprise the zinc finger domain. The histidine,
arginine, glutamate and asparagine residues may be involved in catalysis. Residues selected for mutation are
circled in red.

All of the six Rap mutant proteins were expressed in E. coli and purified by nickel affinity and heparin-agarose
chromatography (as described in 2.3.4). The purified proteins separated by SDS-PAGE are shown in Figure 5.2.

C101S D113A H116T R127A N132A  N141D

Figure 5.2. Purified Rap mutant proteins. N-His-Rap migrated as a major band at 24 kDa in a 15% SDS
polyacrylamide gel. A molecular mass standard (BioRad) is shown in the first lane with band sizes indicated in
kDa.

Each of the Rap mutants expressed well with the exception of N141D which expressed poorly and consequently
yielded a small amount of purified protein (Figure 5.2). The apparent contaminants between 50 and 75 kDa were
probably due to keratin, other contaminants will be a range of proteins from the broken up E. coli cells the

protein was harvested from that bound to the nickel and heparin columns along with the Rap proteins.
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Figure 5.3. Holliday junction DNA binding of Rap mutants. The binding mixture contained 0.3 nM ¥p-
labelled Holliday junction J11 containing an 11 bp homologous core (Appendix A) with 0, 200 or 1000 nM
protein.

The N-His-Rap mutants were tested for their ability to bind a Holliday junction DNA structure, J11, alongside
wild type N-His-Rap protein in a gel shift assay (as described in 2.6.2). Wild type Rap produced a small shift in
the J11 DNA up the gel (Figure 5.3), although the shift is not as distinct a complex as that seen in previous
studies [167, 168]. Most of the mutants showed no band shift relative to the wild type with the exception of
N132A, which seemed to show a similar binding trend as the wt Rap, with 200 nM slightly retarded from the
travel length of wild type and the other mutants and the 1000 nM band again slightly further up the gel than that.
The results suggested that the C101S, D113A, H116T, R127A and N141D mutations abolish the capacity to
associate with Holliday junctions. However, the potentially bound DNA bands travel such a similar distance that
it is not possible to say with certainty that there is significant binding of the DNA, running the gel for longer
may have further separated the bands to give a clearer picture of whether or not the proteins were achieving any
meaningful complex formation . The experiment was repeated in a reaction buffer without EDTA and including
1 mM manganese to determine if these Rap mutants had any cleavage activity on the Holliday junction structure
(Figure 5.4).

50



i |
A

[ | —

EN

IL

wt C101S D113A H116T R127A N132A N141D

e - R [ - - [ |

0 200 1000 200 1000 200 1000 200 1000 200 1000 200 1000 200 1000

Figure 5.4. Holliday junction DNA cleavage by Rap mutants on J11. Cleavage reactions contained 0.3 nM
*2p_labelled J11 Holliday junction DNA (Appendix A) with 0, 200 or 1000 nM protein 1 mM MnCl,.

Holliday junction cleavage by Rap wt generated three distinct products [167, 168], a major nicked duplex band
(2-arm), a 3-armed product (3-arm) and a single armed product (1-arm) which is less visible as only one of the
4-arms of the junction is labelled (Figure 5.4) Cleavage by wild-type Rap was lower than expected, however,
each of the mutants did exhibit some, albeit reduced, endonuclease activity. Due to the low level of
endonuclease activity, the results were not quantified in the same manner as previously employed with Orf and
NinH binding. For Figure 5.5 the peak areas from ImageJ (see 2.7.1) were not taken from the total DNA per
well as a percentage but were left as relative peak areas; Figure 5.6. A, B and C shows the peak areas for each of

the three major breakdown products.
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Figure 5.5. Relative density of each cleaved product of the J11 structure by Rap mutant proteins. The
relative band density (RU; relative units) from ImageJ analysis of phosphorimager files sorted into the major
cleavage products: 3-arm, 2-arm and 1-arm according to their migration through the polyacrylamide gel.
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Figure 5.6. Relative density of branched cleavage products of J11 by Rap mutants. (A) Relative density of the
3-arm branched product. (B) Relative density of the 2-arm branched product. (C) Relative density of the 1-arm
product. Relative units of band density analysed using Imagel.
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The wt Rap protein showed cleavage of the Holliday junction yielding all three products at both protein
concentrations, with greater cleavage at the higher concentration as expected (Figure 5.5). All of the mutant
proteins showed some cleavage of the J11 structure, despite most failing to show any capacity to bind the
Holliday structure (Figure 5.4). D113A, H116T and N132A showed clearly higher peaks at 1000 nM compared
to 200 nM consistent with a reduction in resolution activity relative to the wt. Differences between the two
concentrations were less pronounced with C101S, R127A and N141D which showed considerably reduced

cleavage activity at both protein concentrations suggesting these residues play an important role in catalysis.

The mutant proteins that showed higher cleavage activity maintained a trend in the ratio of cleavage products at
both concentrations for example the ratio of 3-arm/2-arm/1-arm with D113A is 3.6:2.1:1 at 200 nM and
4.3:2.8:1 at 1000 nM however the wild type showed a greater increase in the 2-arm (nicked duplex) product at
1000 nM with the ratios changing from 4:3.2:1 to 3:4.1:1. This may be a result of the Rap protein acting on the
3-arm product to generate the two stranded duplex (Figure 5.6. A, B and C).

The proteins were also examined for activity on another Holliday junction structure, J12, containing a 12 bp
homologous core with a different mobile sequence to that found in J11. The experiments were performed and

analysed in the same way as the cleavage experiments with J11.
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Figure 5.7. Holliday junction J12 DNA cleavage by Rap mutants. Cleavage reactions contained 0.3 nM **p-
labelled J12 (Appendix A) with 0, 200 or 1000 nM protein and 1 mM MnCl,.

The J12 substrate shows some instability with flayed duplex and single-stranded DNA evident in the lane
without protein (Figure 5.7). The amount of protein used was the same in both experiments so this is likely a
result of the structure being more vulnerable to dissociation rather than there being more contaminating
nucleases present in the samples. The results were again analysed in rows across the gel rather than by lanes to
avoid measuring any of these other breakdown products which are equally present in all lanes, including the

control without protein, showing that they do not result from exposure to wt or mutant Rap proteins.
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Figure 5.8. Relative density of branched cleavage products of J12 by Rap mutants. (A) Relative density of
the 3-arm branched product. (B) Relative density of the 2-arm branched product. (C) Relative density of the 1-
arm product. Relative units of band light density from autoradiography measured by ImageJ.

The results with J12 generally mirror those with J11 with all mutants showing reduced activity compared to Rap
wt, with D113A, H116T and N132A showing weak activity and C101S, R127A and N141D showing the least.
As with the junction J11, the area graphs for J12 cleavage show a similar trend of increase from 200 nM to 1000
nM protein concentration for most proteins with wild type Rap yielding the most 3-arm and 2-arm cleavage
products (Figure 5.8. A and B). However, in this experiment two of the mutants, D113A and N132A show
denser bands at the position of the 1-arm product than observed in the lanes containing wt Rap (Figure 5.8. C).
This contrasts with the results from the J11 experiments which showed that wt Rap always yielded the most
breakdown products and that the mutants tended to favour the generation of a 3-arm product (Figure 5.8. A, B

and C). Here the mutants showed limited production of 3-arm product and much larger amounts of the 1-arm
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product. It is possible that with J12, the 3-arm product is more prone to secondary cleavage to yield a greater
quantity of single arm product.
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Figure 5.9. Relative densities of each cleaved product of the J12 structure by Rap mutant proteins.
Relative units of band light density from autoradiography measure by ImageJ and sorted into 3-arm, 2-arm and
1-arm branched products.

The majority of the mutant proteins showed reduced amounts of the 3-arm product with J12 relative to J11, with
only C101S, D113A and R127A showing evidence of higher levels of 3-arm product (Figure 5.9). This may be
due to the different core nucleotide sequences between the two junctions and their impact on the preferential
resolution of the junction. Rap shows a limited preference for resolution between 5'-GC-3' dinucleotides, of
which there are two in the homologous core of J11 but only one in the J12 [166]. It may be that these different
mobile core sequences affect the outcome of cleavage meaning that 3-arm and 1-arm products are less likely to
be formed.

There was also a much higher ratio of 1-arm product to 3-arm than noted in the J11 experiment. For example the
ratio of 3-arm:2-arm:1-arm with D113A on J11 was 3.6:2.1:1 at 200 nM protein and 4.3:2.8:1 at 1000 nM but
with J12 the ratios were 2.3:1.9:1 and 1:1.2:1 respectively. The results could be due to a contaminating nuclease
activity, however, this is unlikely since a higher level of 1-arm product was not noted with J11. Hence it is more
likely that these mutants are more prone to cleave 3-arm and 2-arm reaction products are the initial cleavage has
been made. In contrast, wt Rap showed a low proportion of 1-arm product on J12, with a ration of 6.7:7.7:1 at
200 nM protein and 4.9:6.4:1 at 1000 nM.
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5.2 MBP-Rap deletions

Two deletion mutants of Rap (Figure 5.13) tagged at the N-terminus with maltose-binding protein (MBP) that
had previously been purified (F.A. Curtis, unpublished results) were also tested for binding and cleavage of the
J11 Holliday structure (Appendix A). Samples of purified MBP-Rap wt, NA8O (lacking 80 residues from the N-
terminus, including a possible zinc binding domain) and CA104 (lacking 104 residues from the C-terminus,
including the HNH domain) were analysed by SDS-PAGE to evaluate purity. All of the proteins showed a high
level of purity suitable for biochemical analysis and the deletion derivatives showed bands of appropriately

reduced molecular mass. Rap CA104-2 was selected for testing alongside the MBP-Rap wt and NA80 samples.
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Figure 5.10. Holliday junction DNA binding of MBP-Rap deletion mutants in a gel shift assay. The
binding mixture contained 0.3 nM *?P-labelled J11 (Appendix A) and protein at the indicated concentration.

The Rap proteins were mixed with the Holliday junction J11 on ice to asses DNA binding under the same
conditions as the His-Rap mutants. Unfortunately there was a problem with drying of the gel which distorted the
results and there was insufficient time to repeat the experiment. However, the results are still interpretable.
MBP-Rap wt bound the junction with high affinity shifting all of the DNA even at the lowest concentration used
(62.5 nM). In contrast, neither of the two deletion mutants showed any binding to the Holliday junction even at
1000 nM protein (Figure 5.10). This result confirms that the 80 residues at the N-terminus and 104 at the C-
terminus are critical for Rap binding to Holliday junction DNA. However, many of the His-Rap substitution
mutants showed no Holliday junction binding but were still capable of some cleavage activity. Hence the NA80

and CA104 deletion mutants were assayed for resolution activity of the J11 structure (Figure 5.11).
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Figure 5.11. Holliday Junction cleavage by Rap deletion mutants. Cleavage reactions contained 0.3 nM **p-
labelled Holliday junction J11 (Appendix A) and Rap proteins as indicated. N: NA80 and C: CA104.

The results show that MBP-Rap shows high activity on J11 to generate 3-,2- and 1-arm products, considerably
more than His-Rap wt under the same experimental conditions (compare Figures 5.4 and 5.11). The amounts of

each product were analysed using the approach taken with the binding gels involving NinH and Orf.
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Figure 5.12. Percentage Holliday junction DNA cleavage by MBP-Rap mutants. Cleavage reactions
contained 0.3 nM *2P-labelled J11 Holliday junction DNA (Appendix A) and 0.1 mM MnCl,. Relative amounts
of 3-arm, 2-arm and 1-arm products were quantified using ImageJ.

MBP-Rap wt cleaved the majority of the junction DNA substrate with the lowest protein concentration (62.5
nM) yielding 64.1% of the DNA in cleaved products while the highest concentration (1000 nM) left only 15.2%
of the J11 substrate intact (Figure 5.12). This activity was much greater than that seen with His-Rap under at the
same experimental conditions and protein concentrations. Although the published results do show an improved
activity for MBP-Rap (Rap JMB paper), the differences in the differentially tagged proteins was not as extreme

as seen here. Thus the results obtained with the His-Rap proteins need to be interpreted with caution.

Consistent with their inability to bind Holliday Junction DNA (Figure 5.10), the two deletion mutants showed
no significant cleavage activity on J11. Although there are traces of a 2-arm band in the lanes containing NA80
and CA104, there is no more present than in the control without Rap protein. The band at this position is
probably due to instability in the substrate producing a 2-stranded fork that just happens to coincide with the 2-

arm resolution product generated by MBP-Rap.
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5.3 Discussion

A number of conserved residues in the proposed HNH nuclease domain of Rap were targeted for mutagenesis
and six substitution mutants were purified. All of these mutants show reduced Holliday junction cleavage
activity confirming that this region is likely to be the catalytic site of Rap. His-Rap wt protein showed
preferential production of a 2-arm product from J11, which in most cases is likely to be a nicked duplex
consistent with symmetrical resolution of the Holliday junction [166] (Figure 5.5). In contrast, the mutant Rap
derivates on J11 tended to generate more 3-arm products perhaps indicating that they show an increased
uncoupling of junction resolution. While the Rap mutants did show more cleavage resulting in a 2-arm product
on the J12 junction (Figure 5.9), this still did not reach the same levels achieved with the wild type. It is possible
that Rap preferentially targets 3-arm products to generate more of the 2-arm product, however, this seems
unlikely given its structure specificity [166, 168]. In reactions with the His Rap proteins there was still sufficient
4-stranded Holliday junction DNA available for resolution in preference to 3-arm products, unless this junction
was in a state that limited cleavage by folding or at sequences that were not suitable for resolution (Figures 5.4
and 5.7). The increased production of a 1-arm product with some of the mutants on J12 does fit with an increase
in multiple, uncoupled incisions at the branch point rather than the paired symmetrical incisions that should be
favoured by wt Rap. Of the six mutants tested the D113A and N132A mutants retain the highest junction
binding and cleavage activity suggesting these residues are less important for Rap function (Figure 5.13).
D113A cleaves J11 best whereas N132A performs best on J12, suggesting that there may be some effect on
sequence selectivity in each of these mutants. The other four mutants show significant defects in Holliday
junction resolution suggesting that the zinc finger module is essential for catalysis as judged by mutation of
Cys101 and that His116, Arg127 and Asnl141 are also critical for endonuclease function (Figure 5.13). His116
and Asnl141 both have equivalents in T4 endonuclease VII (Figure 5.13 B and C) and could fulfil a similar role

in coordinating magnesium or manganese binding for phosphodiester bond hydrolysis [232, 234, 235].
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Figure 5.13. Structural features of Rap and T4 endonuclease VII. A. T4 endonuclease VII structure from
PDB entry 2QNC [238]. The two subunits are shown in different shades of grey. Residues involved in the HNH
endonuclease domain are highlighted. Zinc and magnesium atoms are shown as spheres in purple and yellow,
respectively. B. Residues in T4 endonuclease VII that are likely to be involved in catalysis. They are coloured as
in (A) and (C). C. Alignment of HNH endonuclease motifs of Rap, T4 endonuclease V11 [232] and Geobacter
metallireducens Gmet_0936 [233]. Conserved residues are highlighted as in (A) and (B). The HNH consensus is
indicated below the aligned residues. p=polar and h = hydrophobic. Residues selected for mutagenesis are
shown above with the corresponding position in T4 endo VII given in parenthesis. D. Diagram illustrating the
location of conserved features in Rap and the position of the two Rap deletions.

The MBP-Rap deletion mutants essentially removed either half of the protein with CA104 retaining the N-
terminal portion containing a zinc binding module and region rich in positively and negatively charged amino
acids but lacking the HNH motif along with the remainder of the C-terminus. NA80 was essentially the
opposite, retaining the HNH potion with the C-terminus (Figure 5.13). Previous experiments [167] indicated

that truncated versions of Rap carrying C-terminal deletions could still bind to Holliday junctions.

The results here reveal that neither of these deletion mutants were functional in binding or cleaving model
Holliday junctions. Thus Rap requires both the N (zinc finger) and C terminal (HNH motif which incorporates a

zinc finger) for branched DNA recognition and resolution.
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Chapter 6. Conclusions and Future Work

Genetic recombination in lambdoid bacteriophages is important to preserve genomic integrity by offering a
repair mechanism for double-stranded DNA breaks. A by-product of this repair pathway is the provision for
exchanges at short regions of sequence homology resulting in the generation of significant genomic diversity
with the capacity to gain and lose functions within the constraints of viability. In this study we have
characterised three DNA binding proteins from the ninR region of phage A that are involved in genetic
recombination or other aspects of phage DNA metabolism. Specifically we have focused on the DNA binding

properties of NinB (Orf), NinG (Rap) and NinH, the latter being previously uncharacterised.

Experiments with a selection of Orf mutant proteins carrying single amino acid substitutions revealed that the
central channel of the Orf dimer ring is important for the formation of DNA-protein complexes. The
conservation of residues in this region and its overall positive charge fits with DNA being threaded through the
toroidal structure. However, residues located away from the central cavity also contributed to stable DNA
binding indicating that there may be wrapping of sSDNA around the dimer, perhaps helping to destabilise
interactions between SSB and ssDNA to facilitate loading of a recombinase [164, 177, 178]. The possibility that
sSDNA can enter the narrow channel in Orf implies that the dimer must open by some sort of hinge mechanism
since Orf can bind to gapped duplex substrates that should prevent loading due to the larger dimensions of the
flanking duplexes. It is possible that there are two modes by which Orf associates with sSDNA, one involving
traversal of the core channel, the other involving wrapping around the dimer, possibly with involvement of the
C-terminal helix [177, 178]. DNA binding experiments with mutant proteins aimed at evaluating the clamp
model were partly inconclusive. Further analysis of DNA binding would be informative and analysis of opened

and closed Orf dimers by FRET would merit further investigation.

The in vitro studies with NinH revealed that it behaved very much like the bacterial Fis protein as predicted by
bioinformatics analysis. NinH displayed a preference for dSDNA over ssDNA along with a greater affinity for
dsDNA containing a bend. This was particularly evident in the formation of two complexes with DNA
containing 3 nucleotides on one strand of the substrate compared with bent DNA with only a single additional
nucleotide. The in vivo studies showed that NinH could not functionally replace the growth defect of a fis
mutant; in fact it conferred a significant defect on growth and appeared to delay entry into the exponential
phase. Similar negative effects were observed with several other mutants defective in NAPs but did not majorly
affect wild-type strains. Thus NinH may interfere with nucleoid structure or global gene expression, which may
promote phage lambda replication. Given that binding sites for Fis and IHF are found within the origin of
replication (oriC) in E.coli, it would be useful to determine if NinH shows any preferential binding to such
sequences. It would also be worthwhile to evaluate the effects of NinH on nucleoid formation and replication
initiation. Microscopy could be used to evaluate any lethal effects of NinH expression in NAP mutants (with
DAPI used to stain the chromosomal DNA) and live-dead staining to monitor the viability and cell wall
integrity. Exposure to UV radiation or other genotoxic agents could be tested to see if they exacerbate the effects
of NinH. The replication of lambda should also be investigated as Fis is known to influence the integration and
excision reactions by binding attP [239, 240]. A preliminary NMR structure of NinH has been determined (C
Redfield, personal communication) which fits with the structural predictions described here. A refined version

of this or a crystal structure would be insightful in understanding how DNA binding and bending are mediated.
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Site directed mutagenesis of the predicted HNH endonuclease motif of Rap confirmed that the highly conserved
residues selected for mutation did appear to be important for binding to Holliday junction DNA. All of the
mutants also showed varying defects in Holliday junction cleavage confirming that this region is likely to
constitute the catalytic site. Several of the Rap mutants also appear to show a reduction in the ability to produce
symmetrically-related paired incisions. This may be a consequence of the uncoupling of endonuclease activity
between individual Rap subunits to give a lop-sided cut. This could be due to a reduction in Rap dimer
formation, although it is possible that Rap functions as a monomer as dimer formation has never been
conclusively demonstrated [166-168]. Asp113 appears to be the least important of the residues studied as
D113A retained more cleavage activity than the other five mutants testes; this observation fits with Asp113
being the least conserved of the selected residues. The studies with deletion derivatives of Rap confirmed that
Holliday junction binding and cleavage by Rap requires both the predicted zinc finger domain in the N-terminus
and the HNH endonuclease domain. The Rap mutants behaved largely as expected in the assays performed
although the activities were considerably lower than anticipated. The binding and cleavage assays should
therefore be repeated. It would also be good to study any effects of the mutant proteins on the sequence
specificity of junction resolution using denaturing gel electrophoresis. A major goal would be to determine the

crystal structure of the Rap protein which proved to be beyond the scope of this present study.

64



Appendix A. Oligonucleotides

Oligo Nucleotide sequence (5'-3")

0-SS60 | TTTGGTCTAACTTTACCGCTACTAAATGCCGCGGATTGGTTTCGCTGAATCAGGTTATTA

0-DS60 | TAATAACCTGATTCAGCGAAACCAATCCGCGGCATTTAGTAGCGGTAAAGTTAGACCAAA
0-BB20 | TAATAACCTGATTCAGCGAATGACCGATAACGTCCACTTGAGCGGTAAAGTTAGACCAAA
0-BY1l | TAATAACCTGATTCAGCGAAACCAATCCAGCGGCATTTAGTAGCGGTAAAGTTAGACCAAA
0-BY3 | TAATAACCTGATTCAGCGAAACCAATCCAAAGCGGCATTTAGTAGCGGTAAAGTTAGACCAAA
J1-1 GGCGACGTGATCACCAGATGATTGCTAGGCATGCTTTCCGCAAGAGAAGC

J11-2 GGCTTCTCTTGCGGAAAGCATGCCTAGCAATCCTGTCAGCTGCATGGAAC

J11-3 GGTTCCATGCAGCTGACAGGATTGCTAGGCTCAAGGCGAACTGCTAACGG

Ji1-4 ACCGTTAGCAGTTCGCCTTGAGCCTAGCAATCATCTGGTGATCACGTCGC

J12-1 GACGCTGCCGAATTCTGGCTTGCTAGGACATCTTTGCCCACGTTGACCC

J12-2 TGGGTCAACGTGGGCAAAGATGTCCTAGCAATGTAATCGTCTATGACGTT

J12-3 CAACGTCATAGACGATTACATTGCTAGGACATGCTGTCTAGAGACTATCGA

J12-4 ATCGATAGTCTCTAGACAGCATGTCCTAGCAAGCCAGAATTCGGCAGCGT

A.A. Oligonucleotides used to generate DNA substrates. Nucleotides highlighted show where sequences
differ from 0-SS60 to generate the bubble and bend structures when annealed or in the case of the J11 and J12
Holliday junction arms denote the 11 or 12 bp mobile core.

Appendix B. Publications
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Introduction

Recombination in bacternophages salvages genomes for pack-
aging by restoring damaged or broken molecules via exomickase
procesing and annealing, Wlegitmate exchanges promote rapid
evolution a3 new gene combinations or acquiitions can be
generated during joint frmation. In phage 4 the Red system is
msponsble for exchanges at DNA ends [1]. Redy protein serves o
mhibit the Kscherichia coli RecBCI exonudease, ensuring that
mlling cirde replication can proceed [2,3]. A exonuclease (Redx)
degrades the DNA duplex o generate 3° sDINA tails, which are
bound by Redff protein, a strand annealing protein that searches
for homologous sslN A sequences [1,4]. The combined action of
Redx and Redf would be expected o favor splice-type
woombinants,  although there i3 evidenose o indicate that
armnealing events oocur regularly in the context of eqposed sDNA
at a replication fork [3-7]. Thus, DNA synthesis primed by the 5°
amnealed strand or by template switching can provide a means of
generating intact genomes suitable for incorporation into capeids.
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Phage 4 encodes an ancllary recombinase called Ovf, which
was ilentfied by i abiity to complanent the recombination
deficiencies apparent in rec, rec{) and recH mutants of £, coll
[8,49]. The products of reck, recl) and recK [10] function
pradomimnty at aldNA gaps and aid asembly of the primary
bacterial recombinase, RecA, helping to overcome the inhibitory
effects of :sDINA binding protein (S5B). Further oo studies
revealed that the ssceptibility of recFOR mutants o ulravialet
light eould also be overcome by O [U1]. Orfis a 17 kl¥a protein
that behaves as a dimer in solution and interacs with £, coli 358
protein, It binds equally well to sIINA, gapped duplex and 5" and

3" flap DNA and less well to fully duplex subatrates [12]. The O

cryatal structure revealed an asymmetrical toroid with a central
mrmel flanked by positively charged residues [12,13]. Alhough
the channel B too narrow o accommaodate GDNA it could
potentially encompass aDNA. One side of the central caviry
comprigs 4 RAGNYA motf found in a wide range of DNA
binding proteins [14]. DNA binding could also occur along a
shallow groove across the protein surface singe Ol bound equally
well to a sDNA flanked by duplees, which would pmohibit
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threading of ssDNA through the central haole [12]. Residues in the
flanking C-termimal helices also contribute o sabilizdng the
amocition with DINA [13].

In this sudy we deseribe a Bmily of phage and prophage (vl

proteins exhibiting considerable sequence diversity but sharing
common aneestry within a core domain. To substantiate their
functiomal mlatednes we purified one of the most dismimilar
members, Yhel, from the £, coli eryptic prophage DLP12 and
compared s propertiss with its eounterpan from phage 4. Yhe
was previoudy identified as a TG mismatch and base-flipping
enzyrne [ 15], an activity that is not easily meonciled with a role in
suppressing the genetic recambination and UV light repair defects
af reck, recl) and recK mutants,

YheM behaved remarkahly like 4 Oof in its preference for
hinding ssI)NA and in it assocaton with £, coli 358 protein,
supporting a functional relatiorehip betwesn the two phage
proteins. However, some differences were noted in their interac-
tions with DNA and 558, YheN bound much les well than Ot o
alNA, although both proteire did show impmoved binding o
bubble DNA asructures. In additon, YbhelN showed a spedfic
nteraction with the C-terminus of 358, a feature not shared by 4
(hf. Neither Onf nor YheN exhibited an enhanced affinity for
DNA containing a single G0 mismatch over filly duples DINA,
although Orf showed a slight preference for a T0G mispair. A
mumber of mutants in 4 Orf were generated to investigate the
miportand: of the central cavity in DNA binding. Several of these
mutants exhibited significant defects in DMNA binding consistent
with sDDNA passing through the interior of the Of ring. These
mesults, in combination with the ability of O to recognize bubble
sructures, support a chmp model for Ol assembly, The
comeraton of @lDNA and 55B binding activites in diverse

members of the Okl family underscores the importance of

flitated loading of a parmer recombinase for the successful
nitation of phage recombination.

Results
The phage Orf family

A praitiorgpedific iemtive BLAST search pedformed with the 4
Crf proten dentified homologs exdusively from phage genomes,
predominanty  Myoviddae, Siphoviridae and Podowridae, or
amociated with prophage-like eements (Pam05772 [16]). The
mitial BLASTE search uncovered nmltiple deosely  welated

squences with an expectation value of less than 5x107% All of

these proteins displayed greater than 30% identity with (i, At the
first PSI-BLAST iteration additional sequences with an expecta-
tion value of less than 4 %1077 were dentified, induding a highly
diverged Orf-like protein (YheN) from the DLFPIZ crypric
prophage of £, cofl belonging o the PREDO9741 conserved
domain [17], cureniy chssified as distnet from the PFO5772
NinB (4 Orf] family. This gene matches almost exactly [97%
identity) the yheN (orf1 51 gene of phage B2 [18], yet shares only
16% overall identity with Owef. Further sarches initiated with
IMFLZ YheN recovered typical Ut proteins induding those from
Aag?d, S and 4 at the second PSFBLAST ieration confirming
the relationship. YbelN showed sgnificant simiarity to several
prophage-associated pmteing induding £, coli O15T:HT (CF-
Q3EX; 93 % identity), Shigella sonnel B1% identty), Photorhabdws
himmescens (41%  identity] and Nessena gonorrhoese (27%
identity]. The |-‘|-r!,.-|-.~_i pratein fold recognition ool was wsed 1o
compare the predicted secondary  structures of DLPLZ, P
himmescens and N, gonorrhosge YheMN proteins with known

three<dimensional structres i the stuctural dassificaton of

proteins (SCOF) database, In all three cases, the 4 Onf fold was
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refurned with =95% estimated precsion. Represeniative Okl
family proteins identified in this study waried in length from 124-
181 resicdues; a list, induding accession numbers, & available in
Tahle 1.

A phykgmam was prepared wing the PAUFP program
visualize similarity between these selected Ovf family represenia-
tives (Figure 51). In this comparison there appear to be at least
four disceete Ot groups occurring in phages from diverse species,
although most helong o the f and y protechacteria. As might be
expected, examples from dosely related species tend o duster
together, For example, one of the groups containg highly related
Ot proteins displaying 91-99% identity and & principally derived
from K. coly ON5THT or OB H resident prophages (Figure 51,
shaded in blue). However, this is not always the case as other
clusters incorporate representatives from E. coli H phage HREG20,
Actimobacillus achmmmycstemeomifans phage Aa$23 and Hae-
maphilus mfuenzze prophages. Indeed some orthologs, mainly
from prophages residing in disimilar bacterial species, do not fic
unambiguously into any of the above groups. These discrepancies
illstrate the difficulty in unraveling phage and prophage lineages
due to high rates of horizontal gene transfer and mutation.

The Ligena proteins belong to the Ot family but are distandy
related, sharing only 18% identity with 4 Orf(Figure 51 and Tahle
51). Both L. murocwa (hf-like proteine belong o yet another
ditinet conserved doman DUFIGE (Plam06147), which mchades
homaologoe polypeptides from Staphylboocows, Lacobaalis and
Enterococous phages and prophages. The N-erminal domain of
these latter proteing share 23-24% identity with 4 Orf consistent
with adistant relationship with the O family, However, members
of the DUFIGE family poses an additional C-terminal extension,
absent fram the majority of Orf homologs, which incorporates a
zine finger HNH endomuclease mouf [19]. These phages may
themfore encode a novel singlestrand specific deacyribonuclease
arising from fusion of an Ot DINA binding domain o an HNH
nuckase domain. It B interesting to note that the DUFBGE domain
iz found fised o a number of recombinases, nchuding the strand
annealing proteins, Erf and Rad52, and the Haolliday junetion
resolvase, KA [17]. The HNH region alone from this family is
also found joined to the miemawch recognition factor, Muts.

Orf family gene organization among lambdoid phages

The 4 orf gene lies in the nin& region between replication gene
P and the €} antiterminmator (Fiure 1TA)L In addition to O, this
section encodes two other genes asociated with IINA metabolism:
Rap (Nin(3), a DNA branchespecific endonudease [20] and NinH,
a DNA binding protein (2], Shamples, unpublished resulis).
Where possible 1o determine based on homalogy  of the
surrounding genes, orf resides i a similar context in many phages
and prophages, sandwiched between replication and lysis functions
(Fgure 1A} Sigmificant shullling of the genes in this region is
evident with acquiiton of unrdated genes, many of unknown
function, and elimination of others. Despite these rearrangements,
thew are notable consitences in gene omder. For nstance,
presevation of smteny & particularly evident in the coourrence of
the shortmind), nink and minf genes (Figure 1A). In every case oxf
lies upstream of rap or msd genes, which specify structurally
ditinet Holliday junciion DNA resolvases [21]. The genetic
organization of the orf-like gene in DLFPLZ (pbeiV) located just three
genes 5 of rusd adds suppart o the notion that it & a genuine
ortholog of 4 Ot (Figure 14).

The gene arrangement & mdically differentamaong the DN FO68
(PlamD6147 [17]) Ov-like proteins from Lidena and Staphylbcoc-
cis in keeping with phage sequences from different evolutionary
origing, However, homologs of dnall, dnaC or ssh are located dose
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Figure 1. Conservation of genomic organization and protein architecture among selected members of the Orf family. (A) Conserved
gene order of orf rdd ative to the replication and lysis genes of lambdoid phages and prophages. Genes are shown as baxes and colored according to
their order in the 4 nink reglon; in almost all cases they are transcribed from l&ft to rnight. Orthologous genes are highlighted by name and color.
Thase that falled to match any of the 1 genes in this reglon are shown as white boxes {the residue length of unannotated open-reading frames s
indicated). Additional abbreviations refer to gene products that match the HNH nudease domain family (HNH), DNA/RNA hdicase superfamily Il (SR
or phage head proteins (head). The percentage identity to A Orf is shown for each Orf homolog and listed in order of similarity. Many of the
prophages are reservoirs for insertion sequences (shaded In grey); note that additlonal genes encoded by these elements are not shown. The putative
64-residue polypeptide between Q and S in 4 was also omitted. (B) Conserved primary structure of 4 Orf, DLP12 YbcN and #ETA Orf20 proteins. 2 Odf

PLOS ONE | www.plosone.org 3 August 2014 | Volume 9 | Issue 8 | 102454

68



Phage 4 Orf Family Recombinases

Is aligned with homalogous representatives from ¥ pestis (Ype), E. coll 0157H7T prophage Sod-converting phage WT2-5%a and E. coll H phage HK&20.
D12 YbeN ks aligned with a prophage homolog from P luminescens [Plw). Staphylococcws aureus gETA Orf20 ks aligned with a homalog fram
Enterococows faecalls (Efg). Conserved residues within each subset are highlighted in blue {basic), red (acidic] and lilac fothers); tho se ocourring in both
OrfbcN and 0020 alignments are marked with an asterisk Secondary elements from the orystal structure of 4 Orf [12] are indicated abowe the
alignmenit, as are the site-directed mutants Q45A4, K488, W50A, R103E V106E and W137A. A pair of cysteines from the HNH maotif are highlighted in

orange.
dak: 1001371 journalpone 01 024540001

to the predicted orf” gene in many of these sequences, linking these
megions with functionality in DNA metabaoliam.

Sequence similanty between 4 Oif and DLP12 Yhah

Secondary structure predictions and modeling using Jpred and
I-‘I'rg.-'wn'1 with DIF12 YheN (and representatives of the DUFIGE
farnily) mdicated a very similar overall architecture to that found
with 4 Onf (Figure 52). The main differences appear to be in the
vicinity of a3 and f3 and in the C-terminal a-helix Figure 18).
Any alerations i this first region could potentially  affect
dimerisation, although ther are unlikely o be gros disortions
m the overall fold, By examining COrf family sequence alignmenis
alongside the erystal strucmre of 4 Orf [12], funetionally impaortant
residues in (hf and YhelN homologs were identified (Figure 18).
Nine hydrophobic residues from two discmte segments of O,
mamely f1-2l-f2 (comprising the RAGNYA mouf [14]) and x3%
B354, contribute to the dimer intedace, Four of these residues are
omeerwd in YheN homalogs, whie the remainder could be
replced by adjacent functionally equivalent amino acids (Fig-
ure 1B}, Interestingly, the maost highly conserved maidues cluster
around a-hele 2 and flank the pasitvely charged channel that
raverses the dimer [12). FEguivalents of i Orf Argdl, Glndi,
Amdh and Argdh are present in the majority of Orf sequences
(Figure 1B, Figure 52 and data not shown). Arg4l from subunit B
lies on the rim of the dimer cavity and could potentially contact
the ssldMNA backbone, In contrast, Argdl in subunit A is hidden at
the hase of the cavity, Glnd5 and Asndd resicues are symmetrically
arientated and project from opposite sides towards the central
channel, Asrd§, in combimation with Trp30 (which occurs as Trp
or Hi in almost all Onf sequences), could interact with mickeotide
bases i sslINA can be induced to enter the ring interior. Finally,
Argds is Jocated at the rim of the apertum in each subunit, on
opposte faces of the dimer, and could ako make comtacts with the
Crterminal o-helic

Purification of DLP12 MBP-YbcN

Tao resolve whether members of the PRRO9741 (YheN| group
are genuine fanctional equivalents of 4 Orf, we st out o purify
YheW from K. coli DLP12 and validate its properties i mfro,
Plasmids carrying the ybeV gene were constructed in order
overexpres wild-type and an N-Hiss fusion of YbeN protein. High
kevel of expresion were achieved, however, all of the YheN
mecovered precipitated with the eellular debris upon lysis (data not
shown), In an atempt to recover soluble prowin we designed a
cormstruct that fuses the £, cofl maliese binding protein (MBF) w
the N-termimus of YheN. Large quantities of soluble YheN were
mecovered and the protemn purified to near homogeneity by
amylese and heparin chromatography, A GST-YheN fusion was
ako purified at the same time uang ghitathione sepharcse, heparin
agarcee and () sepharose chromatography steps. MBEP-YheN and
GST-YheN proteins were analyzed in parallel with purified MBF-
Ot and GST-Onf fusions from bacteriophage 4 [13].

YbcM binds preferentially to ssDNA

& Onef protein favors binding to sDNA over dsDVNA in keeping
with its predicted role in the initial steps of recombinational
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exchange [12]. To confirm that YhelN is functionally analogous o
Onf, we imvestigated the ability of MBFP-YheN to bind short
3alINA (55s0) and daDNA ([¥s0) sulstrates in an electrophoretic
mobility shift assay carried out in the presence of EDTA w
exclude metal iona Similar o MBP-Orf (Figure 24, lanes bee),
MBEP-YbeN formed a single complex with the 50 nucleotide (nt)
33DNA subatrate (Figure 2A, lanes Fo). In both cases smeanng of
the substrate is indicative of unatable protein-ssIdNA complees
that tend to discate during elecirophoresiz. MBEP-YheN
exhibited a lower affinity for ssIDNA relative o MBP-Chef protein
(Figure 2B} Replacng EIYTA with 1 mM MgUly, in both hinding
reaction and gel, significanty reduced binding of MBP-Yhe N and
MBP-Orf to 885 (Figure 2B). MBP-Orf was much maore sensitive
than MEP-YbelN to inchision of Mgﬁ‘ iona. Mo further reduction
in ®DMNA binding was obaerved when 10 mM MgCl was used
(data not shown), The resulis are consistent with a counterion
effeet and proten-DNA intractions ocourring through electro-
static contacts with the DINA backbone. Neither MBP-YheN nor
MEBP-Crrt bound well to 50 bp dsIXNA, although both proteins did
manage to form a stable complex with a small proportion of the
substrate with smearing again consitent with a weak asociation
(Figure 2A, lanes g-j and g-t).

To provide more quantitative data on the relative affinities of
YheN and Ot for sDNA, we employed lluorescence anisotropy
uging a fhorescein-labeled S5, substrate. Thie method relies an
the fact that protein asembly onto DINA slows the spin of the
fluorescently-labeled maolecule in polarized light resuling in an
increasw in obeerved anisotropy ane). Sudies are typically
conducted with DNA substrates of <40 bp in length but larger
subatmtes of 70 bp ako vield reliable data [22]. As in the gel shift
aszays, MBP-YheN bound much less well o sDNA than MEP-
Ot with a 214old difference in ther estimated dissociation
constants (Table 1),

Orf and YbeM binding to mismatch, bubble and bent
DMA

Sinee YhelN has been implicated in binding preferentially o
DNA containing a T:G mismatch or abasic site [15], we compamwd
the binding propertes of MEP-YheN and MBEP-Orf an 60 bp
DA substrates with 1, 3, 13 and 20 ot unpaired regions, utdlizng
G0 ni sslMNA as a conirol. The larger bubble structures resemble
structures more likely to be encountered during recombination
rather than DNA mismatch recognition and repair. MBP-Onf
farmed two complexes with 585, (Figure 20, lane b), suggesting
that the additional 10 ot permits assembly of two dimers of Ol
compared to the 50 nt substrate (Figure 24, lanes be¢). As noted
hefore (Figure 24), binding to DNA was less efficient and the
complexes formed were prone to dissodation (Figure 20, lane €.
Indwion of mismatches in the DNA affected the pattern of
complexes formed, with BB;, BB,; and BBy showing improved
binding and formation of a more sable, distinet complex
(Figure 20, lanes k, n and qf; the complex formed with these
subatmates B actualy compesed of two closely-migrating species,
pessibly indicating two alternative conformations of Ol bound o
bubhle DNA. Binding of MBP-Orf o the single GG mismatch
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Figure 2. Compafdson of MBP-YbeMN and MBP-Orf binding to
DMA. [A] Binding to ssDMA and dsDNA. Gel mobility shift assays
contained 0, 62.5, 125, 250 and 500 nM MEP-Orf or MEP-YbcN proteins
5 mM EDTA and efther 03 nM of “Plabelled 50 nt (55s.) ssDNA (lanes
a-e and k-o) or 50 bp dsDNA (lanes f-] and p-t). (B) MEP-Yhah and MEP-
Onf binding to ssDNA. Binding reactions contained 0.3 nM 55, with @
781, 15625, 3125, 625, 125, 250 and 500 nM prot=in and gther 5 mM
EDTA or 1 mM MgQy. Data are the mean and standard deviation of two
independent experiments. (C) Binding to mismatch and bubble DNA
Gel mobility shift assays contained 250 nM MBP-Orf 0] or MEP-YbaN
{¥) proteins, 5 mb EDTA and 0115 nid of *Pdabelled 80 nt 55,) ssDNA
flanes a«<)l 60 bp (DS) dsDNA (lanes d-fi, 1 bp MM} mismatch
flares g, 5 bp (BB} bubble (lanes 41 13 bp BB ) bubble fanes m-o)
and 20 bp {BEzc) bubble (lanes pr).

dob10.1371 joumalipone 0102454 g2

(Figure 20, lane h) did not differ significantly from that seen with
the fully paired substrate (Figure 20, lane .

MEBEP-YbeN formed two complexes an $55, (Figure 20, lane ¢)
and three with IMan, although with a slightly alered maohiliny
(Figure 20, lane f). Surprizingly, as the length of unpaired DNA
mereased from 1-20 ni, there was no marked mprovement in
DMNA hinding or stahility of complex formation (Figure 20, lanes i,
L o and r}. A 2.8-fold preference for BBz over 580 was apparent
with MEP-YheN in fluorescence anisotropy asays (Figure 83
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Tahlle 1). It iz posmible that the flanking duplexes in the bubhle
substrate help stabilize Onf, but not Yhe™, complex formation by
preventing protein dimers from sliding off the enda,

The absence of any preference for MMeog @ G:G mipair)
relative to IS5, compare Figure 20, hnes  and i) could be
beranse YheW has a high degree of specificity for single T2 hase
pair mismatches [15]. To assess this posibility, an MMpg
substmte with a TG rather than a GG mismatch was employed
in fluorescence  ansotropy  asmay:, MBP-YheN  exhibited no
sgmificant differences i binding to MMpg or a fully duplex
contral (Figure 54A) MBP-Ouf showed some preference for the
DNA containing a T2 mispair suggesting some specificity for this
type of replication error, although the data sets varied, consistent
with a relatively poor association with duplex DNA [Fgure 544,
Binding of MEP-Yhe and MEP-Onf was akao tested on substrates
containing centrally located insertions of 1, 2 ar 3 adenines in ane
af the strands to generate bent DNA (Figure 54B). Adenine bulges
af 1-3 nt are known to inroduce a kink of 30-707 in duplex DMNA
[23,24]. These substrates resemble mismatches by reducing the
themnodynamic stability of the helix and inducing localized
ditartion of the DNA backbone, Neither protein showed any
preference in binding these three substrates relative o DSg,
(Figure 54B). Henee under the conditions employed here, neither
YheW nor Ohf appear to favor bent DNA or duplexes where
migpaired or bulged nucleotides might encourage the formation of
extrahelical bases

YbcM binds 558

Previous studies [12,13] revealed an intemction between 4 Onf
and £. coli 358 comsistent with a role atan early stage in phage
recombination. Far western blotting experiments were conducted
as in these earlier studies to determing whether an assocation with
S58B is comperved o YheN. As with & MBP-Oxf, an interaction
bhetween MBP-YheN and SSB bound to the membrane was
detected  with ant-MBP  antibodies  (Figure 34, lanes  a-o,
suggesting that contacts betwesn these proteine are presesved
and are therefore functionally relevant. In fact, YheN vielded a
stronger signal than Orf [13] indicating that it has a higher affinity
for 55B. No bands were detected wing MBP alone to probe
membrane-bound S5B protein showing that Yhe & necesary o
detect binding to S5B. The association with 5B was further
validated using a purified GST-YheN fision in far western blos
probed with antibodies specific for the GST g, The resuls
mirrored these obtained with the MBP-tagged YheN protein
(Figure 34, lanes d-f).

A GST-YheN interaction with 5B, similar to a positive control
containing GST capured on the plate, was also detected in oan
emyme-linked immumosorbent assay ([Figure 3B). GST-Onf failed
to produce a signal suggesting that some of the S8B epitopes
normally recognized by Orf may be occluded by the manner of
S5B attachment to the surface of the plate. Addition of a 51-nt
aalINA at the outset or upon additon of GST-Orf or GST-Yhe N
did not significantly alter the resulis obtained [data not shown). In
addition, YheN-85B complex formation was probed using the
yeast twiehybrid system, A dear nteraction was detected betwesn
Yhe and S5B (Figure 3E). 4 Oof and £. cali 858 ako associated
in equivalent assays but much less strongly [13].

The Cterminus of 55B is reguired for YbeN binding

Ten residues at the carboy-termimus of £, coli S5B (168
PMDFDIMMPF-177) comprie a negatively-charged tal that
functions as an assembly point for multple proteine involved in
DMNA replication, recombination and repair [25]. 4 Ovf has
previously been shown to bind S5B in far western assays in the
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Table 1. MBP-YbcN and MBP-Orf mutant dissociation constants.
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a dimer. Standard deviations of the duplicsbe data sets are shown
dot 10137 joumal pone 0102 454 1001

presenee ar aleence of this C-erminal megion [13]. Similar
experiments were carried out with MBP-YheMN wing 55B113,
which carfies a single amino ackd substitution in this region
(P1765) and is known to confer a temperature-sensitive phenotype
[26], and S5BACI0, which lacks the last 10 residues entirely.
Although 55B1 13 and S5BACIO proteins tramsferred less well o
the membmne than wt 558 (Fgure 30, row i, lanes a-i), it does
appear that the MEP-YheN interaction with the 55B C-terminal
muiants is reduced relatve o the wi, especially with 55B1 13

protein 55, 6B,
Yool 4602 2751 161932
Ouf wt 2N T26 173209
[0 272204 MHA+182
LS s22+07 5164
WEDA SERE =247 8 GG 4182
A10O3E - -

W1 06SE EX+124 Ei+=752
WIATA H28x9499 519

Fluorescence anisotropy assvys wene performed in 100 mM Tris O pH 7.0 with 10 nbd fluonesasin-sbe bed DNA. The appament Ko ind) was caloulsted for the protein as

(Figure 3, row 1 lanes a-i). Residual binding could potentially be
due to tmees of wt 558 in the S5B113 and 55BACI0 samples as
both mutant proteins were, by necesity, purified from strains
carrying an intact ssh gene.

The poegible mduced assodation between YhelN and the two
mutant 358 pmoten: was imvestigated further using the ereyme-
linked immumosnibent assay with 558 bound to the plate and ant-
GET antbody used o detect any interaction with GST-YheN
(Figure 3. In this assay, no binding between YheN and

A SSB sse ©C SSB SSBACD SSB113
— ] | ] 1
- ——— e | —— e = .
oo osTorben | ——— [ - |
i
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Figure 3. YbeMN binding to 55B. (A) Interaction of YboM with 558 in far western assays. 558 protein (0.5, 1.9, 3.8 pgl ssparated on 15% SD5-PAGE
was blotted and probed with 20 pg MBEP-YbaN (lames a-c) or GST-YboN (lanes d-fl. Interactions were detected with antibodies specific for either the
MEFP or GS5T domainz [B) Interaction of G5T-Ybo with 558 as detected by ELISA. 55E (0.5 pg) bound to Immulon-1 microtitre plates was exposed
ather to GST-YboN, GST-Onf or GST proteins (0.0195-10 pg). Positive interactions were detected by addition of anti-GST antibody-HRP conjugate.
Data are the mean and standard deviation of four ind ependent experimenits. (C) Ybod binding to 55BAC10 and 556113 proteins in far westem assays.
@5, 1.9, 3.8 pg 558 flanes a<) S5BAC10 (lanes d-fi and 556113 (lanes g-i) separated on 15% SD5PAGE were blotted and probed with 20 pg MEP-
YhoM. Interactions were detected with antibodies spedific for MBP frow ). Row ii shows the effidency of 558, S5BAC10 and 556113 transfer anto
blotted membranes a5 revealsd by staining with amido blade Panel i lanes a-) i reproduced from (A) to fadlitate comparisons with MEP-YbcN
binding towild-type S5E. (D) Interaction of GST-¥boh with 558, S5BAC10, 556113 and S5BA115-144 a5 detected by BLISA. 558 wild-type and mutant
proteins (5 pgl bound to microtitre plates were exposed to G5T-YbaM (0078-2.5 pg) and probed as in (B). Data are the mean and standard deviation
of two independent experimenis. (E) Yeast two-hybrid analsis of YboN interactions with 558 and S5BAC10. Experiments were performed wsing
constructs fused to the GAL4 DNA-binding or activating domains. The f-galactosidase activities were the mean and standard deviation of three
independent experiments. The wertical bars represent the i-galac tosidase activity (diller units) and values for Ybdi-55BAC10 are given for pGBEKT?-53
and pGADT?-T constructs in both orientations

dol: 10,1371 Journalpone 0702454.9003
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SSBACID or 55B1 13 was detected, whereas an interaction was
mwadily observed with wi 55B. Another 558 deletion mutant,
AlLS-144 [27], behaved like wit S5B, suggesting that this portion
of 358 & dispersable for YheN-55B hinding (Figure 313, Ani-
S5B antibodies were wed o confirm that wi 558, H}leH
S5BACIO and 55BAL L5144 proteing all bound similady well o
the microtiter plate (data not shown). In addition, yeast twe-hyhiid
amalysis with the S5BACIHD mutant showed a sgnificant reduction
in hinding to YheN (Figure 3E). Taken together, the results are
comsistent with the last 10 residues of 558 being necesary for a
stable YhelN interaction. This contrasts with experiments showing
that 4 Onf retains the capacity to associate with 35BAC1I0 and
S5B113 mutants [13]

Secondary and quaternary structure of MBEP-YbcN

CL spectroscopy was used o provide information on the
secondary amcture and folding of MEP-YheN and GST-YheN
proteins, MBP-YbeN viedded a typical spectrum for a globular
protein and appears to be folded correctly (Figure 55A) The
predicted proportion of helices, sheet, turn and coil are similar o
those observed with MBP-Chf, in keeping with a simiar overall
fald (Table 5Z). In contrast, GST-YheW appears rather more
disordered (Figure 55A) and secondary structure predictions do
not differ significantly fiom GST protein alone (Table 53).
However, the protein does appear to be functional in binding o
S5B -"I'lguw 3 and sl NA (Figuwe 554, lanes j-).

Size exclusion chramategraphy was emploved to investigate the
aligomeric state of MBP-YheM and GST-YbeN protein, MEBEP-
YhelN duted with a mlative molecular mass of 113 kDa in
agreement with the 120 kDa predicted for a homodimer (Figure
S5B). The dimeric species is relatively stable and can be detected
asan ~170 kDa species in SDS-polyacrylamide gels (Figure 558).
Hence both YheM and 4 Onf [13] exist as a homodimer in
solation. Gel flration analysis of GET-YheN, however, identified
three major peaks that could coreespond o tetramer, octamer and
a larger muliimeric species Figum 558). Stable tetrameric species
af 140-150 kDa (a monomer of GET-Yhel is expected to yield a
445 kDa protein] wem observed in 5105 polvacrylamide gels
Figure 558 Sinee GST & known o dimerize [28], higher
molecular mass eompleses consiting of dimer-dimer combinations
are not unexpecied.

MEP-Orf substitution mutants flanking the central cavity

A mumber of site-directed mutants were constructed in 4 Ot o
help identfy residues eritical for interaction with =DNA
(Figure 4], Alanine substitution mutants were introduced in an
aromatie residue projecting into the central cavity (W30A), as well
as two nearby polar residues at the channel entrance (M54,
KABA|. These resicies match several that are conserved within the
Ont famnily (Figure 1B and Figure 52). More radical glhitamic acid
substinations (RI103E, VI0GE) were genermted further from the
cavity entrance that mu]d alsn potentially participate in stabilzing
contacts with DNA Figure 4], The latter two nutations were ako
chosen as they lie in a motif (102 SKEMRVGE-108) that resembles
a region at the subunitsubunit interface in the £ coll RecA
filament (25 SIMRLGE-31) [29,30] and could potentially mimic a
BecA manomer to mucleate polymerization as a recombination
mediator. A related motif has been identified in BROAZ that
promotez amenbly of Rad5l, the human BecA ortholog, at
wDNA gaps [2951) An additional alanine sulstintion was
intraduced in the C-terminal helis (W137A) as it was anticipated
that it would behave similarly o nutants obtained previousy in
this region [13], which are known toimpair DNA binding to linear
wDNA and dal)NA. All mutant proteing were purified as fisions
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Figure 4. Size-exclusion chromatography of MBP-OFf mutant
protelns. Proteins (1 ma/ml) were applisd to a 24 ml Superose 12 HR
1030 column. In each pand, the cnystal structure of Orf protein shows
the location of the relevant substitution mutant. Chain A ks colored cyan
and Chain B, lilac; the projecting C-terminal hedix ks absent from the
latter. Predicted malecular welghts for MBP-Orf are 596 kDa jmonomer)
amd 1192 kDa (dimer). Oligomeric states are depicted with a dircle
representing a single subunit and placed adjacent to the comesponding
peak Boiled &) and unbaoiled () samples of each purified protein were
separated on 12.5% SO5-PAGE and stained with Coomassie blue.
dok1001371/journ alpone01024 54,004

with malteee binding proten to improve (it solubility, simplify
the recovery of milligram quantities of pure protein and faciitate
far-western aszy: for protein-pmotein interactions

Quaternary and secondary structure of MBP-Orf mutants
and effect on 55B binding

To confirm that the six mutations did not sulstantally affect
dimerzation or flding, sie exclusion chromatography, static light
seattering experiments and circular dichroism (CD) specroscopy
were performed. The quaternary structure of each muatant was
assessed by size exchsion chromatography. The results reveal that
the mutant proteing tend to elute a3 a single major peak of 123
127 kl¥a (Figure 4} in keeping with the 120 kla predicted for an
MBP-Cnt homodimer, Dimeric species of 135140 kDa resistant
to denatration were alao olserved on SDS-PAGE when purified
samples were separated in the absence of a reducng agent and
without boding (Figure 4). The (454 muant showed an
additonal peak in gel filkmton that corresponded o the size of
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a monomer (Figure 4A) that may indicate that thiz residue
normally contributes o dimerzation, although this may not be a
direet effect since it is located far from the subunit nerface. Gel
filtration analysis on VIOGE revealed two major peaks with the
larger species consstent with formaton of a pair of Of dimers
(Figure 4E). However, when samples were reexamined at pH 7,
mstead of pH B, a dngle dimeric peak at 125 kDa was observed at
both 0.5 mg/ml or 1 mgdml protein (data not shown) Thus
elecirosiatic interactions may be mportant in the formation of
multimeric complexes in this mutant.

Each of the mutants was abko examined by static light scattering,
which determines the partice size in solution and provides an
estimate of the oligomeric stams of a protein sample. MBP-Orf
viekled a 6.1 nm partide radus and similar sizes of 5.2-5.9 nm
were obained with (CH53A, K48A, WH0A, RI0SE and WI3TA
(Figure 54 and Table 53 These correspond to an average
molecular mass of 188 kIDa, about 1.6 tmes that of an MBP-Oxt
dimer, although estimates are based on the asumption that a
particle is spherical. The smallest dimersion of 5.2 nm was
obtained with E103E potentally indicating some conformational
change affecting particle shape (Table 53} The VIOGE mutant
differed from the other mutans (Figure 3A) in producing a large
particle size with a mdius of 114.9 nm (Table 53], It alio showed a
high percentage polydepersity of 558% sugpetive of protein
aggregation. Under these conditions, MBF abo produced an
apparent multimer of 179 nm (Table 83, which is in accord with
previows gel filration data indicating it exists as a large protein
complex [15].

The mutant MBP-Oxf protein: were also studied by CD
spectrosopy 1o ases secondary structure and folding propertes.
All six mutants appear t© be folded correctly (Figure 5B) and
soondary structure predictions suggest that the R103E, VIOGE
and WI3TA do not difler significandy from wi MBP-Chef {Table
52). 'The three mutant clustered around the central channel on «2
of the Ot dimer, 454, K48A and WHDA, do however show
differences in the proportion of predicted a-helix, f<heet and mm
(Tahle 52). K4BA showed the mest dissimilar CD spectrum in the
UV region (Figure 5B) with a significantly increased perceni-
age of a-helix and a corresponding decrease in both fheet and
nin (Table 52). Hence, although these three proweins are folded
and dimerize normally, the alanine substinotions may affect the
local conformation of 22 and adjacent secondary structures,

Taken togeiher the data do not reveal any sulsiantial changes
in mutant protein folding or homodimer formation, although
subtle changes in secondary structure were observed with (454,
E48A and W3H0A. VIDGE has a propensity to form multimers as
noted in gel filration and static light scattering experiments. In the
case of the latter mutant it 8 posmible that the presence of an
additonal negative charge on the surface encoumges protein-
protein interactions between O dimers that am generally
poaitively charged over their protein surface.

Far-western blotting experiments were performed to determing
whether any of the Orf mutants affected the assocation with £
colt 558, None of the mutants showed any reduction in nteraction
with 558 (Figure 56), suggesting that contacts between the two
proteins must be Jocated elsewhere.

Effect of MBP-Orf mutations on DNA binding

The impact of the six MBP-Cuf sulstingion mutans (Fig-
ure 6A) on s=DNA and bubble DNA binding was examined in
dlectropharetic mobility shift and fluorescence anisotropy asays.
Binding to a 50 nt radiolabeled linear ssDDNA was examined first
(Figure 6B) in the absence of metal ions. MBP-Orf wit forms a
gingle major complex with the :alDDNA (Fgure 6B, lanes a-b), with
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Figure 5. CD spectra and 5L5 analysis of MBP-Orf mutant
protelns. (A) 515 anahsks of sdected MBP-Off mutant proteins.
Protens at 0.2 mg/mil in 100 mM Tris-Hd pH7 at 25°C were analyzed in
a Zetasizer pV. [B) (D analysis of MBP-Orf mutant proteins. (D spectra
(180-260 nm) were obtained for MBP-Orf proteins in ultrapure water at
20°C and anahsks performed wdng CDSSTR, Continll and Selcon3
programs from the (DPro suite [54].
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smearing conssient with an unstable nteraction with the substrae
as noted previowly [13]. The (B34 mutant showed a minor
defect in binding as evidenced by the inereased presence of
unbound substeate (Figure 6B, lane d relative to the wt. WIETA
also showed a slight reduction in sIDNA binding, similar tw that
seen with a WI41F mutant [13] and consistent with the 25 helix
contributing o DNA binding stability. Maore severe defects in
3alINA binding were evident with k48A and VI106E, while W50A
bound only weakly (Figure 6B, No DNA binding was detected
with the KI103E mutant {Figure 68, lanes j-k|.

el shift experiments were also performed on dsDIN A (DS,
and 20 nt bubble BBy, substrats (Figure 6C). The resuls
generally mirrored those with 55, (Figure 6B, although they
highlig hted more severe DNA binding defects with several of the
mutants, While wt MBP-Onf binds relatively poorly 1o DS,
(Figure 60, lane bj, K48A, W50A, R103E and VIGE displayed
litle or no association with this substrate (Figure 60, lanes d-g).
Similarly poor binding was observed with the bubble IMNNA,
although K48A did bind a small proportion of BBzs but only as a
much faster-migrating complex (Figure 6C, lane 1. (M45A and
WIETA showed les extreme defects on DiSg, (Figure 60, lanes ¢
and hj. However, the stability of complexes detected on BBy, was
reduced alighty with WI3TA Figume 60, lane p) and significantdy
with (454 (Figure 6C, lane k) compared to the wi. Interestingly,
(M5A showed an inability o form the two clsely-migrating
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Figure 6. DNA binding by MBP-Orf mutant proteins. (A) Gystal structure of Orf protein (1PC5) highlighting the location of site-directed
mutations Chain A Is colored cyan and ChdnB lilac. The projecting C-terminal helix is absent from the latter. (B) MBP-Orf mutant binding to sDNA.
Gel mobility shift assay contained 03 nM **Plabelied ssDNA (550) and proten at 150 and 500 nM as indicated. Samples were separated on 4%
polyacrylamide gel de:tmphotesls and visualized by autoradiography. (€) MBP-Orf mutant binding to double-stranded and bubble DNA. The gel
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labeled ssDNA (D) and BB,, DNA (E) as determined by fluorescence anisotropy. Binding isotherms are colored as in (Al Data are the mean and

standard deviation of two Independent expeniments
dok:10.1371 joumnalpone 0102454.g006

complexes seen with the wt and WI37A on BBy, (Figure 6C,
compare lanes j, k and p).

Fluorescence anisotropy was again wed to give quantitative
information on binding to S8s; and BBz sulstrates. Binding
Botherms  are presented (Figure 6D-E) alongside disociation
corstants derived from the data (Table 1), The results match well
those obtained in gel shift assays (Figure 6C) with gradually
decreasing DNA binding activity in the order wi, Q45A, WI37A,
K48A, VIOGE, W50A and RIO3E However, differences were
noted within and between the two substrates that were particularly
evident in the estimated Ky, for each mutant protein (Table 1). In
all cases, Q45A showed only a slight defect in DNA binding
relative to wt. Similarly, RIO3E was the most severely deficient in
DNA binding, followed by W50A, The remaining three mutants
vaned in order depending on the substrate. VIOGE bound better
than K48A and WI37A 0 S8s, whereas WI37A bound more
tighdy than VIOGE and K48A to BBy, (Table 1). W50A ako
showed a preference for binding to BBy over SSg,. The observed
anisotropy grachaally decreased in the VIOSE mutant at concen-
trations above 4 uM with both §85, and BB,y (Figure 6D-E). This
could be due 10 a contaminant nudease destroying the substrate,
but it is more likely that VIOGE aggregates as the amount of
protein increases resulting in a reduction in protein available for
DNA binding. This conclusion fits with the data in Figures 4E and
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5A showing that VIOGE has a tendency 1o form higher molecular
mass complexes.

Discussion

Phage 4 Orf substitutes for the £. coli RecFOR proteins in
genetic exchange reactions, passibly by directing assembly of
either bacterial RecA or phage f recombinases onto ssDNA
coated with SSB [B,11]. Corsistent with this role, punfied Orf
interacts with both £. coli SSB and ssDNA substrates [12,13]. In
this study we identified a family of Orf recombinases from diverse
lambdoid phages sharing similarity in primary sequence, predicted
secondary structure and genomic context within a conseved
module located between replication and lysis genes. The
authenticity of the proposed family relationship was investigated
by studying the biochemical properties of YbeN, one of the mast
ditanty-related members of the Orf family. YbeN is encoded by
the £. coli eryptic lambdoid prophage DLPI2, is 97 % identical to
a protein from phage 82 [18] and has previously been shown to
bind preferentially to abasic sites and T:G mismatches, with the
capacity to flip mispaired bases out of the double helix [I5].
However, an involvement of YbeN in mismatch recognition does
not seemingly fit with an activity responsible for suppressing the
recombination and UV light repair deficiendies of recFOR
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mutanis. The specfic DNA binding properties of YbheN were
therefore examined in direct comparison with £ Crf.

YhelN shared with Cht a preference tor binding o short 50 or 60
it 3:DNA substrates rather than duplexes of the same length and
sequence, However, YhelN bound much les well o sslDNA than
(et i the absence of metal ions, whereas their binding profiles
wee more similar in the presence of I!'-'Ig34 iona (eonditions more
deosely resembling these found in the celll, No difference in
binding was detected between a fully complementary daDNA and
one containing a single T2G or GiG mimach with Yhe protein,
although Orf did show a slight preference for the TG mispair.
YhelN showed o improved hinding o related  substrates
comiaining a bubble of 5, 13 or 20 nt in gel shift assays, although
a dight preference for 20 m bubble DNA was evident in
fluorescence anisotropy assays, In contrast, Ovf bound much
more tightly to these bubble DMNA structures in keeping with it
ability to load on sDNAL It is possible that YbeN has a larger
footprint than Ot and therefore requires a longer streich of
#DNA 0 amemble in a sable complex. Alternatively, it may be
that a free end iz mecessary for loading of YheN, and that the
flanking duplexss in these bubble subtstrates prevented assembly.
The DNA binding propenties of YhelN, and the olservation that it
forma homodimers, are in accord with a meombinase that is
homologous o 4 Ohf and are consistent with a role at the early
stages of recombimation, hinding to ssDINA exposed by phage
exonuclkase or targeting replication forks or bubbles in the
template.

A high-throughput sereen of K. colt protein-protein interactions
had previously indicated an association between YhelN and 558
[52]. Far western blotting, ELISA and yeast two-hybrid experi-
ments confirmed thie interaction, with YbeN showing a higher
binding affinity for it bacterial parmer than (hf, These resulis
confirm that a distantdy-related Oef Gmily member has the
capacity to bind bacterial 358 and supports the notion that they
form a conserved, functional complex. Multiple members of the
meplication, recombination and repair apparatus have been shown
to target the negatively-charged C-erminus of 558 [25],
presimably to promote delivery at sites requiring their action.
Previous studies had revealed that the terminal 10 residues of 558
were dispenzable for 4 Ovf binding [13]. In contrast, YheN showed
ggnificanty reduced binding o 558 mutant proteing heking this
region (A0} or carying an 55B1 13 mutation, konown to disrap
mteractions with parmer proteing [35,34]. Some residual binding
of YhelN 1o 558 was detected by far western blotting and yeast
tworhybrid assays, suggesiing there may be other portions of the
flexible C-terminus of S5B (residues 113-177) or elsewhere that are
more mmportant for the Crf-558 assodation. It may be that the
wegion on 358 argeted by Orf contributes to remodeling of the
S5E-alINA camplex that allows oading of recombinase anto the
exposed ssDDNAC Tt B noteworthy that while both YheN and Ot
nteract apecifically with £ calt 858, they appear w do s by
meognizing disparate features on their bacterial parmer,

Although there ame differences in YbheN and Orf hinding o
DNA, their preference for single-stranded DINA does suppart the
prediction  that they beong to a comerved family with a
comparable role in genetic recombination. It & difficult 1w
mweoncile any specificity for abasic sitves and mimatches [15] with
an activity that suppresses defects assocated with mutation of the
reck, recl) or vecH genes, unless the Orf domain has been co-opted
o generate a base-fipping emeyme in YhelN. Neither Oxf nor
YhelN share any homalogy with enzymes that mightincise INNA at
a mismaich je.g. a DNA ghveosylase or apurinic fapyrimidinic
endonuclease) or to modify any flipped owt bases (eg. a
methylransferase). Maoreover, under the assay conditions wed
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here, no specificity for GoG or TH0 mismatches was detected with
YhelN protein. One possibility is that (et and YhelN can in certain
circumstanees capture and stahilze exposed DINA bases as part of
their normal function b recognizng =sDNA for asssmbly of
parmer recombinases. Such an actvity may ersure that a sufficient
amount of sDNA s released from 55B-sDNA complexes o
permit micleation of a parmer recombinase. RecCOR are known to
aceelerate muckation of BeeA on 535B-coated saDDNA, apparently
by trapping tramsient states where an 558 wetramer dides or
urmwraps from the IINA strand [35]. Recognition of 358 by YheN
and Orf, as with Rec() [36,37], would allow targeting of
appropriate :31DNA substrates even if the protein-protein interac-
ticns do not divectly contribute o 558 dissocation [36].

The prophage encoded YheMN could contribute directdy to
homaologoes recombination reactions in £, coll, although exper-
iments with rusA [18], which lies downstream of yhe in DILF12,
suggest that insertion mutations that supply an active promaoter
upstream of this operon are needed for adequate gene expresion
at this locws, However, the presnce of homology with other
lambdoid phages in this megion dos mean thatybe N can serve as a
repository of altlernative phage genetic material that can be picked
up by incoming phage, thus contibuting to the ongoing ssolition
of mosaic genomes [38]. The presence of homaologs of the
defective prophage DIF12 yheN gene in functional phage
genomes, including B2 and §80, suggests that it does specify an
active (hklike protein.

The ematal structure of Ot [12] suggested two possible saDNA
hinding modes, either negotiating the narrow (8 A} central channel
or bound within a shallow groove mnning perpendicular o this
cavity. Binding to a gapped duplex substrate, and the bubble INNA
substmates wed in this study, implied that the laner interaction was
the genuine one [13]. However, the experiments did not ecdude
the pessibility that the dimeric ring opens to permit salPNA access.
Electrestatic potential caleulations performed on the Orl crysial
structure support this possibility as the interior of the toroid is
highly pasitively charged [12]. Furthermore, several of the most
highly conserved residues in the Chef family ine the walls of this
cavity. The dentification of a new DNA binding fold in the -
terminal portion of the O structure also fits with this idea. This
domain, termed BAGNYA [14], comprises two 2-helices (21 from
each monomer in Orf] and oo fsrands (§1 and §2 from each
et subumit) with the predicted DNA binding surface acmws the
face of the sheet region and within the centeal caviry, It may be
that additional contacts invalve the C-terminal helix, which
protrudes from either side of the dimerie ring (Figure 4) and has
previousy been shown to participate in DNA hinding [13].

Mutants in (' at several comserved sites within or at the
entmnce o the central channel, alongside a substitution in the C-
terminal helix, were stadied o help clariy their contribution
sDNA recognition. The W30A mutant protemn exhibited a
sgmificant defict n DNA  binding providing the first dear
evidence that the central cavity is important for sabilizing
contacts with :DNA. Trpd0 projects from both sides into the
space within the dimer imerior and coukd asabilize binding o
nucleotide bases as they enter the channel. Lys48 is located nearby
on the cavity rim and a K48A mutation also conferred a ggnificant
defect in DNA binding. 'This residue may make contact with a-
helix 5 and either directly or indirecdy affect sDNA that may
travers the groove between thi heix and the main bady of the
dimer, potentially allowing ssIDNA o wrap around the toroid.
Surprizingly, the (M3A mutant dieplayed only a minor defect in
DNA binding activity compared to the wt, despite being highly
conserved among the Orf family, It may play a more subtle role as
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the formation of protein DNA complexes in gel shift asays showed
s variation from the wi on both bubble and dslYNA structares,

Mutation of Trpl37 to alanine resulied in a modest reduction in
DMNA hinding, comparable to other substitution mutants in the O
Crterminal helic (R1324, RI40A and WI41F [13]. This entire
helee & flexible and could adopt a vanety of comformations o
damp onto DNA or assodate with the RAGNYA domain as
suggested previoudy [13]. The two remaining mutants, RIS0E
and VIDGE, are located close to the cavity entrance. VIDGE
showed a significant defect in DNA binding, while RI03E was
completely defective in binding any of the IDNNA sulstrates tested.
The VIDGE mutant had a tendency o aggregate and thus it may
@rve in a structural role, stabilizing intrasubunit ineractions
between helices 22 and a3, Additon of a negatvely-charged
mwaklue dose to the rim of the channel could also dsrupt
electrostatic interactions between Onf and the DNA - backbone.
The RI03E mutant could behave in a similar fashion as it lies at
each end of the central channel and could be eritical for stabil Eing
contacts with ssldINAL Argl03 in one of the O monomers forms a
salt bridge with both Aspfifl and Glu70 from the other subunit,
however, the R103E mutant does appear to fold and dimerize
normally suggesting that it does not significantdy dsrapt the dimer
nterface. If the Oof protein can open a3 a damp, the KIOZE
substitution could potentially affect opening and closing of the ring
preventing iz asociation with INA Argl03 and Vall06 Lie ina
short motl that resembles part of the subunit nterface in RecA
[29,30] and this region protrudes on both sides of the Orf caviry,
ideally situated to aid nucleation of KeeA onto ssDNA. However,
as yet, we have been unable to confirm a physical nteraction
between Orf and RecA

The asmembly of Chrfon sDINA m wee could faciitate loading
of either the bacterial RecA strand exchange protein or phage f
strand annealing protein w stimulate recombination [1]. Assuming
that Ohf behaves similarly to reck, recfd and recK, the genes it
substitutes for o owooe [B11], it could help nucleate RecA at
replication forks, D -loops (similar to bubhle structures) or at gaps
rsected n duplex DNA. Thi scenario would be analogows o
bacteriophage T4, whereby the UssY mediator promotes assem-
bly of the UssX mcombinase 3 RecA homaolog) onto sDNA,
overcoming the block presented by the phage Gp32 sDNA
hinding protein [3]. RecFOR are known o help BecA filaments
asemble at sDNA-s:sDNA junctions [40-47], destabilizng 55B-
#DNA complexes that normally prevent access o the template
[35]. The fact that RecFOR promote BecA filament asembly at
gape with either DINA or ENA at the 5° terminus suggests that the
salled replication fork may well be a target for their mediator
function [43]. Facilitated loading of RecA in this contexi could
sancton kesion bypas and replication restart downstream of the
block, Resoration pathways that depend on fork regression have
been suggested [44,45] and there & evidence that RecFOR play an
mmpartant role [46] that can fundion independenty of RuvAB-
mediated Holliday junction processing [47]. IF Oef eould stinmkate
a similar recovery pathway, even by simply safeguarding the fork,
thiz might explam why it can also partially substitute for the
activities of KaivABC in Halliday junction branch migration and
resalution [11].

Ot suppresses the recombination and DNA repair defects of
recF (R mutant: even in the absence of Redxf [8,11]. However,
recent experiments examining recombmational exchanges be-
tween partially homaologous pantners on phages and prophages,
suggest that Ot b required primarily for exchanges promoted by
the Ked ayatem rather than by FecA [38]. h is posible that
BecFOR normally prevail over il in mediating the loading of
BecA onto ssDINA bound by 558, whereas the bacterial activities
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are less active in gituations involving the Ked sywtem je.g. at DINA
ends). Depending on the context and availability of recombination
ereEymes, it may be that Orf aids nudeation of either phage Fedf
or bacterial RecA o promote recombinational exchange. Both
RecA (strand imvasion) and Red jannealing) pathways [48] can
pramote the recovery of viable phage genomes, although the later
may lead to maore rearrangements at sites of limited sequence
homalogy, thos festering phage genetic diversity and maosaiciam
[38].

Materials and Methods

Sequence analysis

Proteivg related to Ot were identified wing the TBLASTN and
PSI-BLAST algorithms [49] an the non-redundant database at the
Mational Center for Biotechnology Information (NIH, Bethesda,
MDY, An indusion threshold of 0005 was applied in iterative
searches o resrict these matches selected in the position-specific
weight marrix (PSSM]. Sequences were aligned wing Clustal W
with a Gap Creation Penalty of 10 and Gap Extension Penalty of 1
[#0]. Phylogenetic relationships were estimated by the neighbar-
hood-joning method incomporated within the PAUP package [51].
The Jnet protein structure prediction ool an the Jpred server was
used to estimate secondary structure features of £, cobl DLPI2
YheW and & aurens §ETA Orf20 [5Z). The I-‘h].-'mi protein fold
recognition server i an improved version of SD-PSSM 53],

MEP and GST fusion constructs

The orf-like gene (orff 51 or yheN) from K. coli prophage
DLP12 [18] was amplified from AB115T genomic DNA wing Pk
DMNA polymerase and oligonudeotides 3 -CGGAGGGAANTTT-
CATGAACCTOTCAC-S and AGADGATT TN
GATCCCTGTAGATGTG-5, The PCR product was digested
with EcoRl and BamHI [underlined) and insemed into pMALC? 0
give pLBIOL. This comtruct expreses £ coli MBP (maluse
binding protein] fused to the N-wrminus of YheMN, An N-terminal
GET  (glhathione  S-ransferase) fusion was constrocted by
transferring the imsert from pLEBLDL, using EcoRl and Sall sites,
into pGEX-AP-1 (GE Healtheare] to generate plBI0E [(GST-
YhelV).

The QuickChange Stratagene] site<directed mutageness meth-
o was used to generate (45 A (pFC25E), K4BA (pFC26Z), WHIA
(pPC25Y9), RI0ZE (pFCZ65), VIOGE (pFO267) and WI3TA
(pEHI0T} muant derivatives in pMALe2, The integrity of all
cloned genes was confirmed by DN A sequencing.

Proteins

GST, GST-Onf, MEF, MEP-Onf, S5B, 558113 and S5BAC10
proteing were ]:-ul'iﬁcd as described [13]. Purified S5BALLS-144
protein [27] was kindly provided by Robert Lloyd, University of
MNaottingham. MBP-YheN was purified from 1 1 of DMHS2 or BLZ1
{DE3) Rosetta carrying pLEL0] grown i LB broth supplemenied
with 10 mM ghicose and ampicillin at 150 pg/ml and 37 pg/ml
chloramphenicol as required.  Expression was  induced  with
0.5 mM IFTG when the eulture reached an Ag,, of 0.5 and
incubation continued for 3 hours at 3770 Harvested cells were
resuspended b columm bulfer (20 mM Trs-HCI pH7.4, 200 mM
NaCll, | mM EDTA| and lysed by sonication. The deared hsate
was applied to a 4 ml amylose column (New England Biolabs) in
column buffer and bound proteins eued in the presence of
10 mM maltose, Fractions containing MBP-YheN were collected
and dialyzed in 20 mM Tris- HCl pH 8.0, | mM EDTA, 0.5 mM
DT, 200 mM KO, 50% (v/v) ghyeeral. Aliquots were stared at -
BO°C and a total of 70 mg of highly pure MBP-YheM was
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meovered at a concentration of 17.5 mg/ml Additonal stocks of
MEP-YheN were punfied by both amylose and heparin agarose
chromatogmphy, with the majority of protein eluting from the
latter matrix at 0.45 M NaCl

FET-YheN was purified from 6 1 of BL21 Codon Plos cells
carrying pLBI0E Cells were grown at 25°C n LB broth
containing ampicillin at 150 pg/ml and  proten  expression
mduced as before. Harvested ool were resuspended in PBS
(140 mM MNa(l, 2.7 mM KOCI1, 10 mM Na HPCGh, 1B mb
KH;PCy pH 7.5 and lysed ina cell dismptor at 15-25 psi. The
supernatant wa: applied o0 a 4 ml ghitathione sephamse 4B
onhimm -:{'}I'; Healtheare) equilibrated in the mme buffer. Fusion
protens were eluted m 50 mM Tre-HCL 10 mM educed
ghitathione pH B0 and further purified by pasage through
heparin agarcse and () sepharcse chromatography, collecting the
flow-though at each stage. A total of 32 mg GST-YheN (16.2 mg/
ml| was mecovered,

MBP-Ovt mratant proteing were puriied from 500 ml of BL21-
Al carrying the appropriate pMALcZ construct as described [13].
MEBEP-Onf (454, W30A, R103E and VI0GE were further purified
by heparin-agaros chromatography afier the amylose affiniry
purification step.

Frotein concentrations were determined in a NanoDrop 2000
(Thermo Scientfic) micro-volume spectrophotometer and by a
modified Bradiord asay (BioBRad) wsing bovine serum albumin as
a standard, amounts of Of proteing ame expressed as maoles of
dimer. Bestriction endonudeases, T4 DINA ligase, T4 palymucle-
otide kinase and Pk DNA polymerase were obtained from

Invitrogen.

DMA substrates

(Migonueleatides used in this study ame listed in Table 54, The
50 nt ssDDNA substrate (55) consisted of 0-55:,, which was
amnealed to i3 complement (o-D5g) o give a 50 bp &DNA
duplex (IM8z0). The 60 nt sDNA sulsrate (535s0) consisted of o
880, which was annealed to its complement jo-D8g,) w0 give a
fully complementary 60 bp &DNA duplex (DSg,). Centreally
located mismatch (MM) or bubble BB structures of 1, 5, 13 and
20 nt (MMgg, MMrg, BB BBz and BBsi| were made by
amnealing o-558e0 with oMM, o-MMTg, o BBs, 0-BEyz and o
BBy, respectively. Bent DNA substrates containing 1 (B7T), 2
BTy or 3 (BT's) adenine insertions were made by annealing o
S8, with o-BT,, BT and o BT, respectivdy. In gel shift
asays, 0-38 or o-58g, were labeed with [',zﬂl-"] ATP at the 5°
end uzing T4 polynuclentide kinase, Labeled DINA was separated
from unincorporated micleotide using MicroBiaSpin columns
BioRad). Annealed substrates were further purified by separation
on 10% palyacrylamide gek in 90 mM Tris-borate, 2 mM EDTA.
A G0 nt fluorescein 3 -end-labeled ssDNA eguivalent in sequence
to o585z was used in fluorescomnce anBotmpy  experiments,
alomgzide DSg, MMy and BBy substrates generated by
amnealing the fluoresccin-labeled strand to appropriate parter
olgomclkodides.

DMA binding assays

Band shifi assaya 20 pl) with 50 and 60 nc plabelled DNA
substrates were conducted in 30 mM Tris=-HCI pH 8.0, 5 mM
EDTA, | mM dithiothmital, 5% glyeeral, 100 pg/ml BSA.
Samples were incubated an ice for 15 min prior o separation
on 4% PAGE in 6.7 mM Trs-HCI pH 80, 33 mM sodium
acetate, 2 mM EDTA at 160 V. EDTA was replaced with 1 mbd
Mgll; in both binding mixtures and gels to assess protein-DNA
mteractions in the presence of Mg“ icns. Gels were dried on filter
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paper and analyzed by autoradiography and phosphorimaging.
Data were analyzed using lmageChuant and lmage] software.
DMNA-protein interactions measured by fuorescence anisotropy
utlized 3-fuorescen-labded derivatives of 550, DSs0, MMro
and BBy, in 100 mM Trs-HC] pH 7.0, Protein was titrated inio
I mlof 10 nM DNA in a 1 ml two-way quartz cuvette (10 mm
path length). Changes in anisotrapy were manitored on a modified
Cary Edipge Fluorseence Spectrophotometer (Agilent Technal-
oggies) fitted with polarizing filters with excitation at 494 nm and
ermission at 521 nm. Five replicates were taken with an averaging
time of 20 sec. Data were analyeed vsing DynaFit 3 software o
estimate the Kp for MBP-YheN, MBP-Urf wi and mutant proteins

an 55, and BBy,

Size exclusion chromatography

The apparent malecular mas of protein: was etimated using
an AKTA FPLOC system with a 24 ml Superose 12 HR 10730
column (GE Healtheare). Proteins (1 mg/ml) were applied to the
gel filration column in 20 mM Trs-HC1 pH 8.0, 1 mM EIFTA,
0.5 mM DXL, 150 mM KO at a How rate of 0.5 ml/mmn.
Maolecular mass standards (BioRad) contained  thyreglobulin
1670 kda), y-globulin (158 Ya), ovalbumin (44 kla), myoglohin
(17 kDa) and vitamin B12 (1,35 kla).

Far western blotting

Furified 558 wi and mutant proteing were sepamted on 15%
SIE-PAGE and mransferred to a FVDF membrane by electoro-
blotwing in 48 mM Tris, 3 mM glyene, L3 mM 5D5 A
prestained protein maolecular weight standard (BioRad) served as
a size marker, Blots were probed with YheMN ar Chf fised to MBF
ar G5 and interadions detected with monodonal ant-MBP or
ant-GET  antibodies and mouse g perodidase  conjugate
(Sigma). Chemiliminescence was observed by exposure to X-ray
film following treament with ECL reagens (GE Healtheare).
Appropriate contrals, either positive (appropriately tagged YhelN
or Oif bound to the membrane) or negative (omitting tagged
YheM A0t or induding purified MBP or GST), were analyzed in
parallel. Protein tansfer to membranes was monitored by staining
with 1% amido black (Sigma) in 10% acetic acid.

ELISA

558 wit and mutant proteins in PBS weme applied o a flat
baottom Immulon ZHBE microtitre plate (Thermo Scientific) and
incubated for 16 hat 37°C to allow binding. Wells were washed in
PBS containing 0.3% Tween-20 Sigma) and incubated for 1 he at
37°C in this buffer containing 5% milk powder, After washing,
GET-0nf or GST-YheN proteins were added and incubated for
I hrat 37°C, Wells were washed again prior to additon of HRP-
anti-GET antibody (Sigma) at a 11000 dilution, Tetmmethylhen
zidine (Sigma) was added and the intensity of the color reaction
measured at Agyog, in an Anthes HT1L plate reader.

Static light scattering

FProteirg at 0.2 mg/ml 50 p} o 100 mM Tre-HCl pH 7 at
2570 were amalyeed ina Zetasizer pV (Malvern Instruments Lid).
Thirteen measurements at 10 sec intervals were recorded and the
data set repeated n triplicate for each sample.

Circular dichroism (CD) spectroscopy

Froteins were dialyzed ovemight in Slide-A-Lyzer Mini Dialysis
Units (Pierce) in ultrapure water at 47C. Dialyzed samples were
centrifuged at 15 000 rpm for 30 mimites o remove any
precipitated proten. Proten concatrations were determined by
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measurement of the absorbance at 280 nm. Far-UV CL spectra
and the corresponding blanks were recorded on a Jasco J-B10
Spectropolarimeter in a | ml cuvente (0.2 em path length). Eight
accumulations mecorded at a rate of 10 nm/min, a pich of
0.5 nm, a bandwidth of | nm and a response time of 2 3, were
averaged. After subtraction of the appropriate blank, adaptive
amaothing was carried out within the Jaseo Spectra Analysis
progrm (version 150, Jaseo, Great Dunmow, UK). Smoothed
data in the range 185240 nm were analyzed for protein
seoondary structure using the CDSSTER, SELCONG, and CON-
TIN/LL programs in the CDPro package [54] with the SP37
reference set of soluble proteine [35]. Secondary structure content
of known corystal sructures was determined by DSSP [56] and
accemed though the segquence retrieval system (SRS) at the
European Bionformatics Institute (hitpe/ fsraehiac k)

Supporting Information

Fignre 81 FPhylogram of representative Ot family proteins, The
tree was obtained by the neighborhoosd joining method wing
Strphwococcus aurens phage 187 and Lisenag ierocua sequences
lin1258 and linl 740 sequences as the outgroup. 5. &phimuninm
phage STHT and E. cali (V157 HT phage 933W were exduded
from the phylogenetic tree becamse they carry incomplete orf
genes, Only branches with significant values =70%) are shown.
Abbreviatiors are: £eo, £, colty Sw, Shigella sonne; Plu,
Photorhabdus luwanescens; Sen, Sabnonella entenica; By, Borde-
telln  Bronchiseptica; Nar, Novosplingobium  aromaficivornoms;
Mma, Magneapmilum magnefofachicur,  Psy, Psendomonas
aringae; UPEC, Uropathogenic £, coll;, Sty, Salmonela entenica
serovar Typhimurium; 57, Shigella flooen; Ve, Yersinia pesis;
Ahy, Aevomonas hydraphala; Hin, Haemophihys mfluenzae; Aac,
Actinobaoillns actinomy eteme omatans; Ngo, Nessena gonorrhoeae
B, Burkholderia veinamensis; Iin, Lideria mnocna; Sau,
Strphwococcus aurens. Four groups of dosely-rdated homologs
are highlighted in color. The true phylogeny is difficult to ascertain
due to the likdihood of gene transfer between phage genomes. Full
designations of sources are given in Tahle 51,

(TTFF)

Figure 82 Stuctural similarity between 4 Onf, DLP1IZ YheN
and $ETA 20 proteins. Srucmral models of £ coli DLP1Z
YhelN (residues 16-147), belonging to the PRRO9741 domain, and
5. aurens $ETA Orf20 (residues 26-130), a member of the
DUFGE domain, were based on the & Orf erystal structure (1POG)
sing I-"I'q.-'mi. Cmly subunit A is shown, with the RAGNYA
domain lored in yellow, Conserved and potential functionally-
equivalent residues located close to the centml channel of the
dimer are highlighted.

(TTFF)

Figore 83 YhelN binding to single-stranded and bubble INNA.
Comparison of MBP-YheN binding to 10 nM fluorescein-labeled
85, and BBy as determined by fluorescence anisotropy. Data are
the mean and standard deviation of two independent experimenits.
(TTFF)

Fignre 84 YhelN and Chf binding to mismatch and bent INNAL
A} Comparizon of MBP-YheN and MEBEP-Chf hinding to 10 oM
fuorescein-labeled MMeo and MMrg DNA as determined by
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flugrescence  anisotropy. Data are the mean and  standard
deviation of two independent experiments, [B] Comparison of
MBP-YhelW and MBP-Orf hinding to bent DNA. Gel maobility
shift asays contained 125 nM MBF-Onf’ (03] or MEP-YheN (Y]
proteing, 5 mM EINTA and 0.15 nM af **Poabelled 60 nt 550
aldNA (lanes a<), 60 bp D8, dsDNA Janes d4), 1 m (BT
imsertion (lanes g-i, 2 nt (B2} insertion Janes 1) and 3 ni (BT5)
inserton (lanes m-o}.

[TIFF)

Figure 85 Amalysis of DLPIZ MBF-Yhel and GST-Yhel
proteins, (A] C1y analysis of YheN proteins and binding to ssldNA
CIy spectra (180-260 nm) were obtained for MBF, GST, MBP-
Yhel and GST-YheN proteins in ulimpure water at 20°C, Gel
shift asavs contained 003 nhd 2p_ahelled sDNA (880, 5 mM
EIFTA and 62.5, 125 and 250 nM MBP-Chf (lanes bed) and 250,
00 and 1000 oM MEP-YbeN (lanes £-h) and CST-YheN lanes F
1. (B} Ske-wxdusion chromatography of DILFI2 YheN, MBEP-
YhelW and GST-YheN proteins (1 mg/ml) were applied to a 24 ml
Supercse GHRE 10730 colomn in 20 mM Tris-HCl pHE, 1 mM
EDFTA, 0.5 mM DTT, 250 mM KCL The predicted molecular
weights for each protein monomer are 60.4 kDa for MEP-YhelN
and 44.6 kDa for GST-Yhe N, Oligomeric states are depicted with
a circle representing a single subunit and placed adjacent w the
corresponding peak. Boiled (4] and unboiled ) samples of each
purified protein were separated on 12.5% SD 5 PAGE and stained
with Coomasie blue,

{ T1FF)

Figure 86 MBP-Ohf mutant proiein binding o 358 in far
weatern asmaya, S5B protein (3 pg) separated on 15% SDS-PAGE
was blotted and probed with 30 pg MBP-Orf mutant proteins.
MBP-Orf-558 interactions were detected with antibodies specific
for the MBF domain,

{T1FF)
Table 51
{FDF)

Representative Onf family prateins.

Table §2 Secondary structure predictions for YheN and Cof
mtant protens from CL data.
(FDF)

Table 83 Hatic light scanering anabysis of MBP-COrf moutaris,
(FDF)

Table 84 Ofligonudeotides used to generate DNA substrates.
(FDF)
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